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1. Introduction 

 

 1.1 Structure and Topology of DNA 

Nucleic acids are the basis for all life. The two most important groups of nucleic acids only 

differ in the type of pentose sugar contained in the nucleotide building blocks of these 

biopolymers. Ribonucleic acid (RNA) is hypothesised to be the origin of life due to its 

ability to store both information and exhibit catalytic activity1-3. Deoxyribonucleic acid 

(DNA) is chemically more stable than RNA and is the ultimate molecule for genetic data 

storage. The discovery of the double helical structure of DNA in 1953 was the beginning of 

modern molecular biology4. 

In bacteria, genetic information is stored in circular molecules that consist of double-

stranded DNA (dsDNA). In addition to their bacterial chromosome of several million base 

pairs (bp), bacteria often contain plasmids that are only several thousand bp in size. 

Cellular processes like DNA duplication or transcription of genetic data require dsDNA 

strand separation introducing tension in the rest of the molecule. Thus, strand separation is 

mechanically demanding (Figure 1). 
 

        

XXX

 
 

Figure 1. Consequences of strand separation of dsDNA. (A) Progressive unwinding of a double strand with one fixed end 

(top) introduces supercoils behind the unwound region. (B) Relaxed and partially unwound plasmid are not freely 

interconvertible without strand cleavage (indicated by the red cross). These forms are topoisomers of each other. 

However, the partially unwound plasmid is equivalent to a supercoiled form (sc). The numbers indicate the linking 

number (L)/twist (T)/writhe (W) of the depicted plasmid, explained below. Thus, decreasing the linking number of a 

relaxed plasmid by 4 (left) to partially unwind it requires strand cleavage and is equivalent to the introduction of 4 

negative supercoils (right). Pictures are modified after5,6. 

 

Thinking of dsDNA as two strings wound around each other and fixed at one end, it is easy 

to illustrate the telephone cord problem arising upon unwinding5 (Figure 1A). In plasmids, 

unwinding stress has to be eased to achieve strand separation (Figure 1B). The degree of 

tension and twisting in plasmids is expressed mathematically: 
 

WTL +=  

A B 
 relaxed plasmid  sc 

 32/36/-4    32/32/0   36/36/0 
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The linking number L is the number of helical turns of one strand around the helical axis. 

Slightly different, the twist T denotes the number of helical turns of both strands around 

each other. The writhe W (also supercoiling number) is a measure of how twisted the 

helical axis itself is and can be negative (right-handed supercoils) or positive (left-handed 

supercoils). 

Plasmids differing in the linking number are topological isomers or topoisomers, i.e. a 

regionally unwound plasmid and a negatively supercoiled plasmid are isomers. Plasmids 

with identical linking number can be interconverted without strand cleavage (Figure 1B). 

However, changing the linking number of a plasmid requires strand cleavage. A decrease in 

the linking number facilitates plasmid unwinding, which is required for many cellular 

processes, while an increase impedes strand separation rendering plasmids more resistant 

to heat. Alteration of the plasmid linking number can be achieved by changing the writhe, 

which corresponds to plasmid supercoiling or relaxation depending on an increases or 

decrease of the absolute value of the writhe. Plasmid relaxation and supercoiling in cells is 

managed by DNA topoisomerases. 

 

 1.2 DNA-Topoisomerases 

Topoisomerases are involved in almost every cellular action that requires DNA 

reorganisation and alter DNA topology during replication, recombination, chromosomal 

segregation and DNA transcription7. The general mechanism includes strand cleavage, 

passage or rotation of the non-cleaved strand and final religation. During strand cleavage, 

covalently bound intermediates are formed by nucleophilic attack of an activated tyrosine 

to the phosphate backbone of dsDNA. Type I and II topoisomerases cleave one or two 

DNA strands, respectively. Furthermore, type IA and type II topoisomerases covalently 

bind to the 5’-end of the cleaved strand(s), while type IB topoisomerases bind to the 3’-

end. Strand passage through the resulting gap or strand rotation alters the linking number of 

the plasmid, where one DNA strand (type I) or a whole dsDNA region (type II) is 

transported. Finally, the cleaved strand(s) is religated8. 

Topoisomerases are found in eukaryotes and prokaryotes and are able to alter the linking 

number of plasmid DNA. The monomeric type I topoisomerases are a structurally very 

heterogeneous group and exhibit various cellular functions9. Earlier studies were aimed at 

elucidating structure-function relations like the molecular requirements for DNA binding 

and cleavage, but the exact DNA relaxation mechanism remains unknown10,11. Together, 
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type I and type II topoisomerases control the level of supercoiling in organisms by 

introducing DNA supercoils, relaxing supercoiled DNA and resolving catenation of 

plasmids after replication7-9. Furthermore, topoisomerases II function as dimers. Eukaryotic 

topoisomerase II from Saccharomyces cerevisiae is a homodimer with strong homology to 

the Escherichia coli enzyme, which is a type A2B2 heterotetramer. Bacterial 

topoisomerases II are called gyrases and are able to negatively supercoil plasmids in an 

ATP-dependent manner7,8. The subunit Gyr A bears a DNA cleavage and religation activity 

separated from the ATPase activity of Gyr B. E. coli gyrase reconstitutes fully functional in 

vitro from the two subunits12. 

The first deduction of the ATP-dependent topoisomerase II mechanism stems from 

S. cerevisiae topoisomerase IIA. Here, dsDNA is cleaved and covalently bound with two 

active tyrosines. ATP hydrolysis is required to move a distant dsDNA region, held by 

subdomains, through the resulting gap13-15. A similar mechanism has been demonstrated for 

the non-analogous E. coli gyrase, where different subunits carry out the strand migration 

functions16. A striking new study provides structural evidence for a 150° DNA bending by 

the S. cerevisiae enzyme, facilitating positioning of the active tyrosines17. Concomitant 

large conformational changes have been directly observed with single molecule Förster 

resonance energy transfer (smFRET)18. A similar mechanism in a different architectural 

background has been proposed for heterotetrameric topoisomerase VI, an archeal 

topoisomerase IIB19. Finally, a lot of effort is put into understanding why ATP hydrolysis 

by topoisomerases II is required for plasmid relaxation, which is an energetic downhill 

reaction20, and to determine DNA sequence requirements for strand cleavage21. 

 

Helicases are another important class of enzymes required for nucleic acid-related 

reorganisations during replication, recombination, repair and expression22. Helicases 

unwind either dsDNA or dsRNA in an ATP-dependent manner22-24. The largest family of 

RNA helicases is the so called DEAD-box family that shares a common helicase core. This 

core consists of two RecA-like domains that are connected by a flexible linker and contain 

all motifs required for ATP binding and hydrolysis, as well as RNA binding and 

unwinding24. Substrate specifity is often mediated by heterogeneous flanking domains. For 

example, the Bacillus subtilis RNA helicase YxiN has a C-terminal domain for specific 

binding to ribosomal RNA25,26. Mechanistically, coupling of ATP hydrolysis and binding 

of nucleic acid substrates to conformational changes in YxiN has been studied on the single 

molecular level using FRET26. 
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 1.3 Reverse Gyrase 

A special topoisomerase was discovered in 1984 in Sulfolobus acidocaldarius bearing the 

unique ability to positively supercoil plasmid DNA in an ATP-dependent manner27. First 

believed to be a topoisomerase II27, today we know that reverse gyrase is a 

hyperthermophilic topoisomerase IA with a helicase-like domain and a topoisomerase 

domain28. Reverse gyrase is thought to represent general adaptation to life at high 

temperatures as it is the only enzyme class unique to hyperthermophilic archea and 

bacteria29. Indeed, the presence of positive superhelical turns inhibits strand separation and 

segregation in plasmid DNA30. However, appearance of reverse gyrase is not a strict 

requirement for hyperthermophiles. This was shown for Thermococcus kodakaraensis, 

where disruption of the reverse gyrase gene leads to reduced growth but is not lethal31. 

More additional functions of reverse gyrase have been discovered that demonstrate a close 

relationship of the enzyme’s occurrence for life at high temperatures. There is evidence 

that reverse gyrase is recruited to the DNA after UV treatment32, where it may exert a 

reported DNA chaperone activity that is independent of positive plasmid supercoiling33. 

Reverse gyrase acts as a communicator of DNA damage by cooperatively recruiting 

proteins to nicked DNA sites30. Direct interaction with a single strand DNA binding protein 

of the replication machinery has been shown34. Also, reverse gyrase harbours a DNA 

renaturase activity for annealing circles of single stranded DNA (ssDNA) in addition to its 

unique positive supercoiling activity35. In summary, various protein functions are related to 

reverse gyrase, but its true cellular role remains unknown. 

Unfortunately, structural data for closer elucidation of the catalytic activity of reverse 

gyrase is rare. Reverse gyrase is described as a monomeric enzyme with a helicase-like 

domain and a topoisomerase domain throughout published literature36. There is only one 

example for a homodimeric reverse gyrase in Methanopyrus kandleri37,38, which will not be 

further discussed. Electron microscopy of monomeric reverse gyrase from Sulfolobus 

tokodaii indicates a hole in the enzyme with a diameter of 10-20 Å suitable for dsDNA 

binding39. The only available crystal structure of reverse gyrase is from Archeoglobus 

fulgidus40 and confirms the finding of a 10-20 Å hole in the enzyme (Figure 2). 
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Functionally, reverse gyrase belongs to the type IA topoisomerases as described above30. 

Thus, its positive supercoiling mechanism must be different from the negative supercoiling 

mechanism of gyrase, for example (see Chapter 1.2). Figure 3 presents a hypothetical 

catalytic cycle of reverse gyrase based on the crystal structure of the A. fulgidus enzyme40 

described in Figure 2. 

 

The postulated reaction mechanism is based on the required steps for topoisomerase 

activity and takes possible binding sites for DNA into account40. In the first step, ATP 

binds to the helicase-like domain (blue) and dsDNA (yellow and grey lines) binds to the 

topoisomerase domain (red). After cleavage of a single DNA strand (grey line) by the 

catalytically active tyrosine (not shown), the latch domain (green) swings and releases the 

lid domain. The still intact single strand (yellow line) can now pass through the ssDNA 

gap, which is subsequently religated upon topoisomerase domain closure. Finally, the 

supercoiling product and ADP are released40. It remains unknown at which point of the 

cycle ATP is hydrolysed and how many positive supercoiling cycles a dsDNA substrate 

has to undergo before it is released. 

Figure 3. Catalytic cycle and hypothetical 

mechanism of positive plasmid supercoiling 

by reverse gyrase in the presence of ATP. 

Large conformational changes are predicted 

for different enzyme regions. The reaction 

cycle is modified after37 showing a homology 

model for T. maritima reverse gyrase based 

on the structure from the A. fulgidus enzyme. 

The single steps are explained in the text. 

Figure 2. Homology model of Thermotoga maritima reverse gyrase based 

on the crystal structure of the A. fulgidus enzyme40. The structure reveals a 

padlock-shape of 50 · 70 · 130 Å3. The ATPase is contained in the           

N-terminal helicase-like domain (blue). The C-terminal part of the helicase-

like domain is interrupted by the latch region (green), which was suggested 

to bind DNA and to trigger opening of the topoisomerase IA domain (red) 

like a lid. The opening in the topoisomerase domain has a diameter of 16 Å. 

The two putative zinc finger domains are not resolved in the structure due 

to insufficient electron density, indicating flexibility of these regions. They 

should be positioned in the region of the C- and N-terminus40. 
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The role of some structural elements of reverse gyrase has been examined in deletion 

studies. For example, the latch region has been identified as a DNA binding element and 

communicator between the helicase-like domain and the topoisomerase domain of reverse 

gyrase41,42. Mutation of the N-terminal putative zinc finger leads to reduced positive 

supercoiling activity, indicating a role for DNA binding43. Additionally, mutations in 

motifs of the helicase-like domain were reported to inhibit plasmid supercoiling, leaving 

DNA binding and cleavage abilities unaffected43. Gradually, evidence is being provided 

that the helicase-like domain couples ATP hydrolysis to the topoisomerase activity of 

reverse gyrase43-45. However, the functional description of reverse gyrase properties is very 

diverse, and in part, contradictory results are gained from reverse gyrases from different 

organisms with respect to nucleotide utilisation for positive supercoiling41,46. 

 

Reverse Gyrase from Thermotoga maritima 

The gene structure and the primary sequence of T. maritima reverse gyrase have been 

known for 10 years47. The enzyme is a monomer consisting of 1104 amino acids47 and has 

a molecular weight of 128’275 Daltons, a calculated molar extinction coefficient of 

111’470 M-1 cm-1 and a calculated pI of 8.5. As a topoisomerase IA, it bears the N-terminal 

helicase-like domain and the C-terminal topoisomerase domain along with the latch region 

and two putative zinc fingers containing four native cysteines each43. The contribution of 

the structural modules for inter-domain communication during positive supercoiling have 

begun to be investigated in mutation studies of T. maritima reverse gyrase48. However, 

adenine nucleotide binding and hydrolysis by reverse gyrase from T. maritima have not 

been systematically characterised and DNA substrate binding has not been investigated. 

The molecular basis for the unique positive supercoiling activity of reverse gyrase and the 

underlying mechanism, remain unknown. 

It will be interesting to investigate coupling between adenine nucleotide hydrolysis and 

DNA binding to topoisomerase activity of T. maritima reverse gyrase in greater detail and 

to more profoundly determine structure-function correlations of the helicase-like domain, 

the latch region, the topoisomerase domain and the two putative zinc fingers. 
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Figure 4. Chloroquine. 

 1.4 Specific Methods 
 

Supercoiling Activity Visualised by Multi-dimensional Agarose Gel Assays 

Negatively supercoiled pUC18 plasmid is used as starting substrate to monitor relaxation 

or positive supercoiling by reverse gyrase in dependence of adenine nucleotides. In the 

presence of ATP, the plasmid will first be relaxed and subsequently positively supercoiled. 

DNA topoisomers with different linking number generated after a certain time are 

separated by agarose gel electrophoresis, due to compacted size of species with higher 

supercoiling degree. Plasmids only differing in the sign of their writhe 

(or supercoiling sign) are separated in a second gel dimension upon 

addition of the DNA intercalator chloroquine49,50 (Figure 4). 

Nominally, the anti-malaria agent chloroquine introduces more 

positive supercoils into plasmid DNA51. Hence, formerly negatively 

supercoiled plasmids are partially relaxed, and thus, slower than the 

even more compacted positive supercoiled species5,50,51. A schematic 

depiction of two-dimensional gel analysis of DNA topoisomers is 

given in Figure 5. 
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The typical arch pattern of DNA topoisomers obtained by two dimensional gel analysis 

shows negatively or positively supercoiled plasmid species at the bottom left or right 

corner and relaxed plasmid at the arch top (Figure 5). An alternative method for the 

Figure 5. Principal of two-dimensional gel analysis for 

separation of DNA topoisomers. 15 nM pUC18 were 

incubated with 1 µM reverse gyrase in 50 mM Tris/HCl 

(pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 µM 

Zn(OAc)2, 2 mM β-ME, 2 mM ATP, 10% (w/v) 

PEG 8000 at 75°C for 10 minutes. (A) Plasmids with 

different linking number are separated in the first 

dimension. (B) Plasmids are separated by sign of the 

writhe in the second dimension. (C) Schematic depiction 

modified after42. 

B A

C
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analysis of the supercoiling degree of plasmids uses only one-dimensional gel analysis. 

Here, plasmid band patterns of identical samples are compared in the presence of different 

concentrations of chloroquine52. This method was not applied for the PhD thesis at hand. 

 

Single Molecule Förster Resonance Energy Transfer 

A method to determine inter- and intramolecular distances is Förster resonance energy 

transfer (FRET)53. FRET could be used to observe conformational changes in reverse 

gyrase during the nucleotide and supercoiling cycle. The method is based on non-radiative 

energy transfer from an excited donor chromophore to an acceptor chromophore. The 

emitted fluorescence from the acceptor is red-shifted compared to the donor emission. The 

underlying dipole-dipole coupling is dependent on the inverse sixth power of the distance. 

The transfer efficiency (EFRET) is described by: 

6
0

6

6
0

FRET rr

r
E

+
=      (1), 

 

where r is the distance under question in nm. The Förster distance r0 for a specific 

fluorescence donor-acceptor couple is the distance where EFRET is 50% (Figure 6). 
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Exact knowledge of the r0 value is necessary to use FRET as a molecular ruler53,54. Several 

abilities of the chosen chromophores influence the value for r0: 
 

6
4

DAD
2

5
0 n

Jκ
10785.8r

⋅φ⋅⋅= −      (2). 

 

κ2 is the orientation factor for the transition dipoles of the donor and acceptor chromophore 

and lies between 0 and 4 when the dipoles are orthogonal or parallel to each other. κ2 is 

usually set to 2/3 assuming that the chromophores can freely rotate and have no fixed 

orientation. ΦD is the quantum yield of donor in the absence of acceptor55. The refractive 

 

Figure 6. The distance dependency of 

EFRET is shown for a donor-acceptor 

pair with a r0 of 5.4 nm. At this 

distance, EFRET is 50%. Distance 

changes can be reliably measured 

between 10% and 90% EFRET. 
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Figure 7. Fluoresceine. 

index n of the solvent is 1.33 in aqueous solutions. JDA is the spectral overlap integral of 

the donor’s emission with the acceptor’s absorbance: 
 

λλ⋅λε⋅λ= ∫ d)()(FJ 4
ADDA      (3). 

 

FD is the integrated area of the donor emission spectrum normalised to 

1. εA(λ) is the absorbance spectrum of the acceptor normalised to the 

molar extinction in dependence of the wavelength. High EFRET values 

are only achieved, if the emission spectrum of the donor agrees well 

with the absorbance spectrum of the acceptor. The most commonly 

used fluorescent dyes are derivatives of fluoresceine (Figure 7). 
 

FRET can be used to measure distance changes between 2 nm and 10 nm. Thus, it is a 

suitable method to observe conformational changes during topoisomerase activity of 

reverse gyrase. However, ensemble FRET measurements only reflect the average distance 

of fluorescent dyes attached to a protein. The solution to this problem is the application of 

FRET on the single molecule level56. A typical setup for smFRET is depicted in Figure 8. 
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The setup focuses the excitation laser beam of 475 nm with a confocal microscope on a 

femtolitre volume in a sample chamber (for details see Figure 8). The donor and acceptor 

fluorescence are separately detected with avalanche photodiodes (APD)57. The advantage 

of smFRET is the exact distance information of many single protein molecules in the focus 

one at a time, giving distance populations and distance changes rather then an average over 

all measured distances56,57. 

Figure 8. Confocal setup for smFRET. A neodymium: 

yttrium-vanadate laser pumps a titanium:sapphire solid-

state laser, which emits pulsed light of 950 nm wavelength. 

Light of 475 nm is generated by a frequency doubler. Part 

of the light is diverted to a synchroniser photodiode as time 

reference. Laser divergence generated by the frequency 

doubler is corrected by two lenses  with identical focal 

length. The laser beam is lead through a bandpass filter, 

reflects from the first dichroic mirror and is focused into 

the sample chamber. Emitted fluorescence passes through 

the first dichroic mirror and is focussed again with a 3:1 

telescope and a pinhole. Emission is split into donor and 

acceptor fractions at the second dichroic mirror and 

detected in separate avalanche photo diodes (APD). 
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2. Aims of Research 
The mechanism of the ATP-dependent introduction of positive supercoils into plasmids by 

the topoisomerase IA reverse gyrase has only been investigated superficially. Reverse 

gyrase from the eubacterium Thermotoga maritima is an ideal test subject and is not fully 

characterised. The aim of this PhD thesis was to further our understanding of adenine 

nucleotide binding and hydrolysis, DNA substrate binding and their importance for 

plasmid relaxation and positive supercoiling by reverse gyrase from T. maritima. 

Furthermore, the project was designed to get insight into the supercoiling and nucleotide 

cycle by observing the molecular machine reverse gyrase on a molecular level. 

The first task was to improve the existing purification protocol to yield monomeric reverse 

gyrase. Subsequently, the dependency of plasmid relaxation and positive supercoiling by 

reverse gyrase on the presence of various ADP- and ATP-analogues was systematically 

investigated. As the literature suggests multiple necessary DNA binding sites for reverse 

gyrase topoisomerase activity, binding of artificial single- and double-stranded DNA 

substrates by reverse gyrase T. maritima was tested. Conformational changes in the 

helicase-like domain and the topoisomerase domain during supercoiling activity of reverse 

gyrase are predicted throughout literature, but have not been demonstrated. Therefore, we 

planned to apply smFRET as a molecular ruler to observe potential conformational 

changes. In the case of reverse gyrase from T. maritima, this could be very demanding, as 

eight native cysteines in two putative zinc fingers may interfere with direct fluorescent 

labelling of specifically introduced cysteines. Also, a mutation study of the putative zinc 

fingers was aimed at elucidating their role for topoisomerase activity of reverse gyrase. 
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3. Relaxation and Supercoiling Activity of T. maritima Reverse Gyrase 
 

 3.1 Introduction 
The unique ATP-dependent positive supercoiling activity of reverse gyrase distinguishes it 

from all other topoisomerases1,2. In the presence of ADP, the enzyme relaxes both 

positively and negatively supercoiled plasmid DNA3,4. Different ATP analogues also 

promote these converse activities4-6. 

The topoisomerase activity of reverse gyrase is only available at high temperatures for this 

typical hyperthermophilic enzyme7. Buffer conditions such as pH, Na+/Mg2+ content or 

presence of polyethylene glycol (PEG) influence the velocity of supercoiling8. For reverse 

gyrase from Thermotoga maritima, the supercoiling and relaxation conditions are not 

optimised until now9. Elucidation of such optimal conditions is important for the design of 

future experiments. Two-dimensional gel electrophoresis separates topoisomers according 

to the number and sign of supercoils, allowing for the distinction of reaction products after 

a certain time and under varying conditions (Chapter 1.4). 

In this way, topoisomerase activity of wild type reverse gyrase and mutants can be 

compared. For example, pairs of cysteines introduced at flexible domain positions allow 

for labelling with fluorescent dyes, and thus, application to smFRET measurements. 

Corresponding cystein mutants of reverse gyrase have to be tested for wild type activity. 

Additionally, it is necessary to examine DNA cleavage-deficient and ATPase-deficient 

mutants to further understand the mechanism of positive supercoiling in T. maritima 

reverse gyrase. 

 

 

 3.2 Material and Methods 
 

Purification of Reverse Gyrase 

The reverse gyrase gene from T. maritima was amplified from genomic DNA with PCR 

and cloned into the pET28a vector (Novagen) as previously described4. The protein was 

produced in an in-house constructed bacterial strain, namely E. coli BL21 Star (DE3) 

(Invitrogen) containing the RIL plasmid (Stratagene)4, using auto-inducing medium10. The 

purification protocol includes cell disruption in a microfluidizer followed by hydrophobic 

interaction-, cation exchange-, affinity- and size exclusion chromatography as published4. 
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Negatively Supercoiled Plasmid 

pUC18 (2686 bp) or pETM30 plasmids (6346 bp, EMBL) were amplified in E. coli XL1 

blue (Stratagene) and purified with kits from Promega (Pure YieldTM) and Qiagen 

(Midiprep System) following the manufacturer’s instructions. 

 

Relaxed Plasmid 

Negatively supercoiled pUC18 was relaxed with wheat germ topoisomerase I (Promega) 

according to the manufacturer’s instructions. Relaxation of 30 μg pUC18 plasmid DNA 

was carried out for 2 h at 37°C with 90 U wheat germ topoisomerase I instead of 30 U. The 

reaction was stopped by adding 0.1% SDS (final concentration). 

Denatured topoisomerase I and SDS were removed with a modified phenol/chloroform 

extraction protocol. Samples were extracted twice with equal volumes of chilled 

phenol/chloroform/isoamyl alcohol (25:24:1, Merck). After vortexing for 1 minute, phases 

were separated in a table top centrifuge at maximum speed (13 krpm) for 10 minutes at 

4°C. An equal volume of chilled isopropanol was added to the supernatant and the mixture 

was inverted gently for 1 minute. After 20 minutes of centrifugation, the resulting DNA 

pellet was washed twice with cold 70% ethanol, vacuum-dried for 40 minutes and 

resuspended in water. 

 

Relaxation and Supercoiling of Plasmid DNA with Reverse Gyrase 

Conditions for relaxation of 15 nM pUC18 were 1 μM reverse gyrase in 50 mM Tris/HCl 

(pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 10% (w/v) 

PEG 8000 at 75°C. Plasmid relaxation was started upon addition of 2 mM ADP. Positive 

plasmid supercoiling was achieved using ATP, respectively. Adenine nucleotides and 

analogues were purchased from Pharma Waldhof or Jena Bioscience. Reactions were 

placed on ice and incubated with 1 U μl-1 Proteinase K (Qiagen) for 10 minutes before 

stopping buffer with 10 mM EDTA and 1% SDS was added. The degree of relaxed 

plasmid was analysed on a 1.2% (w/v) agarose gel run at 11 V cm-1. Positively and 

negatively supercoiled plasmids were separated via two-dimensional electrophoresis in 2% 

agarose gels with 10 mg ml-1 chloroquine in the second dimension (see Chapter 1.4). 
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 3.3 Results 
 

Optimal Conditions for Plasmid Supercoiling by Reverse Gyrase 

To determine optimal conditions for topoisomerase activity of reverse gyrase, the pH, the 

concentrations of NaCl, MgCl2, PEG 8000, the plasmid and the reaction temperature were 

varied. Starting conditions for relaxation and supercoiling of plasmids were 1 μM reverse 

gyrase, 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 

2 mM β-ME, 2 mM ATP, 15 nM pUC18, 10% (w/v) PEG 8000, 75°C8,9.  

 

Influence of pH 

For reverse gyrase wild type with a calculated pI of 8.5, a pH region from 5.7 to 7.5 was 

screened. Reaction products were analysed with gel electrophoresis (Figure 1). 

 

   

A B   6.0                     6.6 

pH 

 

    5.7     6.3      6.9      7.5 
         6.0      6.6     7.2 multimeric/ 

nicked plasmid 
relaxed plasmid 

 

     6.9                     7.5   

supercoiled 
plasmid 

Figure 1. One- (A) and two-dimensional (B) agarose gel analysis of a pH-dependent supercoiling reaction with reverse 

gyrase. The typical relative position of multimeric/nicked, relaxed and supercoiled pUC18 is depicted in the left panel. 

Conditions were 1 μM reverse gyrase, 50 mM Tris/HCl (pH varied), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 

2 mM β-ME, 2 mM ATP, 15 nM pUC18, 10% (w/v) PEG 8000, 75°C, 30 minutes. Reverse gyrase activity has an 

optimum at pH 7.5. 

 

After 30 minutes, no supercoiling is observed for values under pH 6.3. Topoisomers of 

pUC18 appear from pH 6.6-6.9. Two-dimensional gel electrophoresis separates negatively 

and positively supercoiled species visible for pH 6.9 and pH 7.5 (Figure 1B). Due to a pI of 

8.5 for T. maritima reverse gyrase, values higher than pH 7.5 were not tested. At this pH 

value supercoiling activity is maximal. 

 

NaCl-concentration 

Many topoisomerases are inhibited by high salt concentrations interfering with protein-

DNA interaction11. Thus, it is important to optimise the NaCl conditions for supercoiling 

activity of reverse gyrase. Figure 2 shows the optimisation. 
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     150               250              500               1000 mM 

Figure 2. One- (A) and two-dimensional (B) agarose gel analysis of a supercoiling reaction. 1 μM reverse gyrase, 50 mM 

Tris/HCl (pH 7.5), NaCl varied, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 2 mM ATP, 15 nM pUC18, 10% (w/v) 

PEG 8000, 75°C, 45 minutes. 150 mM NaCl were chosen as the standard concentration. 

 

The gel in Figure 2A shows increasing relaxation of plasmid up to 250 mM NaCl. 

Positively supercoiled topoisomers are generated at these concentrations (Figure 2B). 

Above 250 mM NaCl, only negative supercoiled or relaxed species are present. At 25 mM 

NaCl, approximately 50% positive supercoiled plasmid is generated while negatively 

supercoiled topoisomers also remain. 150 mM NaCl give the same degree of positive 

supercoiling leaving no negatively supercoiled topoisomers. Hence, the standard NaCl 

content was set to 150 mM. Lower concentrations were not chosen due to precipitation of 

the protein, even at moderate temperatures (data not shown).  

 

K+-glutamate 

Contrary to reverse gyrase, topoisomerase VI activity is inhibited in the presence of NaCl. 

As an alternative co-solute, K+-glutamate (KGlu) is commonly used12. The stimulating 

effect of this salt on reverse gyrase topoisomerase activity was tested (Figure 3). 
 

 KGlu 
Figure 3. Two-dimensional agarose gel analysis of a supercoiling reaction 

containing 1 μM reverse gyrase, 50 mM Tris/HCl (pH 7.5), KGlu varied, 

10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 2 mM ATP, 15 nM pUC18, 

10% (w/v) PEG 8000 at 75°C for 30 minutes. NaCl from the reverse gyrase 

storing buffer was exchanged with KGlu in a dialysis. The optimal KGlu 

concentration in the absence of NaCl lies at 100 mM. 

 

      50                  100 mM 

 

     150                 300 mM 

 

KGlu also stimulates positive supercoiling of plasmid DNA with an optimum at 100 mM 

KGlu. However, negatively supercoiled plasmid is still present indicating that the reaction 

is not very effective. Comparison of Figures 2 and 3 shows that 150 mM NaCl promote the 
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positive supercoiling activity of reverse gyrase more efficiently. Therefore, NaCl was 

chosen as the standard salt. 

 

MgCl2-dependency 

Bivalent cations like Mg2+ bridge adjacent phosphate groups of nucleic acids. Enzymes 

employ this to interact with DNA indirectly11 or to coordinate phosphate groups of 

nucleotides by also binding Mg2+ ions. The latter is common for ATPases such as reverse 

gyrase9. Optimal concentrations for the T. maritima enzyme are unknown and were 

therefore tested (Figure 4). 

 

   

A 
MgCl2 

B  

 1 mM               10 mM 

 

 1     2     5   10   20   50  100 mM  

50 mM            100 mM 

Figure 4. One- (A) and two-dimensional (B) agarose gel electrophoresis of a MgCl2-dependent supercoiling reaction. 

Conditions were 1 μM reverse gyrase, 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, MgCl2 varied, 100 μM Zn(OAc)2, 

2 mM β-ME, 2 mM ATP, 15 nM pUC18, 10% (w/v) PEG 8000, 75°C, 30 minutes. 10 mM is the optimal MgCl2 

concentration. 

 

The topoisomerase pattern alternates between relaxed plasmid and supercoiled species 

from 1 mM to 100 mM MgCl2 (Figure 4A). Two-dimensional gel electrophoresis identifies 

maximum positive supercoiling at 10 mM MgCl2 (Figure 4B). 

 

Stabilisation by PEG 8000 

Polyethylene glycol is a hydrophilic polymer frequently used to increase protein solubility 

and DNA-protein interaction13. Interestingly, it also enhances the supercoiling activity of 

reverse gyrase8. Therefore the optimal PEG 8000 concentration for the T. maritima enzyme 

was screened (Figure 5). 
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Figure 5. One- (A) and two-dimensional (B) agarose gel analysis. Supercoiling samples contained 1 μM reverse gyrase, 

50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 2 mM ATP, 15 nM pUC18, 

variable PEG 8000 and were incubated at 75°C for 30 minutes. 10% (w/v) PEG 8000 stimulates topoisomerase activity 

of T. maritima reverse gyrase most effectively. 

 

The highest positive supercoiling degree of pUC18 is achieved at 10% (w/v) PEG 8000 for 

T. maritima reverse gyrase. 

 

Length and purity of substrate plasmid 

It is unclear, if the number of topoisomers between supercoiled and relaxed pUC18 species 

corresponds to the number of visible gel bands. Therefore, comparing the number of 

topoisomers during the supercoiling of a larger plasmid could elucidate additional steps of 

this reaction. Also, plasmid purity is essential for proper supercoiling activity. Two 

different purification methods for pUC18 and pETM30 as an alternative plasmid were 

tested (Figure 6). 
A B 

   

 pETM30    pUC18 
   15’  45’    15’  45’ 

pUC18Q        pUC18P 

2 mM ATP 

2 mM ADP 

Figure 6. Different plasmids used as supercoiling substrate. Samples contained 1 μM reverse gyrase, 50 mM Tris/HCl 

(pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 2 mM nucleotide, 15 nM plasmid as indicated, 

10% (w/v) PEG 8000 and were incubated at 75°C for 45 minutes. (A) pCU18 purified after Qiagen or Promega are equal 

substrates for reverse gyrase topoisomerase activity. Introduction of positive supercoils in the presence of ADP is due to 

contamination with ATP4. (B) pETM30 is not a substrate for reverse gyrase. 

 

There is no difference in the topoisomerase activity of reverse gyrase with pUC18 as a 

substrate purified with Qiagen or Promega kits (Figure 6A). Surprisingly, reverse gyrase 

does not accept pETM30 as a supercoiling substrate under the conditions used (Figure 6B). 

 

Temperature-dependency 

Reverse gyrases from different organisms have different temperature optima5-7. 

Determination of the optimal supercoiling temperature for reverse gyrase from T. maritima 

is shown in Figure 7. 
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 4    25   37    50   65   75    85  95°C 

Figure 7. Topoisomerase activity of reverse gyrase at different temperatures analysed on an agarose gel. Conditions 

were 1 μM reverse gyrase, 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 

2 mM ATP, 15 nM pUC18, 10% (w/v) PEG 8000, 45 minutes. The optimal supercoiling temperature is 75°C. 

 

Reverse gyrase generates no additional topoisomers at temperatures below 50°C. Few 

reaction products are visible at 65°C. The optimal reaction temperature for positive 

supercoiling is 75°C, where many topoisomers are present. No activity is observed at 85°C 

and above. The fact that the overall intensity of plasmid bands is strongly decreased 

indicates degradation of plasmid DNA in the presence of reverse gyrase at these 

temperatures. pUC18 plasmid alone is stable at 95°C for 45 minutes (data not shown). 

 

Time course of plasmid supercoiling 

The topoisomerase activity of reverse gyrase unites both relaxation and positive 

supercoiling of plasmid DNA. Time resolved supercoiling gives insight into the 

coordination of underlying reactions and their relative velocities (Figure 8). 
 

 

A B

Figure 8. One- (A) and two-dimensional (B) agarose gels (pictures taken from4). A time-course was recorded with 1 μM 

reverse gyrase, 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 2 mM ATP, 

15 nM pUC18, 10% (w/v) PEG 8000, 75°C. The reaction is complete after 120 minutes. 

 

pUC18 plasmid is relaxed and subsequently positively supercoiled. Relaxation occurs 

rapidly in about 5 minutes. Only positively supercoiled topoisomers are present after 

45 minutes. Positive supercoiling is complete after 2 h.  

Separation of negative and positive supercoils can also be observed on one-dimensional 

gels. Double bands appear at high resolution, which is often not achieved (cp. Figure 7). 
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The paired bands correspond to topoisomers with the same number of supercoils but with 

opposite sign. The positive form precedes the negatively supercoiled form in both gel 

dimensions (see 5’-frame in Figure 8,). This behaviour is clearer in the second dimension, 

due to the intercalation of chloroquine (Chapter 1.4). 

 

Relaxation of plasmid DNA 

All reverse gyrases can introduce positive supercoils into negatively supercoiled plasmid in 

the presence of ATP or relax the plasmid in the presence of ADP4 (Chapter 1.3). 

Relaxation was monitored in the presence of ADP at different temperatures (Figure 9). 

 

 

4     25   37    50    65    75   85    95°C 

Figure 9. Plasmid relaxation at different temperatures analysed by agarose gel electrophoresis. Conditions were 1 μM 

reverse gyrase, 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 2 mM ADP, 

15 nM pUC18, 10% (w/v) PEG 8000, 45 minutes. The optimal temperature for plasmid relaxation is 75°C. 

 

Similar to the temperature-dependent positive supercoiling reaction, no reaction activity is 

observed below 50°C. Plasmid relaxation does not start until 65°C and is most effectively 

promoted at 75°C. At temperatures of 85°C and higher, no relaxation occurs and the 

plasmid is degraded, as judged from the decrease in band intensity. No positive supercoils 

are introduced into plasmid DNA in the presence of ADP (Figure 10). 
 

A 

   

B  

 10’  45’  90’ 

Figure 10. One- (A) and two-dimensional (B) agarose gels (panel B taken from4). Time-course recorded for 1 μM 

reverse gyrase, 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 1 mM ADP, 

15 nM pUC18, 10% (w/v) PEG 8000, 75°C. Relaxation is advanced but not complete after 45 minutes. 

 

As a result of the optimisation described above, the standard conditions for all supercoiling 

reactions in this thesis were 1 μM reverse gyrase, 50 mM Tris/HCl (pH 7.5), 150 mM 

NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 2 mM ATP, 15 nM pUC18, 10% 

(w/v) PEG 8000 at 75°C. 
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Relaxed Plasmid as a Substrate for Reverse Gyrase 

Negatively supercoiled plasmid was used as a substrate for reverse gyrase in the above 

sections. Providing relaxed plasmid as starting material is important to further elucidate 

supercoiling activity of T. maritima reverse gyrase3. Negatively supercoiled pUC18 

purified with kits from Qiagen and Promega was relaxed with wheat germ topoisomerase I 

(Figure 11). 

 

   

A 
 0’    30’  1h     2h     0’    30’   1h     2h 

B
 0’    1h     2h     4h     1h     2h      4h 

 pUC18Q            pUC18P    3x  topo I      6x  topo I 

Figure 11. (A) Relaxation of pUC18 (purified with Qiagen or Promega kits) with wheat germ topoisomerase I (Promega) 

following manufacturer’s instructions. (A) Promega-purified pCU18 is not a substrate for topoisomerase I. (B) Using 3-

fold topoisomerase I compared to manufacturer’s instructions on Qiagen-purified pUC18 yields relaxed plasmid after 2h. 

 

pUC18 plasmid purified with the Promega kit is not relaxed by topoisomerase I. The 

Qiagen-purified plasmid is only partially relaxed (Figure 11A). Homogeneous relaxation of 

pUC18 (Qiagen) is achieved after 2 h with 3-fold increased topoisomerase I concentrations 

compared to the manufacturer’s instructions (Figure 11B). Such relaxed pUC18 plasmid 

was tested as a substrate for reverse gyrase in the presence of ATP analogues4 (Figure 12). 
 

 A B  

rel                +D                rel                +CP 

   

 

  -sc     rel     rel*    rG    +D    +T    +CP   +NP  +γS 

 

 +rG                +T              +NP               +γS 

Figure 12. Positive supercoiling of relaxed pUC18 analysed by one- (A) and two-dimensional (B) agarose gel 

electrophoresis. Conditions were 1 μM reverse gyrase (rG), 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 

100 μM Zn(OAc)2, 2 mM β-ME, 2 mM adenine nucleotide, 15 nM relaxed pUC18, 10% (w/v) PEG 8000, 75°C, 

30 minutes. Positive supercoils are introduced in the presence of ATP (T) and ATPγS (γS). Abbreviations: negatively 

supercoiled pUC18 (-sc), relaxed pUC18 before/after phenol-extraction (rel/rel*), ADP (D), ADPCP (CP), ADPNP (NP). 

 

ATP and ATPγS4 are hydrolysed by reverse gyrase and promote positive supercoiling of 

relaxed pUC18 at 75°C. The supercoiling state of relaxed plasmid is not changed in the 

presence of the non-hydrolysable nucleotides ADPCP, ADPNP and ADP. 
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 3.4 Discussion 
Positive supercoiling of plasmid DNA by reverse gyrase is unique to this enzyme class. 

The optimal temperature for both relaxation and supercoiling of plasmid DNA by 

T. maritima reverse gyrase is 75°C. Obviously, these converse topoisomerase activities 

require similar domain flexibility for the two potentially different underlying enzyme 

mechanisms. At temperatures of 85°C and above, plasmid DNA is degraded in the 

presence of both reverse gyrase and ADP or ATP. This may be due to an accumulation of 

cleaved plasmid supercoiling intermediate with reverse gyrase prone to heat-degradation. 

Plasmid DNA alone is stable in the presence and absence of ADP and ATP. 

Like all reverse gyrases studied so far, the T. maritima enzyme positively supercoils 

plasmid DNA in the presence of ATP at 75°C. This is true starting from both negatively 

supercoiled and relaxed plasmids4. Furthermore, plasmid relaxation occurs starting from 

negatively supercoiled plasmid in an ADP-dependent manner. Plasmid relaxation is 

notably faster in the presence of ATP. This might be due to simultaneous relaxation of 

plasmid DNA accompanied by positive supercoiling. No change in plasmid topology is 

observed during incubation of relaxed plasmid with reverse gyrase in the presence of non-

hydrolysable ATP analogues ADPCP, ADPNP and ADP. Unfortunately, intermediate 

supercoiling steps remain unknown. Using a larger plasmid like pETM30 instead of 

pUC18 should elucidate intermediate steps, as a higher number of supercoils can be 

introduced. However, pETM30 is not a supercoiling substrate for reverse gyrase under the 

conditions applied. Possibly, plasmid relaxation and positive supercoiling by reverse 

gyrase might simply be slower with the pETM30 plasmid. 

Finally, the single reaction steps for plasmid relaxation and positive supercoiling remain 

elusive, but it is evident that reverse gyrase topoisomerase activity is dependent on many 

factors. In this work, we optimised the pH value, the concentrations of NaCl, MgCl2, 

PEG 8000, and the reaction temperature for topoisomerase activity of T. maritima reverse 

gyrase. Optimal conditions were 1 μM reverse gyrase, 50 mM Tris/HCl (pH 7.5), 150 mM 

NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 2 mM ATP, 15 nM pUC18, 10% 

(w/v) PEG 8000 at 75°C. 
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 4.1 Summary 
 

Reverse gyrase is a topoisomerase with a singular ATP-dependent positive supercoiling 

activity known only in hyperthermophilic bacteria and archea. In the presence of ADP, 

reverse gyrase relaxes negatively supercoiled plasmid DNA. Reverse gyrases consist of an 

N-terminal helicase-like domain with an intrinsic ATPase activity and a C-terminally fused 

topoisomerase IA. The data published about nucleotide utilisation of reverse gyrase during 

topoisomerase activity are mainly qualitative and are very diverse for different reverse 

gyrases from different organisms. The publication featured in this chapter presents a 

detailed study of Thermotoga maritima reverse gyrase nucleotide requirements for positive 

plasmid supercoiling and plasmid relaxation. In this study, we provide dissociation 

constants for the binding of ADP, ATPγS and ADPNP to reverse gyrase wild type and a 

mutant lacking the intrinsic ATPase activity. 

Although positive supercoiling by different reverse gyrases is observed from 50°C, we 

found that reverse gyrase from T. maritima hydrolyses ATP at 37°C. Our finding that ATP 

hydrolysis is stimulated by pUC18 plasmid at 37°C may indicate a functional 

communication between the reverse gyrase domains already in the absence of supercoiling 

activity. The optimal temperature for ATP-dependent plasmid supercoiling by T. maritima 

reverse gyrase is 75°C, where plasmid relaxation is promoted with ADP and ADPNP, a 

non-hydrolysable ATP analogue. ATPγS, commonly used as a non-cleavable ATP 

analogue, is surprisingly hydrolysed at 37°C by reverse gyrase in the presence of pUC18. 

Furthermore, ATPγS is hydrolysed by reverse gyrase from T. maritima at 75°C, which is 

increased by a remarkable 15-fold in the presence of pUC18. Strikingly, we found that 

hydrolysis of ATPγS promotes positive supercoiling to a similar extent as ATP. Our 

findings were confirmed using an ATPase-deficient mutant of reverse gyrase, where 

hydrolysis of ATP and ATPγS is 20-fold reduced compared to the wild type enzyme. The 

ATPase-deficient mutant also shows reduced positive supercoiling with ATP and only 

plasmid relaxation is achieved in the presence of ATPγS. Thus, reduced hydrolysis 

capability accounts for reduced positive supercoiling ability. 

Finally, both ATP and ATPγS hydrolysis energy must be transferred from the helicase-like 

domain to the topoisomerase domain of reverse gyrase. A model for inter-domain 

communication is presented, where nucleotide hydrolysis and affiliated positive plasmid 

supercoiling is triggered by cooperative binding of pUC18 and ATP/ATPγS. 
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 4.2 Published Article 
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 4.3 Appendix 
 

Demonstrated binding of reverse gyrase to pUC18 

One of the main findings embodied in the current work is ATPase stimulation of reverse 

gyrase by pUC18. However, it was not possible to provide saturating conditions of pUC18-

stimulated ATP hydrolysis for steady-state ATPase at 37°C. We set out to provide 

evidence that reverse gyrase efficiently binds to pUC18 using gel mobility shift analysis 

(GEMSA) with linearised plasmid for better resolution of an eventual band shift. pUC18 

was linearised with EcoRI from NEB following the manufacturer’s instructions and 

binding of T. maritima reverse gyrase to the linearised plasmid was tested (Figure 9). 

 

     

 

Clearly, reverse gyrase from T. maritima binds to linearised pUC18 plasmid. Maximally 

130 reverse gyrase molecules could bind to the 2686 bp large pUC18, calculating with a 

length of 34 Å for 10 bp double helical DNA38 and ~ 70 Å diameter for reverse gyrase9. 

However, neither the exact number of enzyme molecules bound to pUC18 nor possible 

interaction between single reverse gyrase molecules can be determined with GEMSA. 

Experiments with short single- and double-stranded DNA stretches may reveal more details 

on DNA binding by reverse gyrase. 

 

Effect of Temperature on Reverse Gyrase ATP hydrolysis Rates: Arrhenius Plot  

The data in the presented publication shows that T. maritima reverse gyrase hydrolyses 

ATP already at 37°C, whereas ATP-dependent positive supercoiling is not observed at 

temperatures lower than 65°C (Chapter 3.3). To further our understanding of the single 

steps during the catalytic cycle of reverse gyrase, it was interesting to investigate the 

temperature dependency of ATP hydrolysis. Arrhenius plots are used to determine 

activation energies for chemical reactions and to analyse changes in rate-limiting steps of 

multi-step reactions like positive supercoiling. The Arrhenius equation is: 
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eAk
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Figure 9. Gel mobility shift analysis (GEMSA) of linearised pUC18 on a 

1.2% agarose gel. 10 nM linearised pUC18 in 50 mM Tris/HCl (pH 7.5), 

150 mM NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME, 10% (w/v) 

PEG 8000 was incubated with 0.5 µM (1), 1 µM (2) or no reverse gyrase 

wild type (3) at 37°C for 10 minutes. (M) DNA marker. The presence of 

reverse gyrase reduces the migration velocity of linearised pUC18. 
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where k is the rate constant of the reaction, A is the pre-exponential factor, Ea is the 

activation energy of the reaction, R is the gas constant (R = 8.314 J · K-1 mol-1) and T is the 

absolute temperature in Kelvin. The Arrhenius equation can be linearised to: 
 

T

1

R

E
)Aln()kln( a ⋅−=      (2). 

 

Single-turnover ATP hydrolysis by reverse gyrase was recorded between 25-75°C and 

analysed as described (Figure 10). 
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Arrhenius plots are linear in the case of single rate-limited reactions that are thermally 

activated39. Figure 10 shows a two-step Arrhenius plot that may be curved. Curved 

Arrhenius plots are very rare and their analysis is complex40-42. However, the decrease of 

activation energy for chemical reactions at high temperatures has been interpreted as a 

change in type of reaction39. At low temperatures, enzymatic reactions are therefore 

controlled by conformational changes with typical high activation energies of about 

150 kJ · mol-1. A decrease to about 50 kJ · mol-1 is observed at high temperatures and 

indicates a change to diffusion-controlled reactions41. This could also be true for ATP 

hydrolysis by reverse gyrase. This hyperthermophilic ATPase is already active at 

temperatures as low as 37°C with an Ea value of 150 kJ · mol-1. However, positive 

supercoiling by reverse gyrases in general is only possible at temperatures above 50°C. 

Here, the overall Ea value is decreased to 75 kJ · mol-1 in the absence of DNA, indicating a 

contribution of decreased activation energies to positive supercoiling by reverse gyrase at 

high temperatures. Thus, inter-domain communication of the helicase-like domain and the 

topoisomerase domain of reverse gyrase may be energetically hindered at low 

temperatures. It may be of interest to determine the temperature-dependency of Ea values 

for the ATPase of reverse gyrase in the presence of DNA substrates. 

 

Figure 10. Temperature-dependent ATP hydrolysis by reverse 

gyrase under single-turnover conditions. Hydrolysis rates were 

recorded in steps of 5°C form 25-75°C. A time course for the 

hydrolysis of 6 µM ATP by 20 µM  reverse gyrase was each 

recorded in 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM 

MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME, 10% (w/v) PEG 8000. The 

resulting exponential rate constants for each temperature were 

plotted after the linearised form of the Arrhenius equation. 
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5. Plasmid Relaxation and Supercoiling Promote AMP Generation from 

ADP and ATP by T. maritima Reverse Gyrase 

 

 5.1 Introduction 

Negatively supercoiled plasmids are relaxed prior to positive supercoiling by the 

topoisomerase IA reverse gyrase in the presence of ATP or an ATP analogue1,2. Relaxation 

of negatively supercoiled plasmids occurs in the presence of ADP or ADPNP3,4. 

Importantly, both topoisomerase activities of reverse gyrase require high temperatures5. 

We previously described the influence of DNA substrate binding on adenine nucleotide 

hydrolysis and the influence of adenine nucleotide hydrolysis on topoisomerase activity of 

reverse gyrase4,6. However, no information about the molecular basis for supercoiling is 

available. Also, the underlying nucleotide cycle and its coordination with DNA binding are 

not fully understood. For example, the mandatory presence of ADP or ADPNP for plasmid 

relaxation by reverse gyrase is in contrast to plasmid relaxation by topoisomerase IA from 

Escherichia coli, which relaxes negatively supercoiled plasmids in the absence of 

nucleotides as reviewed2. Binding of ADP to reverse gyrase is suggested to induce 

conformational changes6,7. As a product of ATP hydrolysis, ADP must dissociate from 

reverse gyrase to reset the enzyme to the energy-generating ATP-bound state. 

Surprisingly, we found AMP generation from ADP and ATP in the presence of plasmid 

DNA. Hypothetically, ADP itself could be converted to AMP to provide activation energy 

for plasmid relaxation, which per se is a downhill reaction. Consequently, ADP hydrolysis 

may also be considered for the supercoiling activity of reverse gyrase in the presence of 

ATP, where ADP is generated from ATP. Actually, it is possible to release energy from 

ATP by direct cleavage to AMP and pyrophosphate, which is normally catalysed by 

nucleoside triphosphate diphosphohydrolases (NTPDase)8. This enzyme class can be found 

in animal venoms along with ADPases that are specific for ADP hydrolysis9. More 

interestingly, a thermophilic chaperonin with an ATPase/ADPase activity was discovered 

that might use ADP as an energy source10. Similarly, ADP may be hydrolysed by reverse 

gyrase, which has been proposed to act as a hyperthermophilic DNA chaperone11 itself.  

The current study strongly suggests AMP generation by reverse gyrase in the presence of 

plasmid DNA and adenine nucleotides. The data shown are preliminary and unpublished, 

but indicate a feature of Thermotoga maritima reverse gyrase that, to our knowledge, so far 

remained unnoticed. 
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 5.2 Material and Methods 
 

Protein and Plasmid Purification and DNA Substrates 

Reverse gyrase wild type and mutants from T. maritima and pUC18 were purified as 

described4 (Chapter 3.2). A 60-mer ssDNA with the sequence 5’-AAGCCAAGCT 

TCTAGAGTCA GCCCGTGATA TTCATTACTT CTTATCCTAG GATCCCCGTT-3’ 

and the complementary strand were purchased from Purimex (Grebenstein, Germany). The 

complementary single strands were annealed to form a 60-mer dsDNA substrate6. 

 

Western Blotting 

Reverse gyrase preparations were tested for contamination with adenylate kinase (AK) in a 

western blot using the Amersham ECLTM kit (GE Healthcare) and following the 

manufacturer’s instructions. Proteins were separated on a 15% SDS polyacrylamide gel 

and electro-transferred onto a nitrocellulose filter. Free protein binding sites on the filter 

were blocked with dry milk solution in PBS buffer (5%). Polyclonal anti-AK antibody was 

added, and the filter was washed with buffer three times. A polyclonal anti-rabbit antibody 

bearing horseradish peroxidase was added and the filter was washed again. Added luminol 

is oxidised in the presence of horseradish peroxidase and starts emitting light, indicating 

traces of AK. Western blotting was performed by Martin Linden (Klostermeier group). 

 

Fluorescence Equilibrium Titrations 

Dissociation constants of adenine nucleotide/reverse gyrase complexes were determined 

using the fluorescent ADP analogue mantADP as described4. Competitive titrations of the 

mantADP/reverse gyrase complex with adenine nucleotides were carried out in 50 mM 

Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME at 

37°C4,6. ATP, ATPγS, ADPCP, ADPNP, ADP, ADPNH2
a, AMPCPb and AMP were 

purchased from Jena Bioscience or Pharma Waldhof. Nucleotide purity was examined with 

reversed phase HPLC on a C18-column with 100 mM sodium phosphate (pH 6.5) as 

solvent. 

 

 

                                                 
a adenosine 5’-O-(3-amino)diphosphate 
b α,β-methylene-adenosine 5’-diphosphate 
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Nucleotide Hydrolysis under Single-Turnover Conditions and During DNA Supercoiling 

For single turnover conditions, 20 µM reverse gyrase was mixed with 6 µM nucleotide in 

50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME 

at 37°C or 75°C and 300 nM pUC18, if required. In contrast, nucleotide hydrolysis during 

supercoiling was determined under multiple turnover conditions in the same buffer with 

1 µM reverse gyrase, 2 mM nucleotide, 15 nM pUC18 and 10% PEG 8000. Reactions were 

stopped with HClO4 and neutralised with KOAc. The ratios of adenine nucleotides and 

hydrolysis products were determined by reversed phase HPLC as described above (p. 45). 

 

Topoisomerase Reaction  

Relaxation and positive supercoiling of negatively supercoiled pUC18 plasmid by reverse 

gyrase were studied in the presence of various adenine nucleotides. The adenine nucleotide 

concentration was 2 mM in all cases. Reaction conditions and the analysis of topoisomers 

are published4 and described in Chapter 3.2. 

 

 

 5.3 Results 
 

AMP Generation by Reverse Gyrase from ATP/ATPγγγγS in the presence of pUC18 

Hydrolysis rates of ATP and ATP analogues were previously determined under single-

turnover conditions, as published4 (Chapter 4). In summary, ATP and ATPγS hydrolysis by 

reverse gyrase are stimulated by pUC18 at 37°C and 75°C. Positive supercoiling of pUC18 

is promoted by adenine nucleotide hydrolysis only at 75°C. Most interestingly, generation 

of AMP was indicated during ATP hydrolysis by reverse gyrase in the presence of pUC18 

at 75°C. Hence, AMP generation was investigated under single-turnover conditions using a 

fixed nucleotide/enzyme ratio of 0.3 and an enzyme/pUC18 ratio of 67 (Figure 1). 
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Figure 1. Single-turnover ATP hydrolysis at 75°C. Reaction conditions were 6 µM ATP, 50 mM Tris/HCl (pH 7.5), 

150 mM NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME, 75°C. The nucleotide fraction of ATP (red symbols) and 

AMP (black symbols) is shown in the presence/absence of 20 µM reverse gyrase (filled/open symbols). (A) Without 

DNA (squares) no AMP is detected and ATP is hydrolysed with a rate of 0.05-0.15 s-1. (B) AMP is generated in the 

presence of 300 nM pUC18 (triangles) and reverse gyrase hydrolyses ATP with a rate constant between 0.15-0.45 s-1 

(data taken from4). The fraction of ADP can be calculated: ADP% = 100% - ATP% - AMP%. 

 

After 10 seconds, 20% ATP is hydrolysed to ADP by reverse gyrase in the absence of 

pUC18 at 75°C. AMP generation is not observed (Figure 1A). In the presence of pUC18, 

ATP is completely hydrolysed after 10 seconds and converted to 19% AMP and 81% ADP 

(Figure 1B). The hydrolysis rate can be estimated to 0.15-0.45 s-1. However, the reaction in 

the presence of pUC18 is too fast to resolve in hand-mixing experiments. 

The hydrolysis rate of ATPγS is reduced compared to ATP hydrolysis at 75°C4. ATPγS 

was therefore used to resolve the kinetics of the hydrolysis reaction (Figure 2). 
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Figure 2. Hydrolysis of ATPγS under single-turnover conditions. Experiments were performed in the presence of 20 µM 

reverse gyrase (open/filled symbols) with 6 µM ATPγS (orange symbols), 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 

10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME at 75°C. Samples without enzyme were used as controls (open symbols). 

The amount of ADP (blue symbols) and AMP (black symbols) after a certain time are also depicted. (A) ATPγS 

spontaneously hydrolyses to ADP in the absence of DNA (squares) with an exponential decay of 4.8 (±0.4) · 10-4 s-1, 

which is increased to 3.8 (±1.1) x 10-3 s-1 in the presence of reverse gyrase. Spontaneous ATPγS hydrolysis is taken into 

account. (B) In the presence of both reverse gyrase and 300 nM pUC18 (triangles), ATPγS is hydrolysed with a rate of 

58.2 (±7.7) · 10-3 s-1. In this case, 23% AMP is generated during. Hydrolysis rates were previously published4. 

 

ATPγS spontaneously hydrolyses at 75°C and its concentration decays exponentially with a 

rate of 4.8 (±0.4) · 10-4 s-1. ATPγS hydrolysis is accelerated 8-fold in the presence of 

reverse gyrase (Figure 2A). The presence of pUC18 further stimulates ATPγS hydrolysis 

by reverse gyrase 15-fold4. The hydrolysis reaction is complete after 80 seconds, where the 

ADP concentration reaches a maximum at 90% of total nucleotide and subsequently 

decreases. 20% AMP is generated throughout the observed time course of 300 seconds. 

A B 
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Thus, AMP generation requires the presence of plasmid DNA. Furthermore, the optimal 

temperature for plasmid supercoiling by reverse gyrase (75°C) may also be important for 

AMP generation. 

We have previously shown that ATP and ATPγS are hydrolysed at 37°C in the presence of 

pUC18 by reverse gyrase, where no supercoiling activity is observed4. The generation of 

AMP during nucleotide hydrolysis at 37°C was consequently examined (Figure 3). 
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Figure 3. Single-turnover nucleotide hydrolysis at 37°C. Reaction conditions were 20 µM reverse gyrase (filled 

symbols), 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME. Reactions were 

started with 6 µM ATP (red symbols) or ATPγS (orange symbols). Reference samples contained no enzyme (open 

symbols) and/or no DNA (triangles). The nucleotide fraction of AMP is shown (black symbols). Depiction of ADP was 

omitted for clarity. (A) The presence of 300 nM pUC18 (squares) stimulates reverse gyrase ATP hydrolysis with a rate of 

12.9 (±4.4) · 10-3 s-1 compared to a rate of 4.7 (±0.7) · 10-3 s-1 without DNA as published4. (B) ATPγS is slowly 

hydrolysed with a rate of ~0.1 · 10-3 s-1 and only in the presence of pUC18. AMP was not generated in these experiments. 

 

AMP could not be detected during either ATP or ATPγS hydrolysis by reverse gyrase at 

37°C in the presence of pUC18. This is in contrast to the results obtained at 75°C. 

Seemingly, AMP is only generated under conditions suitable for plasmid supercoiling 

(Chapter 3.3). In summary, the results presented here indicate a correlation of AMP 

generation in the presence of pUC18 with topoisomerase activity of reverse gyrase from 

T. maritima. 

 

Adenylate Kinase Contamination of Reverse Gyrase Preparations 

The previous results provide evidence that AMP generation might be coupled to positive 

plasmid supercoiling by reverse gyrase at 75°C. AMP may also arise from the activity of a 

contaminant from E. coli still present after purification. For example, AK is a ubiquitous 

enzyme that catalyses the disproportionation of two ADP molecules into AMP and ATP12. 

Contamination of reverse gyrase with E. coli AK was tested (Figure 4). 

A B 
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A protein sample with AK from E. coli was used as reference (Figure 4, lane 1). Purified 

reverse gyrase wild type (lane 2) does not contain AK. With a pI of 5.5, AK is removed 

during the purification of reverse gyrase4 because it does not bind during a cation exchange 

chromatography step performed at pH 7.5 (lane 3). Thus, previously observed AMP 

generation is not the result of AK contamination, but is most likely caused by the presence 

of reverse gyrase. 

 

AMP Generation from ATP by Reverse Gyrase under Multiple-Turnover Conditions 

Using Various DNA Substrates 

The plasmid pUC18 is a substrate for topoisomerase activity by reverse gyrase (Chapter 3). 

Other DNA substrates could possibly promote AMP generation under conditions suitable 

for plasmid relaxation and supercoiling by reverse gyrase. ssDNA, dsDNA and pUC18 

were compared as substrates for reverse gyrase with respect to AMP generation (Figure 5). 
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Figure 4. Western blot of a 15% SDS polyacrylamide gel. AK was detected with a 

polyclonal rabbit anti-AK antibody and visualised with a secondary anti-rabbit 

antibody fused to horseradish peroxidase using enhanced chemoluminiscence. (M) 

molecular weight marker, (1) positive control with AK, (2) purified reverse gyrase 

wild type, (3) flow through after cation exchange chromatography during 

purification of reverse gyrase wild type. The arrow indicates the position of E. coli 

AK (23.5 kD). Purified reverse gyrase is not contaminated with AK. 
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Figure 5. DNA substrate-dependent ATPase activity of reverse 

gyrase. All experiments were performed with 1 µM reverse 

gyrase (black triangles), 50 mM Tris/HCl (pH 7.5), 150 mM 

NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME, 1 mM 

ATP, 10% (w/v) PEG at 75°C. 15 nM pUC18 (cyan diamonds), 

100 nM 60-mer dsDNA (blue circles) or 100 nM 60-mer 

ssDNA (red squares) were added as DNA substrates. The 

nucleotide control in the absence of enzyme is indicated (open 

triangle). The time-dependent decay of ATP (A) and the 

generation of AMP were recorded (B-C). Panel A taken from6. 
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Reverse gyrase ATPase is only slightly stimulated in the presence of dsDNA or pUC18 but 

is notably stimulated by ssDNA6 (Figure 5A). No AMP is generated in the case of ssDNA-

stimulated ATP hydrolysis. Most interestingly, both the presence of dsDNA and pUC18 

promote the generation of about 1.1-1.7% AMP within 15 minutes (Figure 5B). The 

appearance of AMP is not very prominent compared to the background. Authentic AMP 

generation was confirmed over a period of 3.5 h (Figure 5C) where 10% and 16% AMP are 

generated in the presence of dsDNA or pUC18 by reverse gyrase. Complementary 

experiments with the isolated helicase-like domain of reverse gyrase reveal AMP 

generation in the presence of dsDNA and pUC18 (delToro Duany unpublished, data not 

shown). The helicase-like domain lacks the plasmid supercoiling activity of the wild type 

enzyme. 

In summary, AMP generation is not necessarily linked to positive supercoiling by reverse 

gyrase. However, the presence of a double stranded DNA substrate and a temperature of 

75°C are a prerequisite. 

 

Correlation of AMP Generation from ATP and ATPγγγγS with Plasmid Supercoiling by 

Reverse Gyrase under Multiple-Turnover Conditions  

At the beginning of this section, AMP generation was demonstrated under single-turnover 

conditions by reverse gyrase from ATP and ATPγS exclusively at 75°C and in the presence 

of pUC18. However, the adenine nucleotide concentrations under single-turnover 

conditions are not sufficient to promote plasmid supercoiling by reverse gyrase. For 

multiple-turnover conditions, the nucleotide/enzyme ratio was changed from 0.3 to 1000 

while the enzyme/pUC18 ratio was kept constant at 67. Products of ATP and ATPγS 

hydrolysis during positive supercoiling activity of reverse gyrase were analysed (Figure 6). 
 

 

A
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ATPγS (orange triangles). ATPγS spontaneously hydrolyses at 75°C at a rate of 4.3 (±0.2) · 10-4 s-1. The corresponding 

fractions of ADP (blue symbols) and AMP (black symbols) are depicted. AMP is generated in both series. Controls 

without enzyme (open symbols) are shown without the ADP fraction for clarity. 

 

ATPγS hydrolysis by reverse gyrase exhibits an exponential decay under multiple-turnover 

conditions suitable for plasmid supercoiling. The hydrolysis rate for ATPγS is 

1.6 (±0.4) · 10-3 s-1 taking spontaneous ATPγS hydrolysis at 75°C into account. At the same 

time, ADP is rapidly generated similar to single-turnover hydrolysis (cp. Figure 2B) while 

AMP is slowly generated (15% after 3.5 h). In the presence of ATP, 18% AMP are 

generated after 3.5 h. AMP generation at 75°C has not been observed before for ATP 

hydrolysis under single-turnover conditions due to poor time resolution (cp. Figure 1B). 

The ATP hydrolysis rate of 3.2 (±0.3) · 10-4 s-1 is 5-fold reduced compared to ATPγS 

hydrolysis. This is in contrast to the findings under single-turnover conditions, where ATP 

is hydrolysed with at least the same rate, indicating less efficient utilisation of ATPγS 

hydrolysis for positive supercoiling. In fact, more positively supercoiled plasmid is 

generated by reverse gyrase in the presence of ATP (Figure 6A). The nucleotide hydrolysis 

profile in Figure 6B suggests that ATP and ATPγS are rapidly hydrolysed to ADP by 

reverse gyrase, followed by the slower conversion to AMP. 

 

Binding of ADP and ATP Analogues to Reverse Gyrase 

To determine nucleotide hydrolysis steps necessary for AMP generation, nucleotide 

turnover during plasmid relaxation and supercoiling by reverse gyrase was analysed in 

more detail using non-cleavable ADP and ATP analogues. To ensure saturating conditions 

for nucleotides during supercoiling experiments, dissociation constants of various 

nucleotide/reverse gyrase complexes at 37°C were determined in competitive fluorescence 

equilibrium titrations using mantADP (Table 1). 

B 
 

Figure 6. Supercoiling of plasmid DNA by reverse gyrase. 

Multiple-turnover experiments were performed with 1 µM 

reverse gyrase, 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 

10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME, 2 mM 

nucleotide, 15 nM pUC18, 10% (w/v) PEG at 75°C. (A) 

Samples taken at different time points were analysed for 

topoisomer distribution. Positive supercoiling is at least   

3-fold faster in the presence of ATP (pictures taken from4). 

(B) Nucleotide analysis of positive supercoiling by reverse 

gyrase with a hydrolysis rate of 3.2 (±0.3) · 10-4 s-1 in the 

presence of ATP (red squares) or 1.6 (±0.4) · 10-3 s-1 with  
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Table 1. Nucleotide binding to T. maritima reverse gyrase wild type at 37°C. Data taken from indicated publications4,6. 
 

 AMP ADP AMPCP ADPNH 2 ATPγγγγS ADPCP ADPNP 

K D 

(µM) 

1549 

± 3756 

1.6 

± 0.24 

110 

± 20 

480 

± 240 

14.3 

± 1.54 

74.7 

± 7.36 

43.2 

± 2.04 

 

Reverse gyrase binds ADP about 10 to 50-fold more tightly than the ATP analogues 

ATPγS, ADPCP and APDNP, indicating a negative contribution of the γ-phosphate group 

to nucleotide binding or possibly of the β-/γ-phosphoester bond. Also, reverse gyrase binds 

the ADP analogues AMPCP and ADPNH2 70 to 300-fold less tightly than ADP. Thus, 

tight binding of ADP to reverse gyrase is at least partially mediated by the α-/β-

phosphoester bond or the β-phosphate group. The final hydrolysis product AMP binds an 

order of magnitude less tightly to reverse gyrase than ADP. 

 

Pathway of AMP Generation by Reverse Gyrase: Directly from ATP or via ADP? 

Two possible pathways for AMP generation from ATP are imaginable: 
 

ii

i

P 2AMPPADPATP

PPAMPATP

+→+→
+→

 

 

ATP may either be directly hydrolysed to AMP and pyrophosphate (PPi) or undergo 

stepwise orthophosphate (Pi) cleavage via ADP to AMP. An ideal starting point to 

investigate stepwise ATP hydrolysis is ADP, which promotes plasmid relaxation by 

reverse gyrase. AMP generation during ATPγS hydrolysis suggests that ADP could be 

hydrolysed by reverse gyrase. AMP generation during plasmid relaxation by reverse gyrase 

was investigated (Figure 7). 
 

0 2500 5000 7500 10000 12500

0

20

40

60

80

100

ADP
- DNA

%
 n

uc
le

ot
id

e

time (s)

 

0 2500 5000 7500 10000 12500

0

20

40

60

80

100

ADP
+ pUC18

%
 n

uc
le

ot
id

e

time (s)

 

 

A B 



Chapter 5                    53 
 

 

  

 
 

No AMP is generated in the absence of plasmid DNA (Figure 7A). ADP is hydrolysed by 

reverse gyrase in the presence of pUC18. 14% AMP is generated from ADP during 

plasmid relaxation (Figure 7B-C). 

However, which topoisomerase activity of T. maritima reverse gyrase is promoted in the 

presence of the non-cleavable ATP analogue ADPCP is unknown. The methylene group 

between the β- and γ-phosphate groups of ADPCP prevents stepwise cleavage of single 

phosphate groups, thus distinction between the two alternative mechanisms for ATP 

hydrolysis may be possible (Figure 8). 
 

0 2500 5000 7500 10000 12500

0

20

40

60

80

100

ADPCP
- DNA

%
 n

uc
le

ot
id

e

time (s)

 

0 2500 5000 7500 10000 12500

0

20

40

60

80

100

ADPCP
+ pUC18

%
 n

uc
le

ot
id

e

time (s)

 

 

 
 

 

ADPCP is not hydrolysed by reverse gyrase under conditions that allow for supercoiling 

and no ADP is generated (data not shown). About 10% AMP is generated regardless of the 

presence of reverse gyrase or pUC18 (Figure 8A-B). Thus, AMP is generated by 

spontaneous cleavage of methylene-pyrophosphate (pCp) from ADPCP in one step. The 

5’                   45’ 

 

120’                210’ 

A B 

C Figure 8. AMP generation by reverse gyrase in the presence of ADPCP (cyan 

symbols). Conditions were 1 µM reverse gyrase (filled symbols), 50 mM 

Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM 

β-ME, 2 mM ATP, 15 nM pUC18 (triangles), 10% (w/v) PEG at 75°C. 

Controls without enzyme (open symbols) and the AMP content (black 

symbols) are indicated. (A-B) Nucleotide analysis shows AMP generation 

within the background. (C) No topoisomerase activity of reverse gyrase is 

detected by agarose gel analysis. 

 

5’                  45’ 

120’                210’ 

C
 

Figure 7. (A-B) ADP and AMP content during plasmid relaxation by reverse 

gyrase in the presence of ADP (blue symbols). Experiments were performed 

with 1 µM reverse gyrase (filled symbols), 50 mM Tris/HCl (pH 7.5), 150 mM 

NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME, 2 mM ADP, 15 nM 

pUC18 (triangles), 10% (w/v) PEG at 75°C. Controls without enzyme (open 

symbols) and the AMP content (black symbols) are indicated. AMP is 

generated in the presence of pUC18. (C) pUC18 is relaxed by reverse gyrase in 

the presence of ADP. 
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presence of ADPCP neither supports plasmid relaxation nor supercoiling (Figure 8C). 

Concomitantly, the amount of negatively supercoiled plasmid decreases with time, 

accompanied by an increase in nicked plasmid. Thus, ADPCP binding to reverse gyrase 

promotes DNA strand cleavage of the bound plasmid. In summary, plasmid relaxation by 

reverse gyrase seems to require cleavage of an energy-rich phosphate bond. As ADPNP 

promotes plasmid relaxation4, it should consequently lead to AMP generation (Figure 9). 
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Figure 9. Plasmid relaxation by reverse gyrase in the presence of ADPNP. Experiments were performed with 1 µM 

reverse gyrase, 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME, 2 mM 

ADPNP, 15 nM pUC18, 10% (w/v) PEG at 75°C. (A) Samples taken at different time points were analysed with one-and 

two-dimensional gel electrophoresis. ADPNP promotes plasmid relaxation (pictures taken from4). (B) AMP is generated 

exponentially (black curve) during plasmid relaxation while ADPNP is consumed (green curve). 

 

pUC18 is relaxed by reverse gyrase in the presence of ADPNP (Figure 9A), while 60% 

AMP is generated during 3.5 h (Figure 9B). ADPNP hydrolyses spontaneously at 75°C to 

40% AMP within 3.5 h (data not shown). AMP could either be generated stepwise via 

ADP or ADPNH2 or directly by cleavage of imido-pyrophosphate (pNp) from ADPNP. 

Unfortunately, no clear information about ADPNP hydrolysis steps can be obtained, as 

ADP and ADPNP are not separated with C18-HPLC under the conditions used. 

Consequently, ADPNH2 was used to further elucidate nucleotide utilisation and 

topoisomerase activity by reverse gyrase (Figure 10). 

 

 

A

B 
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Notably, plasmid relaxation by reverse gyrase occurs in the presence of ADPNH2 

(Figure 10A), but is remarkably slower than ADP- or ADPNP-promoted relaxation (cp. 

Figure 7C and 9A). A constant fraction of 10% AMP is present during relaxation and in the 

absence of DNA and ADPNH2 is not hydrolysed by reverse gyrase during plasmid 

relaxation (Figure 10B-C). This finding differs from the results obtained in the presence of 

ADP and ADPNP, where the nucleotides were hydrolysed during plasmid relaxation by 

reverse gyrase. This discrepancy was consequently examined with a non-hydrolysable 

ADP analogue. We used AMPCP as an ADP analogue harbouring a methylene bond 

between the α- and β-phosphate groups (Figure 11). 
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Figure 11. Screen for supercoiling activity of reverse gyrase in the presence of AMPCP. Experiments were performed 

with 1 µM reverse gyrase in 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME, 

2 mM AMPCP, 15 nM pUC18, 10% (w/v) PEG at 75°C. (A) Samples taken at different time points were analysed with 

agarose gel electrophoresis. AMPCP does not promote any topoisomerase activity. (B) Nucleotide fraction of a 

supercoiling reaction with AMPCP (cyan triangles). Controls without enzyme (open triangles) and the AMP fraction 

(black triangles) are indicated. AMPCP is not cleaved by reverse gyrase. Control samples without DNA show the same 

behaviour (data not shown). 

 

B C

5’                45’ 
A B 

 

120’                210’ 

 5’                    45’ A Figure 10. Topoisomerase activity of reverse gyrase in the presence of 

ADPNH2 (green symbols). Samples contained 1 µM reverse gyrase (filled 

symbols), 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 µM 

Zn(OAc)2, 2 mM β-ME, 2 mM ADPNH2, 15 nM pUC18 (triangles), 10% 

(w/v) PEG at 75°C. Controls without enzyme (open symbols) and AMP 

(black symbols) are shown. (A) Two-dimensional gel analysis reveals 

relaxation of pUC18 in the presence of ADPNH2. (B-C) ADPNH2 and AMP 

contents do not change during plasmid relaxation. 

120’              210’ 
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AMPCP does not promote topoisomerase activity of reverse gyrase (Figure 11A). AMPCP 

is neither degraded, nor is AMP generated (Figure 11B). Instead, negatively supercoiled 

plasmid is increasingly nicked by reverse gyrase. The same behaviour is observed in the 

presence of ADPCP with respect to nucleotide consumption and plasmid degradation 

(Figure 8). 

 

In summary, the present chapter provides evidence for the generation of AMP from ATP or 

ATPγS in the presence of a linear dsDNA substrate and pUC18 plasmid. Positive 

supercoiling is not required to promote the generation of AMP, and AMP can be generated 

from ADP and ADPNP during plasmid relaxation by reverse gyrase. However, this is not 

the case in the presence of AMPCP or ADPCP, where neither nucleotide hydrolysis nor 

topoisomerase activity by reverse gyrase is observed. Surprisingly, plasmid relaxation is 

promoted by ADPNH2, while no AMP is generated. This is in contrast to AMP generation 

observed during positive plasmid supercoiling in the presence of ATP and ATPγS. Finally, 

AMP generation from ADP and ATP analogues in the presence of double-stranded DNA 

substrates may be coupled to topoisomerase activity of reverse gyrase. However, the exact 

prerequisites and need of phosphate bond hydrolysis for topoisomerase activity of reverse 

gyrase have to be further investigated. 

 

 

 5.4 Discussion 
 

AMP is Generated at 75°C in the Presence of pUC18 and Reverse Gyrase 

We set out to elucidate a potential novel feature of reverse gyrase, which might have 

remained unnoticed since its discovery in 1984: Both ATP and ATPγS hydrolysis by 

reverse gyrase promote the generation of AMP at 75°C in the presence of plasmid DNA. 

Temperatures suitable for topoisomerase activity by reverse gyrase may be a requirement 

for AMP generation, as no AMP is generated at 37°C. 
 

AMP Generation Requires Conditions Sufficient for Plasmid Supercoiling 

Interestingly, the helicase-like domain of reverse gyrase promotes AMP generation in the 

presence of linear dsDNA and pUC18 at 75°C (delToro Duany and Klostermeier, 

unpublished). The helicase-like domain comprises no topoisomerase activity, 

demonstrating that plasmid relaxation and/or positive supercoiling are not necessary 

features for AMP generation. For the full-length enzyme, we found that AMP is not only 
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generated from ATP and ATPγS during plasmid supercoiling by reverse gyrase, but also in 

the presence of linear dsDNA. Furthermore, the positive supercoiling activity of reverse 

gyrase is correlated with the total amount of hydrolysable adenine nucleotide present, and 

the supercoiling velocity decreases as ATP or ATPγS are consumed. ATPγS is hydrolysed 

5-fold more rapidly by reverse gyrase than ATP during plasmid supercoiling at 75°C. 

However, plasmid DNA is more positively supercoiled in the presence of ATP, and thus, a 

large fraction of ATPγS must be hydrolysed without being efficiently converted into 

energy for the supercoiling function. This may indicate that ATP is bound more tightly by 

reverse gyrase and is simply more protected from heat due to steric effects of the sulphur 

atom in ATPγS. 

Our findings demonstrate that topoisomerase activity of reverse gyrase is correlated to 

hydrolysis of adenosine tri- and/or diphosphates. Two possibilities for affiliated AMP 

generation from ATP arise: Firstly, ATP could directly be hydrolysed to AMP by cleavage 

of PPi. Secondly, AMP could be generated by reverse gyrase from ATP by consecutive Pi 

cleavage via intermediate ADP generation. In the future, generation of intermediately 

bound ADP could be examined with pulse chase experiments. 
 

Plasmid Relaxation is Correlated with ADP or ADPNP Hydrolysis by Reverse Gyrase 

AMP is generated during plasmid relaxation by reverse gyrase in the presence of ADP- and 

ADPNP while both nucleotides are hydrolysed. Until now, energy generation from ADP 

hydrolysis by reverse gyrase has not been considered possible or required for plasmid 

relaxation13. It was of interest to determine whether ADPNP could be converted to AMP 

via intermediate ADP or ADPNH2. Surprisingly, ADPNH2 promotes plasmid relaxation 

without being hydrolysed to AMP. However, final plasmid relaxation is 3-fold reduced 

compared to relaxation in the presence of ADP or ADPNP, suggesting that ADPNH2 is 

insufficient to promote effective plasmid relaxation. Additionally, ADPNH2 binds 300-fold 

less tightly to reverse gyrase than ADP, indicating that the free amino group of ADPNH2 

might interfere with nucleotide binding or reverse gyrase activity. 
 

Non-cleavable AMPCP and ADPCP do not Promote Topoisomerase Activity 

ADPCP is neither hydrolysed by reverse gyrase nor promotes any topoisomerase activity. 

Hypothetically, ADPCP is cleavable between the  α- and β-phosphate groups like ADP, 

which is hydrolysed to AMP and promotes plasmid relaxation by reverse gyrase. The 

simultaneous absence of both ADPCP hydrolysis and plasmid relaxation suggests stepwise 
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AMP generation from ATP or ATPγS. This finding indicates that the β- and γ-phosphate 

groups of ATP and ATPγS are hydrolysed separately during plasmid supercoiling and 

concomitant AMP generation. However, which phosphate bond cleavage exactly delivers 

the energy for plasmid relaxation or supercoiling by reverse gyrase is unclear. In future 

experiments, analogues like AMPNPP or AMPCPP could be used to further investigate 

nucleotide hydrolysis steps. These analogues can be hydrolysed between the β- and γ-

phosphate groups, but not between the α- and β-phosphate groups. Accordingly, we found 

that the ADP analogue AMPCP is also not hydrolysed by reverse gyrase, and hence, no 

plasmid relaxation by reverse gyrase is observed. We suggest that AMPNP should be used 

instead to investigate, if cleavage of single phosphate groups is required for both plasmid 

relaxation and positive supercoiling by reverse gyrase as shown for ADPNP-promoted 

plasmid relaxation. Interestingly, nicked pUC18 accumulates in the presence of AMPCP 

and ADPCP, which are both not hydrolysed by reverse gyrase. Thus, plasmid nicking may 

reflect a “frozen” conformational state of reverse gyrase in the presence of AMPCP or 

ADPCP that facilitates DNA cleavage but not DNA religation. 
 

Other Reasons for AMP Generation 

The ubiquitous AK from E coli generates AMP and ATP from ADP12, but is removed 

during reverse gyrase purification. Also, the mesophilic enzyme is not active at 75°C and 

AMP generation was not observed at 37°C, which argues against a contamination of 

reverse gyrase with AK as the reason for AMP generation. Furthermore, AMP might also 

arise from plasmid degradation opposing AMP generation by reverse gyrase. As a 

topoisomerase type I2 it cleaves one strand of dsDNA then covalently binds to one single 

stranded end. The free single stranded end might be subject to degradation at 75°C, 

generating deoxyribonucleoside monophosphates. However, AMP is not generated in the 

presence of ssDNA, which already has two free single strand ends. These facts argue 

against AMP generation from plasmid DNA. 

 

In conclusion, we suggest that reverse gyrase has an ADPase activity. ADP hydrolysis 

provides about the same amount of energy as γ-phosphate cleavage from ATP15. Thus, the 

utilisation of ADP as an additional energy source might be a general adaption of organisms 

to thermophilic life. The potential ADPase activity should also be investigated for reverse 

gyrases from organisms other than T. maritima. 
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 6.1 Summary 

Reverse gyrase is a hyperthermophilic enzyme with a unique ATP-dependent positive 

plasmid supercoiling ability. The N-terminal helicase-like domain of reverse gyrase 

harbours sequence motifs for ATP hydrolysis and the C-terminally fused topoisomerase IA 

domain contains the catalytically active tyrosine needed for DNA strand cleavage. The 

isolated domains are both incapable of DNA unwinding or positive supercoiling. However, 

active reverse gyrase can be reconstituted from the isolated helicase-like and topoisomerase 

domains, suggesting that functional cooperativity of these two domains is necessary for 

positive supercoiling. However, the precise role of the helicase-like domain for the positive 

supercoiling mechanism of reverse gyrase remains unknown. 

We characterised the isolated helicase-like domain of reverse gyrase from Thermotoga 

maritima in comparison to the full-length enzyme. The results in this chapter demonstrate 

that the helicase-like domain of reverse gyrase from T. maritima is a fully functional 

ATPase. The isolated helicase-like domain harbours all determinants for nucleotide 

binding, ATP hydrolysis and DNA-stimulated ATPase activity of reverse gyrase. These 

abilities are unaltered in the context of the full-length enzyme in the absence of DNA, 

suggesting that the conformation of the isolated helicase-like domain is similar in the 

context of the full-length enzyme. Similarly, we already reported that both ATP and 

ATPγS hydrolysis facilitate positive supercoiling by reverse gyrase, suggesting that 

hydrolysis of these nucleotides is sufficient for conformational changes during the 

nucleotide cycle. 

In the presence of ssDNA or dsDNA and pUC18, ATP hydrolysis is vastly accelerated for 

the helicase-like domain and full-length reverse gyrase. However, the DNA-stimulated 

ATPase is still 10-fold lower for the full-length enzyme. Hence, we suggest that the 

helicase-like domain rapidly closes and hydrolyses ATP in the presence of DNA. 

Conformational changes in the helicase-like domain of the full-length enzyme are much 

slower, and cooperativity between ATP and DNA binding is reduced. Furthermore, our 

results confirm earlier qualitative findings that reverse gyrase interacts much more tightly 

with ssDNA than dsDNA. This was also reported for other type I topoisomerases. Strand 

cleavage was shown to be favoured in ssDNA regions, and thus, sensing and stabilisation 

of ssDNA regions may be required for positive supercoiling. 

Reverse gyrase contains several potential binding sites for DNA: the helicase-like domain, 

the latch region, the cleft in the topoisomerase domain near the catalytic tyrosine residue 
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and two putative zinc finger regions. Characterisation of the potential DNA binding sites 

has not been carried out for reverse gyrase. We succeeded in an initial quantification of 

DNA substrate binding to reverse gyrase using the Y851F mutant of the full-length 

enzyme, where covalent binding of DNA substrates is excluded. Binding affinities for 

DNA are 10-fold weaker in the isolated helicase-like domain of reverse gyrase. 

Surprisingly, we found cooperative binding of two full-length reverse gyrase molecules to 

one ssDNA molecule. This may indicate a functional role of a protein-protein interaction 

on the same DNA substrate that could be important for positive supercoiling by reverse 

gyrase. Cooperative binding to ssDNA is less pronounced in the isolated helicase-like 

domain. More information about DNA affinity was obtained using the reverse gyrase 

K106Q mutant, lacking ATPase activity. While in the ATP-bound state, ssDNA and 

dsDNA are similarly bound by the helicase-like domain, but affinity for dsDNA is reduced 

after ATP hydrolysis in the presence of ADP. In the full-length reverse gyrase, the 

difference for ssDNA or dsDNA affinity is much smaller in the ADP and ATP state. 

Overall, our findings allowed for the proposal of a schematic nucleotide cycle for reverse 

gyrase and the isolated helicase-like domain and we showed that the helicase-like domain 

is a nucleotide-dependent switch for DNA affinity. 
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 6.2 Published Article 
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 6.3 Appendix 
 

Reverse Gyrase Y851F is not Supercoiling Active 

The publication presented in this chapter compares DNA binding affinities of the helicase-

like domain of reverse gyrase and the full-length enzyme. The Y851F mutant of the full-

length reverse gyrase was used to ensure equilibrium conditions during titrations, as it 

lacks the active tyrosine required for topoisomerase activity. Inactivation of the mutant in 

terms of positive supercoiling was tested (Figure 10). 

 

 

 
 

Reverse gyrase Y851F shows no wild type topoisomerase activity. 

 

 

ssDNA and dsDNA are Reversibly Bound to Reverse Gyrase Y851F 

KD values for DNA/reverse gyrase complexes were determined in equilibrium titrations 

with fluorescently labelled ssDNA and dsDNA. Therefore, reversible binding of the DNA 

constructs by reverse gyrase Y851F is a premise, which was investigated in displacement 

titrations with unlabelled ssDNA (Figure 11). 
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Figure 11: Displacement of 5’-fluoresceine-labelled (*) 60-mer ssDNA and dsDNA in complex with reverse gyrase 

Y851F with unlabelled ssDNA. Fluorescence anisotropy titrations were carried out in 50 mM Tris/HCl (pH 7.5), 150 mM 

NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME at 37°C. Data were fit numerically as previously described14. (A) 

The complexes of 10 nM labelled ssDNA and 0.5 µM enzyme (KD = 35 ± 5 nM) and (B) 10 nM labelled dsDNA and 

2 µM enzyme (KD = 489 ± 64 nM) were preformed during 3 minutes at 37°C. ssDNA and dsDNA do not form covalent 

intermediates with reverse gyrase Y851F and can be displaced from the enzyme with ssDNA. The KD values of the newly 

formed ssDNA/protein complexes were 69 ± 7 nM (A) and 73 ± 14 nM (B). 

 

  T     D    γS   NP  -nt    pl   wt/T Figure 10. Nucleotide-dependent supercoiling activity of reverse gyrase Y851F 

analysed with one-dimensional agarose gel electrophoresis. Reaction conditions 

were 1 µM reverse gyrase Y851F in 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 

10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME, 2 mM nucleotide, 15 nM pUC18, 

10% (w/v) PEG 8000 at 75°C for 120 minutes. ATP (T), ADP (D), ATPγS (γS), 

ADPNP (NP), without nucleotide (-nt), plasmid alone (pl) and wild type reverse 

gyrase (wt). Reverse gyrase Y851F neither relaxes nor supercoils pUC18 plasmid. 

A B 
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Bound labelled ssDNA and dsDNA can be displaced from the complex with reverse gyrase 

Y851F by unlabelled ssDNA, demonstrating that no covalent intermediate is formed. The 

KD values of the complex between unlabelled DNA and the Y851F mutant are identical in 

both displacement titrations. This indicates formation of an identical complex regardless of 

whether ssDNA or dsDNA were displaced. dsDNA was not used for displacement 

titrations due to 14-fold weaker binding compared to ssDNA requiring far higher amounts 

of dsDNA. 

 

 

Reverse Gyrase Y851F has wild type ATPase Activity - K106Q/Y851F is Inactive 

Reverse gyrase Y851F mutant lacks wild type topoisomerase activity. However, the 

enzyme should still bear an active ATPase. In contrast, reverse gyrase K106Q/Y851F is 

also ATPase-inactive. ATPase activity of the mutant enzymes was tested (Figure 12). 
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The ATPase of reverse gyrase Y851F is fully functional and not influenced by loss of 

ssDNA cleavage ability. The KM and kcat values are similar to the data published for the 

wild type (kcat = 20 ± 1 · 10-3 s-1, KM = 44 ± 6 µM)14. Reverse gyrase K106Q/Y851F has a 

10-fold decreased ATP hydrolysis rate and the binding of ATP is 50-fold reduced. Hence, 

the mutant is ATPase-inactive. 

 

 

Cooperative Binding Models for ssDNA Binding to Reverse Gyrase 

Binding studies with 60-mer ssDNA and reverse gyrase Y851F using fluorescence 

anisotropy titrations revealed cooperative binding, which was clearly demonstrated by 

sigmoidal binding curves. Assuming a two-to-one binding event, two binding models are 

possible (Figure 13). 

Figure 12. Steady-state ATPase activity of reverse gyrase mutants. 

1 µM enzyme was incubated in 50 mM Tris/HCl (pH 7.5), 150 mM 

NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2, 2 mM β-ME, 0.4 mM 

phosphoenol pyruvate and 0.2 mM NADH at 37°C with the ATP 

concentration depicted. Data were processed as reported14. The 

ATPase of reverse gyrase Y851F (filled squares) is fully functional 

with a kcat of 25 ± 1 · 10-3 s-1 and a KM value of 27 ± 3 µM. ATP 

hydrolysis and binding are vastly reduced for the K106Q/Y851F 

mutant (open squares) with kcat = 2.3 ± 0.1 · 10-3 s-1 and KM = 

1.3 ± 1.3 mM. 
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The observed cooperativity might either reflect binding of two 60-mer ssDNA stretches to 

one reverse gyrase molecule or the reverse. The Hill equation was used for the 

determination of cooperative binding of reverse gyrase to fluorescently labelled ssDNA in 

anisotropy titrations: 

n
D

n

0max0 EK

E
 * )r-(rr r

+
+=     (1), 

where r, r0 and rmax are the observed, starting and maximal fluorescence anisotropy values, 

KD is the dissociation constant of the enzyme/DNA complex, E is the enzyme 

concentration and n is the Hill coefficient. The equation describes cooperative binding of at 

least n enzymes to one DNA substrate molecule. Binding of two reverse gyrase molecules 

to one ssDNA is in accordance with the experimental data. In the future, the minimal 

binding length of DNA for reverse gyrase and the minimal length for cooperative binding 

may be revealed by shortening of the 60-mer DNA construct. 

 

Ensemble Fluorescence Anisotropy 

During fluorescent titrations, the binding of 60-mer ssDNA to reverse gyrase Y851F results 

in a higher final anisotropy value of about 0.2 compared to 0.15 for the complex with 60-

mer dsDNA in the absence and presence of four different adenine nucleotides (see 

Figure 7). This is surprising because higher anisotropy values indicate reduced complex 

mobility along with higher complex mass (MW (60-mer ssDNA) = 18’311 g · mol-1; 

MW (reverse gyrase) = 128’275 g · mol-1). Thus, one-to-one binding of reverse gyrase to 

ssDNA or dsDNA should give higher final anisotropy values for dsDNA. It is possible, that 

binding of reverse gyrase to the fluorescently labelled DNA substrates alters the 

fluorescence properties of the 5’-attached fluoresceine. Further elucidation of the 

unexpected inverse order of final anisotropy values for reverse gyrase complexes with 

ssDNA or dsDNA under different nucleotide-bound states was required. We performed 

A B 
Figure 13. Cooperative binding models for reverse 

gyrase and ssDNA. The black lines each represent a 

60-mer ssDNA stretch. Depictions of reverse gyrase 

are homology models based on the crystal structure 

of reverse gyrase from A. fulgidus10 with the 

sequence of the T. maritima enzyme. (A) Stepwise 

binding of two ssDNA molecules to one reverse 

gyrase molecule. (B) Opposite case with a possible 

protein-protein interaction indicated. KD2 values are 

not identical in panel (A) and (B). 
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ensemble fluorescence measurements to determine changes in the dye properties upon 

protein binding via changes in fluorescence decay times (Figure 14). 
 

5 10 15 20

0.1

1

 

 

no
rm

al
iz

ed
 fl

uo
re

sc
en

ce

real-time trace (ns)

 

 

 

 

    
0

1

2

3

4

de
ca

y 
tim

e 
(n

s)

 
0.00

0.01

0.02

0.03

0.04

am
pl

itu
de

 
 

Fluorescence decays were described by triple exponential equations (Figure 14A). A 

control measurement with free uranine showed a fluorescence decay that could be fit with a 

single exponential. Thus, the necessity for three exponentials in the case of the labelled 

DNA constructs is due to attachment of the dyes to the DNA and not an instrumental error. 

The results reveal no difference in the fluorescence decay times for all three exponentials 

of ssDNA and dsDNA in the absence and presence of saturating conditions of reverse 

gyrase Y851F (Figure 14B and C). This indicates that the difference in the final anisotropy 

values is not due to an influence of reverse gyrase binding to the fluorescent moiety, but an 

effect of the complex formation itself. Our findings indicate cooperative binding of two 

reverse gyrase Y851F molecules to one strand of ssDNA observed before in anisotropy 

titrations. The combined masses of two enzyme molecules bound to one ssDNA molecule 

could account for higher final fluorescence anisotropy values compared to one enzyme 

molecule bound to one dsDNA molecule. 

B C

A Figure 14. Time resolved ensemble FRET of fluorescently labelled 

60-mer ssDNA or dsDNA in the absence (black/blue lines in A) and 

presence of bound reverse gyrase Y851F (red/green lines in A). 50 nM 

ssDNA or dsDNA with 0.75 µM/2.5 µM enzyme were measured in 

charcoal-filtered buffer with 50 mM Tris/HCl (pH 7.5), 150 mM 

NaCl, 10 mM MgCl2, 100 µM Zn(OAc)2 at 37°C for 20 minutes. (A) 

Samples were excited at 475 nm and time traces of the fluorescence 

decay observed at 530 nm were recorded at magic angle conditions, 

where effects due to anisotropy were excluded. The laser power was 

adjusted to yield 20000 counts · s-1 in the photomultiplier detector. 

Data were fit with a triple exponential decay. The fluorescence decay 

time (B) and the exponential amplitude (C) are given for the first 

(black squares), second (red circles) and third (blue triangles) 

exponentials. Binding of reverse gyrase Y851F to labelled ssDNA or 

dsDNA does not alter fluorescence by the DNA-attached fluoresceine. 
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7. Cooperative Binding and Stimulation of ATP Hydrolysis by Reverse 

Gyrase is Substrate Length-dependent 
 

 7.1 Introduction 
We have previously tested the plasmid supercoiling and relaxation properties of reverse 

gyrase1,2 from Thermotoga maritima with respect to the hydrolysis of ATP analogues3. 

Regarding DNA substrates for reverse gyrase, it has been reported that the affinity for 

single stranded DNA regions (ssDNA) is higher than for double stranded regions 

(dsDNA)4. We consequently tested binding of ssDNA or dsDNA 60-mer substrates to 

reverse gyrase and found cooperative binding of two reverse gyrase molecules to a 60 nta 

ssDNA in the presence and absence of different adenine nucleotides in the nanomolar 

range5. ssDNA promotes ATPase activity of reverse gyrase 3-fold more than dsDNA under 

conditions suitable for plasmid supercoiling5. However, reverse gyrase binds 6-15-fold 

weaker to 60 bpb dsDNA and in a non-cooperative way. Cooperative substrate binding and 

enzyme activity are common features for DNA binding proteins. For example, the 

eukaryotic DNA-repair enzyme Ku binds with positive cooperativity to dsDNA ends after 

a double strand break of DNA. If the dsDNA is long enough for more than 2 Ku molecules 

to bind, cooperativity decreases again6. 

In the case of reverse gyrase, correlation between the coupling of DNA binding and 

ATPase activity and the DNA substrate-length could also exist, giving more insight into 

the underlying coupling mechanism of these enzyme features. The previously used 60-mer 

DNA constructs are about 20 nm in length, calculating with 3.4 nm per 10 bp8. Assuming 

DNA binding to the topoisomerase domain of reverse gyrase with a diameter of about 6 nm 

for the Archeoglobus fulgidus enzyme7, up to three reverse gyrase molecules could fit on 

the previously used 60-mer DNA constructs. To investigate the dependence of cooperative 

binding of ssDNA or dsDNA and stimulatory effects on ATP hydrolysis on substrate 

length, we systematically shortened the originally used 60-mer substrates. Also, minimal 

requirement for the binding length of ssDNA and dsDNA substrates for reverse gyrase 

could be determined in this way. 

                                                 
a nt, nucleotide(s) 
b bp, base pair(s) 
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 7.2 Material and Methods 
 

Protein Purification and DNA Substrates 

Reverse gyrase wild type from T. maritima and the DNA cleavage-deficient Y851F mutant 

were purified as described3 (Chapter 3.2). A 107 bp dsDNA was generated by PCR-

amplification of a modified pUC18 plasmid. The plasmid contained a 39 bp stretch with an 

optimised cleavage site for reverse gyrase9,10 inserted into the HindIII/BamHI site of 

pUC18 and was produced by Andreas Schmidt (Klostermeier group). The amplified 107 bp 

substrate was applied to 2% agarose gel electrophoresis (see Chapter 3.2), excised from the 

gel after staining with ethidium bromide and purified using the QIAquick Gel Extraction 

kit (Qiagen) following the manufacturer’s instructions. Single stranded oligonucleotides 

with 20, 40 and 60 nt in length and their complementary strands were synthesised and 

purified by Purimex (Grebenstein, Germany). The substrates also included the optimised 

cleavage site for reverse gyrase9,10. Sequences of the constructs are listed in Table 1. 
 

Table 1. Sequences of 20 , 40 and 60 nt long ssDNA constructs. A preferential cleavage site for reverse gyrase is 

depicted in red. dsDNA substrates were generated by annealing with the complementary strands (sequences not shown). 

The 107 bp dsDNA was produced by PCR amplification of a pUC18 with the inserted preferential cleavage site9,10. 
 

20-mer 5’-GATA TTCATTACTT CTTATC-3’ 

40-mer 
5’-TCTAGAGTCA GCCCGTGATA 

TTCATTACTT CTTATCCTAG-3’ 

60-mer 
5’-AAGCCAAGCT TCTAGAGTCA GCCCGTGATA 

TTCATTACTT CTTATCCTAG GATCCCCGTT-3’ 

107-mer 

5’-CCCAGTCACG ACGTTGTAAA ACGACGGCCA 

GTGCCAAGCT TCTAGAGTCA GCCCGTGATA TTCATTACTT 

CTTATCCTAG GATCCCCGGG TACCGAGCTC GAATTCG-3’ 

 

Reverse gyrase preferentially cleaves the ssDNA substrates between the two nucleotides 

highlighted in red (Table 1)9,10. For fluorescence anisotropy titrations, the oligonucleotides 

in the table contained a 5’-fluoresceine moiety. Corresponding dsDNA substrates with 20, 

40 and 60 bp were generated by annealing the 5’-fluoresceine-labelled single strands with 

unlabelled complementary single strands (sequences not shown). The melting temperatures 

(Tm) for the dsDNA constructs were 42°C, 64°C and 72°C respectively, as calculated with 

the OligoCalc program from the Northwestern University Medical School (Chicago, USA). 

The unlabelled 107 bp dsDNA was produced by PCR and had a Tm of 80°C. 
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Fluorescence anisotropy measurements 

Dissociation constants of complexes between reverse gyrase and ssDNA or dsDNA 

constructs were investigated with fluorescence anisotropy titrations in buffer with 50 mM 

Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME at 

37°C. 10 nM of 5’-fluoresceine-labelled ss/dsDNA constructs were titrated with reverse 

gyrase. The Y851F reverse gyrase mutant was used for all fluorescent titrations to ensure 

equilibrium conditions. This mutant lacks the active tyrosine and is unable to covalently 

bind DNA substrates but is still ATPase-active5 (see Chapter 6.3). Dissociation constants 

were calculated by fitting a model for one-site binding described by the solution of a 

quadratic equation to the data, as previously published3. Cooperative binding of reverse 

gyrase to DNA was described with the Hill equation. 

 

Steady-state ATPase activity 

Parameters for the steady-state ATPase activity of reverse gyrase were determined in an 

ATPase assay, coupling ATP hydrolysis and the oxidation of NADH as previously 

described3. Reactions were performed at 37°C with 0.1 μM reverse gyrase wild type in the 

same buffer described for fluorescence anisotropy titrations additionally containing 

0.4 mM phosphoenol pyruvate, 0.2 mM NADH, 23 μg ml−1 lactate dehydrogenase and 

37 μg ml−1 pyruvate kinase. KM values in the presence of saturating DNA or ATP 

concentrations were determined in an ATP- or DNA-dependent manner, respectively. 

Initial reaction velocities v were calculated via ΔA340/(Δt •  ε340,NADH), with ε340,NADH = 

6220 M−1 cm−1. The Michaelis-Menten formalism was used to analyse the data. ATP was 

purchased from Pharma Waldhof (Düsseldorf, Germany) and checked for impurities by 

reversed phase HPLC on a C18 column in 0.1 M sodium phosphate, pH 6.5. 
 

 

 7.3 Results 
Two reverse gyrase Y851F molecules non-covalently bind to the 60-mer ssDNA substrate 

in a cooperative manner in the absence and presence of various adenine nucleotides. 

However, no cooperative binding was observed using 60 bp dsDNA as a substrate5. 

Reverse gyrase has an estimated binding surface for 20 bp dsDNA and non-cooperative 

binding may be revealed with substrates shorter than 60 bp. Binding affinities of 20- and 

40-mer ss/dsDNA substrates were determined in comparison with the 60-mer constructs 

(Figure 1A). 
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gyrase molecules to one 40- or 60-mer ssDNA (Table 2). No cooperative binding was described by the Hill equation for 

the 20-mer ssDNA or all dsDNA constructs. Thus, a model describing one-site binding was fit to the corresponding data. 

(C) Stoichiometric titration of 300 nM 60 nt ssDNA (brown triangles, KD = 0.33 ± 0.02 µM, n = 2.0 ± 0.1) and 500 nM 

40 nt ssDNA (dark green triangles, KD = 0.91 ± 0.03 µM, n = 2.0 ± 0.1) reveals a sigmoidal binding curve and 

pronounced cooperative binding of these single-stranded substrates to reverse gyrase. 

Figure 1: Binding of 20-, 40- and 60-mer ss/dsDNA to reverse 

gyrase Y851F. Conditions for fluorescence anisotropy 

equilibrium titrations were 10 nM ss/dsDNA 5’-fluoresceine-

labelled substrate (triangles/squares) in 50 mM Tris/HCl 

(pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 

2 mM β-ME at 37°C. (A) 20-, 40- and 60 nt ssDNA (light 

green, dark green and brown triangles) is bound more tightly by 

reverse gyrase than (B) the corresponding dsDNA constructs 

(cyan, blue and black squares). Data were fit with the Hill 

equation, showing cooperative binding of at least two reverse  

 

The data describing the binding curves are summarised in Table 2. 
 

Table 2. ss/dsDNA substrates with different lengths binding to reverse gyrase Y851F at 37°C. 

 ▲  ssDNA ■  dsDNA 

 KD (nM) n KD (nM) 

20-mer 210 ± 15 1.4 ± 0.1 350 ± 45 

40-mer 73 ± 3 2.2 ± 0.2 300 ± 10 

60-mer 36 ± 1 2.3 ± 0.2 490 ± 60 

C 

 

The binding affinity of ssDNA constructs to reverse gyrase Y851F increases with substrate 

length (Figure 1A). dsDNA constructs exhibit the opposite effect, where binding affinity 

decreases with substrate length (Figure 1B). Thus, the 60 bp duplex binds with the lowest 

affinity, as opposed to the 60-mer ssDNA binding with the highest affinity. The KD values 

between the 60-mer ss/dsDNA constructs span over greater than one order of magnitude. 

Most interestingly, both the 40- and 60-mer ssDNA are bound in a cooperative manner 

with Hill coefficients of 2.2 and 2.3, respectively. Notably, binding of ssDNA substrates 
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results in a higher final anisotropy value of about 0.2 compared to 0.15 for dsDNA 

constructs, as described earlier (cp. Chapter 6.3). 

Because both the type and length of the DNA constructs affect substrate affinity, the 

various ss/dsDNA substrates might also have an effect on reverse gyrase ATPase activity. 

Dependency of the steady-state ATPase rates of reverse gyrase wild-type on the DNA 

substrate was consequently tested (Figure 2). 
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Figure 2: Steady-state ATPase activity of reverse gyrase in dependency of ss/dsDNA substrates of varying lengths. 

0.1 μM reverse gyrase wild-type were incubated in 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM 

Zn(OAc)2, 2 mM β-ME, 0.4 mM phosphoenol pyruvate and 0.2 mM NADH with 1 mM ATP at 37°C. Initial ATP 

hydrolysis velocities were calculated via the absorbance change at 340 nm over time (ε340,NADH = 6220 M-1 cm-1) and 

converted to kcat by normalising to the enzyme concentration. Data were analysed with the Michaelis Menten formalism. 

Reactions had the depicted concentration of (A) 20, 40 and 60 nt ssDNA (light green, dark green and brown triangles) or 

the corresponding dsDNA constructs (cyan, blue and black squares), as shown in panel (B). For the 107 bp dsDNA 

(purple squares), 1 μM reverse gyrase was used. 

 

The DNA substrate length influences the ATPase activity of reverse gyrase as follows: the 

shorter the substrate, the higher are the calculated kcat values. All corresponding values for 

kcat and KM,DNA are listed in Table 3. 
 

Table 3. Key data for reverse gyrase steady-state ATPase at 37°C in dependency of the ss/dsDNA substrate length. 
 

  kcat (10-3 s-1) KM (μM nt/bp) 

▲   ssDNA 20-mer 624 ± 14 24 ± 2 

 40-mer 157 ± 13 14 ± 4 

 60-mer 52 ± 2 3.0 ± 0.4 

■   dsDNA 20-mer 282 ± 15 78 ± 12 

 40-mer 235 ± 10 37 ± 5 

 60-mer 160 ± 13 73 ± 13 

 107-mer 40 ± 2 5.7 ± 1.6 
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With about 0.6 s-1, the kcat value for the 20-mer ssDNA is 4-fold and 12-fold higher 

compared to the ones of the 40-mer and the 60-mer. At the same time, the KM,DNA is 8-fold 

higher for the 20-mer than the one for the 60-mer. Thus, ATPase stimulation of reverse 

gyrase and ssDNA substrate binding are inversely correlated. Also, there is a distinct order 

of dsDNA-stimulated ATP hydrolysis increasing 7-fold from 107 bp to 20 bp substrate. 

However, no clear pattern is obtained for the KM,DNA values of the dsDNA, which generally 

lie 2-3-fold above the KM,DNA values for the ssDNA substrates. Accordingly, an overall 

diminished binding of dsDNA is observed, as confirmed in fluorescence anisotropy 

titrations (see Table 2). 

Next, it was interesting to determine whether DNA substrate binding had an influence on 

ATP binding, as already shown for the 60-mer ss/dsDNA constructs5. In order to examine 

cooperativity between ATP binding and DNA substrate binding, ATP hydrolysis by 

reverse gyrase was recorded as a function of the ATP concentration in the presence of 

different DNA substrates (Figure 3). 
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Figure 3: ATP-dependent steady-state ATP hydrolysis by reverse gyrase wild-type in the presence of saturating 

ss/dsDNA constructs of different length. For conditions and data processing see the legend in Figure 2. For all substrates, 

90% saturation was adjusted using (A) 0.5, 2.5 and 7.5 μM of 20-, 40- and 60-mer ssDNA (light green, dark green and 

brown triangles) or (B) 5, 4 and 20 μM of the corresponding dsDNA constructs (cyan, blue and black squares). The 

control shown in both panels does not contain any ss/dsDNA (grey circles). 

 

The maximum velocity of ATP hydrolysis is increased from the longest to the shortest 

substrate with saturating concentrations of both ssDNA and dsDNA substrates present, 

analogous to the results obtained from DNA-dependent titrations (cp. Figure 2 and 

Table 3). The corresponding KM values for ATP binding and the ATP hydrolysis rates in 

the presence of ss/dsDNA are listed in Table 4. 
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Table 4. Steady-state ATPase of reverse gyrase wild-type at 37°C in the presence of saturating ss/dsDNA concentrations. 
 

  kcat (10-3 s-1) KM,ATP (μM) 

no DNA --- 7.5 ± 0.4 28 ± 8 

▲   ssDNA 20mer 436 ± 16 35 ± 7 

 40mer 160 ± 6 40 ± 7 

 60mer 52 ± 1 32 ± 4 

■   dsDNA 20mer 329 ± 4 14 ± 1 

 40mer 198 ± 4 24 ± 3 

 60mer 109 ± 1 25 ± 2 

 

The kcat values in the presence of ssDNA are increased 7-, 21- and 58-fold from 60-mer 

down to the 20-mer compared to non-stimulated ATP hydrolysis. The same principle is 

shown in the case of dsDNA substrates where ATP hydrolysis is stimulated 15-, 26- and 

44-fold from 60-mer to 20-mer. Overall, the kcat values in the ATP-dependent titrations are 

in good agreement with the values determined in DNA-dependent titrations (see Table 3). 

For both DNA types the following is true: the shorter the substrate, the higher are the 

maximum velocities of ATP hydrolysis. 

Analysing the KM,ATP values in the presence of ssDNA, the binding of ATP is slightly but 

not significantly decreased compared to the absence of substrate. Most interestingly, 

cooperative binding of ATP is indicated for dsDNA-stimulated ATP hydrolysis, as the 

KM,ATP value is reduced to half its value in the presence of the 20-mer. The two other 

dsDNA substrates do not have any effect on ATP binding. 

 

 

 7.4 Discussion 
Preferred binding of reverse gyrase to single stranded DNA regions has been known for 

quite some time, and has been only qualitatively demonstrated4. We previously found that 

the ATPase activity of reverse gyrase under steady-state conditions is stimulated by 60-mer 

ss/dsDNA5. Interestingly, cooperative binding of at least two reverse gyrase molecules to 

one 60-mer ssDNA was observed. Moreover, the current chapter quantitatively presents the 

effect of ss/dsDNA substrate length on steady-state ATPase stimulation of reverse gyrase 

with respect to binding cooperativity using 20-, 40-, and 60-mer constructs. 
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For the 40 and 60 nt ssDNA constructs, cooperative binding of two or more reverse gyrase 

molecules to one substrate molecule was demonstrated along with higher binding affinity. 

The 20-mer ssDNA and all dsDNA constructs bind up to an order of magnitude weaker and 

show no cooperative binding, indicating a minimum length for cooperativity between 20 

and 40 nt. The fact that ssDNA binding results in significantly higher final anisotropy 

values than binding to dsDNA substrates also indicates cooperative binding of more than 

one reverse gyrase molecule and is discussed in Chapter 6.3. In the future, it will be 

interesting to know if longer ssDNA substrates bind tighter to reverse gyrase and if more 

reverse gyrase molecules would be capable of binding to it. Unfortunately, the 107-mer 

used for ATPase stimulation of reverse gyrase was only available as dsDNA. Furthermore, 

poor availability and purity of the 107 bp dsDNA brought up the use of the artificially 

synthesised and highly pure 20-, 40- and 60-mer substrates introduced in this chapter. 

Regarding ATP hydrolysis by reverse gyrase, a clear dependency on the ssDNA and 

dsDNA substrate length was demonstrated. Most interestingly, it is evident that the shorter 

the ssDNA or dsDNA substrate, the higher is the resulting stimulation of the ATPase. 

There also is a clear inverse correlation for the ssDNA substrates between DNA binding 

and the stimulation of DNA-dependent ATP hydrolysis. Weak binding of the 20 nt 

substrate is accompanied by highly effective ATPase stimulation, as seen for other 

unspecific binding partners for reverse gyrase, such as polyU RNA5. Reduced binding of 

the 20 nt ssDNA is reflected in the 8-fold increased KM value compared to the 60 nt 

ssDNA. Notably, the resulting KM values lie 100-fold above the KD values obtained in 

fluorescence anisotropy titrations. This is due to the fact that the KM value is an implicit 

measure for substrate affinity, as both ATP hydrolysis and binding to reverse gyrase are 

included in the coupled enzymatic assay applied. Interestingly, cooperative binding of ATP 

was shown for the 20 bp dsDNA only. The similar properties compared to the 20 nt ssDNA 

can also in part be explained by a Tm of 42°C for the 20 bp dsDNA, which is only 5°C 

above the measuring temperature. In the future, DNA stimulation of reverse gyrase ATPase 

activity should also be tested under single turnover conditions at 75°C for the ssDNA 

constructs to confirm the effects observed at 37°C. 

Until now, no minimal binding length of ssDNA or dsDNA substrates has been reported 

for reverse gyrase. Thus, the minimal binding size for ss/dsDNA substrates for reverse 

gyrase might be below 20 bp. It would be interesting to see what happens with respect to 

DNA binding and ATPase stimulation at this critical mark. With a diameter of 50-70 Å7, 

the maximal binding surface of reverse gyrase is about 15-20 bp wide. On the 2686 bp 
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large pUC18, about 135-180 reverse gyrase molecules could potentially bind cooperatively 

and mutually activate the enzyme’s plasmid relaxation and positive supercoiling ability. 

However, the actual working manner of reverse gyrase remains unknown. Reverse gyrase 

is purified as a monomer and, to the best of our knowledge no cooperation is required for 

enzyme activity. To further elucidate cooperative binding, more diverse information could 

be gained from experiments with constructs harbouring combined single and double 

stranded DNA regions (i.e. 20/40, 20/60, 40/60-mers). 
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8. Rationale of Selective Fluorescent Labelling of Reverse Gyrase and 

Initial smFRET Studies 
 

 8.1 Introduction 
Structural information about reverse gyrase is as rare as mechanistic details of its intrinsic 

ATP-dependent positive supercoiling activity1. An electron microscopy study of the 

enzyme indicates a hole of 10-20 Å in diameter that may be suitable for dsDNA binding2. 

This was confirmed in the only available crystal structure from Archeoglobus fulgidus 

reverse gyrase3. No structural information exists for the enzyme from Thermotoga 

maritima, the subject of the present thesis. 

Single molecular Förster resonance energy transfer (smFRET) is a suitable method to 

observe predicted conformational changes in reverse gyrases3 and requires fluorescent 

donor and acceptor labelling. To investigate the mechanism of positive supercoiling by 

reverse gyrases in general, preparations for smFRET studies have been carried out using a 

homology model from A. fulgidus reverse gyrase. However, a problem of homology 

model-based choice of potential labelling sites in proteins remains, namely the surface 

accessibility in the model must not necessarily be true for the investigated enzyme. 

Furthermore, the native cysteines present in T. maritima reverse gyrase may interfere with 

fluorescent labelling. It has been reported that these eight cysteines in two putative zinc 

finger regions in reverse gyrase may play an important role for DNA binding3,4. In 

proteins, Zn2+ is bound in structural elements that stabilise tertiary structure and provide 

various protein functions. Zn2+ is coordinated by four cysteines and/or histidines in so 

called zinc fingers, which are important for DNA binding5. An initial mutational study 

indicates an influence of the N-terminal putative zinc finger on positive supercoiling by 

reverse gyrase6. However, topoisomerase I from T. maritima also contains a putative zinc 

finger region that is able to bind zinc, but is not essential for topoisomerase activity7. 

Also, the crystal structure of the T. maritima topoisomerase I reveals no bound zinc ion 

but shows cystine disulfide bond formation for structural stability of the zinc binding 

motif8. For T. maritima reverse gyrase, it remains unknown, if the two putative zinc 

fingers are capable of binding zinc or are functional during topoisomerase activity. Thus, 

the first part of the present study concentrates on the investigation of the two putative zinc 

finger regions of reverse gyrase from T. maritima for topoisomerase activity and the 

reactivity of wild type cysteines with maleimides of fluorescent dyes. 
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The second part of this chapter aimed at elucidating the molecular mechanism behind the 

catalytic cycle of reverse gyrase, for which large conformational changes have been 

proposed3. The hypothetical mechanism includes movement of the two subdomains of the 

helicase-like domain during the adenine nucleotide cycle, which is suggested by findings 

from authentic helicases9,10. Additionally, the latch region inserted in the helicase-like 

domain of reverse gyrase acts as a trigger upon DNA binding and facilitates opening of 

the topoisomerase domain3,11. For topoisomerase I from Escherichia coli, minor 

conformational changes were observed, when a single protein helix shifts and holds 

ssDNA bound close to the active site12. The crystal structure of E. coli topoisomerase III 

(type IA) in complex with ssDNA reveals conformational changes necessary for binding 

of the substrate to the groove in the vicinity of the active tyrosine13. Further X-ray studies 

with the same enzyme reveal additional ssDNA-bound conformations during intermediate 

steps between substrate binding and ssDNA cleavage and suggest consecutive domain 

movements14. 

For reverse gyrase, inter-domain communication between the helicase-like domain and 

the topoisomerase domain has also been suggested with respect to an inhibitory influence 

of the topoisomerase domain on the ATPase cycle15. Most likely, conformational changes 

also mediate coupling of adenine nucleotide binding and hydrolysis16,17 to DNA binding 

and strand passage during positive supercoiling15,16. Furthermore, cooperative binding of 

reverse gyrase to ssDNA was found, indicating potential interactions between several 

reverse gyrase molecules during topoisomerase activity15. However, no data that 

correlates structure and topoisomerase functions exists for any reverse gyrase. 

To define the role of conformational changes for topoisomerase function, we set out to 

observe predicted domain movements3,4 of reverse gyrase from Thermotoga maritima 

with smFRET. 
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 8.2 Material and Methods 
 

Generation and Purification of Reverse Gyrase Cysteine Mutants 

Wild type reverse gyrase was purified as described17 (Chapter 3.2). Single cysteine 

mutants (S169C, D173C, F332C, S341C, K440C, D452C, V973C, F993C, Y994C) were 

generated via site-directed mutagenesis (QuikChange, Stratagene). Suitable positions for 

labelling with donor and acceptor dyes were selected according to labelling efficiencies of 

single cysteine mutants. Double cysteine mutants were generated via stepwise 

mutagenesis (S169C/F332C, D173C/F332C, D452C/D878C). Cysteine mutants still 

contain all native cysteines of wild type reverse gyrase. A deletion mutant lacking both 

putative zinc fingers (ΔM1-H58/ΔR620-I643), named Δzif1/2, and a mutant with altered 

putative zinc fingers (C11A/C14A-C635A/C638A), abbreviated C4A4, were generated 

correspondingly by Ramona Heissmann (University of Bayreuth). After sequence 

confirmation, mutants were produced and purified according to the wild type protocol. 

 
Analysis of Topoisomerase Activity 

Topoisomerase activity of reverse gyrase wild type and mutants was determined using 

negatively supercoiled pUC18 plasmid as substrate. Reactions were performed and 

topoisomer distribution of pUC18 was analysed as described in the literature17 and 

Chapter 3.2, unless otherwise stated. 

 
Accessibility of Native Cysteines with DTNB 

Cysteine reactivity of wild type reverse gyrase was tested with 5,5’-dithiobis-(2-

nitrobenzoic acid) (DTNB) after Ellmann18. Upon nucleophilic attack of a deprotonated 

cysteine on DTNB, 2-nitro-5-thiobenzoate (TNB2-) is released and subsequently detected 

at 412 nm. The reaction of 1.3 μM reverse gyrase with 21 μM DTNB was carried out in 

50 mM Tris/HCl (pH 8.0), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2 at 25°C 

until saturation of A412. The molar extinction coefficient of TNB2- under these conditions 

was determined19 to ε412,TNB
2- = 20’000 M-1 cm-1. The number of accessible cysteines can 

be calculated from [TNB2-]/[reverse gyrase], where [TNB2-] = ΔA412/ ε412,TNB
2-, using 

cuvettes with a path length of 1 cm after Lambert-Beer. 
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Zinc Release from Reverse Gyrase with PMB and Detection with PAR 

The irreversible reaction of p-(hydroxymercuri)-benzoic acid (PMB) with sulfhydryl 

groups releases metal ions from zinc fingers. Free Zn2+ forms a complex with                  

4-(2-pyridylazo)-resorcinol (PAR), which absorbs at 500 nm20,21. Zinc release from 1 μM 

reverse gyrase was tested in a PMB-dependent titration in 50 mM Tris/HCl (pH 7.5), 

150 mM NaCl, 10 mM MgCl2 at 25°C in the presence of 100 μM PAR until no change in 

A500 was observed. The molar extinction coefficient of the Zn(PAR)2 complex was 

determined under these conditions (ε500 = 100’000 M-1 cm-1). The amount of Zn2+ 

released per reverse gyrase molecule is [Zn(PAR)2]/[reverse gyrase]. [Zn(PAR)2] is 

calculated after Lambert-Beer. 

 
Fluorescent Labelling of Reverse Gyrase Wild Type and Cysteine Mutants 

Single and double cysteine mutants of T. maritima reverse gyrase were fluorescently 

labelled in 50 mM Tris/HCl (pH 7.5), 500 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 

25 μM tris-(2-carboxyethyl)-phosphine (TCEP). 4-10 μM protein were incubated with the 

donor dye Alexa488-maleimide (A488, 5-10-fold molar excess) and the acceptor dye 

tetramethylrhodamine-5-maleimide (TMR, 15-30-fold molar excess) for 3 h at 25°C. 

Alternatively, the Alexa dye A546 was used as acceptor. The labelling reaction was 

quenched with β-ME (200-fold excess of acceptor dye), and free dye was removed on 

Micro Bio-Spin 30 colums (Biorad) by size exclusion chromatography following the 

manufacturer’s instructions. The labelling efficiency was determined from absorbance 

ratios of the donor (A488: ε494 = 72’000 M-1 cm-1, corrected for acceptor contributions) 

and the acceptor (TMR: ε555 = 95’000 M-1 cm-1, A546: ε555 = 93’000 M-1 cm-1). The 

protein concentration was determined from absorbance at 280 nm (ε280 =          

111’470 M-1 cm-1, corrected for dye contributions). 

 
Limited Proteolysis of Reverse Gyrase 

Labelled proteins were digested with trypsin to determine positions for donor and 

acceptor dyes. 1 μM labelled reverse gyrase was incubated with 0.1 μM trypsin in 50 mM 

Tris/HCl (pH 8.0), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME at 

20°C over night. Protein fragments were analysed with 10% SDS polyacrylamide gel 
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electrophoresis. N-terminal sequencing of unlabelled fragments after Edman22 was kindly 

carried out by Dr. Bernhard Schmidt (University of Göttingen). 

 
Determination of Förster Distances and Quantum Yields 

The donor quantum yield of the fluorescent dye A488 bound to the reverse gyrase single 

cysteine mutants S169C, D173C, F332C, D452C or D878C was determined relative to 

fluoresceine as a reference23,24. The quantum yield Φ of fluoresceine in 0.1 M NaOH is 

0.9224. For each reverse gyrase double mutant, Förster distances r0 were calculated after25: 
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where κ2 is the orientation factor, which was set to 2/3 assuming free rotatability of the 

donor and acceptor dyes. The refractive index n of water is 1.33 and was assumed to be 

equal for the aqueous solutions in the smFRET experiments. ΦD is the quantum yield of 

the donor in the absence of acceptor23, FD(λ) is the normalised fluorescence spectrum of 

protein labelled only with donor and εA(λ) is the normalised absorbance spectrum of 

protein labelled only with acceptor. 

 
Single Molecule FRET Experiments 

The smFRET experiments were carried out using a self-made confocal microscope 

(Chapter 1.4). Fluorescence was detected separately for the donor and acceptor dyes. A 

fluorescence burst was only analysed, if it contained more than 100 photons as the 

threshold. Corresponding FRET efficiencies (EFRET) were calculated according to26: 
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The measured fluorescence intensities of the donor (ID) and the acceptor (IA) were 

corrected for various effects accounted for in the correction factors α, β, γ and δ 

explained below. Firstly, crosstalk of donor and acceptor fluorescences was taken into 

account: 
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α is the donor crosstalk  in the acceptor channel and is expressed as the ratio of 

fluorescence intensities of donor emission detected in the acceptor channel (ID-A) to donor 

emission detected in the donor channel (ID-D). The acceptor crosstalk β is described 

correspondingly. 

The detection efficiency for donor and acceptor fluorescences depends on the setup, 

which is considered along with different quantum yields for donor and acceptor dyes: 
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where CD is the number of photons absorbed by the donor without being transferred to the 

acceptor, in contrast to the number of photons absorbed by the acceptor by direct 

excitation or transfer from the donor (CA). Also, the fluorescence intensities of the donor 

(ID) and the acceptor (IA) corrected for crosstalk are included in the correction factor γ. 

The final correction factor δ takes direct excitation of the acceptor into account: 
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smFRET measurements were performed in 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 

10 mM MgCl2, 100 μM Zn(OAc)2 at 25°C. Fluorescently labelled enzyme (250 pM with 

respect to the donor concentration) was incubated in the presence and absence of 1 mM 

ATP, ADP or ADPNP as nucleotide and 15 nM pUC18 or 0.5 μM 60-mer ssDNA or 

dsDNA as substrate. 5-7 million bursts were collected for every measurement in about 

20 minutes. The 60-mer ssDNA (sequence in Chapter 5.2) and the complementary strand 

were purchased from Purimex (Grebenstein, Germany). The 60-mer dsDNA substrate 

was formed by annealing the two single strands15. 

 
Steady-State ATPase Activity of Reverse Gyrase 

Steady-state ATP hydrolysis by reverse gyrase wild type and labelled or unlabelled 

mutants was tested to further characterise the influence of fluorescent labels on the 

ATPase activity. The coupled enzymatic ATPase assay was performed at 37°C as 

previously described17 (Chapter 7.2). 
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 8.3 Results 
 

Native Cysteines of Reverse Gyrase from T. maritima 
 

Are native cysteines important for topoisomerase activity of reverse gyrase? 

The functional relevance of the putative zinc finger regions of reverse gyrase from 

T. maritima for topoisomerase activity by reverse gyrase is unclear. A deletion mutant 

lacking both putative zinc finger regions (Δzif1/2) and a second mutant where two 

cysteines have been changed into alanines in each putative zinc finger (C4A4) were tested 

for positive supercoiling activity (Figure 1). 
 

 
A B C4A4  Δzif1/2

   

 5’                      45’  5’                     45’ 

 120’                  210’  wt       30’   Δzif1/2  120’                  210’ 

Figure 1. Positive supercoiling activity of reverse gyrase zinc finger mutants analysed with two-dimensional agarose 

gel electrophoresis. 1 mM reverse gyrase wild type (wt), ΔM1-H58/ΔR620-I643 mutant (Δzif1/2) or 

C11A/C14A/C635A/C638A mutant (C4A4) were incubated in 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM 

MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 2 mM ATP, 15 nM pUC18, 10% (w/v) PEG 8000 at 75°C for the time 

indicated. (A) Δzif1/2 reverse gyrase is inactive. (B) A time course recorded for Δzif1/2 and C4A4 shows no 

supercoiling activity for both reverse gyrase mutants. 

 

Reverse gyrase Δzif1/2 is supercoiling-inactive (Figure 1A). A systematic analysis of 

Δzif1/2 and C4A4 reverse gyrase demonstrates lack of supercoiling activity for both 

mutants (Figure 1B), and no relaxation is observed in the presence of ADP (data not 

shown). In summary, intact putative zinc finger regions of T. maritima reverse gyrase are 

required for positive supercoiling. Additionally, the Δzif1/2 and C4A4 mutants are less 

stable compared to the wild type and are purified as aggregates (data not shown). Thus, 

deletion or mutation of the native cysteines in reverse gyrase is not an alternative in order 

to avoid fluorescent labelling, as they are required for topoisomerase activity. 
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Do native cysteines of reverse gyrase interfere with fluorescent labelling? 

Six to eight of the native cysteines in reverse gyrase wild type react with DTNB in the 

absence of zinc27. To improve solubility of reverse gyrase, 100 μM Zn(OAc)2 were used 

as standard supplement at the beginning of the PhD project. The DTNB accessibility of 

the cysteines in reverse gyrase at 100 μM Zn(OAc)2 and higher was determined to check 

for potential masking of the native cysteines (Figure 2). 
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Figure 2. DTNB accessibility of wild type cysteines in reverse

gyrase tested in the presence of different zinc concentrations

after Ellman18. 1.3 μM reverse gyrase were incubated with

21 μM DTNB in 50 mM Tris/HCl (pH 8.0), 150 mM NaCl, 

10 mM MgCl2 at 25°C until saturation of A412. The ΔA412

values of 0.093, 0.085 and 0.185 correspond to 3.6, 3.3 and 7.1

accessible cysteines in the presence of 100, 250 or 500 μM 

Zn(OAc)2 (black, green and blue lines) using ε412,TNB
2-

 = 20’000 M  cm ). -1 -1

 

Three to four cysteines of reverse gyrase wild type are DTNB-accessible in the presence 

of 100 μM and 250 μM zinc. All eight native cysteines react with DTNB in the presence 

of 0.5 mM zinc, where concomitant protein precipitation was observed (data not shown). 

Thus, 100 μM Zn(OAc)2 potentially mask all four cysteines contained in one of the two 

putative zinc fingers rendering it DTNB-inaccessible. The presence of plasmid DNA may 

also have a masking effect on the two putative zinc fingers as potential DNA binding 

sites. Subsequently, DTNB reactivity of reverse gyrase was tested in the presence of 

pUC18 (Figure 3). 
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Figure 3. Cysteine accessibility of reverse gyrase with DTNB 

in the presence of pUC18. 0.7 μM reverse gyrase were 

incubated with 18 μM DTNB in 50 mM Tris/HCl (pH 8.0), 

150 mM NaCl, 10 mM MgCl2, 500 μM Zn(OAc)2 at 25°C. 

Accessibility of 6.4 or 8.6 cysteines in the presence of 30 nM 

(black line) and 150 nM pUC18 (blue line) is calculated from 

the ΔA412 values of 0.09 and 0.12, correspondingly. (ε412,TNB
2-

 = 20’000 M-1 cm-1). 

 

DTNB labels six to eight native cysteines in reverse gyrase in the presence of pUC18. 

Thus, the two putative zinc-fingers may be in a more accessible conformation in the 

presence of pUC18 suggesting a role of the putative zinc finger regions of reverse gyrase 

for DNA binding in general. 
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How much zinc is bound naturally by wild type reverse gyrase? 

It would be now interesting to know, if the putative zinc finger regions of T. maritima 

reverse gyrase are capable of binding zinc. Therefore, zinc release from reverse gyrase 

wild type and C4A4 was tested in the absence of zinc in the buffer (Figure 4). 
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Figure 4. Zinc release from reverse gyrase wild type and C4A4

with PMB. 1 μM enzyme in 50 mM Tris/HCl (pH 7.5), 

150 mM NaCl, 10 mM MgCl2 at 25°C were titrated with PMB.

Formation of the Zn(PAR)2 complex leads to an absorbance

change of 0.05 and 0.02 at 500 nm for reverse gyrase wild type

(black) and C4A4 (blue) that translates to 0.5 and 0.2 zinc ions 

released per enzyme (ε500,Zn(PAR)2 = 100’000 M  cm ). -1 -1

 

No zinc is released from the reverse gyrase mutant C4A4, suggesting that zinc binding by 

the putative zinc fingers may be disrupted in this mutant. However, only 0.5 zinc ions are 

released from reverse gyrase wild type, indicating that at the most one zinc ion is bound 

by one of the putative zinc fingers of reverse gyrase. The DTNB accessibility of four 

cysteines in wild type reverse gyrase is in agreement with this finding. However, 

reactivity of DTNB with the native cysteines of T. maritima reverse gyrase might not 

reflect reactivity with maleimides of fluorescent dyes used for labelling. In summary, the 

cysteines in the putative zinc fingers of reverse gyrase are important for topoisomerase 

activity and are partially accessible by DTNB. Thus, the conditions for fluorescent 

labelling have to be chosen accordingly. 

 

 

Fluorescent labelling of reverse gyrase from T. maritima 

To investigate the positive supercoiling mechanism of reverse gyrase with smFRET, 

specific cysteines must be labelled with fluorescent dyes. Although at least four of the 

eight native cysteines in T. maritima reverse gyrase are accessible to DTNB, we set out to 

find conditions for selective fluorescent labelling of introduced cysteines. Labelling of 

reverse gyrase wild type and two single cysteine mutants with three fluorescent dyes is 

shown in Figure 5. 
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Figure 5. Fluorescent labelling of reverse gyrase wild type and mutants with one additional cysteine at positions D452 

or D878. 10% SDS polyacrylamide gel analysis of three labelling reactions with different dyes for each protein. 

Labelling reactions of 4 μM of reverse gyrase wild (wt) type, D452C or D878C were carried out in 50 mM Tris/HCl 

(pH 7.5), 500 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 1 mM TCEP at 25°C with 100 μM A488, TMR or A546 

over night. Free dye was removed with size exclusion chromatography. The gel is shown before (in colors) and after 

coomassie staining (grey scale) and the position of a molecular size marker (M) is indicated. Labelling efficiencies are 

given for A488 (orange, donor), TMR (green, acceptor) and A546 (yellow, acceptor). A488 and TMR only label 

additionally introduced cysteines. A546 also labels native cysteines. 
 

Wild type cysteines of reverse gyrase are only labelled with A546 at high zinc 

concentrations (100 μM Zn(OAc)2). The cysteine introduced at position D878 of reverse 

gyrase is more accessible to A488, TMR and A546 compared to position D452. A488 and 

TMR as fluorescence donor and acceptor is a promising pair for labelling of cysteine 

mutants of T. maritima reverse gyrase, as all native cysteines are unmodified under these 

conditions. However the low labelling efficiencies for A488 and TMR have to be 

improved to values closer to 1. To confirm that the fluorescent dyes were covalently 

attached to the proper position in reverse gyrase, a protease digest with trypsin and 

subsequent sequencing of the resulting fragments were performed (Figure 6). 
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Figure 6. Trypsin digest of reverse gyrase wild type (wt), D452C and D878C after labelling with A488, TMR or A546. 

Fluorescent labelling was carried out as described in Figure 5. 1 μM labelled protein was digested with 0.1 μM trypsin 

in 50 mM Tris/HCl (pH 8.0), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME at 20°C over night and 

analysed with 10% SDS polyacrylamide gel electrophoresis. The figure shows the gel before (B) and after coomassie 

staining (A). The position of a molecular size marker (M) is depicted. Fragments of unlabelled protein samples after 

trypsin digest were N-terminally sequenced after Edman22. Three prominent fragments of reverse gyrase 
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(MW = 128 kD) correspond to the amino acids regions R280 - ~ L404 (14 kD), R370- ~ E533 (18 kD) and R753- ~ 

R1070 (35 kD). Fraction sizes are depicted in blue. The D452C and D878C mutants are labelled in the 18 kD and 

35 kD fragment, respectively. 

 

The serine-protease trypsin hydrolyses protein and peptide chains at the carboxyl side of 

lysine or arginine. The D452C mutant of reverse gyrase carries a fluorescent dye in an 

18 kD fragment containing aspartate 452 and confirms labelling at the correct position. 

The fluorescent label of the D878C mutant is contained in a 35 kD fragment including 

aspartate 878. However, labelling of the two putative zinc fingers of reverse gyrase 

cannot be identified, as fragments including the regions (M1-H58 and R620-I643) were 

not sequenced and may be completely digest by trypsin. 

 

 

Cysteine Positions in Reverse Gyrase Mutants Suitable for Fluorescent Labelling 

In order to describe conformational changes during topoisomerase activity of reverse 

gyrase, several regions in the enzyme are of special interest. Single cysteines for 

fluorescent labelling and subsequent smFRET studies were introduced at either side of the 

cleft in the helicase-like domain of reverse gyrase and at the predicted lid in the 

topoisomerase domain (Figure 7). 
 

Figure 7. Positions for the introduction of surface-accessible cysteines 

in functional regions of reverse gyrase. The structure is a homology

model of T. maritima reverse gyrase based on the X-ray structure of the 

enzyme from A. fulgidus3. The positions in magenta are in the 

N-terminal helicase-like domain (blue) harbouring the ATPase activity 

of reverse gyrase. Positions on each side of the cleft should approach

each other during ATP hydrolysis. The positions in orange lie in the 

latch region (green) and the C-terminal topoisomerase domain (red) of 

reverse gyrase. The so called lid is suggested to open between the latch

and topoisomerase domains3.      
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Single cysteine mutants of reverse gyrase were labelled with A488 and TMR. Only the 

most promising of these cysteine mutants, judged by labelling efficiency, were selected 

for the generation of double cysteine mutants. The prospective double cysteine mutants of 

reverse gyrase that could not be generated with site-directed mutagenesis were not further 

characterised and are not discussed. The same is true for K440C/D878C reverse gyrase, 

which was degraded during purification. 
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Labelling Protocol of Double Cysteine Mutants of T. maritima Reverse Gyrase 

The positions 169, 173 and 332 in the helicase-like domain, position 452 in the latch and 

position 878 in the topoisomerase domain (cp. Figure 7) were selected for the generation 

of the reverse gyrase double mutants S169C/F332C, D173C/F332C and D452C/D878C. 

The respective Cβ-Cβ distances are 64 Å, 65 Å and 35 Å taken from the crystal structure 

of reverse gyrase from A. fulgidus3. The fluorescent dyes A488 and TMR were used as 

the standard donor and acceptor pair, as they do not label the native cysteines in 

T. maritima reverse gyrase (see Figure 5). The highest labelling efficiencies for the 

D452C/D878C mutant with A488 and TMR were obtained by reducing the amount of 

TCEP from 1 mM to 25 μM28. The best results were achieved by labelling 10 μM double 

cysteine mutant with 10-fold excess donor and 30-fold for the acceptor at 25°C for 3h. 

Finally, free dye was removed with two consecutive size exclusion chromatography steps. 

The procedure was carried out for the reverse gyrase mutants S169C/F332C, 

D173C/F332C and D452C/D878C. The final labelling efficiencies for the three double 

cysteine mutants are given in Table 1. 
 

Table 1. Labelling efficiencies of reverse gyrase S169/F332C, D173C/F332C and D452C/D878C with A488 and TMR. 
 

 labelling efficiency 

reverse gyrase mutant A488 TMR 

S169C/F332C 1.01 0.77 

D173C/F332C 0.45 1.06 

D452C/D878C 0.66 0.95 

 
Correction Factors and Förster Distances 

For the evaluation of the fluorescence data of the donor and acceptor dyes collected in 

smFRET experiments, the correction factors and Förster distances of the labelled double 

mutants of reverse gyrase were determined as described in Chapter 8.2 and are 

summarised in Table 2. 
 

Table 2. Correction factors, donor quantum yield and Förster distances for reverse gyrase S169/F332C, D173C/F332C 

and D452C/D878C labelled with A488 (donor) and TMR (acceptor). Data were determined as described in Chapter 8.2. 
 

 α β γ δ ΦD r0 (Å) 

S169C/F332C 0.96 0.019 1.83 0.53 0.14 45 

D173C/F332C 0.67 0.020 0.96 0.48 0.25 49.7 

D452C/D878C 0.73 0.019 0.92 0.60 0.14 47.8 
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The correction factors α, β, γ and δ, the quantum yield of the donor in absence of 

acceptor ΦD and the Förster distance r0 for the labelled double mutants were used to 

determine corrected FRET efficiencies in smFRET measurements individually. 

 

 

smFRET Measurements 

To investigate expected large conformational changes during positive plasmid 

supercoiling of reverse gyrase3 and to reveal single steps in the catalytic cycle, saturating 

substrate conditions of ssDNA, dsDNA and pUC18 in combination with saturating 

conditions of ATP, ADPNP or ADP were provided. smFRET measurements were 

performed in a confocal microscope (see Chapter 1.4). Complete substrate and adenine 

nucleotide series were recorded for the A488- and TMR-labelled cysteine mutants 

S169C/F332C, D173C/F332C and D452C/D878C. Due to decreased protein stability and 

setup durability at temperatures above 50°C, the temperature was set to 25°C where no 

topoisomerase activity but ATP hydrolysis by reverse gyrase is found. 

 

Helicase-like domain 

The first smFRET experiments addressed conformational changes within the helicase-like 

domain using reverse gyrase D173C/F332C (Figure 8). 
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Figure 8. smFRET measurements of D173C/F332C reverse gyrase. 250 pM 

protein labelled with A488 and TMR were measured in 50 mM Tris/HCl 

(pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2 at 25°C until   

5-7 million bursts were collected. The presence of 1 mM ATP, ADPNP or 

ADP and the addition of 0.5 μM ssDNA, dsDNA or 15 nM pUC18 are 

indicated. No conformational change is observed. The FRET efficiency of 0.94 

translates to a distance of 31 Å using r0 = 49.7 Å (expected distance3 is 65 Å). 
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A FRET efficiency of 0.94 is observed for reverse gyrase D173C/F332C regardless of the 

presence of adenine nucleotides or DNA substrates. Thus, the distance between the 

positions determined in smFRET is 31 Å. The crystal structure from A fulgidus shows an 

open helicase-like domain with a distance of 65 Å between positions 173 and 332, 

suggesting a closed conformation of the helicase-like domain of reverse gyrase.  

Next, the double mutant S169C/F332C of the helicase-like domain with an expected 

distance of 64 Å between the mutated positions was used to independently monitor 

conformational changes in the helicase-like domain (Figure 9). 
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Figure 9. smFRET measurements of S169C/F332C reverse gyrase labelled at 25°C. Measurement conditions for the 

A488- and TMR- labelled proteins were identical to Figure 8. The series with dsDNA and pUC18 are not shown. 

Again, no change in FRET efficiencies is observed for all measured series. The calculated distance between positions 

169 and 332 lies between 29 and 32 Å, while 64 Å were expected from the structure3. 
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For the S169C/F332C mutant, a constant distance of about 30 Å is calculated from EFRET 

values of about 0.85. Hence, the labelled positions in the helicase-like domain are closer 

together than suggested from the homology model (64 Å). The results are in agreement 

with the behaviour of D173C/F332C reverse gyrase. 

 

Topoisomerase domain 

Large conformational changes during the supercoiling cycle are also expected upon 

opening of the latch region and the topoisomerase domain of reverse gyrase3. However, 

no supercoiling activity is present at the measurement temperature of 25°C used for 

smFRET experiments. Nevertheless, the fluorescently labelled reverse gyrase 

D452C/D878C was used to investigate the population of distinguishable nucleotide- and 

DNA-bound states even in the absence of supercoiling activity (Figure 10). 
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Figure 10. smFRET measurements of D452C/D878C reverse gyrase. Position 452 is situated in the latch region and 

position 878 is in the topoisomerase domain with an expected distance of 35 Å from the homology model3. The protein 

was labelled with A488 and TMR and measured under conditions described in Figure 8. The series with dsDNA and 

pUC18 are not shown. No change is observed for any measured series. The calculated distance lies between 33-38 Å. 

 

The distribution of FRET efficiencies is broader in the case of the D452C/D878C mutant 

compared to the mutants with positions in the helicase-like domain and a lot of 

fluorescent background is observed. The position of the maximal FRET efficiencies 

varies only slightly between 0.8 and 0.9, which translates into a distance of 33-38 Å 

between positions 452 and 878. This finding is in good agreement with the expected 

distance of 35 Å, as judged from the closed conformation of the latch and topoisomerase 

domain shown in the crystal structure of reverse gyrase. 
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Conformational Changes in Reverse Gyrase 

At 25°C, no change in FRET efficiencies is detected for reverse gyrase S169C/F332C or 

D173C/F332C regardless of the presence of adenine nucleotides or DNA substrates. In 

both cases, the helicase-like domain seems to remain in a closed conformation. Also no 

opening of the gap between the latch region and the topoisomerase domain could be 

observed with the D452C/D878C mutant. 

 

 

Topoisomerase Activity of Labelled and Unlabelled Reverse Gyrase Mutants 

The functionality of the double cysteine mutants S169C/F332C, D173C/F332C and 

D452C/D878C or reverse gyrase was investigated, due to an obvious lack of 

conformational changes expected during ATP hydrolysis and topoisomerase activity 

observed during smFRET measurements. Topoisomerase activity of the double mutants 

labelled with A488 and TMR is shown in Figure 11. 
 

 A 

 

 wt                  S169C/F332C                       wt                  D173C/F332C       D452C/D878C 
B

Figure 11. Topoisomerase activity of labelled reverse gyrase analysed on a two-dimensional agarose gel. Experiments 

were performed in 50 mM Tris/HCl (pH 7.5), 150 mM NaCl, 10 mM MgCl2, 100 μM Zn(OAc)2, 2 mM β-ME, 2 mM 

ATP, 15 nM pUC18, 10% (w/v) PEG 8000 at 75°C incubating 0.4 μM protein for 45 minutes (A) or 0.25 μM protein 

for 2 h (B). All labelled mutants of reverse gyrase are active similar to the wild type control (wt). 

 

The double mutants of reverse gyrase labelled with A488 and TMR show wild type 

activity with respect to plasmid supercoiling, and thus, are suitable for smFRET studies. 

 

 

Steady-State ATPase Activity of Labelled Reverse Gyrase Mutants 

The results obtained with smFRET for reverse gyrase mutants lead to the question of why 

no conformational change is observed in the presence of various adenine nucleotides and 

DNA substrates. Supercoiling activity of labelled and unlabelled mutants at 75°C has 

been confirmed prior to smFRET experiments, indicating that the ATPase function of the 

helicase-like domain must be intact. However, ATP hydrolysis has not been shown for 

reverse gyrase cysteine mutants at temperatures insufficient for plasmid supercoiling. 



Chapter 8                107 
 

Therefore, we determined the steady-state ATP hydrolysis of unlabelled double cysteine 

mutants at the standard temperature of 37°C for T. maritima reverse gyrase15,17. ATP 

hydrolysis rates and KM values are summarised in Table 3. 
 

Table 3. Steady-state ATPase parameters of reverse gyrase wild type, S169/F332C, D173C/F332C and D452C/D878C. 

Data were determined with 1 μM protein in the absence of DNA at 37°C as described17. 
 

 kcat (10-3 s-1) KM,ATP (μM)

wild type 19.7 ± 0.8 44 ± 6 

S169C/F332C 10.4 ± 0.3 67 ± 8 

D173C/F332C 11.1 ± 0.4 55 ± 8 

D452C/D878C 18.7 ± 0.4 39 ± 4 

 

Michaelis-Menten parameters for ATP hydrolysis by reverse gyrase D452C/D878C are 

similar to the wild type enzyme. Both helicase-like domain mutants (S169C/F332C and 

D173C/F332C) show reduced kcat values and increased KM values compared to the wild 

type but are still functional. 

Subsequently it was interesting to determine ATP hydrolysis by the labelled reverse 

gyrase mutants, as functional ATPase activity suggests underlying conformational 

changes strongly indicated for the wild type. No ATPase activity in the absence of DNA 

was detected. Therefore, we compared ATP hydrolysis velocity of the labelled mutants to 

wild type reverse gyrase in the presence of saturating concentrations of ssDNA at one 

ATP concentration (Table 4). 
 

Table 4. ssDNA-stimulated steady-state ATPase parameters reverse gyrase S169/F332C, D173C/F332C and 

D452C/D878C labelled with A488 (donor) and TMR (acceptor). 0.05-0.1 μM enzyme was incubated with 2 mM ATP 

and 1 μM ssDNA at 37°C under conditions published17. The high ATP concentration compared to the standard 

concentration and the presence of ssDNA were used to ensure stimulation of the ATPase activity15. The resulting ATP 

hydrolysis velocity was normalised to the enzyme concentration. No kcat value can be determined, as the amount of 

labelled enzyme was too low to record a full ATP-dependent steady-state ATP hydrolysis until saturation. 
 

 v/[enzyme] (10-3 s-1) 

wild type 195 

S169C/F332C 22 

D173C/F332C 30 

D452C/D878C 42 
 



108                  Chapter 8 

The hydrolysis velocity for the labelled reverse gyrase mutants is 5-10-fold reduced 

compared to the wild type, which may explain why no conformational change is observed 

in the helicase-like domain with smFRET. Thus, ATP hydrolysis might simply be too 

slow at 25°C to observe conformational changes in the helicase-like domain of reverse 

gyrase with smFRET. 

 

 

 

 8.4 Discussion 
 

Native Cysteines in Putative Zinc Fingers are Essential for Topoisomerase Activity 

Reverse gyrase from T. maritima has eight native cysteines in two putative zinc finger 

regions. A role of these regions for DNA binding has been predicted3. Deletion of both 

putative zinc finger regions (Δzif1/2), as well as removal of two cysteines from each such 

region (C4A4), leads to inactivation of the topoisomerase activity of reverse gyrase. This 

finding strongly indicates requirement of zinc binding to reverse gyrase for topoisomerase 

activity, most probably in authentic zinc fingers. Furthermore, reverse gyrase Δzif1/2 and 

C4A4 show no activity in the presence of ADP and ATP, indicating that the different 

nucleotide-bound states are not sufficient to trigger any topoisomerase activity. However, 

more detailed mutation studies have to be undertaken to localise essential amino acids in 

the putative zinc fingers for topoisomerase activity. 

In reverse gyrase wild type, approximately one Zn2+ can be released per reverse gyrase 

molecule in the absence of zinc in the buffer. Thus, at least one of the putative zinc 

fingers reacts with the highly reactive mercury agent PMB releasing Zn2+, which is 

typically complexed by zinc finger proteins with a very low KD of about 2 pM29. 

Moreover, four cysteines in reverse gyrase are masked in the presence of high zinc 

concentrations (100 μM Zn(OAc)2) and not accessible by DTNB. At 10-fold reduced zinc 

content, all native cysteines of reverse gyrase are exposed, suggesting that zinc is required 

for potential zinc finger formation in reverse gyrase. The presence of pUC18 also renders 

the putative zinc fingers accessible to DTNB, indicating conformational changes of these 

regions in the presence of plasmid compared to the DNA unbound state. 
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Cysteine Mutants of Reverse Gyrase can be Selectively Labelled 

Astonishingly, the native cysteines of T. maritima reverse gyrase are also masked from 

reacting with the fluorescent dyes A488 (donor) and TMR (acceptor) in the presence of 

100 μM Zn(OAc)2. This is a prerequisite for specific labelling of cysteines introduced 

into reverse gyrase wild type background with fluorescent dyes, which is strictly required 

to investigate conformational changes during positive supercoiling by reverse gyrase with 

smFRET. Also, the final labelling protocol yielded efficiently labelled double mutants 

suitable for smFRET measurements. 

Clearly, DTNB used to study cysteine accessibility and the maleimides of the fluorescent 

dyes have different reactivities with respect to the native cysteines of reverse gyrase. 

Reduced thiol-reactivity of the maleimides may be due to steric effects of the bulky 

fluorescent dyes compared to DTNB. 

 

The Helicase-like Domain and Topoisomerase Domain have Fixed Conformations 

To investigate the positive supercoiling mechanism and predicted concomitant 

conformational changes3 of reverse gyrases on the molecular level, the labelled mutants 

were measure in the presence of ssDNA, dsDNA and pUC18 in combination with ATP, 

ADPNP or ADP. 

Firstly, the cleft in helicase-like domain of T. maritima reverse gyrase is in a more closed 

conformation compared to the homology model with the crystal structure of A. fulgidus 

reverse gyrase, which shows an open conformation2. The close proximity of the helicase-

like subdomains is confirmed for the isolated helicase-like domain of reverse gyrase with 

smFRET (Yoandris delToro Duany, Klostermeier group). The findings may point at the 

known drawback for interpreting crystal structures, which may not necessarily show 

authentic conformations of proteins. Secondly, the gap between the latch domain and the 

topoisomerase domain is closed in the homology model, which was also found in 

smFRET experiments. However, no conformational changes were observed for these 

regions either. Importantly, although the supercoiling activity of reverse gyrase for 

unlabelled and labelled mutants was observed at 75°C, no supercoiling activity is 

expected during smFRET experiments at the measurement temperature of 25°C. But the 

topoisomerase domain might have adopted different conformations in the presence of 

different DNA substrates, which was not observed. 
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Indeed, topoisomerase III from E. coli shows conformational changes close to the active 

site upon ssDNA binding and movement of structural elements interacting with the bound 

DNA12,13. Additionally, the DNA undergoes conformational changes preceding strand 

cleavage13,14. In the future, labelled DNA may be employed as a tool for investigating the 

supercoiling mechanism of reverse gyrase, revealing potential conformational changes in 

DNA substrates upon binding. However, there is no experimental proof for an opening of 

the topoisomerase domain of reverse gyrase for supercoiling activity. Effort is currently 

being undertaken to crosslink the latch region and the topoisomerase domain to verify an 

opening requirement for plasmid supercoiling by reverse gyrase. Also, the fluorescent 

dyes A488 and TMR may act as a crosslink, which is reflected in the relatively small 

distances of 30-35 Å observed between the labelled positions. 

 

Labelled Cysteine Mutants of Reverse Gyrase are only Partially Active 

Lack of conformational changes in the labelled mutants may be confirmed in the finding 

that the wild type enzyme hydrolyses ATP at 25°C (kcat = 4.5 ± 0.2 · 10-3 s-1, 

unpublished). And indeed, the unlabelled double cysteine mutants hydrolyse ATP also at 

37°C. Thus, the 10-fold reduced ATPase activity determined for the labelled mutants may 

be due to covalent attachment of the fluorescent dyes or the labelling procedure itself. 

The question remains why the labelled mutants of reverse gyrase reveal plasmid 

supercoiling activity at 75°C but show no ATPase activity at 37°C. The labelled cysteines 

must either still contain a lot of unlabelled and supercoiling-active protein or fluorescent 

labelling may simply influence the temperature-dependency of the ATPase. We also 

performed initial smFRET experiments at 75°C with the mutants of the helicase-like 

domain and the topoisomerase domain. Again, the same FRET efficiencies are obtained 

and no change is observed. Also, the stability of the labelled protein decreases rapidly at 

75°C and the fluorescent background is drastically increased (data not presented). 

Finally, the results from smFRET measurements reveal authentic distances measured in 

the labelled reverse gyrase mutants. Unfortunately, fluorescent double labelling of reverse 

gyrase S169C/F332C, D173C/F332C and D452C/D878C renders the mutants ATPase-

inactive. Furthermore, the use of a homology model for the selection of labelling sites 

may not reflect suitable positions for observing supercoiling activity of reverse gyrase. 

The site-specific introduction of cysteines to alternative and more accessible positions in 

reverse gyrase is currently being undertaken. 
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9. Summary 
The aim of this PhD thesis was to functionally characterise the hyperthermophilic 

topoisomerase IA reverse gyrase from the eubacterium Thermotoga maritima with respect 

to its unique ATP-dependent positive plasmid supercoiling activity. We set out to apply 

single molecule FRET to observe conformational changes in the N-terminal helicase-like 

domain and the C-terminal topoisomerase domain of reverse gyrase during topoisomerase 

activity. 

Initially, the protocol for the purification of T. maritima reverse gyrase was improved to 

yield mg amounts of monomeric enzyme with 95% purity. Requirements for positive 

plasmid supercoiling by reverse gyrase from T. maritima were defined and optimal reaction 

conditions were established for the rest of the work. However, no universal nucleotide 

utilisation pattern for topoisomerase activity of reverse gyrases in general exists and 

various heterogeneous nucleotides-dependent topoisomerase activities have been reported 

for reverse gyrases from different organisms. Reverse gyrase from T maritima exhibits no 

topoisomerase activity in the absence of nucleotides but relaxes plasmids in an ADP- and 

ADPNP-dependent manner. Reverse gyrase positively supercoils plasmid DNA in the 

presence of ATP. Surprisingly, hydrolysis of ATPγS efficiently promotes positive 

supercoiling to a similar extend as ATP hydrolysis. Mutation of the GKT sequence in the 

Walker A motif of the helicase-like domain renders reverse gyrase inactive for nucleotide 

hydrolysis and reveals vastly reduced topoisomerase activity. Most interestingly, we 

observed AMP generation in the presence of short double-stranded DNA substrates and 

plasmid DNA. During plasmid relaxation, ADP and ADPNP are converted into AMP. The 

same is true for ATP and ATPγS during positive supercoiling. Possibly, ATP is hydrolysed 

to AMP by reverse gyrase via intermediately generated ADP and energy may be obtained 

from ADP cleavage. 

Further investigating the function of the reverse gyrase domains, we demonstrated that the 

helicase-like domain is a DNA-stimulated ATPase that harbours all determinants for 

adenine nucleotide binding and hydrolysis of reverse gyrase. The full-length enzyme shows 

highly reduced ATPase compared to the isolated helicase-like domain even in the presence 

of DNA. Consequently, the coupling of DNA binding to ATP hydrolysis is diminished in 

full-length reverse gyrase and the effect of DNA binding on KM,ATP is much smaller than 

for the isolated helicase-like domain. Thus, the helicase-like domain of reverse gyrase is a 

nucleotide-dependent switch. 
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Notably, full-length reverse gyrase from T. maritima binds DNA much more tightly 

compared to the helicase-like domain and single-stranded DNA binds in a cooperative 

manner. Artificial 20-, 40- and 60-mer DNA constructs were used to elucidate cooperative 

binding of reverse gyrase. We show that the binding affinity increases with substrate 

length. In contrast, the DNA-dependent ATPase activity of T. maritima reverse gyrase 

decreases with substrate length. Cooperative binding was demonstrated for single-stranded 

DNA substrates longer than 40 nt and points to possible protein-protein interactions of 

reverse gyrase that may play a role in the positive supercoiling cycle. 

In order to observe conformational changes in reverse gyrase with smFRET during the 

supercoiling cycle, fluorescent labelling is required. However, labelling of reverse gyrase 

cysteine mutants for smFRET measurements is quite challenging. Reverse gyrase from 

T. maritima contains eight native cysteines in two putative zinc fingers that have to be 

intact for positive supercoiling activity. Hence, we improved the conditions accordingly for 

selective labelling of reverse gyrase cysteine mutants. smFRET measurements indicated 

that the helicase-like domain might be in a more closed conformation compared to the 

available crystal structure from A. fulgidus reverse gyrase. Furthermore, the gap between 

the latch region and the topoisomerase domain is suggested to open during the supercoiling 

cycle, but the calculated FRET distances correspond to the closed conformation observed 

in the crystal structure.  

Conformational changes during the catalytic cycle of reverse gyrase have been predicted 

for the helicase-like domain and the topoisomerase domain. No conformational changes in 

the helicase-like domain and the topoisomerase domain are detected with different DNA 

substrates and adenine nucleotides. Thus, the labelled reverse gyrase mutants may either be 

inactive under the conditions chosen for smFRET measurements or might have been 

inactivated by fluorescent labelling. Other positions will be chosen to investigate regions 

prone to undergo conformational changes during the catalytic cycle without impairing the 

topoisomerase activity of T. maritima reverse gyrase. 
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