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I. Summary 
	  

Reverse gyrases are the only topoisomerases capable of introducing positive 

supercoils into circular DNA. Their exclusive presence in thermophilic and 

hyperthermophilic organisms indicates a DNA thermoprotective role in vivo. In 

spite of the efforts to improve our knowledge of reverse gyrase, modest 

progress has been made since its discovery. Currently, only one crystal 

structure of the enzyme is available, and the most widely accepted reaction 

mechanism is a hypothetical one, mostly derived from the functions of 

enzymes related to reverse gyrase domains.  

In the present work we address mechanistic aspects of the reaction by 

exploiting the capabilities of a wide range of techniques, to elucidate the role 

of one module of T. maritima reverse gyrase. Reverse gyrase consists of an 

N-terminal helicase-like domain, fused to a C-terminal topoisomerase domain. 

We selected the helicase-like domain as a model of study due to its capacity 

to couple ATP binding and hydrolysis to DNA processing. Exploiting of these 

features by reverse gyrase turns this region into a key player at virtually every 

step of DNA supercoiling. 

Steady-state ATPase assays and equilibrium binding titrations with the 

helicase-like domain and the full-length enzyme, enabled us to prove for the 

first time a harnessing effect of the topoisomerase over the helicase-like 

domain. We showed that properties intrinsic to the helicase-like domain, like 

DNA-stimulated ATP hydrolysis, nucleotide-dependent affinity switch for DNA, 

and thermodynamic coupling between DNA binding and ATP binding and 

hydrolysis, are strongly reduced in the context of reverse gyrase. At that time 

apparent contradictions arose, from reports stating that the isolated helicase-

like domain is less active than within the context of the full-length enzyme. We 

reconciled these differences by demonstrating that the presence of the 

putative N-terminal Zn-finger in the helicase-like domain construct is the 

cause for the decreased activity. Furthermore, we have elucidated the 

thermodynamic and conformational cycle of the helicase-like domain, and 

predicted the stages fulfilling the requirements for interdomain communication, 
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local duplex DNA unwinding, and the stages where DNA is in a suitable state 

to support the supercoiling reaction. Finally, besides the use of smFRET as a 

tool to investigate conformational changes in solution, we have also provided 

high-resolution snapshots of the helicase-like domain via X-ray 

crystallography. We have provided the most detailed structures of this region 

to this date, in the apo and ADP-bound forms. They also revealed high 

flexibility of the linker joining the RecA domains with relative orientations far 

from random, and local differences in secondary structure motifs that discard 

the assumption of all reverse gyrases having a “monolithic” build-up. 

We also created a deletion mutant of the latch, region with a sui generis 

location, perfectly suited for interdomain communication. Previous reports 

stated that its deletion from reverse gyrase abolishes positive supercoiling. 

We demonstrated its strong involvement in DNA binding, DNA-stimulated ATP 

hydrolysis, and thermodynamic coupling between these processes in the 

isolated helicase-like domain. We also revealed its role in presenting the 

ssDNA to the topoisomerase domain and in guiding the strand passage and 

resealing, ensuring the directionality leading to the introduction of positive 

supercoils. Additionally, we also elucidated the nucleotide cycle and 

conformational transitions for this helicase-like domain mutant, which gave the 

first indications of why no positive supercoiling can be performed by the full-

length reverse gyrase lacking the latch, and only DNA relaxation is allowed. 

Finally, our pre steady-state kinetic studies allowed us to fully describe the 

unstimulated ATPase activity of the isolated helicase-like domain. We also 

demonstrated for the first time its DNA unwinding activity, shedding light on 

the rarely documented local B-DNA duplex destabilization of helicase-like 

modules, appended to bigger enzymes. Additionally, the sequence of ssDNA 

strand release, and identification of secondary structure motifs involved in 

ssDNA binding at different stages were determined. Together with the finding 

of new conformational states via smFRET, and “targeted” supercoiling assays 

with the full-length enzyme, we end up proposing a detailed catalytic 

mechanism, similar to the one derived from the reverse gyrase structure, only 

this time based on and supported by a combination of kinetic, thermodynamic, 

and structural data.  
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II. Introduction 
 

Reverse gyrase is an enzyme exclusive to thermophilic and hyperthermophilic 

organisms1 that exerts a DNA-thermoprotective role and thus facilitates life at 

high temperatures 2 . Although this enzyme has the unique capability of 

introducing positive supercoils into the DNA in an ATP-dependent manner3, 

its main role in vivo is still debated. Positive DNA supercoiling may prevent 

spontaneous local unwinding of the double helix, but does not protect DNA 

from chemical degradation, the main hazard at high temperatures4. More 

recently it has also been reported that reverse gyrase may act as a DNA 

chaperone by binding to the nicked regions and thus preventing DNA from 

melting5, and even to act as a DNA renaturase by re-annealing single-

stranded regions6. Most probably its contribution to DNA thermostability is the 

combination of all these individual effects, and maybe others not yet identified. 

On the other hand, it has been shown that the deletion of the reverse gyrase 

gene is not lethal for hyperthermophiles, although it induces growth 

retardation in culture2. Overall, hyperthermophiles seem to have redundant 

mechanisms to ensure DNA homeostasis, and the cooperation of reverse 

gyrase with partners like the DNA repair machinery is most probably the key 

to ensure it5. Nevertheless, the main contribution of reverse gyrase is still 

most likely topological, since the plasmid DNA of hyperthermophiles has been 

mostly found either in a relaxed or a positively supercoiled state7,8. 

Due to its length, and in the case of prokaryotes its circular nature, DNA 

topology poses a challenge to DNA readout, remodeling, and replication9. In 

its relaxed form, B-DNA has 10.4 base pairs per turn (bp/turn) at 25°C and 

low magnesium concentration, whereas 10.6 bp/turn at 83°C under the same 

salt conditions10. This implies that at higher temperatures relaxed double-

stranded DNA (dsDNA) is more prone to unwinding due to a reduction of the 

energetic barrier for strand separation. The circular nature of bacterial DNA 

prevents alleviation of the torsional stress introduced by virtually all proteins 

involved in DNA processing 11 . Only strand breakage, controlled strand 

passage, and resealing ensure a dynamic regulation of the DNA torsional 

state, compatible with the metabolic processes that affect it12. The degree of 
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torsion is commonly expressed in terms of the linking number (L), which 

depends on the twist (T) of the single strands on each other, and the writhe 

(W) of the double helix on itself, as follows13: 

! = ! +!     (1) 

If L is smaller than the amount of bp/turn corresponding to the relaxed dsDNA, 

the DNA is negatively supercoiled, and if L is larger it is called positively 

supercoiled DNA (Figure 1). Since 

the structure of relaxed dsDNA in 

hyperthermophiles is less stable than 

its equivalent in mesophiles, the 

introduction of positive supercoils 

seems to be an adaptation to cope 

with life at high temperatures14. 

Reverse gyrase was first identified in 

Sulfolobus acidocaldarius 15  and is 

one of the enzymes that regulate the 

topological state of DNA in 

thermophiles and hyperthermophiles. 

Its structural signature is the fusion of 

a topoisomerase domain to a 

helicase-like domain16, the last one 

harboring an insertion that plays a key role in interdomain communication17. 

To date, the only high-resolution structure available of a full-length reverse 

gyrase is from Archaeoglobus fulgidus18. It shows an N-terminal helicase-like 

module with homology to the superfamily 2 of helicases, linked to a C-terminal 

topoisomerase domain that shares 30 % sequence identity with the 

topoisomerase I from E. coli (Figure 2). Like other members of the IA family, 

the topoisomerase domain possesses two putative Zn-fingers, probably 

implicated in DNA binding9. Interestingly, the N-terminal Zn-finger appears 

before the helicase-like domain in the primary structure, although it belongs to 

the topoisomerase domain in the tertiary structure18. This is the first report of 

these modules expressed in the same polypeptide chain, which otherwise 

Figure 1. Interconversions between relaxed and 
supercoiled circular DNA. (a) Given a relaxed 
circular DNA with a linking number of 20, after 
strand breakage (b), depending on the direction the 
resealing is made, positive or negative supercoils 
are introduced. (c) If the resealed DNA has a linking 
number smaller that 20 a negative supercoiled was 
introduced. The torsional stress can be 
compensated with local unwinding or negative 
supercoils. Picture adapted from49. 
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appear independently in nature, although many processes require their 

cooperation in trans.  

Reverse gyrase is a type IA 

topoisomerase i.e., it increases the 

linking number by one after cleavage, 

passage, and resealing of only one 

strand of the DNA duplex, with 

formation of a transient covalent link to 

the 5’ phosphate. Combining the known 

functions of helicases and 

topoisomerases a catalytic mechanism 

for reverse gyrase has been proposed. 

It starts with processive DNA unwinding 

by the helicase-like domain that 

generates positive supercoils ahead of 

the direction of propagation, and 

negative supercoils behind. Finally, the 

negative supercoils are removed by the topoisomerase domain with a net 

generation of positive supercoils16. Studies with the isolated modules reveal 

that the topoisomerase domain is able to relax DNA on its own19, and the 

helicase-like domain acts as a nucleotide-dependent switch to synchronize 

the DNA preference with the nucleotide state20. Another catalytic mechanism 

has been proposed from the reverse gyrase crystal structure and the available 

biochemical data at the time. This last mechanism also assumed 

conformational changes, derived from the crystal structures of DNA 

topoisomerase I from E. coli21, and PcrA helicase from B. stearothermophilus 

in complex with ssDNA and ADPNP22. First, a conformational change in the 

helicase-like domain upon DNA and ATP binding triggers the release of the lid 

in the topoisomerase domain. The resulting conformation exposes the 

catalytic tyrosine that breaks a DNA strand and covalently binds to the 5’-end 

of the nick. Afterwards, the intact chain is “relocated” within the cavity of the 

topoisomerase domain and at the resealing step, a positive supercoil is 

introduced. Finally, the initial conformation is regained to allow product 

Figure 2. Homology model of T. maritima 
reverse gyrase. It shows the RecA domains of 
the N-terminal helicase-like module in dark 
blue and green. Additionally, the latch domain, 
an insertion into the H2 domain is shown in 
dark blue. The topoisomerase domain shows a 
Rossman fold called domain T1, followed by 
domains T4, T2, and T3T2, which constitute 
the so-called lid. The location of the putative 
Zn-fingers is indicated with arrows. 
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release18 (Figure 3). Although this model has an undoubted merit, it does not 

provide necessary information to understand the supercoiling reaction. Since 

ATP hydrolysis fuels the supercoiling reaction, the energetic aspects related 

to the nucleotide cycle are relevant. Each step is supposed to be controlled by 

the nucleotide state. Therefore it is important to know the simultaneous 

progression of DNA and nucleotide through the cycle, and how they influence 

each other. Also, structural details like which regions of the enzyme are 

involved in binding to specific DNA segments at each point of the cycle, are 

likely to be more precisely assigned as more biochemical and structural data 

become available.	   

It has been reported that the topoisomerase and helicase-like domains 

interact extensively, and their functions are strongly modulated by the 

presence of the other domain17,19,20. Both modules share a common substrate 

– the DNA. As a result, individual contributions of the domains are difficult to 

spot due to their overlap during the reaction cycle. The electrostatic surface 

potential also shows large positively charged grooves and patches that 

Figure 3. Hypothetic catalytic cycle of reverse gyrase. A It starts with the enzyme in the 
conformation of the apo form in the crystal structure. B Upon ATP and DNA binding the helicase-
like domain adopts a closed conformation that disengages the latch from the contact with the lid 
and unwinding occurs. C The lid is able to break a strand and remain attached to the 5’ end of 
the ssDNA. At the same time the intact ssDNA strand is relocated within the cavity of the 
topoisomerase domain. D The cleaved strand is resealed with the introduction of a positive 
supercoil. E The lid re-opens to allow release of the supercoiled DNA. Adapted from18. 
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indicate extensive interaction with DNA 

(Figure 4). Untangling of the reaction 

mechanism requires further 

characterization of the isolated domains 

and proper identification of their 

contributions to the reaction. The present 

work addresses the characterization of 

different constructs of the isolated 

helicase-like domain from Thermotoga 

maritima reverse gyrase, as a first 

approach to investigate its contribution to 

DNA supercoiling. Furthermore, specific 

properties were successfully assigned to individual regions of the domain17.  

Helicases are a widely distributed group of enzymes that couple the energy of 

hydrolysis of triphosphate nucleotides (NTP) to nucleic acids processing23. 

Historically, it has been assumed that their role in vivo consists of unwinding 

double helix structures, as it was the case for the first members of the group 

identified24. Over time, many new helicases and helicase-like enzymes have 

been identified where such an unwinding activity has not been detected. For 

some of them translocation along DNA/RNA strands, protein displacement25, 

and DNA/RNA annealing26 activities have been demonstrated instead. So far, 

the best characterized helicases are the ones involved in functions like DNA 

replication and transcription, where they processively unwind dsDNA, while 

helicase-like enzymes or helicase-like domains from larger proteins are only 

beginning to be understood. Overall, helicases are known to be involved in 

virtually every step of nucleic acids metabolism, like DNA read-out, replication, 

repair, remodeling, and recombination; as well as RNA splicing, editing, 

ribosome biogenesis, among others27,28,29,30. 

Assignation of enzymes to the group of helicases is based on their structural 

signatures. They share the distinctive Walker A motif, which is a seven amino 

acids consensus sequence (GXGXGK[T/S]) related to ATP binding. This motif 

normally appears in a loop (P loop) at the interface of a bipartite nucleotide 

binding site 31. Located at the same side of the nucleotide-binding pocket is 

Figure 4. Electrostatic surface potential of  
T. maritima reverse gyrase homology 
model. It shows large positively charged 
patches and grooves in blue. They are 
potential DNA binding sites. Generated 
with Pymol (http://www.pymol.org). 
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the Walker B motif, another conserved region among all helicases. Its main 

feature is the presence of an aspartate residue (D) that for many members of 

the group appears in the context of a “DEAD” sequence, also involved in 

interaction and hydrolysis of NTP 32. Helicases are further sub-classified into 5 

superfamilies, based on the presence of additional group-specific conserved 

sequences33.  These consensus sequences normally appear at both sides of 

the nucleotide binding site, at the interface between two domains arranged 

either in RecA folds 34  or in some cases AAA+ folds 35 . In the case of 

monomeric and dimeric helicases this interface is intramolecular. For 

hexameric helicases however, it appears at the contact regions of adjacent 

monomers. Reverse gyrase helicase-like domain belongs to the superfamily 2 

(SF2) of helicases, which comprise DExD/H helicases, the RecQ family and 

SWI/SNF family28. 

Helicases come in different flavors, not only determined by their primary 

structure, but also their oligomeric state31. There are hexameric, dimeric, 

monomeric helicases, and they can even be found as domains of bigger 

proteins30. There are also reports of helicases that change their oligomeric 

state upon binding to nucleic acids36. This broad spectrum of oligomeric states 

also correlates with the way the unwinding reaction is performed. While 

hexameric helicases are highly processive31, dimeric helicases are an 

intermediate case with members that processively unwind29 and members 

that locally destabilize the double helix. Monomeric helicases on the other 

hand, have been reported to either lack unwinding activity or locally 

destabilize the double helix, although more recently a few members of this 

group have also been reported to achieve processive unwinding37. Another 

source of diversity is the insertion of accessory domains or secondary 

structure motifs to the archetypical core. These regions have been reported to 

be responsible for substrate specificity and recognition of accessory proteins38. 

There are currently two widely accepted models to explain the unwinding 

mechanism of processive non-hexameric helicases. Biochemical data of the 

Rep helicase led to the proposal of a “rolling mechanism”29, while mostly 

based on crystallographic data from PcrA an “inchworm mechanism”22 has 

been proposed (Figure 5). Both models include the requirement of two DNA 
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binding sites with different preferences at a given point of the catalytic cycle, 

i.e., ssDNA and dsDNA binding sites that simultaneously interact with the 

substrate. The rolling mechanism contemplates alternate nucleotide states of 

helicases forming a dimer, where the ATP-bound helicase has a preference 

for dsDNA and promotes local unwinding during nucleotide hydrolysis, 

undergoing a preference switch for ssDNA in the post-hydrolysis state and 

therefore hindering re-annealing of the unwound segment by remaining 

attached to one of the generated ssDNA regions. At that point the other 

monomer is able to bind ATP and therefore resume unwinding by attaching 

itself to the next dsDNA segment at the junction, repeating the cycle 

described for the first monomer. The inchworm mechanism on the other hand, 

contemplates the existence of a catalytic form of a monomer with the regions 

that bind ssDNA and dsDNA contained in the same polypeptide chain. It 

involves the presence of a trailing binding site with constitutive ssDNA 

preference and a leading site with a nucleotide-dependent DNA preference. 

The cycle starts with a closed conformation of the enzyme in the ATP-bound 

state, where the leading site preferably binds to and unwinds dsDNA during 

ATP hydrolysis. After hydrolysis the enzyme, anchored at the trailing site, 

returns to the open conformation and thus relocates the leading site in a 

position suited for another round of unwinding after nucleotide exchange.	  	   

Figure 5. The most accepted models for processive unwinding of non-hexameric helicases. Top: rolling 
mechanism, where the units of a dimer alternate between ss- ds-DNA preferences and upon ATP 
hydrolysis the monomer bound to dsDNA locally unwinds it. Bottom: inchworm mechanism where the 
sites with ss- and dsDNA preferences are located within the same monomer. ATP-driven conformational 
changes switch the affinity of the site with preference for dsDNA promoting local unwinding. The dsDNA 
preference is regained after nucleotide exchange and so the cycle is repeated. Adapted from28. 
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Hexameric helicases on the other hand, unwind dsDNA by translocating a 

ssDNA strand in the interior of their ring-shaped structure. The monomers 

contact the ssDNA strand with either loops or hairpins that project to the 

interior cavity, in an orientation that depends on the nucleotide-state. That 

way, with every round of ATP hydrolysis of each unit within the hexamer, the 

complex is pulled forward one base along the ssDNA, producing unwinding of 

the duplex30. 

In spite of the structural and mechanistic differences, from an enzymological 

point of view all helicases are random bi-reactant systems39. They bind two 

substrates (dsDNA/dsRNA and ATP) to yield three products (ssDNA/ssRNA, 

ADP, and Pi). Since the energy of ATP hydrolysis is transduced in mechanical 

work by helicases, these parallel reactions are thermodynamically coupled. 

The conditions for thermodynamic coupling are: binding of one substrate 

increases the affinity for the other in the same factor for both, they mutually 

decrease the activation energies of the rate-limiting steps in the parallel 

reaction paths, and the products mutually decrease their affinities for the 

enzyme and thus favor release (Figure 6).  

Figure 6. Reactions thermodynamically coupled from an enzymological point of view. Binding of the 
substrates should cooperatively increase the affinity for the second in the same factor α. On the other 
hand, release of the substrates should also be favored by a negative effect of binding of the first substrate 
on the second, also in the same factor β. If the equilibrium constant compared are the KDs, the conditions 
α < 1 and β > 1 should be fulfilled. Adapted from39. 
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Although substantial knowledge about structures and mechanisms of 

helicases from different superfamilies has been gained to date, much less is 

known about the non-processive helicase-like enzymes that largely differ from 

the representative members due to large deviations of the consensus 

sequences. The helicase-like module of reverse gyrase is one of those cases. 

The lesson learnt from the research in the field of helicases is that projects 

like the elucidation of reverse gyrase catalytic mechanism at the molecular 

level will require the confluence of many individual techniques from different 

fields. On the other hand, the intrinsic structural complexity of reverse gyrase 

renders a dissection of the contributions of its parts almost impossible. The 

present work is a compromise between the use of a wide spectrum of fields 

and techniques to study a simplified model of the enzyme. The selection of 

the helicase-like domain as starting point is justified by its capacity to bind and 

hydrolyze ATP, coupled to DNA processing. As a consequence, it has a key 

involvement at every point of the catalytic cycle, fueling the supercoiling 

reaction and synchronizing the nucleotide-state to its progression. Detailed 

knowledge of the reaction the helicase-like domain performs on its own would 

also lay the ground work to identify the most likely check points for 

interdomain communication and cooperation, that would help delineate more 

accurate models for the reaction mechanism and generate sound hypothesis 

susceptible to be tested in the context of the full-length enzyme. 
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Aims of research 
	  
The present study focuses on elucidating the catalytic cycle of reverse gyrase 

by getting a deeper understanding of the intrinsic properties of the helicase-

like domain and its contribution to the overall supercoiling reaction. The 

helicase-like module fuels the supercoiling reaction by hydrolyzing ATP, and 

is therefore strongly involved in every step of the cycle. 

In spite of the interest in reverse gyrase, very little is known about the 

mechanistic details of supercoiling. To date, the most widely accepted model 

for the reaction is based in little direct biochemical experimentation, and 

mostly on the only crystal structure available of a reverse gyrase and on 

extrapolation of the knowledge from related proteins18. Given the unique 

structural arrangement of reverse gyrase that enables the enzyme to perform 

an unprecedented reaction, some distinctive features are also expected of the 

mechanism of catalysis. 

We therefore use a combination of structural, kinetic, and thermodynamic 

approaches to characterize the helicase-like domain from Thermotoga 

maritima reverse gyrase and the reaction it performs on its own. Structurally, 

we use smFRET as a tool to track the conformational dynamics of the enzyme 

in solution, as well as the effect of substrates. The crystal structures of the 

apo form of the enzyme and in complex with substrates also provide 

snapshots of the reaction at different points of the cycle. The study of the 

transitions during the reaction, identification of individual steps, quantification 

of their relative rates, and assigning of the rate-limiting steps, is performed via 

steady state and pre-steady state kinetics. On the other hand, thermodynamic 

studies allow quantification of the energetic barriers between intermediates, 

and elucidation of the reaction pathway by comparison of the relative affinities 

of the enzyme for putative substrates in each nucleotide state40. Last but not 

least, generating deletion mutants allows us to assign individual functions to 

specific regions within the molecule. 

Overall, this approach should provide the first indications of how the helicase 

module might contribute to supercoiling, guiding and presenting the DNA 

substrate to the active site in the topoisomerase domain, synchronized to the 
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nucleotide state. It should also unravel which general properties of the 

helicases are being exploited and which are being suppressed, in order to 

achieve compatibility with the supercoiling reaction. 
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III. Materials and Methods 
 

Oligonucleotides 
Primers used for mutagenesis (Microsynth). The nomenclature of the names 

include the target gene (rGyr stands for reverse gyrase, rGh for helicase-like 

domain of reverse gyrase)_type of modification (numbers stand for start 

position of amplification, number between single letters for point mutations, 

Δlatch for latch deletion, Δhelix9 for helix9 deletion, latch for generation of the 

isolated latch)_directionality (for, f and 5 stand for forward; rev, r, and 3 for 

reverse). All sequences are listed in the 5’ è 3’ direction. 

rGyr_1_for:  GCGCCATGGCAGTGAATTCCAAATACC 

rGyr_541_rev: GGCCTCGAGTTATCTTGACGTGTCGGT CAG 

rGyr_59_for:  GCGCCATGGAATTCTGGAACGAGTACG 

rGyr_S169C_5: GAAAAGTTCGAGAAATGCTTTGAAGAAGACG 

rGyr_S169C_3: CGTCTTCTTCAAAGCATTTCTCGAACTTTT C 

rGyr_D173C_5: GCTTTGAAGAATGCGATTACCATATCCTGG 

rGyr_D173C_3: CCAGGATATGGTAATCGCATTCTTCAAAGC 

rGyr_Y328C_5: GAGCTTTATGAGTGCTTGAAAAGATTC 

rGyr_Y328C_3: GAATCTTTTCAAGCACTCATAAAGCTC 

rGyr_F332C_5: GTACTTGAAAAGATGCAAATTCAATGTGGG 

rGyr_F332C_3: CCCACATTGAATTTGCATCTTTTCAAGTAC 

rGyr_S341C_5: GGGAGAGACCTGGTGCGAATTTGAG 

rGyr_S341C_3: CTCAAATTCGCACCAGGTCTCTCCC 

rGyr_E59C_5: GAGATATACCATGTGCTTCTGGAACGAG 

rGyr_E59C_3: CTCGTTCCAGAAGCACATGGTATATCTC 

rGyr_N188C_5: GTTCGTTTCGAAATGCAGAGAAAAGC 

rGyr_N188C_3: GCTTTTCTCTGCATTTCGAAACGAAC 

rGyr_Q194C_5: CAGAGAAAAGCTTTCCTGCAAAAGATTTGACTTTG 
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rGyr_Q194C_3: CAAAGTCAAATCTTTTGCAGGAAAGCTTTTCTCTG 

rGyr_S297C_5: CTCCTCCAGATGCAAAGAAAAACTG 

rGyr_S297C_3: CAGTTTTTCTTTGCATCTGGAGGAG 

rGyr_E422C_5: GGAGAACCCAGATGTCTGTGAGCTCAG 

rGyr_E422C_3: CTGAGCTCACAGACATCTGGGTTCTCC 

rGh_Δlatch_1_r: GGAAGGAGTTCCCCAGAAGATCACG 

rGh_Δlatch_1_f: CCA GAT GTT TAC ACC TAC ATA CAA GC 

rGh_Δlatch_2_r: CGTGATCTTCTGGGGAACTCCTTCCGGCCCAGATGT 

TTACACCTACATACAAGC 

rGh_Δlatch_2_f: GCTTGTATGTAGGTGTAAACATCTGGGCCGGAAGGA 

GTTCCCCAGAAGATCACG 

rGh_Δhelix9_1_r: TCCAACCATCATGAGCAAAGTG 

rGh_Δhelix9_1_f: CCAGGTATTCTTGTGGTTTCTTC 

rGh_Δhelix9_2_f: CACTTTGCTCATGATGGTTGGACCAGGTATTCTTGT 

GGTTTCTTC 

rGh_Δhelix9_2_r: GAAGAAACCACAAGAATACCTGGTCCAACCATCATG 

AGCAAAGTG 

rGyr_latch_for: GCGCCATGGCCATGAGATTTTCACTGG 

rGyr_latch_rev: GGCCTCGAGTTAGATGATCAGCTCCAGGT 

 

Primers used for sequencing (Microsynth). 

T7-Promotor:  TAATACGACTCACTATAGGG 

T7-Terminator:  GCTAGTTATTGCTCAGCGG 

 

Primers used for activity assays (Microsynth). The letter at the end of the 

name indicates the direction (a stands for forward, b is the complementary 

strand with opposite directionality). 
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sbstr_rg_a:   AAGCCAAGCTTCTAGAGTCAGCCCGTGATATTCATT  

ACTTCTTATCCTAGGATCCCCGTT 

sbstr_rg_b:   AACGGGGATCCTAGGATAAGAAGTAATGAATATCAC  

GGGCTGACTCTAGAAGCTTGGCTT 

20nt_rg_b:   GATAAGAAGTAATGAATATC 

20nt_rg_b5:   TGACTCTAGAAGCTTGGCTT 

20nt_rg_b3:   AACGGGGATCCTAGGATAAG 

20nt_jxn_b:   ACGGGCTGACTCTAGAAGCT  

30nt_fork_b:   GATAAGAAGTAATGAATATCTGCCCGACTG 

rGyr_bubble_b:  AACGGGGATCCTAGGATAGCCTTTTTTTTTTTTTTT  

CCGACTCTAGAAGCTTGGCTT 

 

Fluorescently labeled primers used for activity assays (Purimex). Labeled 

form of some of the primers, used for activity assays. Names starting with 

Unw describe unwinding substrates, not used in the unlabeled form (Unw is 

followed by primer length_dye). 

sbstr_rg_a_FAM: 5’-(fluorescein)-sbstr_rg_a 

sbstr_rg_a_FAM_3: sbstr_rg_a-(fluorescein)-3’ 

40nt_ jxn_a_FAM:  5’-(fluorescein)-AGCTTCTAGAGTCAGCCCGTGATATT  

CATTACTTCTTATC 

35nt_jxn_a_FAM: 5’-(fluorescein)-CTAGAGTCAGCCCGTGATATTCATTA  

CTTCTTATC 

30nt_jxn_a_FAM: 5’-(fluorescein)-GTCAGCCCGTGATATTCATTACTTCTT  

ATC 

25nt_jxn_a_FAM: 5’-(fluorescein)-CCCGTGATATTCATTACTTCTTATC 

rGyr_bubble_a: 5’-(fluorescein)-AAGCCAAGCTTCTAGAGTCGGTTTTTT 

TTTTTTTTTGGCTATCCTAGGATCCCCGTT 
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Unw_9_Cy5:  5’-(Cy5)-CGTTACGCA 

Unw_14_Cy5: 5’-(Cy5)-CGTTACGCATTATC 

Unw_9_Cy3:  TGCGTAACG-(Cy3)-3’ 

Unw_14_Cy3: GATAATGCGTAACG-(Cy3)-3’ 

 

Cell strains 
E. coli XL1-Blue strain (Stratagene) used for plasmid propagation: 

endA1 gyrA96(nalR) thi-1 recA1 relA1 lac glnV44 F'[ ::Tn10 proAB+ lacIq 

Δ(lacZ)M15] hsdR17(rK- mK+) 

 

E. coli Rosetta (DE3) strain (Merck), used for expression of recombinant 

proteins: 

F- ompT hsdSB(RB
- mB

-) gal dcm λ(DE3 [lacI lacUV5-T7 gene 1 ind1 sam7 

nin5]) pLysSRARE (CamR) 

 

Plasmid vectors 
pET-based cloning and expression vectors possess a multiple cloning site 

under control of the bacteriophage T7-promoter. Due to the high processivity 

of the T7 RNA polymerase, inserts are over-expressed to levels even higher 

than 50 % of the total protein content of the host cell. Expression of this RNA 

polymerase can be induced by addition of Isopropyl-β-D-thiogalactopyranosid 

(IPTG) to the growth medium of host strains that contain the gene for the T7 

RNA polymerase in their genomes, under the lacUV5 promoter. 

The pET28a construct confers resistance to kanamycin and gives the option 

of attaching an N-terminal or C-terminal His-tag to the insert, while the 

pETM30 plasmid allows the introduction of an N-terminal His-GST-tag (Figure 

7). 
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Solutions for culture media 
Proliferation of freshly transformed cells was promoted by 60 min incubation 

at 37°C in LB medium containing 10g peptone, 5 g yeast extract, and 10 g 

NaCl, per liter. Selection of the transformed clones was performed by 

overnight incubation at 37°C on LB plates containing 19 g agar per liter, and 

supplemented with 20 µg/ml kanamycin for E. coli XL1-Blue cells, or 20 µg/ml 

kanamycin and 5 µg/ml chloramphenicol for E. coli Rosetta (DE3) cells. 

Overnight cultures for plasmid propagation on XL1-Blue cells or biomass 

generation of Rosetta (DE3) cells, were performed on LB medium 

supplemented with the appropriate antibiotics. 

High recombinant proteins expression levels were achieved by 24 hours 

incubation of 10 ml LB overnight-grown Rosetta (DE3) cells, in 1 l auto-

inducing medium41, supplemented with kanamycin and chloramphenicol. 

 

 

 

 

 

Figure 7. Maps of the plasmid vectors used during this work. It shows the multiple cloning sites and 
the all the restriction sites it contains. Taken from Novagen User Manual. 
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General methods 
 

Agarose gel electrophoresis 
Size-based detection and evaluation of PCR-generated DNA regions 

encoding for the helicase-like domain constructs were performed on 0.8 % 

agarose gels, or 2% agarose gels in the case of the latch construct. The PCR-

generated fragments were mixed with 6x Sample Buffer Stock, and the final 

solution (10 mM EDTA, pH 8.0, 50 % glycerin, 0.02 % bromophenol blue, and 

0.02 % Xylene cyanol) was then loaded on a gel. The runs were performed on 

0.5x TBE buffer (89 mM Tris, 89 mM boric acid, 2 mM EDTA, pH 8.3) over 20 

min at 16 V/cm. Detection of the migration bands was achieved by illumination 

of the gel under UV light after ethidium bromide staining. 

 

SDS-PAGE 
Stacking gel:  125 mM Tris/HCl, pH 6.8, 4.5 % acrylamide, 0.1 % bis-

acrylamide, 0.06 % sodium dodecyl sulfate (SDS), 0.1 % 

TEMED, 0.1 % ammonium persulfate 

Resolving gel:  375 mM Tris/HCl, pH 8.8, 15 % acrylamide, 0.4 % bis-

acrylamide, 0.1 % SDS, 0.06 % TEMED, 0.086 % 

ammonium persulfate 

Running buffer:  24 mM Tris, 200 mM glycine, 0.1 % SDS 

4x sample buffer:  130 mM Tris/HCl, pH 6.8, 200 mM dithiothreitol (DTT), 

4 % SDS, 0.01 % bromophenol blue, 20 % glycerol 

Staining solution:  50 % methanol, 10 % acetic acid, 0.1 % Brilliant Blue 

R250 

Destaining solution: 20 % ethanol, 10 % acetic acid 

 

Detection of target proteins and evaluation of their purity was performed via 

SDS-PAGE42. 4x sample buffer was added to give a final volume of 10 µl. The 
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samples were denatured by heating for 1 min at 95°C to allow optimal 

interaction of the proteins with the hydrophobic chains of SDS molecules. 

The negative surface charge of the SDS coated proteins contained in the 

sample and the molecular sizes determine the relative mobility within the gel 

in an electric field. Thus, under a 30 mA current the proteins are concentrated 

while migrating through the stacking gel due to its pH value of 6.8, the use of 

glycine in the running buffer, and the absence of sieving effect as a 

consequence of the large pore size. Glycine protonates at pH 6.8 and 

therefore has no net charge. That way, inside the stacking gel the Cl- ions 

migrate first due to their small size, followed by the protein-SDS micelles, and 

finally the glycine zwitterions. Between the fronts formed by Cl- ions and 

glycine a zone of low conductance and high field strength is generated, which 

moves forward the lagging protein-SDS micelles, while the micelles closer to 

the Cl- front are slowed down as a consequence of the high conductance in 

this region. Once these molecules enter the 15 % resolving gel the glycine 

regains its negative charge and the pore size is reduced, allowing for protein 

separation based on molecular weight after 20 min, with the smallest moving 

farther from the application point than the biggest. The Roti-Mark molecular 

weight standard (Roth) containing 200, 119, 66, 43, 29, 20, and 14.5 kDa 

proteins was run simultaneously for identification of the target protein. 

Afterwards, the protein bands on the gels were developed by 30 min 

incubation on staining solution and then 20 min in destaining solution.  

 

Light absorption-based methods 
The DNA and protein concentrations were determined by direct UV-

absorption at 260 nm and 280 nm respectively, applying the Lambert-Beer 

law: 

                                             ! = !
!∙!

       (2) 

 

where c – concentration in ng/ml, A – absorption at the corresponding 

wavelength, ε – extinction coefficient  in M-1⋅cm-1, and d – path length in cm. 
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The dsDNA concentration was determined from the relation: 1 AU 

(absorbance unit) = 50 ng/ml. 

The protein concentration was determined by using the calculated extinction 

coefficient, performed by ProtParam at the ExPASy Proteomics Server 

(http://expasy.org/tools/protparam.html).  

Due to the lack of aromatic amino acids, the concentration of the latch 

construct was determined via the Bradford method43 (Bradford et al, 1976). 

This colorimetric assay is based on the shift in the absorption maximum of 

Coomassie brilliant Blue G250 upon interaction with proteins. First, a 

calibration curve of absorption at λ595 was plotted for known concentrations of 

bovine serum albumin (BSA), and then the concentration of the latch was 

estimated by interpolation. 

 

Mutagenesis 
Before the beginning of this project, the reverse gyrase helicase-like domain 

from Thermotoga maritima had been sub-cloned into the pET28a plasmid, 

carrying the gene of the full-length enzyme as an insert in the multiple cloning 

site under the T7-promoter. The gene segments encoding the regions M1-

R541 and E59-R541 (rGyr_hel) were amplified by PCR using Phusion DNA 

polymerase with the combination of primers rGyr_1_for/ rGyr_541_rev and 

rGyr_59_for/ rGyr_541_rev, respectively. These oligonucleotides introduced 

Nco I and Xho I restriction sites at the 5’ and 3’ ends respectively, as four-

nucleotides overhangs, non-complementary to the template. The targets 

generated were inserted into the multiple cloning site of the plasmid vector 

pET28a (Figure 8A). 

Mutants of the helicase-like domain lacking the N-terminal Zn-finger (ΔM1-

H58), the latch (ΔM389-I459) or the helix 9 (ΔI224-K249), were created in a 

sequence of three PCR reactions (25 µl) using Phusion DNA polymerase. 

First, the rGyr_hel gene regions flanking the deletion segment were amplified 

and the Nco I/ Xho I restriction overhangs were introduced, in a reaction 

mixture (1 ng/µl template, 0.5 µM of each primer, 0.2 mM of each dNTP, 0.02 

U/µl Phusion DNA polymerase, 1x High Fidelity (HF) Buffer) containing the 
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combination of primers rGyr_59_for/ rGh_dlatch_1_r, rGh_dlatch_1_f/ 

rGyr_541_rev, rGyr_59_for/ rGh_Dhelix9_1_r, and rGh_Dhelix9_1_f/ 

rGyr_541_rev; to generate the gene segments coding for E59-S388, P460-

R541, E59-G223, and P250-R541, respectively. For this purpose the following 

thermal cycles were used: 

• 30 s 98°C 

• 10 s 98°C 

• 10 s gradient 56°C - 62°C 

• 35 s 72°C (30 nested cycles from the second step) 

• 300 s 72°C 

 

DNA segments were purified with a PCR purification kit (Promega). The 

concentrations of the eluates were determined from the absorption at 260 nm. 

Afterwards, the second PCR cycle was performed, using the primers and 

template combinations rGyr_59_for/ rGh_dlatch_2_r/ gene_E59-S388 and 

rGh_dlatch_2_f/ rGyr_541_rev/ gene_P460-R541 for the latch deletion 

mutant; and the combination rGyr_59_for/ rGh_Dhelix9_2_r/ gene_E59-G223 

and rGh_Dhelix9_2_f/ rGyr_541_rev/ gene_P250-R541 for the helix9 deletion 

mutant, to introduce overlapping sequences flanking the deleted regions, 

followed by another PCR clean-up step. Afterwards, the DNA fractions 

containing the segments encoding for E59-S388/ P460-R541, and E59-G223/ 

P250-R541 were mixed, denatured at 98°C for 5 min, incubated at room 

temperature for 5 min to promote annealing of the complementary overhangs, 

and mixed with 0.2 mM of each dNTP, 0.02 U/µl Phusion DNA polymerase, 1x 

HF (high fidelity) buffer, to promote synthesis of the complementary strands at 

72°C for 10 min. On the third and last PCR step, the use of the primers 

rGyr_59_for and rGyr_541_rev on the reaction mixtures allowed for selective 

amplification of the heterogeneously annealed DNA containing the coding 

sequence of the latch and helix9 deletion mutants (Figure 8B). At this point 

the following thermal cycles were used: 
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•  30 s 98°C 

• 10 s 98°C 

• 10 s 60°C 

• 45 s 72°C (30 nested cycles from the second step) 

• 300 s 72°C 

 

The generation of the region coding for the latch was achieved in a single 

PCR reaction step, consisting of the amplification of the region S388-P460 

and addition of the Nco I and Xho I restriction sites, using the primers 

rGyr_latch_for and rGyr_latch_rev in the reaction mixture as previously 

described (Figure 8A). 

The generated inserts and the pET28a plasmid in the case of the helicase-like 

domain constructs, or the pETM30 plasmid for the case of the latch, were 

then incubated with the Nco I and Xho I restriction enzymes in NEB2-Buffer 

for two hours at 37°C to generate the ssDNA sticky ends. 

Afterwards, the reaction product was again purified and ligation of the plasmid 

with the insert was performed with 400 units of NEB-ligase. A 6-fold excess of 

plasmid DNA, in base pairs content, over the insert was used. The reaction 

mixture in 1x ligase buffer was incubated at 16°C overnight. 

Figure 8. Schemes depicting the cloning strategies followed in this study. A Cloning strategies to 
produce continuous fragments of the gene encoding reverse gyrase. B Strategy to achive deletion of 
internal sequences from the final construct. 
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Site-directed mutagenesis of single and double Cys mutants was achieved by 

following the Quickchange protocol (Stratagene). This protocol uses 

complementary primers containing a 1-2 bp mismatch at the position on the 

template that encodes the amino acid to be replaced. The 25 µl reaction 

mixture contained: 1 ng/µl template, 0.2 µM of each primer, 0.2 mM of each 

dNTP, 0.04 U/µl Pfu DNA polymerase, 1x Pfu-Buffer. The Pfu DNA 

polymerase PCR thermal cycles were: 

• 5 min 95°C 

• 30 s 95°C 

• 30 s gradient 55°C-68°C (depending on the annealing temperature of 

the primers) 

• 14.5 min 68°C (25 nested cycles from the second step) 

• 300 s 68°C 

 

Heat-shock transformation 
Heat-shock competent E. coli XL1-Blue cells were mixed with the PCR 

product and incubated for 30 min on ice. Afterwards, the cells were incubated 

at 37°C for 3 min, mixed with 800 µl LB medium, and placed on a Minitron 

incubator (INFORS, AG), shaking. After 60 min the cells were centrifuged 

(Eppendorf) at 6 000 rpm using an F45-24-11 rotor, for 2 min. Then 600 µl of 

the supernatant was removed, cells were re-suspended on the remaining 

liquid volume, and finally spread on LB-agar plates supplemented with 

kanamycin. 

Plasmid DNA extraction from the expression vector for sequencing and 

cloning was performed with the MiniPrep kit from Quiagen, as described in the 

user manual. 

Rosetta DE3 cells were transformed with the pET28a or pETM30 plasmid 

carrying the insert. Cells were thawed by incubation on ice for 5 min, then 1 µl 

plasmid was added and the mixture was incubated at 42°C for 1.5 min. Finally 

100 µl LB medium was added, followed by 60 min incubation at 37°C, shaking. 
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Afterwards, the cells were plated on LB-agar medium supplemented with 

kanamycin and chloramphenicol, and incubated at 37°C overnight. 

 

Protein expression and purification 
Solution for purification 

Buffer:  50 mM Tris/HCl, pH 7.5, 10 mM MgCl2, 10 µM Zn(OAc)2, 2 mM 

β-mercaptoethanol 

 

Cells expressing the recombinant constructs were inoculated into 10 ml LB 

medium at 37°C with shaking overnight. This culture was used to inoculate 1l 

auto-inducing (AIM) medium. 

The AIM culture was incubated 24 h at 37°C with shaking at 140 rpm. Cells 

were harvested by 15 min centrifugation at 4 800 rpm using a SLA3000 rotor. 

All centrifugation steps during the purification were performed on a Sorvall RC 

5C centrifuge. Cells were re-suspended in 30 ml Buffer containing 0.5 M NaCl 

and 0.25 units of the protein inhibitor cocktail Complete EDTA-free (Roche). 

Harvested cells were disruptured on a microfluidizer (M-110L) and the debris 

was pelleted by centrifugation at 18 000 rpm for 30 min using a SS34 rotor. 

The supernatant was stored, and the pellet was re-suspended in Buffer 

containing 1 M NaCl for 30 min at room temperature. After a second 

centrifugation step, both supernatants were mixed and the NaCl concentration 

was adjusted to 250 mM by addition of Buffer. Heating for 10 min at 65°C 

isolated the heat-resistant recombinant protein from the host E coli proteins. 

After an additional centrifugation step, the supernatant was collected for the 

subsequent chromatographic runs. 

The cleared protein solution was applied to consecutive cationic and anionic 

exchange columns to eliminate protein and DNA contaminants, respectively. 

In both cases Buffer containing 0.2 M NaCl was used to equilibrate and load 

the columns. The sample was first loaded onto a 10 ml SP-Sepharose column. 

Elution was achieved by exchange to Buffer containing 1 M NaCl, which 

increased the ionic strength. The collected fraction was dialyzed overnight 
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against Buffer with 0.2 M NaCl and applied to a 10 ml Q-Sepharose column. 

The flow-through was collected and concentrated with a spin-column 

(Vivaspin, 10 000 MWCO) to a final volume of 2 ml, and applied to a S200 

size exclusion chromatography column. The protein eluted as a single peak at 

a volume corresponding to the molecular size of the monomer. 

The latch was produced as an N-terminal GST-fusion protein in the pETM30 

vector. Cell culture and protein extraction were performed as for the helicase-

like domain constructs. Only the heating step was excluded from the protocol 

due to the thermal instability of the GST-tag. Afterwards, the obtained protein 

solution was applied to a 10 ml Glutathione-Sepharose column and elution 

was performed by supplementing the Buffer with 20 mM reduced glutathione 

(GSH). The collected fraction was then incubated overnight at room 

temperature with TEV protease for removal of the GST-tag. Finally the 

isolated latch protein was separated from the GST-tag by size exclusion 

chromatography on an S75 column. Due to the absence of aromatic residues, 

elution of the latch was detected with UV-light of wavelength 230 nm, 

selective for the peptide bond.  

After each purification step, samples of the fractions were taken and run on a 

SDS-PAGE gel. The final protein solutions were shock-frozen on liquid 

nitrogen and stored at - 80°C. 

 

DNA unwinding assay 
DNA unwinding was detected via FRET between the Cy3 and Cy5 dyes. The 

5’ and 3’ ends were labeled with Cy5 and Cy3 respectively, at the duplex side 

of the junction or dsDNA. Unwinding was detected by decrease of the 

acceptor fluorescence emission at 666 nm (1 nm bandwidth), after excitation 

at 554 nm (1 nm bandwidth) on a Fluoromax-3 fluorimeter (Jobin Yvon). 0.5 

µM DNA was incubated with 5 µM of the enzyme at 37°C for 1 min in buffer 

50 mM Tris/HCl, pH 7.5, 0.15 M NaCl, 10 mM MgCl2, 10 µM Zn(OAc)2, 2 mM 

β-mercaptoethanol, prior to addition of 1.5 mM nucleotide. 
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Fluorescence equilibrium titrations 
The assay for determination of the KD values for rGyr_hel complexes with 

fluorescently labeled mant-nucleotides were determined as described20. The 

data was fitted with the equation describing a 1:1 binding mode: 

 

   ! = !! +
∆!!"#
!"

!!" ! !" !!!
!

− !!" ! !" !!!
!

!
− ℎ!" !"   (3) 

 

where F0 is the initial fluorescence of the nucleotide, ΔFmax is the amplitude of 

the increase upon binding to the enzyme, [hel] is the enzyme concentration, 

and [mA] is the labeled nucleotide concentration. 

Fluorescein-labeled DNA binding was measured via fluorescence anisotropy, 

at 37°C in buffer 50 mM Tris/HCl, pH 7.5, 0.15 M NaCl, 10 mM MgCl2, 10 µM 

Zn(OAc)2, 2 mM β-mercaptoethanol. Data was evaluated using the same 

equation as previously described20. 

 

Stopped-flow nucleotide binding kinetics 
Measurements were performed on an Applied Photophysics SX 20 stopped-

flow apparatus using 0.1 µM rGyr_hel at 37°C in buffer 50 mM Tris/HCl, pH 

7.5, 0.15 M NaCl, 10 mM MgCl2, 10 µM Zn(OAc)2, 2 mM β-mercaptoethanol. 

Binding and dissociation kinetics of mant-nucleotides was detected via FRET 

between the tryptophans contained in rGyr_hel and the mant group. The 

excitation wavelength was 280 nm and for detection a long pass cut-off filter 

for the wavelength 335 nm was used. 

Fluorescence time courses of binding kinetics were fitted to the equation: 

                                  !!"# = !!" !"#$% + !!""     (4) 

describing the dependence of kobs on the association (kon) and dissociation 

(koff) rate constants. 

Time courses of mant-d-ADP fluorescence decay for direct determination of 

the dissociation rate constant were fitted with the equation: 
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                                   !" = ! ∙ !!!!""∙! + !     (5) 

where Fl is the monitored fluorescence signal, A is the amplitude, and c the 

fluorescence value where the plateau is reached. The value determined this 

way was substituted on equation 4 to obtain a better estimate of the 

association rate constant. 

Kinetic competition assays between mant-d-ADP and ADPNP, were 

performed by rapid mixing of the enzyme solution with pre-incubated 

mdADP/ADPNP solutions, of varying ADPNP concentrations and 2 µM 

mdADP. 

Measurements in the presence of DNA were performed with saturating DNA 

concentrations in both solutions before rapid mixing. 

 

CD spectroscopy 
The CD spectra of the helicase-like domain constructs were recorded 

(ChiraScan CD spectrometer), in order to exclude an effect of the deletions on 

the secondary structure. 3 µM protein solutions were measured within the 195 

– 260 nm range at 37°C, in 50 mM Tris/HCl, pH 7.5, 0.15 M NaCl, 10 µM 

MgCl2, 10 mM Zn(OAc)2, 2 mM β-mercaptoethanol. The measured ellipticity 

was converted to molar residual ellipticity by means of the equation: 

 

                                            Θ !"# = !∙!""
!∙!∙!

     (6) 

 

where [Θ]MRW – molar ellipticity, Θ – measured ellipticity, c – concentration, d – 

path length, and N – number of residues. 

 

Single molecule fluorescence resonance energy transfer (smFRET) 
Single molecule FRET (smFRET) measurements were performed on an in-

house built confocal setup44. The dyes used were maleimide derivates, which 

ensures the formation of a stable bond with the thiol group of cysteines45. The 

helicase-like domain Cys mutants were labeled by addition of a 10-fold 
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excess of Alexa 488 and TMR to a 40 µM protein solution, in buffer: 50 mM 

Tris/HCl, pH 7.5, 0.2 M NaCl, 10 mM MgCl2, 10 µM Zn(OAc)2, 1 mM Tris(2-

carboxyethyl)phosphine (TCEP). After 15 min incubation at 25°C, the free dye 

was removed by buffer exchange on Microspin columns (BioRad), to 50 mM 

Tris/HCl, pH 7.5, 0.2 M NaCl, 10 mM MgCl2, 10 µM Zn(OAc)2, 2 mM β-

mercaptoethanol. The labeling efficiencies and protein concentration were 

determined from the absorption maxima at 280, 493, and 550 nm. The 

concentration values were corrected for the contributions of the acceptor 

(TMR) to the absorption at 280 and 493 nm, and the contribution of the donor 

(Alexa 488) to the absorption at 280 nm. 

Measurements were performed in the reaction buffer: 50 mM Tris/HCl, pH 7.5, 

0.15 M NaCl, 10 mM MgCl2, 10 µM Zn(OAc)2 after treatment with active 

charcoal to remove fluorescent impurities. Cuvettes (Nalge Nunc 

International) were saturated with 200 µl, 10 µM rGyr_hel_K106Q, an 

ATPase-deficient mutant of the helicase-like domain, for 1 h. Afterwards, 200 

µl 50 pM of the labeled protein was prepared, and the measurements were 

performed at 475 nm, 75 µW, until 10 000 000 photons were recorded after 

approximately 20 min.  

Confocal microscopy allows for single molecule detection (SMD) of freely 

diffusing molecules. It has the advantage of not requiring surface 

immobilization, and it also enables longer observation times due to the 

relatively short diffusion time of the molecules through the confocal volume, 

which reduces the occurrence of fluorescence quenching. However, data 

analysis is not straightforward, and the recorded FRET efficiencies (E) should 

be corrected for donor signal detected on the acceptor APD (α), acceptor 

signal detected on the donor APD (β), sensitivity to both acceptor and donor 

dyes (γ), and direct excitation of the acceptor (δ) at 475 nm. The final equation 

to calculate E, accounting for all these effects is as follows44: 
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where IA is the background-corrected intensity detected by the acceptor APD, 

and ID is the intensity detected by the donor APD. 

The correction parameters were determined experimentally, using the 

helicase-like domain single Cys mutants. Each one was labeled with donor 

(Alexa 493) and acceptor (TMR) dyes as previously described, and the 

absorption spectrum was recorded. This enables determination of the direct 

acceptor excitation at 475 nm, i.e., determination of the δ value for a Cys 

mutants pair, for both possible label combinations, given the equation: 
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     (8) 

 

where OD is the absorption, and [Acceptor], [Donor] are the concentrations of 

acceptor and donor dyes, respectively. 

The relative signal intensities of the labeled single Cys mutants as well as the 

buffer background were determined on the confocal smFRET microscope. 

The labeled protein solutions were adjusted to give a dye concentration of 100 

nM, measurements were performed at 75 µW, 25°C temperature, and using a 

neutral filter on the detection part. The correction parameters α, β, and γ, were 

determined using the equations: 

 

                                     ! = !!
!"#"$!!!

!"##$%

!!
!"#"$!!!

!"##$%      (9) 

 

                                  ! = !!
!""#$%&'!!!

!"##$%

!!
!""#$%&'!!!

!"##$%        (10) 

 

    ! = !!
!""#$%&'!!!

!"!!"#

!!
!"#"$!!!

!"##$% !!!       (11) 

  



	   31	  

where ID signifies counts on the donor channel and IA signifies counts on the 

acceptor channel44. 

FRET efficiencies were converted to distances (r) using the equation: 

 

                                              ! = !! ∙ 1
! − 1

!
             (12) 

 

where Ro is the distance at which E is 0.5, also known as Förster distance46. 

The Förster distance can be experimentally determined from the spectral 

properties of the dyes bound to the protein and the donor quantum yield, 

according to the equation: 
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where ΦD is the quantum yield of the donor, κ is the orientation factor, J is the 

overlap integral between the donor emission and acceptor absorption spectra, 

and n is the refractive index. The variables κ and  n are 2/3 for a freely rotating 

dye and 1.33 for an aqueous solution, respectively. 

The quantum yield of the donor was determined by comparison with 

fluorescein as a standard (ref) using the equation: 

 

                                               !! =
!!∙!!∙!!
!!∙!!

              (14) 

 

where F – fluorescence emission of a 10 nM dye concentration solution, ε – 

extinction coefficient, and Φ is the quantum yield. The sub-indexes D or R 

indicate donor labeled protein (Alexa 493) or reference dye (fluorescein), 

respectively. 

The overlap integral was determined using the equation: 
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where FD and εA represent the donor fluorescence and acceptor extinction 

coefficient at a given wavelength (λ), respectively. 
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IV. Results 
	  

Chapter 1.  Article  
The reverse gyrase helicase-like domain is a nucleotide-dependent 
switch that is attenuated by the topoisomerase domain. 
 

The effect of different DNAs and negatively charged polymers on the steady-

state ATPase activity of Thermotoga maritima reverse gyrase and the isolated 

helicase-like domain was investigated. Comparison of the kinetic parameters 

of the reaction for both constructs revealed for the first time an inhibitory effect 

of the topoisomerase domain on the helicase domain DNA-stimulated ATP 

hydrolysis. Nucleotide and DNA binding measurements for the same 

constructs also revealed that the helicase domain ATP-dependent switch 

properties were also strongly reduced in the context of reverse gyrase. 

Overall, these were the first indications of a deceleration of ATP hydrolysis 

and DNA processing by the helicase-like domain in the context of reverse 

gyrase, in order to make it compatible with the DNA supercoiling reaction of 

the full-length enzyme.  
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ABSTRACT

Reverse gyrase is a topoisomerase that introduces
positive supercoils into DNA in an ATP-dependent
manner. It is unique to hyperthermophilic archaea
and eubacteria, and has been proposed to protect
their DNA from damage at high temperatures.
Cooperation between its N-terminal helicase-like
and the C-terminal topoisomerase domain is
required for positive supercoiling, but the precise
role of the helicase-like domain is currently
unknown. Here, the characterization of the isolated
helicase-like domain from Thermotoga maritima
reverse gyrase is presented. We show that the heli-
case-like domain contains all determinants for
nucleotide binding and ATP hydrolysis. Its intrinsic
ATP hydrolysis is significantly stimulated by ssDNA,
dsDNA and plasmid DNA. During the nucleotide
cycle, the helicase-like domain switches between
high- and low-affinity states for dsDNA, while its
affinity for ssDNA in the ATP and ADP states is simi-
lar. In the context of reverse gyrase, the differences
in DNA affinities of the nucleotide states are smaller,
and the DNA-stimulated ATPase activity is strongly
reduced. This inhibitory effect of the topoisomerase
domain decelerates the progression of reverse
gyrase through the nucleotide cycle, possibly pro-
viding optimal coordination of ATP hydrolysis with
the complex reaction of DNA supercoiling.

INTRODUCTION

Reverse gyrase is the only topoisomerase that introduces
positive supercoils into DNA at the expense of ATP hydro-
lysis (1). It is unique to hyperthermophilic archaea and
eubacteria. Deletion of the reverse gyrase gene in a

hyperthermophilic archaeon leads to growth retardation
at higher temperatures, but the organism is still able to
survive at 908C, demonstrating that reverse gyrase is not
strictly required for hyperthermophilic life (2,3). The in vivo
function of reverse gyrase is not clear. A heat-protective
DNA chaperone activity (4) and aDNA renaturase activity
(5) have been reported, indicating that reverse gyrase
protects DNA from damage at high temperatures.

Reverse gyrase consists of an N-terminal helicase-like
domain, fused to a C-terminal topoisomerase I domain.
While most reverse gyrases are monomeric, a covalent
connection between the two domains is not required for
positive supercoiling activity. The Methanopyrus kandleri
reverse gyrase is a dimeric enzyme, with the helicase-like
and part of the topoisomerase domain in one subunit, and
the remainder of the topoisomerase domain provided by
the second subunit (6,7). Furthermore, an active reverse
gyrase can be reconstituted by mixing separately produced
helicase-like and topoisomerase domains (8; Hilbert,M.
and Klostermeier,D., unpublished data). Nevertheless, a
functional cooperation of helicase-like and topoisomerase
domains is required for positive supercoiling by reverse
gyrase (8,9).

The helicase-like domain shares the three-dimensional
structure with helicases of the superfamily (SF) 2, namely
two tandem RecA-folds (H1, H2) connected by a linker
(Figure 1). In reverse gyrase, the subdomain H2 is inter-
rupted by the so-called latch domain (H3) that shows
homology to the region of the transcription termination
factor Rho that is involved in RNA binding (10). The
reverse gyrase helicase-like domain comprises all signature
motifs of SF2 helicases, but the sequences of these motifs
show large deviations from the consensus (Supplementary
Figure S1). These sequence variations may be responsible
for the lack of unwinding activity by reverse gyrase or the
isolated helicase-like domain (8). Reverse gyrase does not
catalyze relaxation in the absence of nucleotides, whereas
the topoisomerase domain on its own can relax DNA in
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the absence of nucleotides, but lacks supercoiling activity
(8,11). It has been suggested that the latch domain sup-
presses relaxation in reverse gyrase in the absence of
nucleotides (12).

Based on the crystal structure of the reverse gyrase from
Archaeoglobus fulgidus (10), a mechanism for positive
supercoiling has been postulated that is based on a con-
formational change of the helicase-like domain as the initi-
ating step, leading to a closure of the cleft between the two
RecA-like subdomains. This conformational change may
then allow for release of the latch domain, and for swing-
ing-up of the ‘lid’ region in the topoisomerase domain,
which is required for strand passage (Figure 1B). We
have recently shown that such a conformational change
occurs in SF2 helicases in response to the cooperative
binding of ATP and nucleic acid substrates (13).
Furthermore, we have demonstrated that reverse gyrase
can use ATP or ATPgS as the energy source for positive

supercoiling, suggesting that both nucleotides can power
the conformational cycle (14). This ATPgS-dependent
activity has also been observed for the translation factor
eIF4A, a member of the SF2 helicase family (15), which
further indicates mechanistic similarities of the reverse
gyrase helicase-like domain and SF2 helicases. Although
the helicase-like domain is a crucial element for ATP-
dependent positive supercoiling by reverse gyrase, its
role is currently not well understood. We present here
the characterization of nucleotide binding, ATP hydroly-
sis, DNA binding and DNA-stimulation of the ATPase
activity for the isolated helicase-like domain of
Thermotoma maritima reverse gyrase and compare it
to the properties of reverse gyrase. The helicase-like
domain confers nucleotide-dependent DNA binding to
reverse gyrase. The isolated domain is an efficient DNA-
stimulated ATPase, but the topoisomerase domain in
reverse gyrase exerts a moderating effect onto the
ATPase activity, slowing down the nucleotide cycle by a
factor of 10. This intra-molecular inhibition suggests that
the helicase-like domain is harnessed by reverse gyrase to
provide efficient coupling of ATPase activity with the
supercoiling reaction.

MATERIALS AND METHODS

Cloning, mutagenesis, protein production and purification

The region encoding the helicase-like domain of reverse
gyrase (E59-R541, rGyr_hel) was PCR-amplified from
the full-length gene and cloned into pET28a using NcoI
and XhoI restriction sites. Site-directed mutagenesis was
performed according to the Quikchange protocol
(Stratagene, La Jolla, CA, USA).
rGyr_hel was produced at 378C in Escherichia coli

Rosetta (DE3) (Invitrogen, Paisley, U.K) in autoinducing
medium (16), and cells were harvested after 24 h. All pur-
ification steps were performed at room temperature. Cells
were disrupted in a Microfluidizer in 50mM Tris/HCl, pH
7.5, 1M NaCl, 10mM MgCl2, 10 mM Zn(OAc)2, 2mM
BME and the crude extract was cleared by centrifugation.
The NaCl concentration of the supernatant was adjusted
to 0.2M, and it was applied to a SP sepharose column
equilibrated in 50mM Tris/HCl, pH 7.5, 0.2M NaCl,
10mM MgCl2, 10 mM Zn(OAc)2, 2mM BME. rGyr_hel
was eluted in a linear gradient from 0.2–1M NaCl, dia-
lyzed against 50mM Tris/HCl, pH 7.5, 0.2M NaCl,
10mMMgCl2, 10 mMZn(OAc)2, 2mM BME, and applied
to a Q sepharose column equilibrated in the same buffer.
rGyr_hel was collected in the flowthrough. Final purifica-
tion was achieved via size-exclusion chromatography on a
calibrated S200 column in 50mM Tris/HCl, pH 7.5, 0.2M
NaCl, 10mM MgCl2, 10 mM Zn(OAc)2, 2mM BME.
rGyr_hel elutes as a monomer from a calibrated size-
exclusion chromatography column (apparent molecular
weight: 49.8 kDa, calculated: 56.3 kDa). Protein concen-
tration was determined photometrically using the calcu-
lated extinction coefficient at 280 nm of 56 309M�1 cm�1.
From 1 l of bacterial culture, 4mg of rGyr_hel with >98%
purity (as judged from SDS–PAGE with Coomassie stain-
ing) were obtained. The pure protein was concentrated,

Figure 1. Reverse gyrase and its helicase-like domain. (A) Full-length
reverse gyrase, consists of an N-terminal helicase-like domain [H1, light
blue, H2, cyan, H3 (latch), blue] and a C-terminal topoisomerase
domain (orange). The helicase-like domain construct comprises the heli-
case-like domain (H1 and H2), and the latch-domain H3 that is
inserted into H2. The positions of K106 in the Walker A motif and
of the catalytic tyrosine, Y851 (black), and the putative zinc fingers
(gray) are indicated. (B) Structure of A. fulgidus reverse gyrase [PDB-
ID 1GKU, Ref. (10)], color-coded as in (A). The regions carrying the
putative zinc fingers are missing in the electron density.
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shock-frozen in liquid nitrogen, and stored at�808C. Full-
length reverse gyrase was purified as described (14).

Adenine nucleotides and RNA and DNA substrates

Adenine nucleotides were purchased from Pharma
Waldhof (Mannheim, Germany) or Jena Bioscience
(Jena, Germany), and checked for impurities by reverse-
phase HPLC on a C18 column in 0.1M sodium phosphate,
pH 6.5. Oligonucleotides for ssDNA or dsDNA substrates
were obtained from Purimex (Grebenstein, Germany). The
sequence of the 60-base ssDNAwas 50-(fluorescein)-AAGC
CAAGCT TCTAGAGTCA GCCCGTGATA TTCATT
ACTT CTTATCCTAG GATCCCCGTT-30, and the
dsDNA substrate was formed by annealing the comple-
mentary strand. These substrates contain a preferred
cleavage site (17,18) for reverse gyrase; cleavage occurs
between the two underlined nucleotides. PolyU-RNA was
purchased from Sigma (Hamburg, Germany).

ATPase assays

Steady state ATPase activity was measured in a spectro-
scopic enzymatic assay that couples ADP production to
the oxidation of NADH as described (14). Assay condi-
tions were 50mM Tris/HCl, pH 7.5, 0.15M NaCl, 10mM
MgCl2, 100 mM Zn(OAc)2, 2mM BME, 0.4mM PEP and
0.2mM NADH, 23 mgml�1 LDH, 37 mgml�1 PK. ATPase
activity at 758C was determined in 50mM Tris/HCl, pH
7.5, 0.15M NaCl, 10mM MgCl2, 100 mM Zn(OAc)2,
2mM BME, 10% (w/v) PEG 8000 by mixing 1 mM
enzyme, 2mM ATP and the respective nucleic acid sub-
strate, taking aliquots at different time points, and analyz-
ing the nucleotide composition by reverse-phase HPLC as
described (14).

Fluorescence measurements

Dissociation constants of rGyr_hel/nucleotide complexes
were determined in fluorescence equilibrium titrations at
378C using 1 mM of the fluorescent ADP analog mantADP
(19) and in competitive titrations of the mantADP/
rGyr_hel complex with ADP, ATPgS, ADPNP, ADPCP
and ATP, and analyzed as described (14).
Dissociation constants of reverse gyrase/DNA com-

plexes were determined using 50-fluorescein-labeled DNA
and the steady-state anisotropy of fluorescein as a probe
for binding. The DNA concentrations were 25 nM for
titrations with rGyr_hel, and 10 nM for rGyr_fl, unless
stated otherwise. Dissociation constants were obtained
by analysis of the data using the solution of a quadratic
equation describing a one-site binding model as described
(14), or with the Hill equation.

Helicase assay

Helicase activity was tested via the displacement of a
10-mer from a 10/50-mer substrate (2 nM) by 10 mM
rGyr_hel in 20mM HEPES/NaOH, pH 7.5, 70mM
KCl, 1mM MgOAc, 10% (v/v) glycerol, 2mM DTT
and 1mg/ml BSA as described for eIF4A (20). The ATP
concentration was 2mM.

RESULTS

Nucleotide binding and ATPase properties of the
helicase-like domain

The role of the helicase-like domain for DNA supercoiling
by reverse gyrase is currently unknown. A detailed under-
standing of nucleotide binding and hydrolysis by the heli-
case-like domain and its interaction with DNA, isolated
and in the context of reverse gyrase, is a pre-requisite to
delineate its function within reverse gyrase. To this end,
we subcloned a DNA fragment coding for amino acids
59–541 of T. maritima reverse gyrase (rGyr_hel). This con-
struct comprises the two RecA-like domains H1 and H2,
and the so-called latch domain H3, but lacks the N-term-
inal putative zinc finger (Figure 1). The nucleotide binding
properties of rGyr_hel were investigated in fluorescent
equilibrium titrations using the fluorescent ADP analog
mantADP (Figure 2), which we previously used as a
probe for nucleotide binding to reverse gyrase (14).
Upon binding to rGyr_hel, the mant fluorescence increases
1.5-fold (Figure 2A). The fluorescence signal returns to the
value for free mantADP upon displacement with ADP,
confirming that mantADP binds to the ADP binding
site and is thus suitable to study nucleotide binding to
rGyr_hel. The Kd value of the mantADP/rGyr_hel com-
plex determined from the titration curves is 1.1� 0.1 mM.
In the displacement titration with ADP (Figure 2B), a Kd

value of 2.6� 0.8 mM was determined for the ADP com-
plex. The Kd value of the rGyr_hel/AMP complex is three
orders of magnitude higher (1600� 231 mM), demonstrat-
ing that interactions with the b-phosphate provide high
affinity binding of adenine nucleotides to rGyr_hel. The
ATP analogs ATPgS, ADPNP and ADPCP are bound less
tightly than ADP (Figure 2B), with Kd values for the com-
plexes of 10.9� 0.8mM (ATPgS), 20� 4.9mM (ADPNP)
and 18� 3.8 mM (ADPCP), respectively, indicating that
the binding energy from additional interactions with the
g-phosphate is converted into conformational changes.
The corresponding Kd values for the full-length reverse
gyrase (rGyr_fl) are virtually identical in the case of the
mantADP, ADP and AMP complexes, and of the ATP
analog ATPgS, and 2- to 4-fold higher for the complexes
with the nonhydrolyzable ATP analogs ADPNP and
ADPCP (14). The similar Kd values confirm that all deter-
minants for nucleotide binding are contained in the
helicase-like domain. A summary of the Kd values for
rGyr_fl and rGyr_hel is given in Table 1.

In a steady state ATPase assay, rGyr_hel exhibits a low
intrinsic ATPase activity (Figure 3). As with rGyr_fl (14),
the rate constant kcat of ATP hydrolysis by rGyr_hel is
independent of the protein concentration (<10 mM, data
not shown), consistent with a monomer as the active spe-
cies. The dependence of the ATP hydrolysis rate on ATP
concentration follows Michaelis–Menten behavior, with a
kcat for ATP hydrolysis of 30 (� 2) � 10�3 s�1, and a KM

value for ATP of 77� 23 mM. The corresponding values
for reverse gyrase are very similar with a kcat of 20 (� 0.8)
� 10�3 s�1 and a KM of 44� 6 mM (14).

These results demonstrate that the nucleotide binding
properties and the intrinsic ATPase activity of reverse
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gyrase are a property of the helicase-like domain and are
not significantly affected by the topoisomerase domain.

Stimulation of the rGyr_hel and rGyr_fl ATPase
activities by nucleic acids

Reverse gyrases are DNA-stimulated ATPases (21). To
investigate the effect of nucleic acid substrates on the
ATPase activity of rGyr_hel, steady state ATPase assays
were performed in the presence of a 60-base ssDNA sub-
strate, a 60 bp dsDNA, pUC18 plasmid DNA, and polyU-
RNA at saturating ATP concentrations (Figure 4A). All
substrates led to a significant acceleration of ATP hydro-
lysis. Saturating concentrations of ssDNA or linear
dsDNA increased the kcat by a factor of 40–50, with a
slightly higher stimulation by dsDNA. The apparent KM

values are 0.07� 0.04mM for ssDNA (corresponding to
4 mM in terms of bases) and 0.18� 0.03mM for dsDNA
(11mM base pairs), respectively. In the presence of nega-
tively supercoiled pUC18 plasmid, the kcat value increased
22-fold (KM 0.046� 0.006 mM, corresponding to 124 mM
base pairs).
Interestingly, polyU-RNA also stimulated the intrinsic

ATPase activity of rGyr_hel tremendously (�100-fold).
With 25 mM (bases), the apparent KM value for polyU-
RNA was in the same range as for the pUC18 plasmid.
PolyU-RNA binding might reflect nonspecific interactions
with the negatively charged phosphoribose backbone, and
we therefore repeated the steady state ATPase assay in the
presence of increasing concentrations of heparin as a
model for a negatively charged polymer. Indeed, heparin
increased the kcat of rGyr_hel for ATP hydrolysis �80-
fold and thus had a comparable effect to the polyU-
RNA. The KM value for heparin was 0.20� 0.05 mM
(8mM monomeric units) and thus also similar to polyU.
To compare ATPase properties of the helicase-like

domain with reverse gyrase, the steady state ATPase
rates in the presence of ssDNA, dsDNA, pUC18 and

Table 1. Dissociation constants for nucleotide complexes of full-length

reverse gyrase and the helicase-like domain

Nucleotide rGyr_fl
Kd (mM)

rGyr_hel
Kd (mM)

rGyr_fl
K106Q/Y851F
Kd (mM)

rGyr_hel
K106Q Kd (mM)

mantADP 1.0� 0.1a 1.1� 0.1 22� 2 67� 5
AMP 1549� 375 1600� 231 ND ND
ADP 1.6� 0.2a 2.6� 0.8 36� 5 150� 85
ATP ND ND 98� 12 570� 300
ATPgS 14.3� 1.5a 10.9� 0.8 ND ND
ADPNP 43.2� 2.0a 19.8� 4.9 ND ND
ADPCP 74.7� 7.3 17.5� 3.8 ND ND

aData from Ref. (14).

Figure 3. Steady state ATPase activity of rGyr_hel. rGyr_hel is a
Michaelis–Menten enzyme with a kcat of 30 (�2)� 10�3 s�1, and a
KM,ATP of 77� 23 mM.

Figure 2. Interaction of rGyr_hel with nucleotides. (A) Titration of
1 mM mantADP with rGyr_hel. Description of the binding curve
using a one-site binding model yields a Kd of the mantADP/rGyr_hel
complex of 1.1� 0.1 mM. (B) Displacement titrations of the mantADP/
rGyr_hel complex with ADP (circles), ADPCP (triangle), ADPNP
(inverted triangle), and ATPgS (diamond). The Kd values are summar-
ized in Table 1.
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polyU-RNA were also determined for rGyr_fl
(Figure 4B). As with rGyr_hel, linear ssDNA and
dsDNA showed a similar effect on the ATPase rate of
rGyr_fl. Importantly, the stimulation of the ATPase activ-
ity by ssDNA and dsDNA was only 7- to 8-fold. The
ATPase rate of rGyr_fl increases linearly up to a pUC18
concentration of 400 nM (1.1mM bases), and saturation is
not observed (14). In contrast to rGyr_hel, pUC18 only
showed a moderate stimulation of the rGyr_fl ATPase
rate (7-fold at 400 nM pUC18, compared to 22-fold at
saturation for rGyr_hel). As with rGyr_hel, polyU-RNA
showed the highest degree of stimulation of the reverse
gyrase ATPase activity, with kcat increased 25-fold (KM

30 mM bases), and heparin showed a 6-fold stimulation
(KM 6 mM monomeric units). These data indicate that
interactions with nonspecific substrates are similar for
rGyr_hel and rGyr_fl. The kcat values for rGyr_fl and

rGyr_hel in the absence and presence of nucleic acids
and the apparent KM values are summarized in Table 2.

Reverse gyrase is an enzyme unique to hyperthermophi-
lic organisms, which thrive at temperatures of 758C and
higher. To investigate if the results from experiments at
378C reflect the properties of reverse gyrase at its optimum
temperature, the ATPase activity was determined at 758C
in the absence of DNA, and in the presence of ssDNA,
dsDNA and pUC18 (Figure 5). In the absence of DNA,
the ATPase activities of rGyr_fl and rGyr_hel are similar,
with initial rates of 0.28mM s�1 (rGyr_hel) and 0.48mM
s�1 (rGyr_fl). While we have determined the affinities for
DNA substrates at 378C and could therefore ensure satur-
ating DNA concentrations in ATPase assays, a quantita-
tive comparison of the ATPase stimulation at 758C is
difficult as the corresponding Kd values cannot easily be
determined, and the DNA concentrations may not

Figure 4. Effect of nucleic acid substrates on the steady state ATPase activity of rGyr_hel and rGyr_fl. (A and B) The effect of nucleic acid substrates
on the ATPase rate at saturating (1mM) ATP. (C and D) The ATP-dependence of the ATPase rate at saturating concentrations of nucleic acids.
Substrates are indicated as follows: ssDNA (cyan, triangles), dsDNA (blue, inverted triangles), pUC18 (black, circles), polyU-RNA (orange, squares)
and heparin (red, diamond). The open symbols in (C and D) indicate data in the absence of DNA. All steady state ATPase parameters are
summarized in Tables 2 and 3. (A) Stimulation of the rGyr_hel ATPase by nucleic acids and heparin. The ATPase activity is significantly stimulated
by all substrates. (B) Stimulation of the rGyr_fl ATPase by nucleic acids and heparin. The ATPase activity is significantly stimulated by all
substrates, but in contrast to rGyr_hel, no saturation is observed with pUC18. (C) Cooperativity between ATP and nucleic acid binding in
rGyr_hel. The steady state ATPase activity was measured as a function of ATP concentration in the presence of saturating concentrations of
ssDNA (2 mM,), dsDNA (2.5 mM), pUC18 (300 nM), polyU-RNA (1.5mM monomers) and heparin (40mM monomers). (D) Cooperativity between
ATP and nucleic acid binding in rGyr_fl. The steady state ATPase activity was measured as a function of ATP concentration in the presence of
saturating concentrations of ssDNA (2mM,), dsDNA (5 mM), pUC18 (300 nM), polyU-RNA (0.5mM monomers) and heparin (60 mM monomers).
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be saturating. In addition, the thermodynamic stability of
the 60 bp duplex is limited (Tm=708C), and at 758C more
than 50% single strand are expected. Qualitatively, the
rGyr_hel ATPase activity at 758C is stimulated to a simi-
lar extent by ssDNA and dsDNA at 758C, and about
2-fold less by pUC18. Overall, the ATPase activity is
increased only 3-fold by DNA substrates, compared to
50-fold at 378C. The rGyr_fl ATPase is most efficiently
stimulated by ssDNA, and to a smaller extent by
dsDNA or pUC18. As observed at 378C, the overall sti-
mulation is smaller for rGyr_fl than for rGyr_hel. Thus,
the rGyr_hel and rGyr_fl ATPase activities at 758C show
the same response to DNA as at 378C.

In summary, the basal ATP hydrolysis rates are very
similar for rGyr_hel and rGyr_fl, confirming that all deter-
minants for ATP binding and hydrolysis are confined
to the helicase-like domain. The intrinsic ATPase of
rGyr_hel is efficiently stimulated by ssDNA, dsDNA
and plasmid DNA. All substrates also stimulate the intrin-
sic ATP hydrolysis of rGyr_fl, but generally to a lesser
extent. These data point towards an inhibitory effect of
the topoisomerase domain on the ATPase activity of the
helicase-like domain in the presence of DNA substrates.
The apparent KM values for DNA are higher for rGyr_fl
than for rGyr_hel. This effect seems to be slightly more
pronounced for dsDNA, leading to a 5-fold higher appar-
ent KM for dsDNA over ssDNA for rGyr_fl, compared to
an only 2.5-fold difference for rGyr_hel. Both enzymes
thus appear to interact more tightly with ssDNA.
Interestingly, the apparent KM values for polyU-RNA
and heparin are identical for rGyr_fl and rGyr_hel, indi-
cating similar interactions with nonspecific substrates.

Coupling between DNA and ATP binding to rGyr_hel
and rGyr_fl

The interaction of SF2 helicases with ATP and their DNA
substrate is cooperative: ATP binding increases the affinity
for the DNA substrate, and vice versa (13,22–24). To test
whether any of the nucleic acid substrates shows such a
cooperative effect on ATP binding to rGyr_hel or rGyr_fl,
we determined the effect of DNA on KM values for ATP
by measuring the steady state ATPase rate with increasing

concentrations of ATP and saturating concentrations of
the nucleic acid (Figure 4C and D). In all cases, the kcat
values are in good agreement with the values in the DNA-
dependent experiments at saturating ATP concentrations
(Table 2), confirming that saturation is reached in both
series of experiments. In the presence of ssDNA, the
apparent KM,ATP value of rGyr_hel is decreased 16-fold,
demonstrating cooperative binding of ATP and ssDNA to
rGyr_hel. For dsDNA, this cooperativity is lower than for
ssDNA, with KM,ATP decreased 7-fold. The effect of
pUC18 plasmid is intermediate, with a 10-fold decrease
in the apparent KM,ATP. Hence, all DNA substrates
promote ATP binding to rGyr_hel. PolyU-RNA and
heparin only affect the apparent KM,ATP slightly
(1.8-fold and 2.5-fold, respectively) and thus do not
show significant cooperativity. These data corroborate
the notion that the stimulating effect of polyU-RNA and
heparin on the ATPase activity of rGyr_hel is due to a
nonspecific interaction.

Figure 5. DNA-stimulated ATPase activity at 758C. ATPase activity of
rGyr_hel (A) and rGyr_fl (B) at 758C in the absence of enzyme (open
triangles), in the presence of 1mM enzyme without DNA (inverted
triangles) and in the presence of ssDNA (100 nM, squares), dsDNA
(100 nM, circles), or pUC18 (15 nM, triangles). The ATP concentration
was 1mM.

Table 2. Steady state ATPase parameters for rGyr_hel and rGyr_fl,

and the influence of nucleic acid substrates

Nucleic acid kcat (10
�3 s�1) KM,DNA (mM) KM (mM base/bp)

rGyr_hel – 30� 2 NA NA

ssDNA 1160� 188 0.07� 0.04 4.2� 2.4

dsDNA 1450� 64 0.18� 0.03 10.8� 1.8

pUC18 673� 21 0.046� 0.006 124� 16

polyU-RNA 3264� 304 NA 25� 10

Heparin 2420� 160 0.20� 0.05 8.0� 0.04

rGyr_fl – 20� 0.8 NA NA

ssDNA 160� 6.7 0.45� 0.06 27� 4

dsDNA 148� 9.1 2.2� 0.30 129� 18

pUC18 No saturation for conc. <400 nM

polyU-RNA 507� 27 NA 30� 7

Heparin 120� 10 0.15� 0.06 6� 2.4
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For rGyr_fl, limited cooperativity of DNA and ATP
binding was detected (Figure 4D). The reduction of the
KM,ATP was 3.8-fold for ssDNA and 2.8-fold for dsDNA.
Hence, as for rGyr_hel, the cooperativity with ATP bind-
ing is highest for ssDNA. However, the cooperativity of
DNA and ATP binding to rGyr_fl is smaller for ssDNA
and dsDNA compared to rGyr_hel. For pUC18, it was
not possible to perform the experiment under saturating
conditions. At 300 nM pUC18, KM,ATP was reduced 2.8-
fold. This is similar to the effect of linear dsDNA, whereas
for rGyr_hel, pUC18 shows intermediate cooperativity to
ssDNA and dsDNA. However, a more pronounced effect
of pUC18 on KM,ATP for rGyr_fl at higher plasmid con-
centrations cannot be excluded. Overall, rGyr_fl shows
cooperative interactions with DNA and ATP, but to a
lesser extent than rGyr_hel. PolyU-RNA and heparin
had a negligible effect on ATP binding (1.4-fold and 1.2-
fold, respectively), consistent with a nonspecific interac-
tion. The kcat and KM,ATP values are summarized in
Table 3.
Altogether, the interaction of rGyr_hel and rGyr_fl with

polyU-RNA or heparin and ATP is noncooperative and
most likely reflects a nonspecific interaction. Substantial
cooperativity is observed for ssDNA, dsDNA or plasmid
DNA and ATP binding to rGyr_hel. rGyr_fl also binds
ssDNA or dsDNA and ATP cooperatively, but the effect
of the DNA on KM,ATP is only 3- to 4-fold, compared to
7- to 16-fold for rGyr_hel. Again, this points towards a
moderating effect of the topoisomerase domain on the
helicase-like domain in full-length reverse gyrase.

Influence of the nucleotide state on DNA binding to rGyr_hel

During their nucleotide cycle, SF2 helicases switch
between low affinity and high affinity states for their
nucleic acid substrate (22,25,26). We therefore investi-
gated the influence of the nucleotide state of rGyr_hel
and rGyr_fl on their interaction with DNA. To this end,
the affinity of rGyr_hel for nucleic acids was determined in
fluorescence anisotropy titrations of a 50-fluorescein-
labeled 60-base ssDNA or a fluorescein-labeled 60 bp
dsDNA in the absence of nucleotides, and in the presence
of saturating concentrations of ADP, ADPCP, ADPNP
and ATPgS (Figure 6, Table 4).
First, we characterized binding of ssDNA to rGyr_hel

(Figure 6A). The Kd value for the rGyr_hel/ssDNA com-
plex was 0.20� 0.03mM in the absence of nucleotide, and
varied only moderately with the nucleotide state. The non-
hydrolyzable ATP analogs ADPNP and ATPgS showed
the largest effect on ssDNA binding, with 3-fold (ADPNP)
or 6-fold (ATPgS) increased Kd values, respectively, indi-
cating that the affinity for ssDNA is slightly reduced in the
ATP state of rGyr_hel. The ADP state of rGyr_hel binds
ssDNA 1.5-fold less tightly than the nucleotide-free state,
but 2- to 4-fold more tightly than the ATP-state
(mimicked by ADPNP and ATPgS). ADPCP has a similar
effect on ssDNA binding as ADP, suggesting that ADPCP
is not a suitable mimic for ATP.
When the concentration of ssDNA in the titration with

rGyr_hel was increased to 2 mM, a sigmoidal binding
curve was obtained, indicating that more than one

Figure 6. DNA binding and coupling to nucleotide binding (rGyr_hel).
Titrations of DNA with rGyr_hel in the absence of nucleotide (black,
circles), and in the presence of ADP (100 mM, blue, squares), ADPCP
(500 mM, orange, inverted triangles), ATPgS (500 mM, red, triangles)
and ADPNP (500 mM, cyan, diamonds). All Kd values and Hill coeffi-
cients are summarized in Table 4. (A) ssDNA (25 nM). The binding
curves are described with the Hill equation. The inset shows the
stoichiometric titration of 2 mM ssDNA with rGyr_hel. (B) dsDNA
(25 nM). The binding curves are described with a one-site
binding model.

Table 3. Steady state ATPase parameters for rGyr_hel and rGyr_fl: the

influence of nucleic acid substrates on KM,ATP

Nucleic acid (saturating) kcat (10
�3 s�1) KM,ATP (mM)

rGyr_hel – 30� 2 77� 23
ssDNA 992� 12 4.8� 1.0
dsDNA 1435� 57 11� 4
pUC18 818� 10 7.4� 1.1
polyU-RNA 3402� 79 42� 5.5
Heparin 2869� 63 31� 4

rGyr_fl – 20� 0.8 44� 6
ssDNA 108� 2.1 12� 1.5
dsDNA 117� 1.6 16� 1.5
pUC18 (300 nM) 199� 1.6 15.6� 0.9
polyU-RNA 565� 19 32� 5.1
Heparin 133� 7 37� 6.7

5888 Nucleic Acids Research, 2008, Vol. 36, No. 18



rGyr_hel molecule interacts with each ssDNA (Figure 6A,
inset). The data were well-described by the Hill equation,
with a Hill coefficient of 1.6� 0.1, and a Kd of
2.9� 0.1 mM. Analysis of all ssDNA titration curves
with the Hill equation gave similar Kd values as the ana-
lysis with the one-site binding model (Table 4), and Hill
coefficients of 1.2–1.6, indicating that the cooperativity is
moderate.

Next, binding of rGyr_hel to dsDNA was characterized
(Figure 6B, Table 4). DsDNA was bound 10- to 20-fold
less tightly by rGyr_hel than ssDNA, consistent with the
observed higher KM value for dsDNA. The Kd value for
dsDNA was �3.9 mM in the absence of nucleotide, or in
the presence of ADP or ADPCP. Only in the presence of
ADPNP or ATPgS was a significant change observed: the
Kd value of the dsDNA/rGyr_hel complex was decreased
20-fold by ADPNP, or 4-fold by ATPgS. This decrease is
consistent with ADPNP and ATPgS mimicking the ATP
state. Overall, the ATP state of rGyr_hel thus binds
dsDNA 4- to 20-fold more tightly than the ADP state.

Comparison of DNA binding to different nucleotide
states (Table 4) reveals that the nucleotide-free form of
rGyr_hel shows 20-fold higher affinity for ssDNA over
dsDNA. In the ATP state, the affinity for ssDNA remains
similar, but the dsDNA affinity increases compared to the
nucleotide-free state. Thus, the ATP state exhibits similar
affinities for ssDNA and dsDNA. In the ADP state, the
affinity for ssDNA is similar to the nucleotide-free or ATP
states, but the affinity for dsDNA is reduced compared
to the ATP state. As a consequence, ssDNA binding is
favored 11- to 13-fold in the ADP state. Hence, during
the nucleotide cycle, rGyr_hel does not discriminate
between ssDNA and dsDNA prior to ATP hydrolysis,
but will preferentially interact with ssDNA after
hydrolysis.

Due to thermodynamic coupling, the observed
increased affinity of the ATP state for dsDNA requires
a reciprocal effect of DNA on ATP binding.
Comparison with the steady state ATPase data
(Figure 4A and C, Table 3) shows that this coupling is
indeed present: the KM,ATP of rGyr_hel is decreased 7-fold

in the presence of dsDNA, which is in good agreement
with the 4- to 20-fold increased dsDNA affinity in the
ATP state of rGyr_hel. The comparison for the ssDNA
seems to be inconsistent: the ATP state of rGyr_hel binds
ssDNA 3- to 6-fold less tightly than the nucleotide-free
form, but KM,ATP is decreased 16-fold when ssDNA is
bound. However, the observed differences most likely
reflect differences of the ADPNP or ATPgS states com-
pared to the ATP state. This is partly supported by experi-
ments with a hydrolysis-deficient mutant (see below),
where ATP binding does not reduce the ssDNA affinity.

Influence of the nucleotide state on DNA binding to rGyr_fl

To test whether the helicase-like domain also acts as a
nucleotide-dependent switch with different affinities for
dsDNA in the ATP and ADP states in reverse gyrase,
we performed DNA binding experiments with rGyr_fl
(Figure 7). Quantification of DNA binding to rGyr_fl is
complicated by the existence of several potential DNA
binding sites that could be located in the helicase-like
domain, in the cleft of the topoisomerase domain near
the catalytic tyrosine, and possibly at the two putative
zinc fingers. To ensure equilibrium conditions, we used
the Y851F mutant of reverse gyrase in DNA binding
experiments, which is deficient in covalent binding to
the DNA.
Again, we first addressed binding of ssDNA to rGyr_fl

(Figure 7, Table 5). In a titration of the 60-base ssDNA
with rGyr_fl(Y851F), a sigmoidal dependence of the fluor-
escence anisotropy on the concentration of enzyme was
observed (Figure 7A). The binding isotherm was well-
described by the Hill equation, with a Hill coefficient
of 2.3 (� 0.2) and a Kd of 36� 1 nM for nucleotide-free
rGyr_fl(Y851F), pointing towards cooperative binding of
at least two reverse gyrase molecules to the DNA. To
confirm the existence of cooperativity, the titration was
repeated at 300 nM of ssDNA, where the sigmoidality
became much more prominent (Figure 7A, inset).
Description with the Hill equation yielded Kd=
0.33� 0.02mM, and n=2.0� 0.14). In the presence of
saturating concentrations of ADP, ADPCP, ADPNP
or ATPgS, binding isotherms for ssDNA to rGyr_fl
remained sigmoidal (Figure 7A), with Hill coefficients
from 1.8� 0.10 to 2.1� 0.16, again consistent with two
reverse gyrase molecules binding to one ssDNA molecule.
Overall, rGyr_fl binds ssDNA 6-fold more tightly than

rGyr_hel. In the presence of ADP, the interaction with
ssDNA is only slightly affected, and it is virtually
unchanged in the presence of nonhydrolyzable ATP ana-
logs. Consequently, the affinity of rGyr_fl for ssDNA is
not significantly modulated by the nucleotide state.
Next, the interaction of rGyr_fl(Y851F) with dsDNA

was characterized (Figure 7, Table 5). Interestingly, the
cooperativity was less pronounced for rGyr_fl binding to
dsDNA (Figure 7B). In this case, the binding isotherm
could be described by a simple one-site model with a Kd

of 490� 60 nM. Thus, rGyr_fl interacts 8-fold more
tightly with dsDNA than rGyr_hel. dsDNA bound to
rGyr_fl was displaced upon addition of an excess of

Table 4. DNA binding properties of different nucleotide states of

rGyr_hel

Kd (mM) nucleotide-free ADP state ATP state

ssDNA

wt 0.20� 0.03a ADP 0.31� 0.04a ADPNP 0.60� 0.07a

0.20� 0.01b 0.28� 0.01b 0.46� 0.03b

n=1.4� 0.1 n=1.6� 0.1 n=1.4� 0.1

ADPCP 0.38� 0.05a ATPgS 1.2� 0.2a

0.33� 0.01b 0.92� 0.21b

n=1.6� 0.1 n=1.2� 0.2

K106Q 0.18� 0.03a 0.25� 0.03a 0.19� 0.02a

0.18� 0.03b 0.24� 0.02b 0.20� 0.02b

n=1.3� 0.2 n=1.3� 0.1 n=1.1� 0.1

dsDNA

wt 3.9� 0.6 a ADP 3.7� 0.5a ADPNP 0.19� 0.03a

ADPCP 4.2� 0.3a ATPgS 1.0� 0.1 a

K106Q 3.8� 0.6 a 2.9� 0.6 a 1.7� 0.2 a

aOne-site.
bHill analysis.
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ssDNA (data not shown), demonstrating that both types
of nucleic acids interact with the same binding site.

In the presence of nucleotides, the cooperativity of
dsDNA binding appeared to increase slightly, as indicated
by a slightly improved fit with the Hill equation. Hill
coefficients varied between 0.7 and 1.7, consistent with a
lower cooperativity compared to ssDNA (or a reduced
number of binding sites). However, the experimental
data were already reasonably well described with the
one-site binding model. The presence of ADP, ADPNP,
ADPCP or ATPgS affects the affinity of rGyr_fl for
dsDNA <2-fold.

Comparison of DNA binding to different nucleotide
states of rGyr_fl (Table 5) shows that the nucleotide-free
form binds dsDNA 14-fold less tightly than ssDNA. In the
ATP or state, ssDNA or dsDNA binding are not affected.
However, the ADP state binds dsDNA 2-fold more tightly
than the nucleotide-free and the ATP states. In the nucleo-
tide cycle, both the ATP and the ADP state bind ssDNA
more tightly than dsDNA. The preference for ssDNA is
slightly reduced after hydrolysis (from 10-fold in the ATP
state to 4-fold in the ADP state). The small effect of
nucleotides on DNA binding to rGyr_fl is consistent
with the small effect of ssDNA and dsDNA on ATP bind-
ing according to the steady state ATPase data (Figure 4B
and D, Table 3).

In summary, the ATP state of rGyr_hel binds ssDNA
and dsDNA with equal affinities, whereas the ADP state
interacts preferentially with ssDNA. rGyr_fl binds DNA
�10-fold more tightly than rGyr_hel, but the differences
between the nucleotide states are far less pronounced.
Both the ATP and the ADP states bind preferentially to
ssDNA.

DNA binding to different nucleotide states of a hydrolysis-
deficient mutant of rGyr_fl and rGyr_hel

As complexes with the nonhydrolyzable ATP analogs
might not perfectly mimic the ATP states, we analyzed
the effect of nucleotides on the interaction with DNA
using hydrolysis-deficient mutants of rGyr_hel and
rGyr_fl. A conserved lysine in the Walker A motif of

Table 5. DNA binding properties of different nucleotide states of rGyr_fl

Kd (mM) nucleotide-free ADP state ATP state

ssDNA
Y851F 0.035� 0.005a ADP 0.060� 0.015a ADPNP 0.041� 0.009a

0.036� 0.001b 0.045� 0.002b 0.038� 0.002b

n=2.3� 0.2 n=2.1� 0.2 n=2.1� 0.2
ADPCP 0.049� 0.012a ATPgS 0.046� 0.008

0.039� 0.001b 0.041� 0.001b

n=2.1� 0.1 n=1.8� 0.1
K106Q/Y851F 0.047� 0.005a 0.053� 0.007a 0.037� 0.004a

0.044� 0.003b 0.044� 0.002b 0.035� 0.002b

n=1.4� 0.1 n=1.5� 0.1 n=1.4� 0.1
dsDNA

Y851F 0.49� 0.06a ADP 0.25� 0.04a ADPNP 0.33� 0.07a

ADPCP 0.59� 0.06a ATPgS 0.53� 0.07a

K106Q/Y851F 0.71� 0.11a 0.46� 0.07a 0.49� 0.09a

aone-site.
bHill analysis.

Figure 7. DNA binding and coupling to nucleotide binding (rGyr_fl).
Titration of DNA with rGyr_fl in the absence of nucleotide (black,
circles), and in the presence of ADP (100 mM, blue, squares), ADPCP
(500 mM, orange, inverted triangles), ATPgS (500 mM, red, triangles)
andADPNP (500 mM, cyan, diamonds). AllKd values andHill coefficients
are summarized in Table 5. (A) ssDNA (10 nM). The binding curves are
described with the Hill equation. The inset shows the stoichiometric titra-
tion of 300 nM ssDNA with rGyr_fl. (B) dsDNA (10 nM). The binding
curves are described with a one-site binding model.
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ATPases contacts the b- and g-phosphates of ATP, and
stabilizes negative charges during ATP hydrolysis. In the
rGyr_fl(K106Q) mutant, ATP hydrolysis is abolished, but
nucleotides are still bound, albeit with reduced affinity
(14). The rGyr_fl(K106Q/Y851F) double mutant was cre-
ated to stably generate ATP and ADP states of reverse
gyrase that do not covalently bind to DNA. The absence
of ATP hydrolysis was confirmed, and the Kd values of the
nucleotide complexes were determined to be 22� 2 mM
(mantADP), 36� 5 mM (ADP) and 98� 12 mM (ATP) in
equilibrium titrations (Table 1). Overall, nucleotide bind-
ing to rGyr_fl(K106Q/Y851F) is reduced �20-fold com-
pared to wild-type.

The DNA binding properties of this ATP-hydrolysis-
and DNA-cleavage-deficient mutant were studied using
the 60-base ssDNA and 60 bp dsDNA as a substrate
(Figure 8, Table 5). ssDNA was bound independent of
the nucleotide state, with Kd values of 44� 3 nM (no
nucleotide), 44� 2 nM (ADP state) and 35� 2 nM (ATP
state). Kd values for the corresponding dsDNA complexes
were higher, consistent with the lower affinity of rGyr_fl
for dsDNA. Similar to ssDNA binding, interaction
of rGyr_fl(K106Q/Y851F) with dsDNA is independent
of the nucleotide state. The Kd values of the dsDNA

complexes are 0.71� 0.11 mM (no nucleotide),
0.46� 0.07mM (ADP state) and 0.49� 0.09 mM (ATP
state). Consistent with the wild-type data, the hydrolysis-
deficient mutant of rGyr_fl thus shows �10-fold tighter
binding of ssDNA to all nucleotide states.
The data for the wild-type enzyme and nonhydrolyzable

ATP analogs (Figure 7, Table 5) support a slightly
decreased preference for ssDNA after hydrolysis. The
increased preference for ssDNA in the ADP state of
rGyr_fl(K106Q/Y851F) results from a 2-fold increased
Kd of 0.46mM for the dsDNA complex, compared to a
Kd of 0.25mM for rGyr_fl(Y851F), and suggests differences
between the ADP state of wild-type rGyr_fl and the
K106Q/Y851F mutant. Previous work already pointed
towards such a difference: Reverse gyrase relaxes negatively
supercoiled DNA in the presence of ADP, whereas the
K106Q mutant lacks such a relaxation activity (14). Most
likely, lysine 106 functions as a nucleotide sensor that trig-
gers an ADP-dependent conformational change that is
required for relaxation. If this conformational change is
absent in the K106Q mutant, the ADP state will be differ-
ent, leading to different DNA binding properties.
To compare the DNA binding properties of the nucleo-

tide states of rGyr_hel with rGyr_fl, the corresponding

Figure 8. Binding of ssDNA and dsDNA to rGyr_hel(K106Q) and rGyr_fl(K106Q/Y851F). Titrations of ssDNA (A, C) and dsDNA (B, D) with
rGyr_hel(K106Q) (A, B) or rGyr_fl(K106Q/Y851F) (C, D) in the absence of nucleotide (black, circles), and in the presence of ADP (2mM, blue,
squares) or ATP (4mM, red, triangles). The DNA concentration was 25 nM in (A and B), and 10 nM in (C and D). The Kd values are summarized
in Table 5.
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K106Q mutation in the Walker A motif of rGyr_hel was
introduced, and the absence of hydrolysis was confirmed
(data not shown). Fluorescence equilibrium titrations
revealed a Kd value for the mantADP complex of
67� 5 mM, and 150� 85 mM and 570� 300 mM for the
ADP and ATP complexes, respectively (Table 1). Thus,
the nucleotide affinity of the K106Q mutant of rGyr_hel
is �60-fold reduced compared to the wild-type. This effect
is more pronounced than for rGyr_fl (20-fold).
rGyr_hel(K106Q) binds ssDNA 20-fold more tightly

than dsDNA (Kd = 0.18� 0.03 and 3.8� 0.6mM, respec-
tively). In the presence of ADP or ATP, ssDNA binding
is not significantly affected, and dsDNA binding is only
slightly increased (ADP: 1.3-fold, Kd=2.9� 0.6 mM;
ATP: 2.2-fold, Kd=1.7� 0.2mM). As a consequence,
ssDNA interacts more tightly than dsDNA with both
nucleotide states (12-fold, ADP state; 9-fold, ATP state),
implying a slightly stronger preference for ssDNA after
ATP hydrolysis. Similarly, the data from wild-type
rGyr_hel suggest a stronger interaction with ssDNA after
ATP hydrolysis. However, wild-type rGyr_hel in complex
with nonhydrolyzable ATP analogs binds ssDNA and
dsDNA with similar affinities, while the ATP state
of rGyr_hel(K106Q) interacts 9-fold more tightly with
ssDNA. This discrepancy arises from a reduced affinity
of the rGyr_hel(K106Q) ATP state for dsDNA compared
to the ADPNP or ATPgS state of the wild-type rGyr_hel
(Figure 6, Table 4), suggesting structural differences
between the ATP state of rGyr_hel(K106Q) and the corre-
sponding complexes of wild-type with nonhydrolyzable
analogs.
Altogether, rGyr_hel shows similar affinities for ssDNA

and dsDNA in the ATP state, and a 10-fold preference for
ssDNA in the ADP state due to a decrease in dsDNA
affinity. Thus, the helicase domain switches from a
‘high affinity’ state with respect to dsDNA to a ‘low affi-
nity’ state upon ATP hydrolysis, and back to the ‘high
affinity’ state after nucleotide exchange, while the
ssDNA affinity remains constant. In rGyr_fl, both nucleo-
tide states show a preference for ssDNA, indicating that
the switch to the ‘low affinity’ state for dsDNA upon ATP
hydrolysis is suppressed in the full-length enzyme.
Figure 9 summarizes the properties of rGyr_hel and
rGyr_fl. The K106Q mutants of rGyr_hel and rGyr_fl
show similar DNA preferences, with a 10-fold higher affi-
nity for ssDNA compared to dsDNA in both nucleotide
states. These results argue for a critical role of lysine 106
as a nucleotide sensor in the helicase domain, and for
inter-domain communication between the helicase-like
and the topoisomerase domains.

DISCUSSION

The helicase-like domain confers nucleotide-dependent
DNA binding to reverse gyrase

We have shown here that the nucleotide binding proper-
ties of reverse gyrase are a function of the N-terminal
helicase-like domain. Nucleotide affinities and ATP
hydrolysis rates are virtually identical for the isolated heli-
case-like domain and for the full-length enzyme in the

absence of nucleic acids. Thus, all determinants for
nucleotide binding and hydrolysis are contained within
the helicase-like domain, and its characteristics are unal-
tered in the context of reverse gyrase. The similar ATPase
rates suggest that the conformations of the helicase-like
domains are similar, indicating that the arrangement of

Figure 9. Overview of the nucleotide cycle of rGyr_hel and rGyr_fl.
The Kd values of the nucleotide states for ssDNA (red) and dsDNA
(blue) are displayed as bars with a size proportional to their value.
Analogously, a red bar denotes the kcat value in the presence of
ssDNA, a blue bar corresponds to the kcat value in the presence of
dsDNA. For reference, an additional bar represents the intrinsic kcat
in the absence of DNA. A cartoon indicates possible conformations of
the helicase-like domain in the different nucleotide states of rGyr_hel
and rGyr_fl. rGyr_hel (upper panel) shows similar affinities for ssDNA
and dsDNA in the ATP state, and a preference for ssDNA in the ADP
state due to a decrease in dsDNA affinity. This corresponds to a switch
from a ‘high affinity’ state with respect to dsDNA to a ‘low affinity’
state upon ATP hydrolysis. Both dsDNA and ssDNA efficiently stimu-
late ATP hydrolysis (arrow). Most likely, the helicase-like domain
switches between a closed conformation (cartoon) in the presence of
DNA and ATP that hydrolyzes ATP efficiently, and an open confor-
mation in the ADP state, as observed for SF2 helicases. In rGyr_fl
(lower panel), both nucleotide states show a preference for ssDNA,
indicating that the switch to the ‘low affinity’ state for dsDNA upon
ATP hydrolysis is suppressed in the full-length enzyme. The ATPase
stimulation by DNA is 10-fold smaller than in rGyr_hel. Possibly,
steric hindrance by the topoisomerase domain prevents a complete
closure of the helicase-like domain (cartoon) in the context of full-
length reverse gyrase. The progression through the nucleotide cycle
with moderate velocity may be required for efficient coupling of ATP
hydrolysis and positive supercoiling.
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the catalytic residues in the isolated helicase-like domain
and in context of reverse gyrase are the same.

Our results demonstrate that the helicase-like domain
mediates nucleotide-dependent interactions of reverse
gyrase with ssDNA and dsDNA, and with plasmid DNA.
In the ATP state, dsDNA and ssDNA are bound with
similar affinities, whereas after ATP hydrolysis, ssDNA
is preferentially bound. The DNA substrates influence the
rate of switching between these states by stimulating the
intrinsic ATPase activity of the helicase-like domain.
Thus, the helicase-like domain is a module that confers
nucleotide-dependent DNA binding to reverse gyrase.
The topoisomerase domain has no influence on nucleotide
binding and hydrolysis by the helicase-like domain in the
absence of DNA, but modulates the ATPase properties in
the presence of DNA. In the context of reverse gyrase, the
ATPase activity of the helicase-like domain is still stimu-
lated by the same DNA substrates, but to a much lesser
extent. The DNA-stimulated ATPase activity of reverse
gyrase is 10-fold lower than that in the isolated domain,
demonstrating that the activity of the helicase-like domain
is strongly suppressed by the topoisomerase domain.

The nucleic acid-stimulated ATPase activity of SF2 heli-
cases results from a conformational change upon binding
of both ligands that leads to a closure of the cleft between
the two helicase subdomains. In this closed conformation,
the catalytic residues are correctly positioned for efficient
ATP hydrolysis. It has been proposed that such a confor-
mational change in the helicase-like domain initiates
supercoiling by reverse gyrase (10,14). The observed simi-
lar ATPase activities of the helicase-like domain and
reverse gyrase suggest a similar open conformation of
the helicase in both enzymes (Figure 9). In the presence
of DNA, the isolated helicase-like domain adopts a closed
conformation that rapidly hydrolyzes ATP. Possibly, in
full-length reverse gyrase the topoisomerase domain pro-
vides a steric hindrance for the conformational change in
the helicase-like domain. This steric hindrance may con-
fine the helicase-like domain to a more open form even in
the presence of nucleic acids, and consequently to less
efficient ATP hydrolysis by reverse gyrase compared to
the isolated helicase-like domain. A restriction of this con-
formational change by the topoisomerase domain would
also readily explain the lower cooperativity between ATP
and nucleotide binding in rGyr_fl.

Inter-domain communication in reverse gyrase: DNA
binding and ATPase stimulation

The helicase-like domain and reverse gyrase interact more
tightly with ssDNA than with dsDNA. This preference for
ssDNA is reminiscent of other type I DNA topoisome-
rases (27). The high affinity of reverse gyrase for ssDNA
may allow for sensing of single-stranded regions (5), and
lead to stabilization of these regions for strand cleavage
and the subsequent strand-passage reaction during cataly-
sis. It has been shown previously that the presence of
single-stranded regions in the DNA substrate favors posi-
tive supercoiling by reverse gyrase (5). Reverse gyrase con-
tains several potential interaction sites for nucleic acids,
located in the helicase-like domain, or in a cleft close to

the catalytic tyrosine. In addition, the latch region may
contact DNA (10,12), and a transient interaction of the
putative zinc fingers with the DNA during supercoiling
has been proposed (10). However, nucleic acid binding
to these different interaction sites of reverse gyrase has
not been characterized in detail. By using the Y851F
mutant of reverse gyrase in DNA binding studies, we
excluded the covalent binding of DNA via the catalytic
tyrosine. In general, the DNA affinity of reverse gyrase
is about 10-fold higher than that for the helicase-like
domain. This increased affinity could either reflect tight
DNA binding to the helicase-like domain in reverse
gyrase, or point towards simultaneous interactions
of DNA with the topoisomerase domain that increase
the overall affinity. Clearly, a more detailed analysis of
DNA binding to reverse gyrase would be required to
further understand the relation between DNA binding
to different sites and stimulation of ATP hydrolysis.
However, in this context it is important to note that the
cooperativity observed for ssDNA binding does not reflect
two DNA molecules binding to one molecule of reverse
gyrase (as would be possible if one ssDNA molecule inter-
acts with the helicase-like domain and one with the topo-
isomerase domain). Instead, the data is consistent with the
interaction of two reverse gyrase molecules with one
ssDNA molecule, pointing towards a possible interaction
between reverse gyrase molecules on the same substrate
DNA. The fact that this cooperative effect is more pro-
nounced for the full-length enzyme than for the isolated
helicase-like domain, and only observed for ssDNA but
not for dsDNA, suggests a functional role of this protein–
protein interaction during the supercoiling reaction.

Is the ATPase activity of the helicase-like domain
modulated to achieve optimal coupling of ATP hydrolysis
to positive supercoiling?

Our results demonstrate that the helicase-like domain of
reverse gyrase meets most criteria for a bona fide helicase:
it has a DNA-dependent ATPase activity, and the nucleo-
tide-state determines its affinity for ssDNA and dsDNA.
However, as already reported for other reverse gyrase
homologs, we did not detect DNA unwinding activity
for the helicase-like domain of T. maritima reverse
gyrase (data not shown). Altogether, the helicase-
like domain of reverse gyrase acts as a nucleotide-
dependent switch reminiscent of the nonprocessive
DEAD box helicases that constitute a subfamily of SF2
helicases (28).
Helicase domains frequently occur in conjunction with

additional domains that mediate substrate specificity or
the interaction with protein partners, or regulate helicase
activity (29–33). For instance, the DEAD box helicase
RIG-I consists of a helicase domain and two N-terminal
caspase activation and recruitment domains that connect
the helicase function to the caspase signaling pathway,
and these additional domains inhibit the RIG-I helicase
activity (33). Conversely, the internal helicase domain of
dicer inhibits its RNase activity (32), demonstrating that
the domains can mutually influence their respective activ-
ities. Likewise, the ATPase activity of the helicase-like
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domain in the presence of DNA is attenuated in the con-
text of reverse gyrase, and the differences in nucleic acid
affinities of the nucleotide states are smaller (Figure 9).
A repression of relaxation activity of the topoisomerase
domain in the absence of nucleotides by the helicase-like
domain, mediated by the latch region (11,12), has been
demonstrated earlier. The inhibition of the helicase-like
domain we describe here seems to be the reciprocal
effect. Deletion of the latch region increases the ATPase
activity of reverse gyrase in the presence of ssDNA (11),
suggesting a simultaneous role of the latch for the inhibi-
tory effect of the topoisomerase domain on the helicase-
like domain. Both effects emphasize the importance of
communication between the reverse gyrase domains. The
fact that the differences between switching of the helicase-
like domain and reverse gyrase are mostly lost in the
K106Q mutants suggests a critical contribution of the
Walker A motif to inter-domain communication.
As a consequence of the inhibitory effect of the topo-

isomerase domain on the helicase-like domain in reverse
gyrase, the progression through the nucleotide cycle in the
presence of DNA is strongly decelerated. DNA supercoil-
ing is a complex multi-step process, and the current model
of DNA supercoiling by type IA topoisomerases such as
reverse gyrase involves DNA cleavage, strand passage and
re-ligation of the cleaved strand. This reaction will most
likely require substantial conformational changes in
reverse gyrase, and supercoiling is therefore an intrinsi-
cally slow process. Thus, a rapid cycling between the
nucleotide states may not be necessary or could even be
detrimental for supercoiling. Instead, the precise coordina-
tion of ATP hydrolysis and supercoiling may require
matching rates for both processes, and hence a moderate
ATP turnover. The inhibitory effect of the topoisomerase
domain on the helicase-like domain emphasizes the role of
inter-domain communication for efficient coupling
between ATP hydrolysis and positive DNA supercoiling
by reverse gyrase.

SUPPLEMENTARY DATA

Supplementary Data are available at NAR Online.
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Chapter 2.  Article  

The latch modulates nucleotide and DNA binding to the helicase-like 

domain of Thermotoga maritima reverse gyrase and is required for 

positive DNA supercoiling 

 

From crystallographic studies the latch domain, an insertion in the H2 RecA 

fold of the helicase-like domain, has been proposed to be involved in 

interdomain communication between the topoisomerase and the helicase-like 

domain in reverse gyrase. A putative DNA-binding role was also assumed 

from its homology to the Rho factor.  Effects of a latch deletion had been 

documented almost exclusively for the full enzyme, and mostly the effect on 

the overall supercoiling reaction had been characterized. In the present article 

we demonstrate for the first time how it is involved in the intrinsic properties of 

the helicase-like domain. Deletion of the latch from the isolated helicase-like 

domain uncouples DNA binding and ATP binding and hydrolysis, as 

demonstrated via steady-state ATPase measurements. Furthermore, the latch 

deletion abolishes almost completely the nucleotide-dependent DNA 

preference switch property of the isolated helicase-like domain. In the full-

length enzyme removal of the latch allows only DNA relaxation. This is a 

reaction that the isolated topoisomerase domain can perform on its own. 

Overall, we confirmed the role of the latch in communicating the nucleotide 

state to the topoisomerase domain, we directly demonstrated the ability of the 

isolated latch to bind either ss- or ds-DNA, and we also reported the extent of 

its involvement in the intrinsic properties of the helicase-like domain. 
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ABSTRACT

Reverse gyrase is the only topoisomerase that can
introduce positive supercoils into DNA in an
ATP-dependent process. It has a modular structure
and harnesses a helicase-like domain to support a
topoisomerase activity, thereby creating the unique
function of positive DNA supercoiling. The isolated
topoisomerase domain can relax negatively super-
coiled DNA, an activity that is suppressed in reverse
gyrase. The isolated helicase-like domain is a
nucleotide-dependent switch that is attenuated by
the topoisomerase domain. Inter-domain commu-
nication thus appears central for the functional co-
operation of the two domains. The latch, an
insertion into the helicase-like domain, has been
suggested as an important element in coordinating
their activities. Here, we have dissected the influ-
ence of the latch on nucleotide and DNA binding
to the helicase-like domain, and on DNA supercoil-
ing by reverse gyrase. We find that the latch is
required for positive DNA supercoiling. It is crucial
for the cooperativity of DNA and nucleotide binding
to the helicase-like domain. The latch contributes to
DNA binding, and affects the preference of reverse
gyrase for ssDNA. Thus, the latch coordinates the
individual domain activities by modulating the
helicase-like domain, and by communicating
changes in the nucleotide state to the topoisomer-
ase domain.

INTRODUCTION

DNA topoisomerases catalyze the inter-conversion of
DNA topoisomers in processes such as DNA replication,
recombination and repair (1). Reverse gyrase, first
identified in the hyperthermophilic archaeon Sulfolobus
acidocaldarius (2), is the only topoisomerase that can
introduce positive supercoils into DNA in an
ATP-dependent process. Reverse gyrases are unique to
thermophiles and hyperthermophiles, and presumably
protect their DNA at high temperatures via DNA chap-
erone and renaturase activities (3,4). In general, reverse
gyrases have a modular structure, comprised of an
N-terminal helicase-like domain covalently linked to a
C-terminal topoisomerase I domain (Figure 1) (5). The
helicase-like domain consists of two RecA-like
subdomains (H1 and H2) that harbor all signature
motifs of superfamily (SF) two helicases, though with
altered sequences (6). The H2 domain is interrupted by
an insertion called the ‘latch’ (H3), which structurally re-
sembles the RNA-binding region of the transcription ter-
mination factor Rho (7,8). The C-terminal topoisomerase
domain is homologous to prokaryotic type IA DNA topo-
isomerases, and consists of four subdomains (T1–T4)
equivalent to domains I-IV of Escherichia coli topoisom-
erase I (9). The isolated topoisomerase domain can relax
negatively supercoiled DNA in vitro (10). By contrast,
neither the isolated helicase-like domain nor reverse
gyrase exhibits any nucleic acid unwinding activity
(10,11). The helicase-like domain is a
nucleotide-dependent switch that exhibits a strong prefer-
ence for ssDNA in the nucleotide-free and ADP state, but
binds ssDNA and dsDNA with similar affinities in the
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ATP state (11). Reverse gyrase, in contrast, preferentially
interacts with ssDNA in all states, and it has been shown
that positive supercoiling is more efficient with a plasmid
containing single-stranded regions (4). Furthermore, the
DNA-stimulated ATPase activity of the helicase-like
domain of Thermotoga maritima reverse gyrase is 10-fold
higher than that of full-length reverse gyrase, pointing
toward a suppression of the activity of the helicase-like
domain by the topoisomerase domain (11). Harnessing a
helicase-like domain to support a topoisomerase activity
creates the unique function of positive DNA supercoiling
and thus generates an enzyme that is clearly more than the
sum of its parts. Undoubtedly, inter-domain communica-
tion is central for the combined activities of the
helicase-like and topoisomerase domains in the supercoil-
ing reaction.
Based on biochemical data and structural information,

a strand-passage mechanism, similar to DNA relaxation
by type IA topoisomerases, has been proposed for positive
supercoiling of DNA by reverse gyrase (6). The salient
features of this putative mechanism are a conformational
change in the helicase-like domain that brings domains H1
and H2 closer together, and a movement of the latch
domain away from the topoisomerase domain that
allows the lid (T3) to swing up. The latch has thus been
suggested as an important element in inter-domain com-
munication, and was shown to inhibit the DNA relaxation
activity of the topoisomerase domain of Archaeoglobus
fulgidus reverse gyrase (12). Moreover, mutants lacking
the latch exhibited altered DNA-dependent ATPase
activity, indicating a role of the latch in coupling ATP
hydrolysis to the supercoiling reaction. By contrast, the

latch was not required for the positive supercoiling
activity of the enzyme (13).

Here, we have dissected the influence of the latch on
nucleotide and DNA binding to the helicase-like
domain, and on DNA supercoiling by reverse gyrase.
The latch can be deleted without affecting the structure
of the H2 domain. We find that the latch contributes to
DNA binding, and inhibits nucleotide binding, but not
ATP hydrolysis. The latch is crucial for the cooperativity
of DNA and nucleotide binding to the helicase-like
domain, and affects the preference of reverse gyrase for
ssDNA. Most importantly, the latch is required for
positive DNA supercoiling. Our data demonstrate that
the latch modulates the properties of the helicase-like
domain, and communicates changes in the nucleotide
state to the topoisomerase domain, Thereby, it coordin-
ates and couples individual domain activities to allow for
positive supercoiling of DNA.

MATERIALS AND METHODS

Cloning, protein production and purification

Reverse gyrase lacking the latch region (aa 389–459) was
constructed by inverse polymerase chain reaction (PCR)
using pET28a with the reverse gyrase gene inserted into
the NcoI and XhoI sites (14) as a template, and primers
containing a BamH1 restriction site and the region down-
stream from the codon for aa 459 (forward primer), or
upstream from the codon for aa 389 (reverse primer).
The amplified DNA was restricted with BamH1, and
circularized by ligation, resulting in pET28a with the
gene for reverse gyrase lacking the latch domain
(rgyr_�latch). The helicase-like domain lacking the latch
(rgyr_hel_�latch) was constructed by overlap extension
PCR with pET28 containing the coding region for aa
59–541 as a template. The generated fragment was
amplified using primers containing NcoI and XhoI restric-
tion sites, and ligated into the NcoI and XhoI sites of
pETM28. The region coding for the latch (aa 388–459)
was amplified using primers containing NcoI and XhoI
restriction sites and ligated into the NcoI and XhoI sites
of pETM30 (G. Stier, EMBL Heidelberg). Reverse gyrase
(rgyr) and the rgyr_�latch were produced in E. coli
BL21(DE3) Star RIL and were purified as described
(11). Rgyr_hel, rgyr_hel_�latch and the isolated latch
domains were produced in E. coli Rosetta(DE3).
Rgyr_hel and rgyr_hel_�latch were purified as described
(11). Cells overproducing the latch as a GST fusion were
disrupted in a Microfluidizer in 50mM Tris/HCl, pH 7.5,
1M NaCl, 10mM MgCl2, 10mM Zn(OAc)2, 2mM
b-mercaptoethanol, and the crude extract was cleared by
centrifugation. All purification steps were performed at
room temperature. The NaCl concentration of the super-
natant was adjusted to 0.2M, and it was applied to a
Glutathione sepharose column equilibrated in 50mM
Tris/HCl, pH 7.5, 0.2M NaCl, 10mM MgCl2, 10mM
Zn(OAc)2, 2mM b-mercaptoethanol. The GST fusion
protein was eluted with the same buffer containing
20mM reduced glutathione, and cleaved overnight with
TEV protease. Remaining fusion protein and GST were

Figure 1. Reverse gyrase structure and constructs used. (A) Structure
of reverse gyrase from A. fulgidus (PDB-ID 1gku) (6). The helicase-like
domain is shown in dark blue (H1, H2) and orange (H3, latch, residues
389–459), and the topoisomerase domain (T1-T4) in cyan. The figure
was created with Pymol (www.pymol.org). (B) Constructs used in this
study. rgyr: reverse gyrase, rgyr_�latch: reverse gyrase lacking the latch
region H3, rgyr_hel: helicase-like domain comprising H1, H2 and H3
(latch), rgyr_hel_�latch: helicase-like domain comprising H1 and H2.
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removed by purification via size-exclusion chromato-
graphy on a calibrated S75 column in 50mM Tris/HCl,
pH 7.5, 0.2M NaCl, 10mM MgCl2, 10mM Zn(OAc)2,
2mM b-mercaptoethanol. As the latch does not contain
tryptophans, the protein concentration was determined
with the Bradford method.

Protein crystallization, data collection and structure
determination

Diffraction quality crystals for rgyr_hel_�latch were
obtained at 25�C from the PEG/ion screen (Hampton).
20mg ml�1 protein was mixed 1:1 (v/v) with reservoir
consisting of 0.2M magnesium formate, 20% PEG 3350.
Crystals were cryo-protected with paraffin oil, mounted in
an arbitrary orientation and data were collected at SLS
beamline X06DA on a MAR-CCD detector. Data were
indexed in a primitive orthorhombic lattice, integrated
with XDS (15), scaled with MOSFLM (16) and corrected
for anisotropy with XPREP (Bruker). Data statistics are
collected in Table 1. Systematic absences identified space
group P212121. A Matthews coefficient of 2.8 Å3/Da cor-
responding to 56% solvent content indicated two
rgyr_hel_�latch molecules per asymmetric unit.

The structure was determined by molecular replacement
using the truncated (termini and loops were removed, the
sequence of conserved residues was adjusted to match
T. maritima reverse gyrase) H1 and H2 domains of A.
fulgidus reverse gyrase as separate search models with
PHASER (16). Both H2 domains, but only one H1
domain, were found. Refinement of this model with
BUSTER (17) resulted in spurious electron density for
the second H1 domain, which could be placed manually.

Further refinement using PHENIX (18) and rebuilding in
COOT (19) enabled tracing of the connections between the
H1 and H2 domains to generate a model of two complete
helicase modules. Refinement statistics are summarized in
Table 1. The coordinates and structure factors have been
deposited in the Protein Data Bank (accession code 3oiy).

Nucleotides and nucleic acid substrates

Nucleotides were purchased from Jena Biosciences.
Oligonucleotides for ssDNA or dsDNA substrates were
purchased from Purimex. The 60 b ssDNA was 50-(Fl)-
AAG CCA AGC TTC TAG AGT CAG CCC GTG
ATA TTC ATT ACT TCT TAT CCT AGG ATC CCC
GTT-30. The 60-bp dsDNA substrate was formed by an-
nealing with the complementary strand. Negatively super-
coiled pUC18 was purified from transformed E. coli
XL1-Blue cells.

Fluorescence equilibrium titrations

Dissociation constants of enzyme/nucleotide complexes at
37�C were determined in fluorescence equilibrium titra-
tions with a Fluoromax-3 fluorimeter (Jobin Yvon)
using the fluorescent ADP analog mantADP (20). In ti-
trations of 1 mM mantADP in 50mM Tris/HCl, pH7.5,
0.15M NaCl, 10mM MgCl2, 100mM Zn(OAc)2, 2mM
b-mercaptoethanol, binding was monitored via Förster
resonance energy transfer (FRET) from tryptophan to
the mant group. Tryptophan fluorescence was excited at
295 nm (3 nm bandwidth), and mant fluorescence was
detected at 440 nm (3 nm bandwidth). The Kd value was
determined using the solution of the quadratic equation
describing a 1:1 complex formation [Equation (1)].

F ¼F0+
�Fmax

L½ � tot
�

�
E½ � tot+L½ � tot+Kd

2

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E½ � tot+L½ � tot+Kd

2

� �2

� E½ � tot L½ � tot

s � ð1Þ

where F0 is the fluorescence of free mantADP, �Fmax is
the amplitude, [E]tot is the total enzyme concentration and
[L]tot is the total ligand concentration.
DNA binding was measured in fluorescence anisotropy

titrations of DNA labeled with fluorescein at the 50-end in
50mM Tris/HCl, pH7.5, 0.15M NaCl, 10mM MgCl2,
100 mM Zn(OAc)2, 2mM b-mercaptoethanol, and
analyzed as described (11).

Steady-state ATPase activity

The steady-state ATPase activity was measured in a
coupled ATPase assay via the decrease in A340 due to
oxidation of NADH to NAD+ (21) as described (11).
Assay conditions were 50mM Tris/HCl, pH7.5, 0.15M
NaCl, 10mM MgCl2, 2mM b-mercaptoethanol, 0.4mM
phosphoenolpyruvate and 0.2mM NADH, 23 mgml�1

lactate dehydrogenase, 37 mgml�1 pyruvate kinase.
Initial velocities v (inmM ATP s�1) were calculated from
the absorbance change �A340/�t with e340,
NADH=6220M�1 cm�1, and converted to kcat. Data

Table 1. Data collection, phasing and refinement statistics

Data set 3OIY

Data collection 132.7–2.35
Resolution range (Å)a (2.44–2.35)
Space group P212121
Cell dimensions (Å) a=59.6, b=126.5, c=132.7
Unique reflections 42 547 (4453)
Multiplicity 7.1 (7.4)
Completeness (%) 99.6 (100)
Rsym (%)b 9.9 (65.9)
Average I/�(I) 9.7 (1.3)

Refinement 44.4–2.35
Resolution range (Å) (2.41–2.35)
Rcryst (%)c 20.8 (39.4)
Rfree (%)c 25.1 (41.5)
# of residues/waters 807/99
Phase/coordinate errors (�/Å)d 28.3/0.38
rmsd bonds/angles (Å/ �) 0.012/1.56
Ramachandran plot (%)e 96.8/3.1/0.1

aValues in parentheses correspond to the highest resolution shell.
bRsym=100·�h�i|Ii(h) – <I(h)>|/�h�iIi(h), where Ii(h) is the i-th mea-
surement of reflection h and <I(h)> is the average value of the reflec-
tion intensity.
cRcryst=�|Fo| – |Fc|/�|Fo|, where Fo and Fc are the structure factor
amplitudes from the data and the model, respectively; Rfree is Rcryst

with 5% of test set structure factors.
dBased on maximum likelihood.
eCalculated using COOT (19); numbers reflect the percentage amino
acid residues of the core, allowed and disallowed regions, respectively.
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were analyzed according to the Michaelis–Menten
equation.

Topoisomerase activity

Relaxation and supercoiling activities were measured in
50mM Tris/HCl, pH 7.5, 0.15M NaCl, 10mM MgCl2,
100mM Zn(OAc)2, 2mM b-mercaptoethanol, 10% (w/v)
polyethylene glycol 8000 and 15 nM negatively supercoiled
pUC18 plasmid as a substrate. Reactions were started by
adding 2mM ATP, ADP, ATPgS or ADPNP to 1 mM
reverse gyrase at 75�C, and samples taken at different
time points were analyzed on a 1.2% (w/v) agarose gel
run at 11V cm�1. To separate positively and negatively
supercoiled species, two-dimensional electrophoresis in
2% agarose gels was performed in the presence of
10 mgml�1 chloroquine in the second dimension.

RESULTS

The latch interferes with nucleotide binding, but
contributes to DNA binding to the helicase-like domain

We have previously shown that the helicase-like domain,
rgyr_hel, is a nucleotide-dependent switch that binds
DNA and ATP cooperatively (11). In the ATP state of
rgyr_hel, the affinities for ssDNA and dsDNA are com-
parable, whereas in the ADP state, ssDNA is bound pref-
erentially. In the context of full-length rgyr, the differences
in affinities for ssDNA and dsDNA are reduced, as is the
cooperativity between ATP and DNA binding.
To dissect the role of the latch region in positive DNA

supercoiling, we constructed a latch deletion mutant of
T. maritima reverse gyrase in which residues 389–459 of
the helicase-like domain are replaced by a glycine
(Figure 1, rgyr_hel_�latch). Residues 387 and 460 are
prolines in T. maritima reverse gyrase (Pro352 and
Pro424 in A. fulgidus numbering) that are conserved
among reverse gyrases. In the structure of A. fulgidus
reverse gyrase, Pro352 and Pro424 mark the beginning
and end, respectively, of b-strands leading into and out
of the latch domain. These b-strands are part of a b-sheet
that connects the latch domain to H2. The Ca-atoms of
the prolines are 0.66 nm apart, a distance that can be
covered by two amino acids. To confirm that the replace-
ment of the latch domain by a glycine does not alter the
overall structure of reverse gyrase, we determined the
crystal structure of rgyr_hel_�latch to 2.35-Å resolution
(Table 1, Figure 2). The H2 domains of T. maritima and
A. fulgidus reverse gyrases superpose with an rmsd of
1.6 Å over 181 residues, proving that the deletion of the
latch domain does not significantly alter the structure of
the H2 domain (Figure 2A). Importantly, the glycine
residue replacing the latch domain is well defined by
electron density (Figure 2B). The region around the
conserved proline residues is similar in both structures
with a Ca–Ca distance of 0.57 nm for Pro387 and
Pro460. Thus, the deletion of the latch region does not
alter the RecA fold of H2, and, consequently, should
not have any undesired effects on the overall structure
of reverse gyrase.

We also measured far-ultraviolet (UV) circular dichro-
ism (CD) spectra of rgyr and rgyr_�latch at 37�C, 50�C
and 70�C (Supplementary Figure S1). The CD spectra
indicate that the two proteins are thermostable and have
similar folds in this temperature range. Both enzymes are
active topoisomerases at 75�C (see below). Overall, we
thus have no indication for large structural changes in
rgyr_�latch.

As the helicase-like domain is responsible for ATP
binding and hydrolysis, we first analyzed the effect of
the latch on adenine nucleotide binding (Figure 3). We
have previously established that mantADP is a suitable
analog to monitor adenine nucleotide binding to rgyr
and rgyr_hel (11,14). Deletion of the latch in rgyr led to
a 7-fold increase in affinity for mantADP, and a 2-fold
increase in the affinity for ADPNP (Table 2). In the
context of the isolated helicase-like domain, deletion of
the latch led to a 1.6-fold increase in mantADP affinity,
and a 2.7-fold in (mant)ADPNP affinity. Thus, the latch
insertion in H2 affects adenine nucleotide binding.

To dissect contributions of the latch domain to DNA
binding, anisotropy titrations of fluorescently labeled
ssDNA and dsDNA were performed (Figure 4). Ideally,
DNA binding studies should be performed with a reverse
gyrase mutant in which the catalytic tyrosine involved
in DNA cleavage is replaced by a phenylalanine to
prevent covalent binding of the DNA. However, the
DNA-cleavage-deficient rgyr_�latch_Y851F mutant was
not soluble. Therefore, we performed comparative
DNA-binding studies with rgyr_�latch and wild-type
reverse gyrase that also contained the catalytic tyrosine
(Table 3) to dissect the influence of the latch. The effects
of the latch deletion on DNA binding to rgyr were small,
with a 2-fold reduction of ssDNA affinity (Kd 17 nM for

Figure 2. Structure of H2 in rgyr_hel_�latch. (A) Superposition of the
H2 domain in rgyr_hel_�latch (T. maritima, gray) and H2/H3 of
A. fulgidus reverse gyrase. H2 is depicted in dark blue, the latch
domain (H3) in orange. (B) Close-up of the deletion region. P387,
S388 and P460, as well as the introduced glycine are shown in stick
representation; S388 and the glycine are highlighted in cyan. The
sA-weighted 2mFo–DFc electron density in this region is contoured at
the 1s level and depicted as a gray mesh. The figure was created with
Pymol (www.pymol.org).
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rgyr versus 33 nM for rgyr_�latch), and a 1.3-fold reduc-
tion of dsDNA affinity (74 nM versus 96 nM). These dif-
ferences in Kd values correspond to a small energetic
contribution of the latch to DNA binding by <2 kJ/mol.
For rgyr_hel, the effects of the latch deletion on DNA
binding were more pronounced. The ssDNA affinity was
decreased 2.1-fold (Kd 0.20mM for rgyr_hel versus
0.42mM for rgyr_hel_�latch), and the dsDNA affinity
was decreased 5.4-fold (3.9 mM versus 21 mM), corres-
ponding to small but significant energetic contributions
of the latch to DNA binding by 2–4 kJ/mol. To test
directly for DNA binding to the latch, we produced the
isolated latch domain, and determined its affinities for
ssDNA and dsDNA (Figure 4E). The isolated latch
binds both ssDNA and dsDNA with low affinities (Kd

64±29 mM for ssDNA, 78±39 mM for dsDNA), con-
firming that it contributes to DNA binding. Although dif-
ferences in the helicase-like domain reflect contributions of
the latch to DNA binding to the helicase-like domain only
(and suggest that the latch is involved in DNA binding to
this site), Kd values for the full-length enzyme also contain
contributions from the (nucleotide-independent) DNA-
binding sites in the topoisomerase domain, masking the
influence of the latch and rendering a dissection of effects
difficult.

Deletion of the latch diminishes cooperativity in the
helicase-like domain

We next characterized the effect of the latch on ATP hy-
drolysis, and stimulation of ATP hydrolysis by DNA in
steady-state ATPase assays (Figure 5, Table 4). The kcat
values for the intrinsic ATPase activities of rgyr and
rgyr_�latch are small, with 30� 10�3 s�1 and
18� 10�3 s�1, respectively, indicating that the latch is
not involved in ATP hydrolysis. The KM value for ATP
is slightly reduced in rgyr_�latch (44 mM for rgyr, 26 mM
for rgyr_�latch). In the context of the isolated
helicase-like domain, the analogous deletion of the latch
also does not affect the intrinsic ATPase activity much
(kcat=30� 10�3 s�1, KM,ATP=77 mM for rgyr_hel, and
kcat=20� 10�3 s�1, KM,ATP=67 mM for
rgyr_hel_�latch). The small reduction in KM,ATP upon
deletion of the latch is in-line with the interference of the
latch with nucleotide binding (see above, Table 2). The
effect is more pronounced for rgyr than for rgyr_hel.
The similar kcat values demonstrate that the latch does
not play a role in basal ATP hydrolysis within the
helicase-like domain of reverse gyrase.
In the presence of ssDNA, dsDNA or pUC18 plasmid,

the kcat values for ATP hydrolysis by reverse gyrase are
increased 5–10-fold (Table 4, ref. 11). Similar to wild-type
reverse gyrase, ATP hydrolysis by rgyr_�latch was
stimulated 6–9-fold by DNA (Table 4), excluding a role
of the latch for stimulation of the ATPase activity by
DNA. At 75�C, similar effects of ssDNA and plasmid
DNA on ATP hydrolysis by rgyr and rgyr_�latch were
observed (Supplementary Figure S2).
Rgyr binds ATP and DNA cooperatively, reflected in a

2.8–3.7-fold decrease of theKM,ATP in the presence ofDNA
(Table 4, ref. 11). By contrast, decreases inKM,ATP values in
the presence of ssDNA, dsDNA or pUC18 plasmid are

Figure 3. Nucleotide binding. (A) Titration of 1 mM mantADP with
rgyr (filled squares) and rgyr_�latch (open squares). The Kd

values are 1.1±0.3 mM (rgyr) and 0.16±0.02 mM (rgyr_�latch).
(B) Titration of 1 mM mantADP with rgyr_hel (filled circles) and
rgyr_hel_�latch (open circles). The Kd values are 4.4±0.2 mM
(rgyr_hel) and 2.7±0.1 mM (rgyr_hel_�latch). Binding was detected
via energy transfer from tryptophans to the mant group. For Kd

values in the presence of DNA, see Table 2.

Table 2. Nucleotide binding

mADP
rgyra Kd (mM) rgyr_�latch Kd (mM)

– 1.1±0.3 0.16±0.02
ssDNA 2.2±0.4 0.67±0.05
dsDNA 0.5±0.2 0.13±0.03

rgyr_hel Kd (mM) rgyr_hel_�latch Kd (mM)
– 4.4±0.2 2.7±0.1
ssDNA 10±1 2.6±0.7
dsDNA 1.7±0.4 0.9±0.4

ADPNP
rgyr Kd (mM) rgyr_�latch Kd (mM)

– 10±0.8 4.7±0.8
ssDNA 12±3 12±2
dsDNA 8±1 8±1

rgyr_helb Kd (mM) rgyr_hel_�latchb Kd (mM)
– 36±8 13±4
ssDNA 12±2 16±8
dsDNA 1.9±0.4 11±4

aData from ref. (11) .bTitrations were performed with mADPNP.
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Figure 4. DNA binding. (A) Titration of 10 nM ssDNA with rgyr (filled squares) and rgyr_�latch (open squares). (B) Titration of 25 nM ssDNA
with rgyr_hel (filled circles) and rgyr_hel_�latch (open circles). (C) Titration of 10 nM dsDNA with rgyr (filled squares) and rgyr_�latch (open
squares). (D) Titration of 25 nM dsDNA with rgyr_hel (filled circles) and rgyr_hel_�latch (open circles). (E) Titration of 25 nM ssDNA (red) or
dsDNA (blue) with the isolated latch domain. Binding curves for ssDNA are shown in red, binding curves for dsDNA are depicted in blue. For Kd

values from the depicted data and Kd values in different nucleotide states, see Table 3. (F) Preference for ssDNA in rgyr and rgyr_�latch (upper
panel) and rgyr_hel and rgyr_hel_�latch (lower panel) in different nucleotide states. (G) Thermodynamic cycle for ADPNP (N) and dsDNA (D)
binding to rgyr_hel (rgh). The Kd values in mM are indicated. Numbers in the center refer to the coupling factor (n-fold decrease in Kd when the first
ligand is already bound). The coupling factor for binding of ADPNP and dsDNA to rgyr_hel is �20. (H) Thermodynamic cycle for ADPNP (N) and
dsDNA (D) binding to rgyr_hel_�latch (rgh�). The coupling factor for ADPNP and dsDNA binding is �1, indicating that coupling is lost upon
latch deletion.
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Figure 5. ATPase activity. Steady-state ATPase activity as a function of the ATP concentration. (A) rgyr, (B) rgyr_�latch, (C) rgyr_hel, (D)
rgyr_hel_�latch. Black: no DNA, red: ssDNA, blue: dsDNA. Data for rgyr are depicted with squares, data for rgyr_hel with circles. Data for
wild-type proteins are depicted with filled symbols, data for latch deletions with open symbols. For kcat and KM values, see Tables 4 and 5.

Table 3. DNA binding

rgyr rgyr_�latch

Kd (mM) rel. Kd (mM) rel.
ssDNA

– 0.017+0.004 1 0.033±0.077 1
ADP state 0.013±0.003 0.8 0.025±0.005 0.8
ATP state (ADPNP) 0.015±0.006 1.2 0.040±0.010 1.2

dsDNA
– 0.074±0.016 4.3 0.096±0.019 2.9
ADP state 0.11±0.02 6.5 0.058±0.010 1.8
ATP state (ADPNP) 0.055±0.015 3.2 0.104±0.015 3.2

rgyr_hela rgyr_hel_�latch

Kd (mM) rel. Kd (mM) rel.
ssDNA

– 0.20±0.01 1 0.42±0.07 1
ADP state 0.28±0.01 1.4 2.6±0.3 6.2
ATP state (ADPNP) 0.46±0.03 2.3 1.1±0.1 2.6

dsDNA
– 3.9±0.6 20 21±5 50
ADP state 3.7±0.5 19 24±5 57
ATP state (ADPNP) 0.19±0.03 1 36±8 86

aData from ref. (11).
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only 0.7–1.3-fold for rgyr_�latch (Table 4), pointing
toward a complete loss in cooperativity upon deletion of
the latch region. A similar effect is observed with rgyr_hel,
where the cooperativity of DNA and ATP binding leads to
a large, 16- and 7-fold decrease of the KM,ATP in the
presence of ssDNA and dsDNA, respectively. Deletion of
the latch reduces the cooperativity, and the decrease is only
2.5- and 2.2-fold. Thus, the latch is crucial for coupling
ATP and DNA binding within the helicase-like domain
of reverse gyrase.
Measuring the steady-state ATPase activity as a function

of the DNA concentration allows for the determination of
apparent KM values for DNA. These values provide a
relative measure for DNA affinity to the predominant
states populated under steady-state conditions. For
reverse gyrase, the ATP state should be the predominant
form as ATP hydrolysis is the rate-limiting step in the nu-
cleotide cycle of reverse gyrase (14) (in the absence of
DNA). In contrast to Kd values above that describe
overall DNA binding to all sites, the KM values only
report on DNA-binding sites on reverse gyrase that are
coupled to ATP hydrolysis. The KM,DNA values for rgyr
are 0.45 mM (ssDNA), and 2.2 mM (dsDNA), respectively

(Table 5, ref. 11). The corresponding KM,DNA values for
rgyr_�latch are 0.27mM (ssDNA), and 0.12mM
(dsDNA), corresponding to a slight increase in affinity
for ssDNA (1.7-fold), and a significant increase for
dsDNA (18-fold). The affinity for pUC18 plasmid was
also increased by deleting the latch (Table 5). These data
suggest an inhibitory effect of the latch on (ds)DNA
binding to the ATP state of rgyr. The KM,DNA values for
rgyr contain contributions from DNA binding to the
helicase-like domain and to the topoisomerase domain, if
these are coupled to ATP hydrolysis. We therefore dis-
sected the contribution of the latch to DNA binding by
performing the same experiments with rgyr_hel.
Interestingly, the effects observed with rgyr are not paral-
leled by rgyr_hel (Table 5). Here, the KM,DNA values are
increased 3.6-fold for ssDNA and 1.6-fold for dsDNA
upon latch deletion, in-line with a contribution of the
latch to DNA binding to the helicase-like domain in the
ATP state. Overall, these findings are thus consistent with
contributions of the latch to ssDNA and dsDNA binding
to the helicase-like domain of reverse gyrase, in agreement
with the findings from anisotropy titrations of DNA (see
above). The decrease in KM,DNA of rgyr_�latch that is not

Table 5. Steady state ATPase parameters (DNA dependence)

rgyra rgyr_�latch

KM,DNA (mM) kcat (10
�3 s�1) KM,DNA (mM) kcat (10

�3 s�1)

– n.a. 20±0.8 n.a. 18±0.5
ssDNA 0.45±0.06 160±7 0.271±0.024 108±2
dsDNA 2.2±0.30 148±9 0.124±0.039 98±8
pUC18 No sat. No sat. 0.020±0.013 104±14

rgyr_hela rgyr_hel_�latch

KM,DNA (mM) kcat (10
�3 s�1) KM,DNA (mM) kcat (10

�3 s�1)

– n.a. 30±2 n.a. 20±2
ssDNA 0.07±0.04 1160±188 0.25±0.03 780±20
dsDNA 0.18±0.03 1450±64 0.29±0.06 780±40
pUC18 0.046±0.006 673±21 n.d. n.d.

aData from ref. (11).

Table 4. Steady state ATPase parameters (ATP dependence)

rgyra rgyr_�latch

KM,ATP (mM) kcat (10
�3 s�1) KM,ATP (mM) kcat (10

�3 s�1)

– 44±6 20±0.8 26.5±3.5 18±0.5
ssDNA 12±1.5 108±2.1 33.3±5.5 101±4
dsDNA 16±1.5 117±1.6 18.3±4.1 131±6
pUC18 15.6±0.9 199±1.6 42.1±2.3 164±3

rgyr_hela rgyr_hel_�latch

KM,ATP (mM) kcat (10
�3 s�1) KM,ATP (mM) kcat (10

�3 s�1)
– 77±23 30±2 67±18 20±2
ssDNA 4.8±1 992±12 27±2 660±10
dsDNA 11±4 1435±57 30±4 850±20
pUC18 7.4±1.1 818±10 n.d. n.d.

aData from ref. (11).
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observed for rgyr_hel_�latch suggests that the latch (nega-
tively) coordinates dsDNA binding within the topoisomer-
ase domain to ATP hydrolysis by the helicase-like domain.

The effect of the latch on coupling nucleotide and DNA
binding

The loss of cooperativity between ATP and DNA binding
upon deletion of the latch region suggests a role of the
latch for coupling DNA binding to the nucleotide state.
We next determined the effect of the latch on
nucleotide-dependent DNA binding (Table 3). In the
nucleotide-free state, the latch contributes to ssDNA
and dsDNA binding to the helicase-like domain of rgyr
(see above, 1.3–2-fold loss in affinity by deleting the latch
in rgyr, 2.1–5.4-fold in rgyr_hel). In the ADP state,
deletion of the latch leads to a modest (2-fold) decrease
in affinity for ssDNA, and an equally modest 2-fold
increase in affinity of rgyr for dsDNA. These values
suggest a contribution of the latch to ssDNA binding,
but interference with dsDNA binding, in the ADP state.
In the ADPNP state, in contrast, deletion of the latch
causes a 2.7-fold and 1.9-fold loss in ssDNA and
dsDNA affinity, in-line with a positive contribution of
the latch to ssDNA and dsDNA binding to reverse gyrase.

Similar to the KM,DNA values, Kd values for rgyr/DNA
complexes contain contributions from (nucleotide-
dependent) DNA binding to the helicase-like domain
and (nucleotide-independent) DNA binding to the topo-
isomerase domain, as well as possible coupling effects. To
dissect the contribution of the latch to DNA binding
within the helicase-like domain, we therefore also per-
formed titrations with rgyr_hel. Here, the deletion of the
latch consistently leads to a decrease in both ssDNA and
dsDNA affinity in all nucleotide states (Table 3). In the
ADP state, this loss in affinity is 9-fold for ssDNA
and 7-fold for dsDNA; in the ADPNP state it is 2.4-fold
for ssDNA and 190-fold for dsDNA. These values
demonstrate that the latch contributes to ssDNA and
dsDNA binding to the helicase-like domain in all
nucleotide states. The largest contribution of the latch to
DNA binding is observed for dsDNA in the ADPNP
state.

As a reciprocal approach to monitoring DNA binding
in different nucleotide states, we also measured nucleotide
binding to different DNA-bound forms of rgyr and
rgyr_hel (Table 2). Consistent with the observation in
the absence of DNA, the affinity of rgyr and rgyr_hel
for mantADP was increased in all DNA-bound states
upon deletion of the latch, with more pronounced effects
for rgyr (3–7-fold) than for rgyr_hel (2–4-fold). For rgyr,
the increase in nucleotide affinity was most pronounced in
the DNA-free state, whereas for rgyr_hel it was most
pronounced in the ssDNA-bound state. The increased
affinity of the latch deletions for (mant)ADPNP was
alleviated in the presence of DNA, with identical nucleo-
tide affinities for rgyr and rgyr_�latch, and similar values
for rgyr_hel and rgyr_hel_�latch. The only exception is
mantADPNP binding to rgyr_hel_�latch in the presence
of dsDNA. Here, the latch deletion decreases the nucleo-
tide affinity 5.8-fold. In combination with the

nucleotide-dependent DNA binding studies (Table 3),
thermodynamic cycles of DNA and nucleotide binding
can be constructed (Figure 4). Coupling of overall DNA
binding and nucleotide binding is small in reverse gyrase,
and only small effects of the latch are observed. Coupling
is larger for rgyr_hel, however, and here the effect of the
latch becomes apparent. In rgyr_hel, ADPNP and dsDNA
binding are thermodynamically coupled, with a coupling
factor of 20 (Figure 4G). Upon deletion of the latch, this
coupling is lost completely (Figure 4H). Some coupling is
also present for ADPNP and ssDNA binding to rgyr_hel,
which is also lost upon deletion of the latch. Overall, the
data are thus consistent with a major effect of the latch on
coupling (ds)DNA binding and ADPNP binding to the
helicase-like domain.

The latch contributes to the discrimination between
ssDNA and dsDNA

Reverse gyrase exhibits a clear (4–8-fold) preference for
ssDNA over dsDNA in the nucleotide-free, the ADP and
the ATP-state (Figure 4F, Table 3, ref. 11). Deletion of the
latch reduces the preference for ssDNA significantly, and
leads to a similar (2–3-fold) small preference for ssDNA in
the nucleotide-free, the ADP- and the ADPNP state. In
rgyr_hel, the latch deletion leads to a further increase of
the preference for ssDNA in the nucleotide-free and the
ADPNP state, but slightly reduces the preference in the
ADP state (Figure 4F, Table 3). The preference of
rgyr_hel_�latch for ssDNA in the ADPNP state is in
stark contrast to similar affinities of rgyr_hel for ssDNA
and dsDNA in the ADPNP state (11), strongly suggesting
a role of the latch in this switch in DNA affinities upon
ATP binding (switch from nucleotide-free to ADPNP
state), and upon ATP hydrolysis/product release (switch
from ADPNP to ADP state). This switch is suppressed in
context of rgyr (11), and the effect of the latch can thus
only be studied with the isolated helicase-like domain.
Overall, our results point toward a role of the latch in
coupling nucleotide and DNA-binding sites within the
helicase-like domain, and in coordinating DNA binding
within the topoisomerase domain with ATP hydrolysis in
the helicase-like domain.

The latch is required for positive supercoiling of DNA by
T. maritima reverse gyrase

Finally, we investigated the effect of the latch on the topo-
isomerase activities of reverse gyrase (Figure 6,
Supplementary Figure S3). Similar to the wild-type
enzyme, rgyr_�latch does not show significant relaxation
activity in the absence of nucleotides, even at a large
excess of enzyme (Supplementary Figure S3). In the
presence of ATP and ATPgS, rgyr_�latch relaxes nega-
tively supercoiled DNA, but is not capable of introducing
positive supercoils as the wild-type enzyme (14). The re-
laxation activity of rgyr_�latch is also observed in the
presence of ADP and ADPNP, indicating that it does
not depend on ATP hydrolysis. Consequently, the latch
region is required for the positive supercoiling reaction.
Interestingly, this observation sets T. maritima reverse
gyrase apart from the A. fulgidus homolog, which does
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not seem to require the latch for the positive supercoiling
reaction (13).

DISCUSSION

The latch modulates the properties of the helicase-like
domain in reverse gyrase

Studies on reverse gyrase from A. fulgidus have suggested
that the latch region is involved in communication
between the helicase-like and the topoisomerase domain
and coordination of their activities, even though it was not
required for positive supercoiling (13). Here, we have dis-
sected the contributions of the latch to nucleotide binding
and hydrolysis, DNA binding, and cooperativity in the
isolated helicase-like domain of T. maritima reverse
gyrase, as well as in the full-length enzyme. The latch
affects nucleotide binding to the helicase-like domain,
but does not alter the intrinsic or the DNA-stimulated

ATPase activities. Coupling between DNA binding and
ATP binding and hydrolysis in the helicase-like domain
is lost when the latch is deleted, demonstrating that the
latch is crucial for cooperativity within the helicase-like
domain of reverse gyrase.

The helicase-like domain of reverse gyrase resembles
DEAD box proteins. Members of this protein family
within the SF2 helicases mediate ATP-dependent struc-
tural rearrangements of RNA, and typically exhibit
cooperativity between nucleotide and DNA/RNA
binding (22). This cooperativity has been rationalized
from DEAD box protein structures that reveal a bipartite
nucleic acid binding site that covers the surface of both
RecA domains (corresponding to H1 and H2 in reverse
gyrase) and a nucleotide binding site that is formed in the
inter-domain cleft by residues from both domains (23).
The similar spatial distribution of conserved motifs (6),
mutational studies on the contributions of these motifs
to supercoiling (24), as well as the existing cooperativity
between DNA and ATP binding in the helicase-like
domain of reverse gyrase altogether suggest similar con-
certed conformational changes upon ATP (and DNA)
binding (11) in the helicase-like domain in reverse
gyrase. The observation that the latch is involved in
cooperativity of DNA and nucleotide binding suggests
that it contributes to the DNA binding site within H2.
On the other hand, the latch interferes with nucleotide
binding. In the structure of A. fulgidus reverse gyrase
with ADPNP bound to the helicase-like domain, the nu-
cleotide only interacts with residues in H1, but not H2 (6),
again supporting the notion that, similar to SF2 helicases,
a closure of the cleft between H1 and H2 in response to
nucleotide (and DNA) binding may lead to an increased
nucleotide affinity. The interference of the latch with nu-
cleotide binding to the helicase-like domain in the absence
and presence of DNA suggests that the latch modulates
the underlying conformational change, possibly by
reducing the flexibility of the helicase-like domain.
Consistent with the effect on the isolated helicase-like
domain, inhibition of nucleotide binding by the latch is
also observed in reverse gyrase. Here, binding of DNA
and nucleotide is less cooperative, which may reflect an
inhibition of the underlying conformational change in the
helicase-like domain by the topoisomerase domain (11). In
line with this scenario, the effect of the latch on nucleotide
binding in reverse gyrase is less severe. In addition, it is
alleviated in the presence of ssDNA and dsDNA. It is
conceivable that nucleotide and DNA binding alleviate
conformational restrictions caused by interactions
between the helicase-like and the topoisomerase-like
domains, consistent with a possible release of the latch
from the topoisomerase domain in the presence of DNA
(6), and a concomitant loss of conformational restrictions
in the helicase-like domain.

The latch affects the discrimination between ssDNA
and dsDNA

The DNA-binding site on the helicase-like domain
exhibits a preference for ssDNA in the nucleotide-free
and the ADP state, but switches to similar affinities for

Figure 6. Topoisomerase activity. (A) Topoisomerase activity of rgyr
and rgyr_�latch. (B) Topoisomerase activity of rgyr with ATP, ATPgS
and ADPNP. Rgyr introduces positive supercoils in the presence of
ATP and ATPgS, but only relaxes DNA in the presence of ADPNP.
(C) Topoisomerase activity of rgyr_�latch with ATP, ATPgS and
ADPNP. Rgyr_�latch relaxes DNA in the presence of ATP and
ATPgS, and exhibits weak relaxation activity in the presence of
ADPNP. In (A), reaction products from incubation of rgyr or
rgyr_�latch with negatively supercoiled DNA were separated via
one-dimensional gel electrophoresis. When two lanes are depicted for
the same experimental conditions, the left lane corresponds to 1 h in-
cubation time, the right lane to 2 h. In (B) and (C), reaction products
were separated via two-dimensional gel electrophoresis (‘Material and
Methods’ section). The species in the left arm of the arch represent
negatively supercoiled DNA, the right arm of the arch represent posi-
tively supercoiled DNA. For analysis via one-dimensional gel electro-
phoresis in the presence of chloroquine, see Supplementary Figure S3.
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ssDNA and dsDNA in the ATP state. By contrast, in the
absence of the latch the preference for ssDNA is high in
the nucleotide-free and ATP state, but reduced for the
ADP state, implicating the latch in the switching
properties of the helicase-like domain. In line with the
effect of the latch on cooperativity, it indeed contributes
to DNA binding to the helicase-like domain in reverse
gyrase, and it is capable of weak DNA binding on its
own. The latch is structurally homologous to a region of
the transcription termination factor Rho that is involved
in RNA binding (7,8), but for A. fulgidus reverse gyrase no
effect of the latch on DNA binding was observed (13).
This may be due to the presence of various different
DNA-binding sites within reverse gyrase that contribute
to the overall DNA affinity, hiding contributions from the
latch. These effects thus only become detectable in
DNA-binding studies with the isolated helicase-like
domain as we have performed here, and may have been
missed in studies of the A. fulgidus enzyme. Even though
the latch provides minor contributions to DNA binding, it
is not required for high-affinity DNA binding to reverse
gyrase. Its contribution may be relevant for transient
contacts of the latch with DNA that have been proposed
(6), consistent with a guiding effect of the latch for DNA
during supercoiling and strand passage. Most import-
antly, the latch affects the discrimination of reverse
gyrase between ssDNA and dsDNA. The strong prefer-
ence of reverse gyrase for ssDNA in all nucleotide states
(11) is thought to be important for sensing single-stranded
regions in DNA at high temperatures (4). Upon deletion
of the latch in reverse gyrase, this preference is reduced,
and is now similar for the nucleotide-free, ATP and ADP
states, consistent with the latch being involved in
communicating the nucleotide state of the helicase-like
domain to the DNA-binding sites on the topoisomerase
domain.

The latch is required for positive supercoiling

It has been suggested previously that a conformational
change bringing H1 and H2 close together may lead to a
movement of the latch and to a release of the lid of the
topoisomerase domain during positive supercoiling (6). In
light of this scenario (that has not been proven experimen-
tally as yet), a crucial role of the latch in positive super-
coiling is expected. Interestingly, a deletion of the latch in
A. fulgidus reverse gyrase did not abolish positive super-
coiling, though the activity was significantly reduced (13).
By contrast, we have shown here that the latch is abso-
lutely required for positive supercoiling by T. maritima
reverse gyrase. The latch deletion construct we used here
does not contain the two-stranded b-sheet connecting the
latch to the H2 domain. This region is absent in SF2
helicases, but was retained in the deletion construct of
A. fulgidus reverse gyrase (13). On the other hand, the
latch region shows less sequence conservation among
reverse gyrases than the H1 and H2 domains, and may
have different roles in different enzymes. It is thus unclear
whether the different effects of the latch deletions in
A. fulgidus and T. maritima reverse gyrase are due to

different deletions studied, or reflect genuine differences
between these enzymes.
Despite its requirement for positive DNA supercoiling

by T. maritima reverse gyrase, the latch is not required for
nucleotide-mediated relaxation of DNA in the presence of
ATP, ATPgS and ADPNP, and is thus not necessary per
se for strand passage in general, or for strand passage
toward a higher linking number. The latch has been
implicated in repressing relaxation of DNA by the topo-
isomerase domain (13) in the absence of nucleotides.
However, deletion of the latch in T. maritima reverse
gyrase does not lead to DNA relaxation in the absence
of nucleotides, arguing against a general role of the latch
in repressing this activity. Deletion of the latch leads to
relaxation in the presence of all nucleotides tested, sug-
gesting an important role of the latch in coupling ATP
hydrolysis to strand passage towards positive DNA super-
coiling. To dissect how DNA is guided toward positive
DNA supercoiling, future studies will have to address
DNA binding to individual sites on reverse gyrase, and
their contributions to DNA binding at different stages
of the supercoiling.
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Chapter 3.  Article  

Nucleotide-driven conformational changes in the reverse gyrase 

helicase-like domain couple the nucleotide cycle to DNA processing. 

 

In this article, simultaneous equilibrium binding studies of the helicase-like 

domain to nucleotide analogs along the catalytic cycle and different DNA 

constructs were reported. By using this approach we unraveled the lowest 

energy path along the thermodynamic landscape of all possible complexes. 

Combined with smFRET data, also the conformational transitions along this 

nucleotide cycle were determined. The helicase-like domain is responsible for 

the nucleotide-dependent behavior of the DNA positive supercoiling reaction 

performed by reverse gyrase. From this characterization a picture emerged on 

which mechanistic details of the helicase-like domain fulfill the requirements 

for duplex DNA unwinding, and nucleotide- and conformational-controlled 

ssDNA strand presentation to the topoisomerase domain to perform the 

supercoiling reaction. 
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Reverse gyrase introduces positive supercoils into DNA in an ATP-dependent process. It has a

modular structure comprising a helicase-like and a topoisomerase domain. The helicase-like

domain consists of two RecA-like subdomains and thus structurally resembles members of the

helicase superfamily 2. It is a nucleotide-dependent switch that alters between an ATP state with a

slight preference for dsDNA, and an ADP state with a high preference for ssDNA. Inter-domain

communication between the helicase-like and the topoisomerase domain is central for their

functional cooperation in reverse gyrase. The latch, an insertion into the helicase-like domain, has

been suggested as an important element in coordinating their activities. Here, we have dissected

the nucleotide cycle of the reverse gyrase helicase-like domain in the absence and presence of

different DNA substrates. With this comprehensive thermodynamic characterization of the

nucleotide cycle of the helicase-like domain, in combination with single molecule FRET data on

the conformation of the helicase-like domain at all stages of the catalytic cycle, a picture emerges

as to how the helicase-like domain may guide ATP-dependent positive supercoiling by reverse

gyrase.

Introduction

Reverse gyrase is the only topoisomerase that can introduce

positive supercoils into DNA in an ATP-dependent process. It

was first identified in the hyperthermophilic archaeon

Sulfolobus acidocaldarius,1 and is unique to thermophiles and

hyperthermophiles.2 In vivo, reverse gyrases protect DNA at

high temperatures via DNA chaperone and renaturase

activities.3,4 Reverse gyrases have a modular structure, with

an N-terminal helicase like domain covalently linked to a

C-terminal topoisomerase I domain.5 The helicase-like

domain consists of two RecA-like subdomains (H1 and H2)

that harbor all signature motifs of superfamily (SF) 2

helicases, though with altered sequences.6 The isolated

helicase-like domain and reverse gyrase do not exhibit nucleic

acid unwinding activity.7,8 The helicase-like domain of

Thermotoga maritima reverse gyrase is a nucleotide-dependent

switch that exhibits a strong preference for ssDNA in

the nucleotide-free and ADP state, but has a small (2-fold)

preference for dsDNA in the ATP state.8 The DNA-

stimulated ATPase activity of the helicase-like domain is

10-fold higher than that of full-length reverse gyrase, pointing

towards a suppression of the activity of the helicase-like

domain by the topoisomerase domain.8 The ‘‘latch’’ (H3), an

insertion in the H2 domain resembling the RNA binding

region of the transcription termination factor Rho,9,10 is

required for thermodynamic coupling of DNA and nucleotide

binding in the helicase-like domain, and for positive DNA

supercoiling by T. maritima reverse gyrase.11 A strand-passage

mechanism similar to other type IA topoisomerases has been

suggested for positive DNA supercoiling by reverse gyrase.6

The model postulates as the initial event a conformational

change in the helicase-like domain that brings domains H1 and

H2 closer together, and a subsequent movement of the latch

domain away from the topoisomerase domain that allows the

lid region of the topoisomerase domain to swing up.

Here we have dissected the nucleotide cycle of the isolated

helicase-like domain of T. maritima reverse gyrase, the

influence of DNA on the nucleotide cycle, as well as coupling

between DNA and nucleotide binding. In addition, we have

correlated the nucleotide cycle with conformational changes in

the helicase-like domain. We show that the cleft between H1

and H2 closes upon binding of ATP and DNA, and re-opens

upon ATP hydrolysis and thus prior to phosphate release.

Thus, the helicase-like domain undergoes similar conforma-

tional cycles as DEAD box proteins, the largest family within

the helicase SF2. However, the triggering events for opening
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and closing of the inter-domain cleft differ. Implications of our

results for positive supercoiling of DNA by reverse gyrase are

discussed.

Material and methods

Cloning, protein production and purification

Rgyr_hel and rgyr_hel_Dlatch were purified as described.8,11

Cysteine mutants were constructed using the Quikchange

protocol (Stratagene), and were purified as wild-type protein.

Nucleotides and nucleic acid substrates

Nucleotides were purchased from Jena Biosciences. Oligo-

nucleotides for DNA substrates were purchased from Purimex.

The sequences were: 50-(fluorescein)-AAGCCAAGCT TCTA-

GAGTCAGCCCGT�G�A�T�A �T�T�C�A�T�T�A�C�T�T �C�T�T�A�T�CCTAG
GATCCCCGTT-3 0 (60mer) and 50-GATAAGAAGT

AATGAATATC-30 (20mer). Double-stranded DNA substrates

were formed by annealing the 60mer with the complementary

strand. The ss/dsDNA junction was formed by annealing the

60mer with the 20mer. The complementary part is underlined

in the 60mer sequence. The dsDNA substrate containing

a single-stranded bubble was generated by annealing the

strands 50-AAGCCAAGCT TCTAGAGTCG GTTTTT-

TTTT TTTTTTGGCT ATCCTAGGAT CCCCGTT-30 and

50-AACGGGGATC CTAGGATAGC CTTTTTTTTT

TTTTTTCCGA CTCTAGAAGC TTGGCTT-30.

Fluorescence equilibrium titrations

Dissociation constants of enzyme/nucleotide complexes were

determined in fluorescence equilibrium titrations with a

Fluoromax-3 fluorimeter (Jobin Yvon) using the fluorescent

nucleotide analogs mantADP, mantADPNP, mantADP�
BeFx, and mantADP�MgFx.

12 The fluorescent analogs

mantADP�BeFx, and mantADP�MgFx were generated as

described.13 In titrations of 1 mM mant nucleotides in

50 mM Tris/HCl, pH 7.5, 0.15 M NaCl, 10 mM MgCl2,

100 mM Zn(OAc)2, 2 mM b-mercaptoethanol, binding was

monitored via Förster Resonance Energy Transfer (FRET)

from tryptophan to the mant group. Tryptophan fluorescence

was excited at 295 nm (3 nm bandwidth), and mant fluores-

cence was detected at 440 nm (3 nm bandwidth). The

temperature was 37 1C if not indicated otherwise. The Kd

value was determined using the solution of the quadratic

equation describing a 1 : 1 complex formation (eqn (1)).

F ¼ F0 þ
DFmax

½mA�tot
½E�tot þ ½mA�tot þ Kd

2

�

�

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
½E�tot þ ½mA�tot þ Kd

2

� �2

�½E�tot½mA�tot

s 1
A ð1Þ

where F0 is the fluorescence of free mantADP, DFmax is the

amplitude, [E]tot is the total enzyme concentration, and [mA]tot
is the total nucleotide concentration.

DNA binding was measured in fluorescence anisotropy

titrations at 37 1C of DNA labeled with fluorescein at the

50-end in 50 mM Tris/HCl, pH 7.5, 0.15 M NaCl, 10 mM

MgCl2, 100 mM Zn(OAc)2, 2 mM b-mercaptoethanol, or

phosphate buffer (12 mM phosphate pH 7.5, 137 mM NaCl,

27 mM KCl, 10 mM MgCl2), and analyzed using the corres-

ponding form of eqn (1) as described.8

Single-molecule FRET experiments

The S169C/F332C and S169C/S341C cysteine mutants were

labeled in 50 mM Tris/HCl, pH 7.5, 0.2 M NaCl, 10 mM

MgCl2, 100 mM Zn(OAc)2 with a mixture of a 10-fold molar

excess of A488- (donor) and tetramethylrhodamine (TMR)

maleimide (acceptor), respectively, for 15 min at 25 1C in the

presence of 0.5 mM Tris(2-carboxyethyl)phosphine. Labeling

efficiencies were determined from absorbance ratios at

495 nm (A488, corrected for TMR contributions) and 280 nm

(protein, corrected for dye contributions), or at 550 nm

(TMR) and 280 nm. SmFRET experiments were performed

in a home-built confocal microscope as described.14 Only

fluorescence bursts above a threshold of 50–100 photons were

considered in the analysis. Measured fluorescence intensities

were corrected for background, for cross-talk from donor

fluorescence into the acceptor channel and vice versa, for

different detection efficiencies and quantum yields of donor

and acceptor, and for direct excitation of the donor as

described.14 Correction parameters and Förster radii R0 were

determined for each construct as described.14 All measure-

ments were performed at 37 1C in 50 mM Tris/HCl, pH 7.5,

0.15 M NaCl, 10 mM MgCl2, 100 mM Zn(OAc)2, treated with

active charcoal, with 50 pM fluorescently labeled rgyr_hel

(concentration of donor fluorophore).

Results

Dissecting the nucleotide cycle of rgyr_hel

We have previously shown that the helicase-like domain,

rgyr_hel, is a nucleotide-dependent switch8 that binds DNA

and ATP cooperatively. In the ADPNP-state, rgyr_hel shows

a slight (2-fold) preference for dsDNA, whereas in the ADP

state, ssDNA is bound preferentially. In the context of full

length reverse gyrase (rgyr), the differences in affinities for

ssDNA and dsDNA are reduced, as is the cooperativity

between ATP and DNA binding.

mantADP and mantADPNP are suitable analogs to

monitor adenine nucleotide binding to rgyr and rgyr_hel.8,11,15

To establish that binding data determined at 37 1C can be

extrapolated to the physiological temperature of T. maritima

(75 1C), and thus the temperature at which reverse gyrase

exerts its DNA-protective function, we first addressed the

temperature dependence of mantADP binding in the range

of 25–50 1C (Fig. 1). The Kd value of the mantADP complex

changes less than three-fold from 25–50 1C. The van’t Hoff

plot for mantADP binding is linear in this temperature range,

and a binding enthalpy DH0 of �26.1 kJ mol�1 is obtained.

The binding entropy is positive (DS0 = 30 J mol�1 K�1). For

mantADPNP, dissociation constants were determined in the

temperature range of 20–37 1C (Fig. 1B). Again, the Kd values

increase only slightly (less than 2-fold) over this temperature

range. The van’t Hoff plot is linear, and the binding enthalpy

DH0 is �24.7 kJ mol�1, the binding entropy DS0 =

16.4 J mol�1 K�1. As a consequence of the small temperature
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dependence of mantADP and mantADPNP binding, equili-

brium constants at 37 1C are very similar (within 3–4-fold) to

those at 75 1C.

Finally, we analyzed ATP hydrolysis under single turnover

conditions as a function of temperature (Fig. 1C). Here, the

temperature range of 25–60 1C was covered. The single

turnover rate constant for ATP hydrolysis at 37 1C was

20 � 3 � 10�3 s�1. This value is similar to the kcat value

of 30 � 2 � 10�3 s�1 determined for the steady state

ATPase activity,8 in-line with ATP hydrolysis as the rate-

limiting step in the cycle. At 60 1C, ATP was hydrolyzed at a

rate constant of 1.1 � 0.1 s�1, corresponding to a 900-fold

increase compared to 25 1C. The Arrhenius plot of the

rate constants is linear, indicating that the rate-limiting

step is not changing in this temperature range. Thus, these

temperature-dependent studies suggest that data on nucleotide

binding and hydrolysis determined at 37 1C can be extra-

polated safely to the physiological temperature of T. maritima

of 75 1C.

Next, we determined Kd values for all nucleotide complexes

relevant for the nucleotide cycle (Fig. 2). Since ATP is

hydrolyzed, we have previously used (mant)ADPNP as a

non-hydrolyzable nucleotide analog. In this study, we

now mimicked nucleotide states before and after ATP

hydrolysis using (mant)ADP�BeFx (Fig. 2A) as a pre-

hydrolysis (ground state) state ATP analog, and

(mant)ADP�MgFx as a post-hydrolysis (product state) analog

mimicking the ADP�Pi state. The Kd values were 1.9 (�0.1) mM
(mantADP�BeFx), and 2.1 (�0.1) mM (mantADP�MgFx),

demonstrating that rgyr_hel binds these nucleotides with

Fig. 1 Temperature dependence of nucleotide binding and ATP hydrolysis. (A) van’t Hoff plot of dissociation constants for the mantADP/

rgyr_hel complex in the temperature range of 25–50 1C. The binding enthalpy DH0 is�26.1 kJ mol�1, the binding entropy is DS0 is 30 J mol�1 K�1.

The inset shows the titrations curves of mantADP at different temperatures, color-coded with a gradient from blue (25 1C) to red (50 1C). The

dissociation constants show little temperature dependence, and with a 2.5-fold change from 25 1C to 50 1C. Dissociation constants are 0.6 mM
(25 1C), 1.1 mM (30 1C), 0.93 mM (37 1C), 1.2 mM (40 1C), 1.2 mM (45 1C), and 1.7 mM (50 1C). (B) van’t Hoff plot of dissociation constants for the

mantADPNP/rgyr_hel complex in the temperature range of 20–37 1C. The binding enthalpy DH0 is �24.7 kJ mol�1, the binding entropy DS0 is

16.4 J mol�1 K�1. The inset shows the titrations curves of mantADP at different temperatures, color-coded with a gradient from blue (25 1C) to red

(37 1C). As for mantADP, the dissociation constants show little temperature dependence, and change less than two-fold from 25 1C to 37 1C.

Dissociation constants are 5.2 mM (20 1C), 6.6 mM (25 1C), 9.9 mM (30 1C), 7.9 mM (34 1C), and 9.3 mM (37 1C). (C) Arrhenius plot for ATP

hydrolysis by rgyr_hel in the temperature range of 25–60 1C. The single turnover rate constant at 37 1C is 20� 3� 10�3 s�1, and thus similar to the

steady state ATPase rate (kcat = 30 � 2 � 10�3 s�1),8 indicating that ATP hydrolysis is the rate-limiting step in the nucleotide cycle of rgyr_hel at

37 1C. The linearity of the Arrhenius plot is in agreement with no change in the rate-limiting step within this temperature range. The inset shows the

kinetics of ATP hydrolysis at different temperatures, color-coded with a gradient from blue (25 1C) to red (60 1C).
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higher affinity than ADPNP and ADP. Kd values for the all

rgyr_hel/nucleotide complexes are summarized in Table 1.

Effect of DNA on nucleotide binding to rgyr_hel

To investigate the effect of DNA on nucleotide binding to

rgyr_hel, we analyzed nucleotide binding in the presence of a

60 bp ssDNA or a 60 bp dsDNA previously used as a model

substrate for reverse gyrase (Fig. 2B, C).8,11,15 The Kd values,

together with previously determined values,8,11 are summarized

in Table 1. The predominant effect of ssDNA binding to

rgyr_hel is a 10-fold increase in affinity for the ground state

ATP analog ADP�BeFx, compared to DNA-free rgyr_hel. In

the ssDNA complex, the affinity for ADPNP is also increased,

albeit weaker (3-fold). In contrast, the affinities for

ADP�MgFx and ADP are reduced 2-fold in the presence of

ssDNA compared to the DNA-free enzyme. DsDNA also

promotes binding of ADP�BeFx (4-fold) and ADPNP

(19-fold), but in contrast to ssDNA, the affinity for

ADP�MgFx (1.3-fold) and ADP (2.5-fold) is slightly increased

in the dsDNA complex. Overall, rgyr_hel binds ADP�BeFx

with the highest affinity in the DNA-bound states (see below),

and this effect is most pronounced in the ssDNA-bound state.

DNA binding

We also analyzed DNA binding to rgyr_hel in all states during

the nucleotide cycle. First, Kd values for ssDNA

and dsDNA in the presence of saturating ADP�BeFx- and

ADP�MgFx-concentrations were determined (Fig. 3A and B).

In the nucleotide cycle, rgyr_hel binds ssDNA with the

highest affinity in the ADP�BeFx- and ADP�MgFx-states

(Kd = 0.044 mM and 0.082 mM, respectively). Starting from

the nucleotide-free state, the affinity of rgyr_hel for ssDNA is

increased 4.5-fold in the ADP�BeFx-state, remains similar in

the ADP�MgFx-state, and decreases, returning to a similar

value to the nucleotide-free state, in the ADP state. These data

Table 1 Nucleotide binding to rgyr_hel and the effect of DNA on
nucleotide affinities

Nucleotide

Kd/mM

No DNA ssDNA dsDNA ss/dsDNA

ADPNPb 36 � 8a 12 � 2a 1.9 � 0.4a 0.06 � 0.02
ADP�BeFx

b 1.9 � 0.1 0.2 � 0.1 0.5 � 0.2 0.8 � 0.3
ADP�MgFx

b 2.1 � 0.1 4.5 � 0.9 1.6 � 0.2 2.1 � 0.4
ADPb 4.2 � 0.2a 10 � 1a 1.7 � 0.4a 0.9 � 0.1

a From ref. 11. b All nucleotides are mant-nucleotides.

Fig. 2 Nucleotide binding to rgyr_hel. The Kd values for all nucleotide complexes are summarized in Table 1. Titrations of mantADPNP are

depicted in magenta (open squares), of mantADP in cyan (open circles), of mantADP�BeFx in red (squares) and of mantADP�MgFx in blue

(circles). (A) Fluorescence equilibrium titrations of mantADP�BeFx and mantADP�MgFx in the absence of DNA. The Kd values are 1.9 � 0.1 mM
(mantADP�BeFx) and 2.1 � 0.1 mM (mantADP�MgFx). (B) Fluorescence equilibrium titrations of mantADP�BeFx and mantADP�MgFx in the

presence of 5 mM ssDNA. The Kd values are 0.2 � 0.1 mM (mantADP�BeFx) and 4.5 � 0.9 mM (mantADP�MgFx). (C) Fluorescence equilibrium

titrations of mantADP�BeFx and mantADP�MgFx in the presence of 10 mM dsDNA. The Kd values are 0.5 � 0.2 mM (mantADP�BeFx) and

1.6 � 0.2 mM (mantADP�MgFx). (D) Fluorescence equilibrium titrations of mantADPNP, mantADP�BeFx, mantADP�MgFx, and mantADP

in the presence of 5 mM ss/dsDNA. The Kd values are 0.06 � 0.02 mM (mantADPNP), 0.8 � 0.3 mM (mantADP�BeFx), 2.1 � 0.4 mM
(mantADP�MgFx) and 0.9 � 0.1 mM (mantADP).
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are consistent with ATP binding as a trigger for switching

rgyr_hel into a high affinity state for ssDNA, and phosphate

release as a trigger for the switch back to a low affinity state for

ssDNA. Interestingly, the picture is different for dsDNA. The

affinity for dsDNA is also highest in the ADP�BeFx-state

(Kd = 0.072 mM), but in the ADP�MgFx-state (Kd = 2.2 mM)

it already returns to the lower affinity as observed for the

ADPNP- and ADP-states. Thus, in complex with dsDNA the

switch towards higher affinity is also coupled to ATP binding,

but the switch back to the low affinity state for dsDNA already

occurs upon ATP hydrolysis, as evidenced by the 20-fold

reduction in dsDNA affinity from the ADP�BeFx-state to the

ADP�MgFx-state. Overall, in the nucleotide cycle the high

preference of nucleotide-free rgyr_hel for ssDNA over

dsDNA (20-fold) is lost upon ATP binding. The ADPNP- and

ADP�BeFx-states show only a small (1.6- to 2.4-fold)

preference for ssDNA or dsDNA. After ATP-hydrolysis,

the high ssDNA preference is regained (27-fold for the

ADP�MgFx-state, 13-fold for the ADP-state). All Kd values

are summarized in Table 2.

The nucleotides affinities (Table 1) have been determined

using mant-nucleotides, and unlabeled DNA. In contrast,

DNA affinities (Table 2) have been determined using DNA

end-labeled with fluorescein and unmodified adenine nucleo-

tides. As a consequence, comparison has to be performed with

Fig. 3 DNA binding at different stages of the nucleotide cycle. The Kd values for all DNA complexes are summarized in Table 2. (A) Fluorescence

equilibrium titrations of ssDNA with rgyr_hel in the presence of 0.5 mM ADP�BeFx (red, squares) or ADP�MgFx (blue, circles). Kd,ssDNA values

are 0.044 � 0.003 mM (ADP�BeFx) and 0.082 � 0.007 mM (ADP�MgFx). (B) Fluorescence equilibrium titrations of dsDNA with rgyr_hel in the

presence of 0.5 mM ADP�BeFx (red, squares) or ADP�MgFx (blue, circles). Kd,dsDNA values are 0.072 � 0.004 mM (ADP�BeFx) and 2.2 � 0.3 mM
(ADP�MgFx). (C) Fluorescence equilibrium titrations of a ss/dsDNA junction in the absence of nucleotide (black, squares), and in the presence of

0.5 mM ADPNP (magenta, open squares), ADP�BeFx (red, squares), ADP�MgFx (blue, circles), or ADP (cyan, open circles). The Kd,ss/dsDNA

values are 0.081 � 0.006 mM (no nucleotide), 0.21 � 0.02 mM (ADPNP), 0.026 � 0.004 mM (ADP�BeFx), 0.57 � 0.09 mM (ADP�MgFx), and

0.24 � 0.3 mM (ADP). The inset shows the titration of a DNA containing a 15-base single-stranded bubble of bubble-DNA. The Kd,bubble-DNA was

0.069 � 0.012 mM. (D) Fluorescence equilibrium titrations of DNA in phosphate buffer. The Kd values are 0.021 � 0.003 mM (ssDNA, black,

circles) and 1.0 � 0.1 mM (dsDNA, black, squares) in the absence of nucleotide, and 0.035 � 0.004 mM (ssDNA, cyan, circles) in the presence of

ADP. The inset shows the corresponding titration of ssDNA with rgyr_hel_Dlatch; the Kd value is 0.19 � 0.02 mM.

Table 2 DNA binding in different states of the nucleotide cycle

DNA Nucleotide Kd,DNA/mM

ssDNA — 0.20 � 0.01a

ADPNP 0.46 � 0.03a

ADP�BeFx 0.044 � 0.003
ADP�MgFx 0.082 � 0.007
ADP 0.28 � 0.01a

dsDNA — 3.9 � 0.6a

ADPNP 0.19 � 0.03a

ADP�BeFx 0.072 � 0.004
ADP�MgFx 2.2 � 0.3
ADP 3.7 � 0.5a

ss/dsDNA junction — 0.081 � 0.006
ADPNP 0.21 � 0.02
ADP�BeFx 0.026 � 0.004
ADP�MgFx 0.57 � 0.09
ADP 0.24 � 0.5

Bubble-DNA — 0.069 � 0.012

a From ref. 11.
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care, and we therefore limit the comparison to DNA affinities

in different nucleotide states, or nucleotide affinities in

different DNA-bound states, i.e. to data obtained with the

same set of modifications. These data point towards a strong

to moderate positive coupling of ADPNP-binding, and a

moderate coupling of ADP�BeFx-binding to ssDNA and

dsDNA binding, both reflecting nucleotide states before

ATP hydrolysis. In contrast, the binding of ADP�MgFx and

ADP shows no or slightly negative coupling to DNA binding.

Consequently, DNA binding to rgyr_hel favors progression

through the nucleotide cycle before ATP hydrolysis by

increasing nucleotide affinities, and after hydrolysis by

promoting nucleotide release.

Conformational changes in the helicase-like domain

The results on nucleotide and DNA binding to rgyr_hel and

their coupling support and refine the previously established

function of rgyr_hel as a nucleotide-dependent switch.8,11 The

picture that emerges for ssDNA binding throughout the

nucleotide cycle resembles the catalytic cycle of DEAD box

proteins (reviewed in ref. 16), the largest family of SF2

helicases. Presumably, the main features of these proteins are

also characteristic of rgyr_hel, despite the severe deviations in

the sequence of conserved motifs. A conformational change in

the helicase-like domain upon nucleotide and DNA binding

has been proposed earlier as a first step in the catalytic cycle of

reverse gyrase.6 To investigate the conformational cycle of

rgyr_hel, we introduced cysteines into the H1 (S169C) and H2

domains (F332C or S341C, Fig. 4) of rgyr_hel, and performed

smFRET experiments with donor/acceptor labeled rgyr_hel.

In the absence of DNA, the predominant species is a low

FRET efficiency state (EFRET E 0.1) in the nucleotide-free

state, and in the presence of ADPNP, ADP�BeFx, ADP�MgFx

and ADP for rgyr_hel_S169C/F332C (Fig. 5), consistent with

an open conformation throughout the nucleotide cycle.

Similar results are obtained with rgyr_hel_S169C/S341C

(not shown). We have recently determined crystal structures

of rgyr_hel (lacking the latch) in five different conformations,17

and the FRET efficiency observed here for rgyr_hel in all

nucleotide states is in agreement with the Cb–Cb distances in

these structures. The structures point towards a large inter-

domain flexibility, which may explain the broad smFRET

histograms. In the following, we therefore restrict the inter-

pretation of the smFRET data to qualitative changes in the

main FRET efficiencies. We next studied the influence of DNA

on the conformation of rgyr_hel throughout the nucleotide

cycle (Supplementary Figure, ESIw). In the presence of ssDNA

(Fig. 6A), two predominant species with low and high FRET

efficiencies are observed in the ADPNP-state. In contrast, the

ADP�BeFx-bound state of rgyr_hel is mainly in a high FRET

state, indicative of a closure of the cleft separating H1 and H2.

In the presence of dsDNA (Fig. 6B), rgyr_hel is mainly in a

high FRET state with ADPNP and ADP�BeFx. In the ADP�
MgFx-state, rgyr_hel shows a low FRET efficiency in the

presence of either ssDNA or dsDNA (Fig. 6B and C),

indicative of re-opening of the inter-domain cleft upon ATP

hydrolysis. Thus, the helicase-like domain is ‘‘switched on’’ by

a closure of the inter-domain cleft between H1 and H2 before

ATP-hydrolysis, similar to DEAD box proteins.14 However, it

is already ‘‘switched off’’ when ATP is hydrolyzed, and returns

to the open conformation in the product state (as mimicked by

ADP�MgFx). This is in contrast to DEAD box proteins that

return to the open conformation only after phosphate

release,13 a step that is coupled to a release of the RNA bound

to the helicase core.

Rgyr_hel interaction with a ss/dsDNA junction

It has been suggested that reverse gyrase senses ssDNA

regions, and that ssDNA sensing is the basis for its protective

effect on DNA at high temperatures.3,4 In-line with this

suggestion, it has been demonstrated previously that reverse

gyrase more efficiently supercoils DNA plasmids containing a

single-stranded bubble.4 These findings are supported by our

results on DNA binding to rgyr_hel that demonstrate its high

preference for ssDNA in the nucleotide-free, ADP�MgFx- and

ADP-bound states. However, we have shown above that this

preference is tremendously reduced in the ADPNP- and

ADP�BeFx-bound states. In an intact DNA molecule, a single-

stranded region always occurs in context of a ss/dsDNA

junction, and we therefore measured the affinity of rgyr_hel

for a 20/60 bp ss/dsDNA junction, and for a 57 bp DNA

containing an unpaired region of 15 nucleotides (bubble-DNA)

(Fig. 3C). The affinities for both DNAs were similar

(Kd = 0.081 mM vs. 0.069 mM, respectively), and higher than

the affinity for either ssDNA or dsDNA, pointing towards a

direct interaction of rgyr_hel with the ss/dsDNA junction. The

Fig. 4 Donor/acceptor-labeling for smFRET experiments. Scheme of

T. maritima reverse gyrase, and homology model based on the crystal

structure of Archaeoglobus fulgidus reverse gyrase,6 (PDB-ID 1gku).

H1 of the helicase-like domain is depicted in green, H2 in blue. The

latch domain is shown in green, and the topoisomerase domain in

gray. Cysteines were introduced at positions 169 (S169C) in the H1

domain, and at positions 332 (F332C) or 341 (S341C), highlighted in

space-filling representation (red).
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20/60 ss/dsDNA contains only one single-stranded region at

each junction, whereas the bubble-DNA contains two forks

with two single-stranded regions, yet the affinities of rgyr_hel

for these substrates were similar, indicating that gyr_hel

interacts with only one of the two ssDNA regions present in

the bubble. For reasons of simplicity, all measurements

in the presence of nucleotides were thus performed with the

20/60 ss/dsDNA substrate (Fig. 3C).

Compared to the nucleotide-free state, the affinity of

rgyr_hel for the ss/dsDNA junction is reduced 2.6-fold upon

addition of ADPNP to Kd = 0.21 mM, and becomes virtually

the same as for dsDNA, suggesting that rgyr_hel now engages

in contacts with the dsDNA region of this DNA substrate. In

the ADP�BeFx-bound state, the Kd value decreases to

0.026 mM, and the preference for the ss/dsDNA junction is

thus regained. After ATP hydrolysis, in the ADP�MgFx- and

ADP-bound states, the affinity for the ss/dsDNA junction

decreases (Kd = 0.57 mM and 0.24 mM), and is now 10-fold

higher than for dsDNA, but within two-fold of the affinity for

ssDNA, indicating that rgyr_hel contacts the ssDNA region in

these states of the nucleotide cycle. Overall, our data thus

indicate that rgyr_hel binds to different regions of the

ss/dsDNA junction at individual steps in the nucleotide

cycle.

Effect of phosphate

DEAD-box helicases have been shown to adopt a closed

conformation upon RNA and ATP binding, and return to

the open conformation after phosphate release,13,14,18 the rate-

limiting step in their catalytic cycle.19 To address the difference

between our results with rgyr_hel and with DEAD box

proteins, the effect of phosphate on binding of rgyr_hel to

DNA was further analyzed by performing DNA titrations in a

phosphate buffer (12 mM phosphate pH 7.5, 137 mM NaCl,

27 mM KCl, 10 mM MgCl2) (Fig. 3D). Low phosphate

concentrations (o1.4 mM) led to the dissociation of DNA

from a rgyr_hel/ssDNA complex (not shown), in agreement

with a general screening effect of anions on electrostatic

interactions involved in DNA binding. At the higher

phosphate concentration in the phosphate buffer, however,

the affinity of rgyr_hel for ssDNA is increased 10-fold

compared to the affinity in Tris/HCl buffer. A smaller increase

in affinity was observed for dsDNA (4-fold). In order to

distinguish whether the effect of phosphate on DNA affinity

is a consequence of specific binding at the nucleotide binding

site, the same measurement was repeated with a mutant

lacking the latch region, rgyr_hel_Dlatch, that shows

uncoupled DNA and nucleotide binding.11 Here, the increase

in affinity for ssDNA in phosphate buffer was only 2-fold,

supporting that the effect of the phosphate ion on DNA

binding may reflect an interaction in the nucleotide binding

site. As these effects are only observed at high phosphate

concentrations, they are consistent with a low affinity for

phosphate at the nucleotide binding site, and thus a high

off-rate. Under physiological conditions, rapid phosphate

release after ATP hydrolysis can be inferred, which is in-line

with our observation that ATP hydrolysis is the rate-limiting

step in the nucleotide cycle. Phosphate binding to rgyr_hel

Fig. 5 Conformation of the helicase-like domain in the absence of

DNA. smFRET histograms of donor/acceptor-labeled rgyr_hel

S169C/F332C in the absence of DNA in all nucleotide states. The

main FRET efficiency of B0.1 is indicative of an open cleft between

the H1 and H2 domains.
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Fig. 6 Conformational changes in the helicase-like domain in the presence of DNA substrates. (A) FRET histograms for rgyr_hel S169C/F332C

in the presence of ssDNA, all nucleotide states (no nucleotide, ADPNP, ADP�BeFx, ADP�MgFx, ADP, from top to bottom). (B) FRET

histograms for rgyr_hel S169C/F332C in the presence of dsDNA, all nucleotide states (no nucleotide, ADPNP, ADP�BeFx, ADP�MgFx, ADP,

from top to bottom). (C) FRET histograms for rgyr_hel S169C/F332C in the presence of ss/dsDNA junction, all nucleotide states (no nucleotide,

ADPNP, ADP�BeFx, ADP�MgFx, ADP, from top to bottom). The DNA concentration was 0.5 mM. The nucleotide concentrations were 1 mM

(ADP�BeFx, ADP�MgFx, ADP), and 5 mM (ADPNP). The FRET efficiencies for open (B0.1) and closed conformations (B0.4) are indicated by

vertical lines, and the conformations are depicted as cartoons. The corresponding data for rgyr_hel_S169C/S341C are shown in the Supplementary

Figure (ESIw).
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thus selectively increases its affinity for ssDNA, presumably by

binding to the nucleotide binding site. The similar DNA

affinities in phosphate buffer and with ADP�MgFx validate

that ADP�MgFx indeed acts as a product state analog.

Conformations in the presence of the ss/dsDNA junction

When we performed smFRET experiments with rgyr_hel in

the all nucleotide states in the presence of the ss/dsDNA

junction (Fig. 6C), we observed a high FRET state for the

ADPNP and ADP�BeFx-complexes, indicative of the closure

of the inter-domain cleft with ATP binding, and a low FRET

state for the ADP�MgFx- and ADP-complexes, again consis-

tent with re-opening of the inter-domain cleft upon ATP

hydrolysis. Thus, while rgyr_hel is a conformational switch

similar to DEAD box proteins, the inter-domain cleft re-opens

already upon ATP hydrolysis, the rate-limiting step in the

nucleotide cycle of rgyr_hel. ATP hydrolysis and re-opening

are coupled to a loss in dsDNA affinity.

Discussion

Here we have reported equilibrium dissociation constants for

all relevant nucleotide- and DNA-bound states during the

rgyr_hel catalytic cycle, revealing an intricate coupling

between binding of nucleotides and ssDNA, dsDNA, and

ss/dsDNA junctions. In addition, we have monitored a

conformational change in the helicase-like domain during

the catalytic cycle, and show that the cleft between the H1

and H2 domains closes upon binding of ATP and DNA, and

re-opens upon ATP hydrolysis, irrespective of the nature

of the DNA bound. Our results demonstrate that the

helicase-like domain of reverse gyrase changes its affinities

for different DNA substrates in a nucleotide-dependent

manner, and provide a framework for understanding reverse

gyrase mechanism and the contributions of the helicase-like

domain for the positive supercoiling of DNA.

How can the thermodynamic data be related to the catalytic

cycle of reverse gyrase?

Different models for the cooperation of the helicase-like and

the topoisomerase domain in positive supercoiling by reverse

gyrase have been put forward.20 Originally, it was suggested

that the topoisomerase domain selectively relaxes negative

supercoils accumulating behind the helicase-like domain

translocating on DNA,5 leading to the net effect of positive

supercoiling. However, this model would predict a translocase

activity for the helicase-like domain and reverse gyrase that

has not been detected experimentally. In a second model,

suggesting a segregation of DNA in topological domains

of unwound and positively supercoiled domains, and

rewinding of the separated strands by reverse gyrase, it is

unclear how this topological separation may occur. Third, it

has been suggested by inference from the homology of

the helicase-like domain to SF2 helicases that changes in

binding affinities for ssDNA and dsDNA in the helicase-like

domain that are coupled to strand passage in the topo-

isomerase domain may be the basis for reverse gyrase function,

but the assignment of nucleotide states and DNA affinities

remained unclear.20,21 Our thermodynamic characterization of

nucleotide- and DNA binding to the helicase-like domain of

reverse gyrase,8,11 (this work) supports this model, and allows

to assign the nucleotide states and DNA affinities, and to

correlate them with the conformation of the helicase-like

domain (Fig. 7).

Reverse gyrase has been described as an enzyme that senses

single-stranded DNA regions at high temperature and protects

cellular DNA from temperature-induced damage.3,4 Its

activity thus most likely starts in or next to the single-stranded

regions it binds to. Entering the catalytic cycle, nucleotide-free

rgyr_hel strongly binds to ssDNA and to the ss/dsDNA

junctions that will be generated by local DNA melting at high

temperatures, leading to the initiation of positive supercoiling

by reverse gyrase at these junctions. After ATP binding,

mimicked by the non-hydrolyzable analog ADPNP, rgyr_hel

interacts with dsDNA, which may contribute to DNA binding

even in the absence of single-stranded regions. Binding of

DNA and ADPNP is coupled to a closure of the inter-domain

cleft separating H1 and H2. In a subsequent step closer to

ATP hydrolysis, as reflected by the ADP�BeFx state, all

DNAs are bound to rgyr_hel with similar, high affinities. In

this state, the cleft between H1 and H2 remains closed. The

generally very high DNA affinities of rgyr_hel in the

ADP�BeFx-state will trap reverse gyrase on the DNA. In this

state, strong preferences for DNA are transiently lost, possibly

facilitating inter-conversion and thus structural changes in the

DNA substrate, but a small preference for ssDNA and

ss/dsDNA junctions remains, and reverse gyrase thus

most likely remains on the single-stranded and junction

regions. The preference of rgyr_hel for ssDNA and ss/dsDNA

junctions suggests that it stabilizes junctions already present,

and may even promote local double-strand destabilization

during ATP binding if no junction was present at this

stage. The energetic differences between the respective

ternary complexes (Fig. 7A), with a DDG0 value of

12 kJ mol�1 (DG0
rgyr_hel–ADPNP–dsDNA = �63 kJ mol�1,

DG0
rgyr_hel–ADP.BeFx–ss/dsDNA = DG0

rgyr_hel–ADP.BeFx–ssDNA =

�75 kJ mol�1), suggest that rgyr_hel in principle may provide

energy for local disruption of 2–3 base pairs22,23 in this step.

After ATP hydrolysis, in the ADP�MgFx- or ADP�Pi-state,

rgyr_hel retains the high affinity for ssDNA, whereas the

affinity for dsDNA is reduced, and the enzyme thus preferen-

tially binds to ssDNA. In this step of the nucleotide cycle, the

cleft between H1 and H2 re-opens, and product dissociation

from the open cleft will be facilitated. Upon phosphate release,

rgyr_hel maintains the open conformation, and returns to a

low affinity-state for ssDNA in the ADP-state, while the

dsDNA affinity is not affected. At the end of the nucleotide

cycle, in the ADP (and nucleotide-free) state, rgyr_hel thus

again shows a high affinity and high preference for ssDNA.

In the ssDNA-bound state, the ADP affinity is reduced,

allowing for nucleotide exchange presumably while the

enzyme remains bound to the DNA. Thereby, processivity

of reverse gyrase may be ensured. At the same time, the

helicase-like domain will also sense when the ssDNA region

has disappeared due to positive supercoiling, and could

provide the signal that reverse gyrase has completed its task.

The relevant DNA complexes in the catalytic cycle of rgyr_hel

are summarized in Fig. 7B.
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Similarities and differences to other helicase cores: a possible

role for the latch?

It has previously been suggested that a conformational change

in the helicase-like domain of reverse gyrase may initiate a

movement of the latch, and thereby release the topoisomerase

domain for strand passage.6 Our smFRET data demonstrate

that such a change in conformation indeed occurs in rgyr_hel,

and provides first experimental evidence for this model.

Rgyr_hel undergoes a cycle of nucleotide-dependent

conformational changes that are reminiscent of the catalytic

cycle of DEAD box proteins. These parallels may point

towards a similar communication between the helicase motifs

in rgyr_hel as in DEAD box proteins, despite the large

differences in sequence. In-line with these similarities, muta-

tions in the conserved SF2 motifs in the helicase-like domain

of reverse gyrase have proven deleterious for positive DNA

supercoiling.24 It is currently unclear whether the

closure of the inter-domain cleft leads to a similar local

destabilization of DNA duplexes as for DEAD box proteins.

The closure of the inter-domain cleft in rgyr_hel is paralleled

by an increase in affinity for ssDNA, suggesting that this

conformational change generates an ssDNA binding site.

However, in DEAD box proteins re-opening of this cleft is

coupled to phosphate release, a rate-limiting step in the

catalytic cycle.19 In contrast, in rgyr_hel, re-opening of

the cleft already occurs upon ATP hydrolysis, which is the

rate-limiting step in the rgyr_hel nucleotide cycle. In the post-

hydrolysis state, rgyr_hel retains an increased affinity and

preference for ssDNA, despite the open conformation of the

inter-domain cleft. In contrast to ssDNA binding, dsDNA

binding is directly coupled to the conformational change: on

Fig. 7 DNA interactions in the nucleotide cycle of rgyr_hel and their coupling to conformational changes. (A) Energetic scheme for DNA

interactions in the nucleotide cycle. Binding energies for different DNAs are depicted in kJ mol�1 for all nucleotide states in the catalytic cycle of

rgyr_hel. Red lines correspond to dsDNA, blue lines to ssDNA, and green lines to the ss/dsDNA junction. The conformation of the inter-domain cleft

between H1 and H2 is indicated by the cartoon at the top. Black ovals and arrows indicate the predominant DNA complex for each nucleotide state,

and the progression through the catalytic cycle. (B) Scheme of relevant DNA complexes during the catalytic cycle of rgyr_hel (rgh). Dissociation

constants and coupling factors are indicated. The cartoons indicate the conformational state in each complex. In the ATP state, rgyr_hel binds most

tightly to dsDNA. Binding of ATP and DNA is strongly coupled (a = 0.05, corresponding to a mutual 20-fold increase in affinity), and lead to a

closure of the cleft between the two RecA domains. In a state closer to ATP hydrolysis (indicated by a star), the ss/dsDNA junction is bound with

highest affinity. ATP hydrolysis re-opens the cleft between the RecA domains, and rgyr_hel now exhibits a strong preference for ssDNA. ssDNA and

ADP dissociations show slight anti-cooperativity (b = 1.4–2.4, corresponding to a 1.4–2.4-fold mutual decrease in affinity).
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closure of the cleft between H1 and H2, the dsDNA affinity

increases (20-fold), and a reciprocal (30-fold) decrease in affinity

is observed upon re-opening. We have previously shown that

the latch, an insertion into the H2 domain of rgyr_hel,

contributes to DNA binding.11 A deletion of the latch causes

a loss of affinity for ssDNA and dsDNA in the nucleotide-free

and in the ADPNP state, and for dsDNA in the ADP states,

pointing towards specific contributions of the latch to DNA

binding at each step of the nucleotide cycle.11 It is possible that

differential contributions of the latch during the nucleotide

cycle could account for the observed discrepancies between

ssDNA affinity and the conformation of the inter-domain cleft

in the helicase-like domain. Future studies will have to address

the effect of the latch on DNA binding throughout the nucleo-

tide cycle and its suggested role in guiding DNA during strand

passage in the supercoiling reaction.

Conclusion

We have shown that the interaction of the helicase-like domain

with DNA during its nucleotide cycle is modulated via

conformational changes, similar to the switching between

open and closed conformers of DEAD box proteins. The

modulation of interactions with DNA during the progression

through the nucleotide cycle renders the helicase-like domain a

central module for the function reverse gyrase. Coordination

of conformational changes in the helicase-like domain with

strand passage in the topoisomerase domain may guide positive

supercoiling. Our results provide a basis for understanding

mechanistically how helicase-like domains can be harnessed as

modules to support a DNA topoisomerase, and to generate a

novel function such as positive supercoiling of DNA.

Abbreviations

ADPNP 50-adenylyl-b,g-imidodiphosphate

mant 20(30)-O-(N-methyl-anthraniloyl)

FRET Förster resonance energy transfer

rgyr reverse gyrase

rgyr_hel helicase-like domain of rgyr

rgyr_hel_Dlatch rgyr_hel lacking the latch domain

SF 2 helicase superfamily 2
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Chapter 4.  Article  

The conformational flexibility of the helicase-like domain from 

Thermotoga maritima reverse gyrase is restricted by the topoisomerase 

domain. 

 

In this report, the isolated helicase-like domain lacking the latch region has 

been successfully crystallized in five different conformations. A high flexibility 

of the linker joining the two RecA folds was detected, although the 

conformations were not random, but clustered in two main groups. In the 

absence of the topoisomerase domain the H1 und H2 domains seem to have 

minimal interactions that hold them together, and only the simultaneous 

presence of DNA and nucleotide can align them in a fixed conformation. 

Nevertheless, smFRET data of the same construct reveals that all these 

conformations are allowed in solution. Here we provide structures revealing 

the most details of this domain to date. Also the structure of a complex with 

ADP reveals that the helicase-like domain binds nucleotides using the same 

network of interactions with the ligand as the other members of the DEAD-box 

superfamily, although the consensus sequences of the signature motifs 

strongly vary from the rest. Our structures also revealed a different structure 

of a motif putatively involved in DNA binding, compared to the structure of A. 

fulgidus reverse gyrase. 

 

 

 

 

 

 

 

 
Structure of T. maritima reverse gyrase, with 
the topoisomerase domain generated from 
homology modeling and the helicase-like 
domain from the solved crystal structures. 
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The degree of DNA supercoiling affects central cellular
processes such as replication, recombination, and repair.1

It is regulated by DNA topoisomerases, an enzyme class that
catalyzes the interconversion of different topoisomers. Bacterial
gyrases introduce negative supercoils in an ATP-dependent
process2 and thereby relieve topological stress ahead of the
replication fork. Reverse gyrases catalyze the inverse reaction,
namely the introduction of positive supercoils into DNA, in an
ATP-dependent fashion. These enzymes are unique to thermo-
philes and hyperthermophiles where they are thought to exert
protective functions for DNA at high temperatures.3,4 Reverse
gyrases share a unique modular structure that combines an
N-terminal helicase-like domain with a C-terminal topoisome-
rase domain.5 The topoisomerase domain is homologous to
prokaryotic and eukaryotic type IA DNA topoisomerases. It has
been shown to relax negatively supercoiled DNA in vitro,6 but
this activity is suppressed in reverse gyrase. The helicase-like
domain is divided into two subdomains, termed H1 and H2, that
both bear similarity to the RecA fold7 (Figure 1A). H1 and H2
harbor the signature motifs of superfamily 2 (SF2) helicases
necessary for ATP and DNA binding, though their sequences

substantially differ from the SF2 consensus.7 The critical role of
the helicase-like domain for reverse gyrase activity has been
demonstrated by the deleterious effect of mutations in the
helicase motifs.8 The so-called latch domain (Figure 1A), an
insertion in H2, allows for communication between the helicase
and topoisomerase domains.9,10 The latch is required for positive
DNA supercoiling by Thermotoga maritima reverse gyrase, but
not for nucleotide binding and hydrolysis.10

The helicase-like domain of T. maritima reverse gyrase is a
nucleotide-dependent conformational switch that binds DNA
and ATP with positive cooperativity11,12 and provides a nucleotide-
dependent DNA-binding site to reverse gyrase. The DNA bind-
ing properties of the different nucleotide states are masked in the
context of reverse gyrase because of additional DNA binding
sites.10,11 The isolated helicase-like domain thus serves as a
valuable model for investigation of the effect of nucleotides on

Received: February 15, 2011
Revised: May 10, 2011

ABSTRACT: Reverse gyrase is the only enzyme known to introduce positive
supercoils into DNA. Positive supercoiling is achieved by the functional coopera-
tion of a helicase-like and a topoisomerase domain. The isolated helicase-like
domain is a DNA-stimulated ATPase, and the isolated topoisomerase domain can
relax supercoiled DNA. In the context of reverse gyrase, these individual activities
are suppressed or attenuated. The helicase-like domain of Thermotoga maritima
reverse gyrase is a nucleotide-dependent conformational switch that binds DNA
and ATP cooperatively. It provides a nucleotide-dependent DNA-binding site to
reverse gyrase and thus serves as a valuable model for the investigation of the effect
of nucleotides on DNA processing by reverse gyrase that is key to its supercoiling
activity. To improve our understanding of the structural basis for the functional
cooperation of a helicase domain with a DNA topoisomerase, we have determined
the structures of the isolated helicase-like domain of T. maritima reverse gyrase in
five different conformations. Comparison of these structures reveals extensive domain flexibility in the absence of conformational
restrictions by the topoisomerase that is consistent with single-molecule F€orster resonance energy transfer experiments presented
here. The structure of the first ADP-bound form provides novel details about nucleotide binding to reverse gyrase. It demonstrates
that reverse gyrases use the canonical nucleotide binding mode common to superfamily 2 helicases despite large deviations in the
conserved motifs. A characteristic insert region adopts drastically different structures in different reverse gyrases. Counterparts of
this insert region are located at very different positions in other DNA-processing enzymes but may point toward a general role in
DNA strand separation.
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DNA processing by reverse gyrase that is at the heart of its
positive supercoiling activity.

The structures of Archaeoglobus fulgidus reverse gyrase in the
apo and ADPNP-bound forms7 are the only structural informa-
tion on reverse gyrases to date. To provide a structural basis for
understanding the cooperation of the helicase-like domain with
the topoisomerase domain in positive supercoiling, we determined
the crystal structure of the helicase-like domain of T. maritima
reverse gyrase, an enzyme that has been extensively characterized
biochemically.10�13 Three crystal structures with five different
conformations of the T. maritima reverse gyrase helicase-like
domain without the latch domain (rgyr_hel_Δlatch) show large
variations in H1 and H2 domain juxtaposition, consistent with
single-molecule F€orster resonance energy transfer (FRET)
experiments.12 Interestingly, the different conformations cluster
around two preferred conformations, none of which resembles
the conformation imposed by the topoisomerase domain in full-
length reverse gyrase. The structure of the ADP�Mg2þ complex
of rgyr_hel_Δlatch reveals significant differences and novel
features compared to the A. fulgidus reverse gyrase�ADPNP
complex and offers new insight into the functional communica-
tion between SF2 motifs in reverse gyrases. An insert region that
has counterparts in other DNA-processing enzymes can adopt
very different structures among reverse gyrases and may play an
important role in DNA strand separation.

’MATERIALS AND METHODS

The helicase-like domain lacking the latch (rgyr_hel_Δlatch)
was constructed and purified as described in detail in ref 10.
Three diffraction-quality crystal forms for rgyr_hel_Δlatch were
obtained at 25 �C using the sitting drop vapor diffusion setup by
1:1 (v/v) mixing of 20 mg/mL protein in 50 mM Tris-HCl (pH
7.5), 0.2 M NaCl, 10 mMMgCl2, 10 mM Zn(OAc)2, and 2 mM
β-mercaptoethanol with reservoir solutions consisting of 0.2 M
magnesium formate and 20% PEG 3350 (PDB entry 3OIY),
0.2 M Li2SO4 and 20% PEG 3350 (PDB entry 3P4X), and 0.1 M

HEPES-NaOH (pH 7.5) and 30% PEG 300 (PDB entry 3P4Y).
Crystals were cryo-protected with paraffin oil, mounted in an
arbitrary orientation, and data were collected at Swiss Light Source
beamlines PX-II and PX-III. Intensities were integrated with
XDS14 and scaled with SCALA (PDB entries 3P4X and 3OIY)15

or SADABS (PDB entry 3P4Y; Bruker). Systematic absences
identified space group P212121 for two nonisomorphous data sets
representing apo and ADP-bound structures (two molecules per
asymmetric unit), and rare space group P2 for a third crystal
form (one molecule per asymmetric unit). Phasing and refine-
ment of the apo-P212121 form (PDB entry 3OIY) were described
previously,10 and the H1 and H2 domains of this structure
were used as search models for phasing of the other two data sets
by molecular replacement using PHASER.16 Models were built
in COOT17 and refined with PHENIX18 using separate TLS
descriptions for the H1 and H2 domains. Data collection and
refinement statistics are listed in Table 1. The coordinates and
structure factors have been deposited in the Protein Data Bank
(PDB) (entries 3OIY, 3P4X, and 3P4Y). Figures were created
with Bobscript,19 Raster3D,20 Pymol (http://www.pymol.org),
and ESPript.21 Single-molecule FRET experiments were per-
formed with rgyr_hel_Δlatch_S169C/F332C labeled with
AlexaFluor 488 (donor) and tetramethylrhodamine (acceptor)
using a home-built confocal microscope.22,23 The labeled protein
exhibited DNA-stimulated ATPase activity similar to that of the
wild type. ATPase hydrolysis was monitored in a coupled
enzymatic assay as described previously.13 FRET data analysis
was performed as described previously.23,24

’RESULTS

Crystals of the helicase-like domain including the latch were
obtained but did not diffract X-rays. The latch does not affect the
intrinsic ATPase activity of the helicase-like domain and has little
effect on nucleotide affinity.10 A latch deletion mutant (rgyr_hel_
Δlatch) still shows DNA-stimulated ATPase activity and thus
constitutes a valid model for structural studies. This construct

Figure 1. Overview of reverse gyrase. (A) Structure of reverse gyrase from A. fulgidus (PDB entry 1GKU). The topoisomerase domain is colored
gray. The helicase-like domain is composed of the two RecA-like subdomains H1 (blue) and H2 (green). The latch domain (yellow) is inserted in
H2 and allows communication between the helicase and topoisomerase domains. In this study, the isolated helicase-like domain without the latch
(rgyr_hel_Δlatch) is used to assess domain flexibility and nucleotide binding. (B) Superposition of H1 of T. maritima rgyr_hel_Δlatch (yellow)
and A. fulgidus (blue) reverse gyrase. The arrow denotes an insert region that varies strongly in sequence length. In A. fulgidus, this region
forms a β-hairpin, but in T. maritima, it is an R-helix�loop motif. (C) View rotated ∼90� about the z-axis relative to panel B highlighting
the strong deviation of the insert regions. (D) Superposition of H2. A. fulgidus reverse gyrase (green) depicted without the latch region
(normally inserted at the green sphere). The gray spheres denote a disordered loop in A. fulgidus reverse gyrase that could be traced in the
T. maritima enzyme (blue).
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crystallizes readily, suggesting that the latch may be only loosely
connected toH2, consistentwith its previously suggestedflexibility.7

Three crystal structures of rgyr_hel_Δlatch were obtained and
refined to resolutions of 2.35, 2.4, and 3.2 Å. The structures
comprise five independent molecules and provide higher-resolu-
tion information about this part of reverse gyrase than what was
previously available.
Comparison of A. fulgidus and T. maritima Subdomains

H1 and H2. The core structures of H1 and H2 resemble RecA
folds, i.e., a central parallel β-sheet flanked by R-helices on both
sides. TheH1domains ofT.maritima andA. fulgidus reverse gyrases
superpose with a root-mean-square deviation (rmsd) of 1.8 Å over
187 residues (43% sequence identity). Similarly, the H2 domains
superpose with an rmsd of 1.6 Å over 166 residues (39% identical
sequences). Notably, an insertion is present in the sequence
of T. maritima reverse gyrase compared to A. fulgidus (Figure S1
of the Supporting Information). At residue Gly239 of H1, 12
residues are inserted and form a loop region (arrow in Figure 1B).
This loop and its preceding R-helix form a lid-like structure. In
contrast, the corresponding region in A. fulgidus reverse gyrase
forms a small, two-strandedβ-sheet (Figure 1C). In a superposition
of theH2 structures, the tips of these structural elements are∼18 Å
fromeach other (Figure 1C). The sequence of this insertion is quite
variable among reverse gyrases, and it may comprise up to 41
residues (Figure S2 of the Supporting Information).
Within the RecA fold of H2 (Figure 1D), the latch domain

is inserted at residue Gly389. This domain is present in all reverse
gyrases but also varies strongly in both extent and sequence
(Figure S2 of the Supporting Information). Comparison of
the H2 structures from A. fulgidus and T. maritima reveals that
the deletion of the latch region does not alter the fold of H2.10

Flexibility of the Helicase-like Domain. The helicase-like
domain is formed by H1 and H2 that are connected by a linker

sequence, which spans residues 280�286 in T. maritima reverse
gyrase. While H2 follows the classic RecA topology with a seven-
stranded β-sheet, H1 has only six β-strands. The seventh
β-strand, normally formed by parts of the H1�H2 linker region,
is not present because of the large displacements of H2 relative to
H1. The same topology is present in the A. fulgidus enzyme.7

In the absence of interactions with the topoisomerase domain,
H1 andH2 in rgyr_hel_Δlatch engage in only a few contacts, and
the flexible linker allows the relative juxtapositions of H1 and H2
to vary strongly (Figure 2A). No common pattern of H1�H2
interactions is evident, strongly indicating that these modules are
conformationally independent in the absence of DNA or the
topoisomerase domain. Similarly, in both available structures of
A. fulgidus reverse gyrase, H1 and H2 are connected by only five
hydrogen bonds (different compared to rgyr_hel_Δlatch), and
the buried surface area between them covers a mere 430 Å2. In
contrast, the topoisomerase domain interacts extensively with
H1 and H2, fixing them in space.
None of the five conformations observed in the rgyr_hel_Δlatch

crystal structures represents that of the helicase-like domain
in A. fulgidus reverse gyrase or compares to the closed conforma-
tion of DEAD box helicases in complex with RNA and an ATP
analogue, such as Vasa (gray sphere in Figure 2B). However, as
reverse gyrase does belong to SF2 but is not a DEAD box protein,
a direct comparison with Vasa may not be possible. The loca-
tion of H2 with respect to H1 is not random but forms two
clusters (Figure 2B). Single-molecule FRET experiments with
rgyr_hel_Δlatch labeled at cysteines introduced at positions
169 and 332 reveal a mean distance between donor and acceptor
dyes of 7.5 nm (Figure 2C,D). The corresponding Cβ�Cβ
distances in the crystal structures vary between 6.8 and 7.4 nm, a
strong indication that the conformations trapped in the crystal
lattice represent conformations that are predominantly populated

Table 1. Data Collection, Phasing, and Refinement Statistics

apo, 3OIYa ADP complex, 3P4X apo, 3P4Y

Data Collection

resolution range (Å)b 132.7�2.35 (2.44�2.35) 129.7�2.4 (2.5�2.4) 48.8�3.20 (3.3�3.2)
space group P212121 P212121 P2

cell dimensions a = 59.6 Å, b = 126.5 Å,

c = 132.7 Å

a = 59.2 Å, b = 111.2 Å,

c = 129.7 Å

a = 61.9 Å, b = 59.2 Å,

c = 67.7 Å, β = 98.2�
no. of unique reflectionsb 42547 (4453) 34066 (3511) 7475 (376)

multiplicityb 7.1 (7.4) 3.6 (3.7) 3.4 (3.7)

completeness (%)b 99.6 (100) 99.1 (99.9) 91.4 (99.9)

Rsym (%)b,c 9.9 (65.9) 6.4 (63.5) 17.5 (65.6)

average ÆI/σ(I)æb,c 9.7 (1.3) 12.0 (1.1) 7.2 (1.6)

Refinement

resolution range (Å)b 44.4�2.35 (2.41�2.35) 56.0�2.4 (2.5�2.4) 44.3�3.2 (4.0�3.2)
Rcryst (%)

b,d 20.8 (39.4) 18.6 (32.7) 28.6 (33.0)

Rfree (%)
b,d 25.1 (41.5) 25.6 (41.4) 29.7 (34.8)

no. of residues/waters 807/99 809/52 407/0

phase error/coordinate errore 28.3�/0.38 Å 29.3�/0.36 Å 33.2�/0.49 Å
rmsd for bonds/angles 0.012 Å/1.56� 0.009 Å/1.14� 0.003 Å/0.54�
Ramachandran plot (%)f 96.8/3.1/0.1 91.7/8.0/0/0.3 89.4/10.1/0.3/0.3

aData reproduced from ref 10. bValues in parentheses correspond to those of the highest-resolution shell. cCalculated with XPREP (Bruker). d Rcryst =
∑||Fo|� |Fc||/∑|Fo|, where Fo and Fc are the structure factor amplitudes from the data and the model, respectively. Rfree

41 is Rcryst with 5% of the test set
structure factors. e Based on maximum likelihood after refinement with PHENIX.18 fCalculated using PROCHECK.42 Numbers reflect the percentage
amino acid residues of the core, allowed, additionally allowed, and disallowed regions, respectively.
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in solution. rgyr_hel_Δlatch exhibits DNA-stimulated ATPase
activity,10 which shows that DNA can align H1 and H2
for ATP hydrolysis in the absence of the topoisomerase domain.
The conformational restriction of H1 and H2 by the topoisome-
rase domain is inhibitory with respect to ATP hydrolysis but is
likely to support reverse gyrase activity. Interestingly, the helicase
core of A. fulgidus reverse gyrase adopts an intermediate state
between closed (Vasa) and open (rgyr_hel_Δlatch). A half-open
conformation is also documented for the eIF4A�eIF4G complex25

(Figure 2E).

Nucleotide Binding to the H1 Domain. The helicase-like
domain is responsible for ATP binding and hydrolysis.11 Although
all crystallization setups were performed with ADPNP and Mg2þ,
only in one instance (PDB entry 3P4X) was a nucleotide observed
in the electron density that was assigned as ADP. The affinity of
rgyr_hel_Δlatch for ADP is∼5.5-fold higher than for ADPNP,10

and ADP generated from ADPNP by limited hydrolysis or
introduced as an impurity will be preferentially bound. The
nucleotide exclusively interacts with H1, forming a total of 11
hydrogen bonds with the adenine base and the diphosphate

Figure 2. Large domain flexibility in rgyr_hel_Δlatch and comparison with related structures. (A) Superposition of the five different T. maritima
rgyr_hel_Δlatch conformations onto H1 of A. fulgidus reverse gyrase. The location of H2 varies widely because of the lacking restraint by the
topoisomerase domain. H2 ofA. fulgidus reverse gyrase is colored green as a reference.T. maritimaH2 domains are colored yellow and blue (molecules 1
and 2 of PDB entry 3OIY), cyan and orange (molecules 1 and 2 of PDB entry 3P4X), and pink (PDB entry 3P4Y). Cysteine positions 169 and 332 for
fluorescent labeling in FRET experiments are indicated. (B) View rotated 180� about the y-axis relative to panel A. The centers of mass of the H2
domains are shown as transparent spheres colored the same as in panel A. Dashed lines connect the centers to the C-termini of H1. The five
conformations of rgyr_hel_Δlatch form two clusters. The closed form of the DEAD box RNA helicase Vasa is shown as a gray sphere. This structure is
only adoptedwhenRNAandATP are present. (C) Single-molecule FREThistogram for rgyr_hel_Δlatch (S169C/F332C), labeledwithAlexaFluor 488 (donor)
and tetramethylrhodamine (acceptor). The mean FRET efficiency is ∼0.1. (D) Distance histogram calculated from the data in panel C. The
predominant distance between donor and acceptor dyes is 7.5 nm. The empty triangles indicate the Cβ�Cβ distances between the labeled Cys169 and
Cys332 residues in the five different structures (PDB entry 3OIY, 7.4 and 6.8 nm; PDB entry 3P4X, 7.4 and 6.9 nm; PDB entry 3P4Y, 7.4 nm) and
compare favorably with themean dye distance in solution. (E) Comparison of theH2 locations ofA. fulgidus reverse gyrase (blue) with the closed form of
Vasa (gray) and the open form of eukaryotic translation initiation factor eIF4A (green) shows large domain movements of the helicase cores. The
structures were superposed on H1. The surface of Vasa H1 is shown, highlighting the protruding insert regions unique to reverse gyrases (yellow for
T. maritima and blue for A. fulgidus reverse gyrase).
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moiety (Figure 3). Thus, ADP binding will not affect H1�H2
domain flexibility (see above). The ribose is not involved in any
interactions with the protein. The lack of interactions with the 20-
OH group of the ribose rationalizes the previous observation that
20-desoxy-ATP is also accepted as a substrate of A. fulgidus
reverse gyrase,9 and the observation that mantADP is a suitable
analogue formonitoring adenine nucleotide binding toT.maritima
reverse gyrase.11,13 Thus, ribose-modified nucleotides should bind
to reverse gyrases in general.
In contrast to the ribosemoiety, the adenine base is recognized

specifically by a region that bears homology to the Q-motif in
DEAD box proteins, consisting of a conserved glutamine residue
and a hydrophobic (often aromatic) side chain located 13 residues
upstream of the glutamine.26,27 Such a glutamine is conserved in
reverse gyrases, discriminating adenine from other nucleobases via
two hydrogen bonds (Figure 3A). A third hydrogen bond is
formed between the exocyclic N6 atom of adenine and the main
chain carbonyl group of Asp78. The interaction network with
adenine is completed by hydrophobic contacts with Phe75 (Val54
in A. fulgidus reverse gyrase). This adenine-specific pocket stands
in contrast to the observation that A. fulgidus reverse gyrase,
although preferring ATP, can apparently use all four standard
NTPs and dNTP as substrates.9

TheR- and β-phosphate moieties form hydrogen bonds to the
main chain amide nitrogen atoms of P-loop residues Gly103,
Gly105, Lys106, Thr107, and Thr108. The charge of the
β-phosphate is neutralized by Lys106 and a Mg2þ ion. This
Mg2þ ion is directly bound to the β-phosphate and coordinated
octahedrally by the side chain of Thr107 and four water
molecules. In DEAD box helicases, the nucleotide-bound
Mg2þ ion connects the P-loop with the first aspartate residue
of the DEADbox. Reverse gyrases possess amodifiedDEADbox,

the DDVD motif, where the valine may also be Ala, Ile, or Ser.
Similar to DEAD box proteins, the Mg2þ�aquo complex in
T. maritima rgyr_hel_Δlatch connects the nucleotide with the
first aspartate (Asp203) of the DDVD motif. An equivalent
interaction is present in the closed exon junction complex28,29

but absent in DDX1930 and Vasa.31 A second link between the
P-loop and the DDVD motif is established by a direct hydrogen
bond of the Thr107 and Asp203 side chains (Figure 3A). Again,
this interaction is present in the exon junction complex but
absent in the currently available closed DEAD box helicase
structures.
To date, only one other reverse gyrase�nucleotide complex

structure is available. In the ADPNP complex of A. fulgidus reverse
gyrase (PDB entry 1GL9), a minor error is a 180� rotated
carboxamide side chain of the conserved glutamine, and the C2
epimeric arabinose was built instead of a ribose7 (Figure 3B). The
P-loops of reverse gyrases adopt different conformations in the
apo and nucleotide-bound forms. The CR�CR distance between
Thr102 (T. maritima) and the equivalent Thr80 (A. fulgidus) is
5 Å in the apo forms and 2 Å in the nucleotide-bound forms. In
both T. maritima and A. fulgidus reverse gyrase, the P-loop
essentially collapsed onto the phosphate part of the nucleotide.
Thus, the P-loop may be mobile in the apo form of reverse
gyrases and becomes fixed only after nucleotide binding. The
locations of the adenine, sugar moiety, and R-phosphate are
roughly similar between the T. maritima and A. fulgidus nucleo-
tide complexes. Large differences are apparent for the locations
and coordination of the Mg2þ ions and the connection of the
P-loop with the DDVD motif. In T. maritima rgyr_hel_Δlatch,
Thr107 is a direct ligand for theMg2þ ion and binds to Asp203 of
the DDVD motif (Figure 3A). By contrast, the analogous Thr85
in A. fulgidus only contacts the β-phosphate and is too far from

Figure 3. Detailed view of nucleotide binding to reverse gyrase. (A) Stereo figure of the hydrogen bond network of ADP and Mg2þ bound to
T. maritima reverse gyrase. The adenine base is bound by three hydrogen bonds (dashed lines) to the conserved Gln83 of the Q-motif and the backbone
carbonyl group of Asp78. A hydrophobic sandwich is formed between adenine and Phe75. The β-phosphate forms hydrogen bonds to the P-loop, and its
charge is neutralized by Lys106 and the Mg2þ�aquo complex. Mg2þ connects the nucleotide with Asp203 of the DDVDmotif, a modified DEAD box
that is conserved in RNA helicases. (B) Comparison of the nucleotide binding modes of T. maritima and A. fulgidus reverse gyrases with the DExD/
H-helicase Vasa. Mg2þ ions are shown as spheres. Note the deviation of the γ-phosphate inA. fulgidus reverse gyrase compared to that in Vasa, leading to
the absence of interactions with the Mg2þ ion.
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either the Mg2þ ion or the DDVD motif. In conclusion, the
structures we report here establish that the salient features
of nucleotide binding to DEAD box helicases, including the
Q-motif, the P-loop, and the connection to the (modified)
DEAD box, are present in T. maritima reverse gyrase.

’DISCUSSION

In this study, the latch region had to be deleted from the
T. maritima helicase-like domain to obtain diffracting crystals.
The latch does not interact with any residues of the nucleotide
binding pocket, and the mutant serves as a meaningful model
system for nucleotide binding to T. maritima reverse gyrase. The
fold of the H2 domain remains unaltered upon latch deletion.10

Furthermore, H2 does not significantly interact with H1 in any of
the reverse gyrase structures determined so far.

One of the larger sequence differences between T. maritima
and A. fulgidus reverse gyrases is an insertion of 12 residues at
position 240 (T. maritima numbering). This insertion effectively
replaces a β-hairpin of A. fulgidus reverse gyrase with a long
R-helix followed by a loop region (Figures 1B,C and 2E). For
A. fulgidus reverse gyrase, a function of this β-hairpin for strand
separation was hypothesized.7 β-Hairpins that were implicated in
strand separation are also present in the H1 domain of SF2
helicases NS332 and Hel30833 and in the SF1 excision repair
nuclease UvrB,34 albeit at quite different locations in the struc-
tures. Interestingly, another insertion close to those observed in
H1 of T. maritima and A. fulgidus reverse gyrases is present in
UvrB (Figure 4). This insertion adopts a shape similar to that of
the insertion in T. maritima reverse gyrase, namely a long R-helix
that connects back to H1 via a loop region. A multiple-sequence
comparison of 19 reverse gyrases (Figure S2 of the Supporting
Information) demonstrates that A. fulgidus harbors an exception-
ally compact reverse gyrase. The insertion in T. maritima is the
smallest of the set but can comprise up to 42 residues (Pyrococcus
kodakaraensis, with all pyrococci having >38-residue insertions).
Thus, if this region should participate in strand separation, and
if the insertion in UvrB has an equivalent function, the task can be
achieved not only via very different sequence lengths but also via
very different structures. Alternatively, the insertionmight undergo
a helix loop to β-hairpin transition during catalysis. Whether
insertions at this position constitute a general feature of DNA

and DExD/H helicases that is involved in nucleic acid strand
separation remains to be determined.

While the general features of nucleotide binding to reverse
gyrases and DEAD box helicases are the same with the adenine
base binding to the Q-motif and the phosphate moiety located in
the P-loop, the details of nucleotide binding in reverse gyrases
differ from those observed in DEADbox helicases. In the structure
of rgyr_hel_Δlatch, Thr107 is a direct Mg2þ ligand, a pattern
often encountered in P-loop-containing proteins. For example, in
the GTP-binding protein Ras, Ser17 of the P-loop binds to the
Mg2þ ion.35 With DEAD box and related helicases, the picture
is somewhat incoherent. In the human DDX19�ADPNP�
RNA complex,30 the threonine at this position does not interact
directly with Mg2þ, and in the Drosophila Vasa�ADPNP�RNA
complex,31 the interaction is indirectly mediated by a water
molecule. By contrast, a direct interaction of the threonine with
Mg2þ is present in the RNA-bound exon junction complex with
either ADPNP28 or the transition state analogue ADP-AlF3.

29 All
of these complexes are regarded as closed structures, trapped
either in a state prior to RNA unwinding or after release of the
first strand.

Superposition of the ADP�Mg2þ complex with that of
closed-form DEAD box helicases predicts a likely position for
the γ-phosphate in a reverse gyrase�ATP complex (Figure 3B).
The γ-phosphate should follow the extended conformation
present in the ATP analogue of the Vasa helicase,31 and the
Mg2þ ion should be bound to both the β- and γ-phosphate.
Instead, neither the β-phosphate nor the γ-phosphate of the
ADPNP in the A. fulgidus reverse gyrase structure interacts with
Mg2þ, but the γ-phosphate takes a very different path pointing
into the solvent (Figure 3B).

The helicase-like domain of reverse gyrase is composed of the
H1 and H2 domains and resembles the helicase core of DEAD
box proteins. An essential feature of these helicases is a bipartite
nucleic acid binding site that is generated by both RecA-like
domains31 (reviewed in ref 36). Generation of this binding
site requires closure of the interdomain cleft, which also harbors
the nucleotide binding site.28,30,31,37 DEAD box helicases and
reverse gyrases share several common denominators. First, the
spatial distribution of conserved motifs is similar.7 Second, muta-
tional studies defined important contributions of these motifs
to supercoiling.8 Third, cooperativity exists between DNA
and ATP binding in the helicase-like domain of T. maritima
reverse gyrase.11 Fourth, several crystal structures of DEAD box
helicases in the absence of either RNA and ATP analogues have
shown a plethora of open conformations where the N- and
C-terminal RecA-like domains are splayed apart28,38�40 (unpublished
observations, PDB entry 2Z0M). Binding of nucleotide alone
does not induce a closure of the cleft between H1 and H2,
not in the intact A. fulgidus reverse gyrase7 or in the T. maritima
rgyr_hel_Δlatch variant (this work), and also not in DEAD box
proteins.22 Taken together, these data suggest similar concerted
conformational changes for the helicase domains of reverse
gyrase and DEAD box helicases upon ATP and nucleic acid
binding. Indeed, single-molecule FRET studies of the isolated
reverse gyrase helicase-like domain demonstrate a closure upon
nucleotide and DNA binding.12

In T. maritima reverse gyrase, binding of DNA and nucleotide
is less cooperative than in the isolated helicase-like domain,
pointing toward an inhibitory effect of the topoisomerase domain
for the required closure of the helicase-like domain.11 It is
therefore conceivable that both nucleotide and DNA binding

Figure 4. Insertions in UvrB and reverse gyrase helicase-like H2
domains. UvrB (PDB entry 1d9z, magenta) has two insertions (right
part of the image) that might contribute to strand separation, a β-hairpin
(1) and an R-helix connecting back to H2 via a loop region (2). The
UvrB R-helix is located closer to the insertion in the reverse gyrase H2
domains (3 and 4) than the β-hairpin and is structurally similar to
T. maritima H2 (light blue). Similar to UvrB, A. fulgidus reverse gyrase
H2 (green) possesses a β-hairpin (4). However, the reverse gyrase
insertions are located at very different sites in theH2 structure compared
to the UvrB insertions, and their putative involvement in DNA strand
separation is currently unconfirmed.
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are required to alleviate the conformational restrictions imposed
on the helicase-like domain by the topoisomerase domain of
reverse gyrase. Likewise, nucleotide hydrolysis by the helicase-like
domain is attenuated by the topoisomerase domain in reverse
gyrase. The activation of eukaryotic initiation factor eIF4A by
eIF4G through the stabilization of a half-open conformation
demonstrates that a balance of conformational restriction and
conformational plasticity is crucial for DEAD box protein
function.24 Possibly, restriction by the topoisomerase domain
impedes rapid alternation between open and closed forms of H1
and H2. In the isolated T. maritima helicase-like domain, these
restrictions are alleviated, rationalizing its increased ATPase activity.
In conclusion, the crystallographic and single-molecule FRET
data presented here established the precise nucleotide binding
mode of and the conformational space available to the helicase-
like domain of reverse gyrase. To guide future studies of the
conformational changes upon ATP and DNA binding, further
structural information about the complete T. maritima reverse
gyrase is needed.
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Chapter 5 

The N-terminal putative Zn-finger has a deleterious effect on DNA 

binding and DNA-stimulated ATPase activity of reverse gyrase helicase-

like domain 

 

Introduction 

We have previously shown that the deletion of the latch from the isolated 

helicase-like domain of T. maritima reverse gyrase, strongly decreases DNA 

binding at virtually every step of the nucleotide cycle. Also the DNA-stimulated 

ATPase activity of the helicase-like domain module is decreased upon latch 

deletion, and the thermodynamic coupling between ATP hydrolysis and DNA 

binding practically disappears. Furthermore, our direct affinity measurements 

demonstrated that the latch is able to bind DNA. From these results a notion 

emerged on the role of the latch in guiding and presenting the suitable DNA to 

the topoisomerase domain during the supercoiling reaction, as well as its 

strong involvement in the reaction the helicase-like domain performs on its 

own.47 

The role played by individual regions of the enzyme in specific steps of 

reverse gyrase catalytic cycle was further addressed by studying the effect of 

the N-terminal putative Zn-finger on the properties of the helicase core. The 

crystal structure of A. fulgidus reverse gyrase suggests that the first residues 

in the primary structure of the molecule interact almost exclusively with the C-

terminal topoisomerase domain. This N-terminal region was not included in 

the final refined model due to poor electron density48. Nevertheless, although 

the secondary structure of the segment could not be assigned, the location of 

the N-terminal putative Zn-finger in close proximity to the topoisomerase 

domain was confidently determined. 

From the exclusive physical interaction of the N-terminal putative Zn-finger 

with the topoisomerase domain, it is expected to be more strongly involved in 

the reaction carried out by this module than in the reaction of the helicase-like 

domain. Topoisomerases are known to possess Zn-fingers in their structure49, 

while helicases usually lack them. We therefore set out to determine whether 
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the presence of the N-terminal putative Zn-finger has indeed no influence on 

the properties of the helicase-like domain, or if it actually cooperates with the 

helicase-like domain in the nucleotide-dependent DNA processing performed 

by this region of the enzyme. 

 

Results 

 

Our biochemical data suggest that the folding of the recA domains contained 

in the structure of rGyr_hel is not affected in the absence of the 

topoisomerase domain50. The unstimulated steady-state ATPase activities of 

rGyr and rGyr_hel are virtually the same, what also indicates that rGyr_hel is 

the only responsible for ATP hydrolysis. Additionally, the crystal structure of 

rGyr_hel_Δlatch reveals that 

the latch deletion has no 

effect on the folding of the H2 

domain 51 . CD spectra of 

these two constructs of the 

helicase-like domain, along 

with the spectrum of the 

same module containing the 

N-terminal Zn-finger 

(rGyr_hel_ZnF1) show no 

significant difference in the 

secondary structure (Figure 

9). Overall the differences in α-helical content are within the expected range, 

due to the different length of the constructs and the contribution of the 

individual residues, therefore the secondary structure seems to remain 

unaltered. 

 

DNA-stimulated ATP hydrolysis under steady-state conditions 

Under steady-state conditions, the kcat value for ATP hydrolysis by 

rGyr_hel_ZnF1 in the presence of ssDNA is 470 ± 50·10-3s-1 (Table I). This 

Figure 9. CD spectra of the three reverse gyrase 

helicase-like constructs assayed so far. The differences in 
the curves are derived from the different lengths of the 
polypeptides. No significant difference in secondary 
structure was detected. 
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value is intermediate between the ones obtained for the full-length rGyr and 

rGyr_hel_Δlatch. Compared to rGyr_hel, the ssDNA stimulation of ATP 

hydrolysis by rGyr_hel_ZnF1 is 2.5-fold lower, but still approximately 3-fold 

higher than the full-length rGyr. rGyr_hel_Δlatch hydrolyzes ATP at a rate 

closest to the displayed by rGyr_hel_ZnF1, being only 1.7-fold higher. Overall, 

ssDNA stimulation of ATP hydrolysis by rGyr_hel_ZnF1 is the lowest of all the 

helicase-like domain constructs, but still higher than the full-length rGyr 

(Figure 2). 

Comparison of the KM,ssDNA 

values indicate a 10-fold 

decrease of the apparent 

affinity for ssDNA in 

rGyr_hel_ZnF1 compared 

to rGyr_hel, with values of 

0.7 ± 0.3 μM and 0.07 ± 

0.04 μM, respectively. 

Interestingly, compared to 

rGyr and rGyr_hel_Δlatch, 

which have KM,ssDNA of 0.45 

± 0.06 μM and 0.25 ± 0.03 μM respectively, the apparent affinity for ssDNA in 

the case of rGyr_hel_ZnF1 was only 1.6-fold smaller than rGyr, and 2.8-fold 

smaller than rGyr_hel_Δlatch. We have previously reported that the full-length 

rGyr had an apparent ssDNA affinity lower than rGyr_hel and 

rGyr_hel_Δlatch1. From that we concluded that the presence of the 

topoisomerase domain had a deleterious effect on the apparent affinity of the 

helicase-like domain, which is the part of the molecule performing the ATPase 

reaction. That rGyr_hel_ZnF1 has an apparent affinity for ssDNA even lower 

than rGyr, leads us to assume a deleterious effect of the N-terminal Zn-finger 

on the isolated helicase-like domain apparent affinity for ssDNA, even higher 

than within the context of the full-length enzyme. 

Analysis of the stimulation of the ATPase activity by dsDNA reveals a trend 

similar to what was observed in the case of ssDNA. rGyr_hel_ZnF1 exhibits a 

kcat of 330 ± 70·10-3s-1, which is 4.4-fold and 2.4-fold slower than the dsDNA-

Figure 10. DNA-stimulated ATPase activity of the full-length 

reverse gyrase and different constructs of the helicase-like 
domain. There is no overlap between the constructs, showing 
that for all helicase-like variants, the DNA stimulations occurs to 
a higher extent as the wild-type full-length enzyme. 
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stimulated ATP hydrolysis rate of rGyr_hel and rGyr_hel_Δlatch, respectively. 

Compared to rGyr, rGyr_hel_ZnF1 performs the reaction at a rate 2.2-fold 

higher. This is again consistent with the dsDNA-stimulation of ATP hydrolysis 

by rGyr_hel_ZnF1 being the lowest of all the helicase-like domain constructs 

but still higher than rGyr, following the same trend as the ssDNA-stimulated 

ATPase activity. 

Analysis of the KM,dsDNA values indicate that rGyr_hel_ZnF1 has apparent 

dsDNA affinities 14- and 22-fold smaller than rGyr_hel_Δlatch and rGyr_hel, 

respectively. This last case is where the apparent affinity for DNA is most 

drastically impaired by the presence of the N-terminal Zn-finger within the 

helicase-like domain construct. On the other hand, compared with full-length 

rGyr, rGyr_hel_ZnF1 apparent affinity for dsDNA is only 1.8-fold smaller, and 

these two constructs have apparent dsDNA affinities one order of magnitude 

smaller than the other two helicase-like constructs. 

Overall, the DNA-stimulated ATP hydrolysis is clearly distributed in four 

different populations, where the constructs lacking the N-terminal Zn-finger 

show higher DNA-stimulated ATPase rates, in the order rGyr_hel > 

rGyr_hel_Δlatch > rGyr_hel_ZnF1 > rGyr (Figure 2). The dsDNA-stimulated 

ATPase activity represents the biggest gap between the two sub-sets of 

populations determined by the presence of the N-terminal Zn-finger, indicating 

a more pronounced effect of this region on dsDNA-stimulated ATPase activity 

than on ssDNA. Another difference between these sub-sets of constructs, is 

that for the ones lacking Zn-fingers dsDNA stimulates ATP hydrolysis more or 

to the same extent as ssDNA, while for the ones bearing the N-terminal Zn-

finger it is ssDNA the one that stimulates ATP hydrolysis most.  

Global analysis of the apparent DNA affinities reveals a rather similar picture, 

where the constructs lacking Zn-fingers have higher apparent DNA affinities 

than the ones bearing the N-terminal Zn-finger. However, the order rGyr_hel > 

rGyr_hel_Δlatch > rGyr > rGyr_hel_ZnF1 reveals an inversion of the last two 

constructs, which also happen to be in an overlapping range. Additionally, 

although all constructs show higher apparent affinities for ssDNA than dsDNA, 

the ones without Zn-fingers show a rather small preference for ssDNA, while 
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the constructs bearing the N-terminal Zn-finger show a marked preference for 

ssDNA, with a strongly decreased apparent affinity for dsDNA (Table I). 

 

DNA binding 

rGyr_hel_ZnF1 binds ssDNA with a 37- and 6.5-fold smaller affinity than rGyr 

and rGyr_hel, respectively. Compared to rGyr_hel_Δlatch, this affinity is still 

3.1-fold smaller, consistent with a deleterious effect of the N-terminal Zn-

finger on ssDNA binding by the helicase-like domain. 

In the case of dsDNA however, no quantitative analysis of binding to 

rGyr_hel_ZnF1 was possible. Nevertheless, an anisotropy increase was 

detected, indicating that dsDNA is weakly bound. This finding is inline with the 

steady-state ATPase measurements, where rGyr and rGyr_hel_ZnF1 had 

Table I. Steady-state ATPase parameters for rGyr_hel, rGyr_hel_Δlatch, and rGyr_hel_ZnF1. Intrinsic 
ATPase activity, and influence of DNA on KM and kcat. 
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apparent dsDNA affinities one order of magnitude smaller than the ones from 

rGyr_hel and rGyr_hel_Δlatch. 

Analysis of DNA binding by rGyr_hel_ZnF1 in the ATP ground state, mimicked 

by ADPNP, had as result that the affinity for ssDNA remains unaltered while 

the affinity for dsDNA falls within the measurable range, with a value of 3.1 

μM. These results support the previous findings that binding of ssDNA by 

rGyr_hel is rather insensitive to ADPNP binding, while the affinity for dsDNA is 

greatly increased3 (Figure 3). 

 

Also in the ADP-bound state the trend seen with rGyr_hel is roughly 

maintained, where the affinity for DNA remains similar as in the nucleotide-

free state, with a 1.4-fold decrease of the affinity for ssDNA and a 1.05-fold 

increase of the affinity for dsDNA4. For rGyr_hel_ZnF1, ADP has the effect of 

decreasing 2.6-fold the affinity for ssDNA, while in the case of dsDNA the 

extent of the increase could not be measured. 

These results are consistent with the N-terminal Zn-finger not cooperatively 

contributing to DNA binding by the helicase-like domain, impairing dsDNA 

binding the most, supposedly by competing for the substrate (Table II). 

Figure 11. DNA  binding to rGyr_hel_ZnF1. Left: ssDNA binding. Right: dsDNA binding. The  KD 
values are summarized in Table II. 
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Discussion 

Our findings indicate a role of the putative N-terminal Zn-finger on DNA 

binding in general, with a marked preference for dsDNA. In this case it can be 

interpreted as a competition with the helicase-like domain for the substrate, 

which is not surprising since this regions do not engage in intramolecular 

contacts in rGyr and therefore no direct cooperation is expected. 

rGyr_hel_ZnF1 still displays the affinity switch first described for rGyr_hel, 

although although to a lesser extent, due to the negative effect exerted by the 

N-terminal Zn-finger. These results may indicate a role in vivo for rGyr Zn-

fingers in dsDNA binding, in line with its spatial location close to the Rossman 

fold (domain T1 in A. fulgidus reverse gyrase2, domain I in E. coli 

topoisomerase I52) of the topoisomerase module. The structure of a type IA 

topoisomerase, E. coli topoisomerase III, in complex with an 8-base ssDNA 

reveals the involvement of domain I in binding the 3’end of the cleaved ssDNA 

strand53. The fact that the homologous region in rGyr, namely domain T1, has 

the Zn-fingers right at the end of the groove where ssDNA is bound, and given 

that these Zn-fingers strongly interact with dsDNA, they might contribute to 

hold the DNA bubble in place by stabilizing the duplex and confining the 

unwound region to the enzyme active site.  

These results also indicate that the Zn-fingers might contribute to rGyr_hel 

attenuation in the context of the full-length enzyme. Apparently, in rGyr the 

topoisomerase domain is able to attenuate the helicase-like domain not only 

by restricting its conformational dynamics, but also by competing for the DNA 

substrates.  

It has been reported that Zn-fingers tend to appear in clusters and they are 

known to act in tandem54. For that reason we also attempted to express the 

Table II. Dissociation constants for DNA binding to all constructs 
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helicase-like domain with the two flanking Zn-fingers. Unfortunately this 

mutant was insoluble, and no measurements could be performed.  

Overall, our results reconcile apparent contradictions with other studies on 

helicase-like domains from rGyr of other organisms. It has been reported that 

the deletion of the topoisomerase domain either decreases or has no effect at 

all on the helicase-like domain activity, in constructs bearing the N-terminal 

Zn-finger 55. We show that the N-terminal Zn-finger has a deleterious effect on 

DNA binding and DNA-stimulated ATP hydrolysis by the helicase-like domain, 

presumably by competing for the DNA substrate, rendering most of the 

steady-state kinetic parameters as reduced as in the context of the full-length 

enzyme. On the other hand, our structural data of the isolated helicase-like 

domain have revealed that secondary structure motives involved in DNA 

binding by rGyr, like the A. fulgidus β-hairpin (aa 201-217)2 and its 

homologous in T. maritima α-helix (aa 223-250)4 are not as conserved among 

rGyr helicase-like domains as expected. That can also account for moderate 

functional differences between rGyrs from different sources. Overall, more 

structural information is required to identify subsets of rGyrs with slight 

structural differences that account for the functional differences reported. 
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Chapter 6 

Stoichiometry and length-dependence of DNA binding to rGyr_hel 

 

Introduction 

We have previously shown that DNA processing by rGyr_hel is coupled to 

conformational changes driven by ATP hydrolysis 56 . Elucidation of the 

nucleotide cycle by determining the affinities for nucleotide and DNA in 

equilibrium implied the use of substrate analogs resembling intermediary 

states generated during the catalytic cycle. For that reason different DNA 

constructs of different lengths were used. The approximate dimensions of 

rGyr_hel in the crystal structure of rGyr are 60 x 70 x 50 Å. This roughly 

corresponds to a 20.6 bp dsDNA bound along its longest axis, and this 

number should be higher in the case of ssDNA. That would theoretically allow 

for simultaneous binding of three rGyr_hel molecules to a 60 bp dsDNA, the 

standard substrate used to characterize the rGyr_hel nucleotide cycle. 

Nevertheless, the following equation describing the 1:1 binding mode, shows 

the hyperbolic dependence of the complex concentration on KD and the 

interacting partners. It has as a consequence that small changes in 

stoichiometry hardly affect the complex concentration, rendering the observed 

KD rather insensitive to these small stoichiometry changes.  

          
              

    
              

  
 

           

 

Single-molecule measurements on the other hand, clearly differentiate 

subsets of FRET efficiencies if the enzyme adopts different conformations 

when it binds different DNA regions of the same construct. We therefore set 

out to determine the stoichiometry of binding of rGyr_hel to DNA substrates, 

as well as the minimal length allowing binding of only one enzyme molecule 

without loss of activity. That way, binding or rGyr_hel to different DNA regions 

can be distinguished from binding to one region in different conformations, in 

conditions that show more than one population of FRET efficiencies on single-

molecule measurements. 
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Results 

 

Stoichiometry of binding of rGyr_hel to different DNA substrates in the 

nucleotide-free state 

We have previously reported the 

rGyr_hel affinity for a 60mer ssDNA to 

be 0.20 ± 0.01 μM. The stoichiometric 

titration, using a substrate 

concentration 10 times higher than the 

KD value did not produce the typical 

kink of the binding isotherm57. Only a 

DNA concentration 20 times higher 

than the KD followed the graphic 

behavior that allowed assigning the 

stoichiometry of binding, which in this 

case was roughly two rGyr_hel molecules bound to one molecule of ssDNA 

(Figure 12).  

We have shown that in the nucleotide-free state, rGyr_hel preferentially binds 

a 60/20mer jxnDNA carrying ssDNA overhangs with both polarities, one at 

each side of the substrate dsDNA 60/20_mid, i.e., 5’-OH and 3’-OH ends of 

the backbone chain1. We also demonstrated that the simultaneous presence 

of two ssDNA strands with both polarities at the same fork in a bubbled DNA 

substrate does not improve binding. It is an indication that in the nucleotide-

free state, rGyr_hel interacts with only one of the ssDNA strands of the bubble 

substrate. Additionally, no significant difference was detected between the 

binding affinities of rGyr_hel to dsDNA 60/20_mid and the affinity of rGyr_hel 

for two other constructs of the same length with only one ssDNA overhang, of 

either 5’-OH (dsDNA 60/20_5) or 3’-OH (dsDNA 60/20_3) polarity (Figure 13). 

We therefore set out to determine the stoichiometry of binding of rGyr_hel to 

these substrates (Figure 14). Binding of rGyr_hel to dsDNA 60/20_mid has a 

Figure 12. Stoichiometric titration of ssDNA. The 

stoichiometric equivalence is roughly at 8 μM. It 
means that two molecules of the protein bind to 
one molecule of ssDNA. 
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stoichiometry of 4:1. For the other two constructs a smaller ratio of 2.5:1 is 

obtained.  

 

Minimal rGyr_hel jxnDNA substrate 

The length dependence of the binding affinity and stoichiometry of rGyr_hel to 

junction DNAs with a 5’-OH polarity of the ssDNA region was also determined 

(Figure 15). The KD values for binding of rGyr_hel to the different length DNAs 

fluctuate in ratios smaller than 2-fold, consistent with no significant difference 

in binding. The stoichiometry of binding on the other hand, starts with a ratio 

Figure 13. Binding affinities of rGyr_hel to jxnDNA substrates, with either 3’, 5’, or both 

ssDNA overhangs. It shows that all DNA constructs are bound by rGyr_hel with virtually the 
same affinity. 

Figure 14. Stoichiometric titrations of 60/20mer junction DNAs. The construct having ssDNA 
overhangs with both polarities accommodates roughly one rGyr_hel molecule more than the rest. 
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of 3:1 for the dsDNA 60/20_5 

construct, and ends up with a 

1:1 binding ratio for the 

shortest constructs dsDNA 

30/20_5 and dsDNA 25/20_5. 

This result is consistent with 

small enzyme regions 

engaging in contact with the 

ssDNA strands at a junction 

in the nucleotide-free state. 

For the DNA constructs with 

intermediate lengths of the 

ssDNA overhang, namely 

dsDNA 40/20_5 and dsDNA 

35/20_5, the stoichiometric 

point could not be detected 

due to the absence of the 

expected kink in the graphic 

behavior. Interestingly, also 

their affinities for rGyr_hel 

were the lowest of all the 

junction constructs. 

Apparently, higher DNA:protein ratios should be used to determine the 

stoichiometry of binding to these jxnDNAs.  

  

Discussion 

Binding of rGyr_hel to ssDNA with a stoichiometry of 2:1 is not expected to 

significantly affect the observed KD, provided that rGyr_hel does not 

cooperatively bind DNA. If there were a significant cooperative binding 

between these interacting partners, binding of the first protein molecule would 

facilitate binding of a second one to the ssDNA substrate, and at the same 

time the affinity of both molecules of the enzyme for the substrate would be 

increased. Cooperativity in binding would imply a mixed effect of higher 

Figure 15. DNA binding (left panel) and stoichiometric  
titrations for the corresponding construct (right panel). 
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stoichiometry and increase of the affinity for DNA, that would be reflected on 

the KD value and the shape of the binding isotherm. If alternatively the same 

protein where faced with a ssDNA segment short enough to accommodate 

only one protein molecule, the stoichiometry would be forced to remain 1:1, 

preventing the enzyme from the affinity increase upon interaction with a 

second molecule of the enzyme. We have previously reported that the shape 

of the binding isotherm suggests marginal cooperativity between two rGyr_hel 

molecules bound to the same ssDNA, and the fit with the Hill equation was 

slightly better than using a 1:1 binding model2. Further experiments should 

address whether the minimal ssDNA substrate, i.e., the substrate that can 

accommodate only one rGyr_hel molecule, shows a decreased affinity for 

rGyr_hel that may further support the notion of a functionally relevant 

cooperative effect. Nevertheless, the 1:1 based model for determination of the 

KD should be adjusted to our experimentally determined stoichiometry factor. 

The analysis of the junction substrates with different polarities shows that 

rGyr_hel has no preference for the polarity of the ssDNA overhang at the 

junction on the nucleotide-free state. It most probably indicates the presence 

of different regions of the enzyme responsible for binding to each strand, 

since the spatial distribution of residues that can contact ssDNA of one 

polarity are not optimally arranged to establish contact with ssDNA of the 

inverse polarity58. These results also indicate that the regions involved in 

binding to the ssDNA strands cannot simultaneously interact with the strands 

of both polarities in the open conformation, as we have previously determined 

via smFRET that this is the conformational state corresponding to this 

protein:DNA complex1.  

From the stoichiometry of binding of rGyr_hel to the junction substrates we 

conclude that in the case of dsDNA 60/20_mid, the enzyme binds to both 

junctions and both ssDNA overhangs. A molecule of the enzyme bound to the 

dsDNA region is unlikely, due to the low affinity of this complex in the 

nucleotide-free state. From the other two constructs we conclude that a 40 nt 

ssDNA region is still long enough to accommodate roughly two rGyr_hel 

molecules, in addition to the one bound to the junction (Figure 16). The length 

of the 5’ ssDNA overhang next to a junction can be reduced to 5 nt without 
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significant change of the affinity for rGyr_hel, which indicate that the 

interaction with this region does not involve a large protein surface. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 16. Figure depicting hypothetical binding modes of rGyr_hel to the different 60/20 jxnDNAs. 

Left: construct with a 3’ssDNA overhang, where approximately 2.5 rGyr_hel molecules bind, one to 
the junction and the rest to the ssDNA region. Middle: construct with both 3’ and 5’ ssDNA overhangs,   
where approximately 4 protein molecules bind, two to the junctions and the others to the ssDNA 
region. Right: same as in the first case, only the ssDNA directionality is inverted. 
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Chapter 7.  Article  

Deletion of the latch from reverse gyrase helicase-like domain restricts 

the conformational changes associated to nucleotide-dependent DNA 

processing 

 

We have contributed to demonstrate that the latch, an insertion into the H2 

domain of the helicase-like domain, modulates interactions between the 

topoisomerase and the helicase-like domain during positive DNA supercoiling. 

We determined the nucleotide cycle from a thermodynamic and 

conformational point of view for this mutant. It revealed that the reverse 

gyrase helicase-like domain lacking the latch had significantly different DNA 

preferences during the nucleotide cycle compared to rGyr_hel. It shows 

thermodynamically uncoupled ssDNA binding in the ATP-bound state, and 

even loses the ssDNA high affinity state in the post-hydrolysis or the ADP-

bound state, indicating a major role of the latch in ssDNA binding at these 

stages. Interestingly, jxnDNA binding at the pre-hydrolysis state is the only 

stage virtually unchanged when compared to rGyr_hel. We show for the first 

time that at this point of the reaction both mutants are able to unwind DNA. 

Overall, our results are consistent with a modulatory function of the latch, 

presenting the 5`-ssDNA strand in the pre-hydrolysis state to the lid in order to 

perform positive supercoiling. 
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Abstract  

Reverse gyrase is an enzyme exclusive from thermophilic and 

hyperthermophilic organisms that plays a DNA-thermoprotective role at high 

temperatures. Its structural signature is a modular build-up consisting of a 

topoisomerase domain linked to a helicase-like module, this last one bearing 

an insertion, the latch domain, optimally suited for interdomain communication. 

Deletion of the latch from the full-length reverse gyrase abolishes its capacity 

to positively supercoil DNA, and only relaxation can take place. However, 

deletion of the latch from the isolated helicase-like domain strongly impairs 

DNA binding, DNA-stimulated ATP hydrolysis, and thermodynamic coupling 

between both processes. Here we further address the effect of the latch 

deletion from T. maritima reverse gyrase helicase-like domain. We confirm the 

big differences in the thermodynamic and conformational properties compared 

to the helicase-like domain bearing the latch. Nevertheless, at the pre-

hydrolysis stage there are virtually no differences between both constructs, 

indicating a minimal contribution of the latch. However, DNA supercoiling by 

the full-length reverse gyrase reveal a role of the latch at this stage of the 

reaction, preventing the topoisomerase domain from resealing the cleaved 

strand, and therefore from performing only DNA relaxation. Our results are 

consistent with a role of the ssDNA-bound latch at the pre- and post-

hydrolysis states, guiding the lid covalently attached to the same strand to 

perform the directional strand passage that ensures introduction of positive 

supercoils into the DNA. 
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Introduction  

Reverse gyrase is a type IA topoisomerase exclusive from thermophilic and 

hyperthermophilic organisms1 that introduces positive supercoils into the DNA 

in an ATP-dependent manner 2 . It has been suggested to play a DNA 

thermoprotective role in vivo, although the deletion of its gene is not a lethal 

mutation3. Nevertheless, reverse gyrase has been demonstrated to have DNA 

chaperone and renaturase activities4,5. 

The distinctive structural feature of reverse gyrase is its modular build up. It 

contains an N-terminal helicase-like module fused to a C-terminal 

topoisomerase domain, homologous to the family IA of topoisomerases6. The 

helicase-like domain of reverse gyrase belongs to the superfamily 2 of 

helicases (SF2). It comprises two RecA folds, bearing all determinants for 

nucleotide binding and hydrolysis. It also possesses an insertion in the H2 

domain, the so-called latch domain, which has been shown to play a key role 

in interdomain communication, presumably by guiding and presenting the 

DNA into the active site of the topoisomerase domain. Furthermore, the latch 

is also crucial for thermodynamic coupling between DNA binding and 

nucleotide binding and hydrolysis 7.  

We have previously reported that the helicase-like domain of reverse gyrase 

is a nucleotide-dependent switch, attenuated by the topoisomerase domain in 

the context of the full-length enzyme 8. We have also characterized the 

nucleotide cycle of rGyr_hel, by elucidating the DNA preference at each stage 

of the cycle from a thermodynamic point of view9. In the present study we 

further analyze the role of the latch region, an insertion on the H2 domain, by 

studying how its deletion affects the way rGyr_hel interacts with nucleotide 
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analogs, DNA, the coupling between both processes, and the conformational 

changes during the reaction. Additionally, we demonstrate for the first time 

that this construct of the helicase-like domain possesses nucleotide-

dependent DNA unwinding activity. Using this approach we have been able to 

elucidate the nucleotide cycle of the helicase-like domain from T. maritima 

reverse gyrase, when the latch is removed from its structure. It has revealed 

the stages of the cycle where the reaction is affected most, due to strong 

involvement of the latch, and answers the question of why the latch deletion 

from the full-length enzyme abolishes the introduction of positive DNA 

supercoiling by reverse gyrase. 

 

Material and methods 

Cloning and protein purification 

rGyr_hel_Δlatch was produced as described7. The double Cysteine mutant 

S169C/F332C was generated according to the Quickchange protocol 

(Stratagene) and purified as rGyr_hel. 

 

Nucleotides and DNA substrates 

Nucleotides were purchased from Jena Biosciences and Biolabs. Unlabeled 

and labeled oligonucleotides were purchased from Sigma Aldrich and 

Purimex, respectively. The ssDNA substrate used was: 5’-(fluorescein)-AAG 

CCA AGC TTC TAG AGT CAG CCC GTG ATA TTC ATT ACT TCT TAT CCT 

AGG ATC CCC GTT. dsDNA was generated by annealing of the ssDNA 

substrate with the complementary strand. jxnDNAs were obtain by annealing 

the ssDNA substrate with 20nt oligonucleotides, complementary to either the 
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underlined part or the ends. The 5’ssDNA and 3’ssDNA junction DNAs for 

unwinding assays were obtained by annealing: 5’-(Cy5)-CGT TAC GCA with 

GAT AAT GCG TAA CG-(Cy3)-3’, or 5’-(Cy5)-CGT TAC GCA TTA TC with 

TGC GTA ACG-(Cy3)-3’. 

 

DNA unwinding assay 

DNA unwinding was detected via FRET between the Cy3 and Cy5 dyes. The 

5’ and 3’ ends were labeled with Cy5 and Cy3 respectively, at the duplex side 

of junction or dsDNA. Unwinding was detected by decrease of the 

fluorescence emission of the acceptor Cy5 at 666 nm (1 nm bandwidth), after 

excitation at 554 nm (1 nm bandwidth) on a Fluoromax-3 fluorimeter (Jobin 

Yvon). 0.5 µM DNA was incubated with 5 µM the enzyme at 37°C for 1 min in 

buffer 50 mM Tris/HCl, pH 7.5, 0.15 M NaCl, 10 mM MgCl2, 10 µM Zn(OAc)2, 

2 mM β-mercaptoethanol, prior to nucleotide addition. 

 

Fluorescence equilibrium titrations 

The assay for determination of fluorescently labeled mant-nucleotides binding 

to rGyr_hel_Δlatch was performed as described9. The KD values were 

determined with the equation describing a 1:1 binding mode: 

! = !! +
∆!!"#
!"

ℎ!" + !" + !!
2 −

ℎ!" + !" + !!
2

!

− ℎ!" !"  

 

where F0 is the inicial fluorescence of the nucleotide, ΔFmax is the amplitude 

of the increase upon binding to rGyr_hel_Δlatch, [hel] is rGyr_hel_Δlatch 

concentration, and [mA] is the labeled nucleotide concentration. 



	   6	  

Fluorescein-labeled DNA binding was measured via fluorescence anisotropy, 

at 37°C in buffer 50 mM Tris/HCl, pH 7.5, 0.15 M NaCl, 10 mM MgCl2, 10 µM 

Zn(OAc)2, 2 mM β-mercaptoethanol. Data was evaluated as previously 

described8. 

 

Single-molecule FRET 

Measurements and data evaluation were performed as previously described9. 

 

Plasmid DNA supercoiling 

The DNA supercoiling reaction of rGyr_Δlatch was performed at 75°C in 

buffer 50 mM Tris/HCl, pH 7.5, 0.15 M NaCl, 10 mM MgCl2, 10 µM Zn(OAc)2, 

2 mM β-mercaptoethanol, 10% (w/v) polyethylene glycol 8000, as previously 

described7. 

 

Results 

Nucleotide binding to rGyr_hel_Δlatch 

We have previously reported nucleotide and DNA binding data of 

rGyr_hel_Δlatch, in the cases of ADPNP, ADP, ssDNA, and dsDNA. We 

further address the nucleotide cycle by characterizing the ADP.BeFx- and 

ADP.MgFx-bound states, as analogs for the pre-hydrolysis and post-

hydrolysis prior Pi release states, respectively. We also characterize the 

interaction of the enzyme with junction DNA (jxnDNA), as an intermediate 

generated during the catalytic cycle. 

In the DNA-free state, rGyr_hel_Δlatch binds the nucleotide analogs ADPNP 

and ADP with 2.8- and 1.5-fold higher affinities than rGyr_hel, respectively. As 
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the latch is not involved in nucleotide binding or hydrolysis, this probably 

reflects an effect of the mutation on the overall protein dynamics. However, 

binding of the analogs ADP.BeFx and ADP.MgFx remains virtually the same 

as the wild-type isolated helicase-like domain. In general, binding of DNA 

hardly affects the affinity of rGyr_hel_Δlatch for ADPNP or ADP, but slightly 

increases the affinity for ADP.BeFx and decreases the affinity for ADP.MgFx 

(Figure 1).  

Specifically ssDNA increases 12-fold the affinity for ADP.BeFx, in line with the 

effect it has on the wild-type helicase, where it increases 9.5-fold the affinity 

for ADP.BeFx. The presence of ssDNA decreases 0.7–fold the affinity for 

ADP.MgFx, also in agreement with the 0.7-fold decrease in affinity seen with 

rGyr_hel. On the other hand, dsDNA increases 1.8–fold and decreases 1.5–

fold, the affinity of rGyr_hel_Δlatch for ADP.BeFx and ADP.MgFx, respectively. 

The corresponding values for rGyr_hel are 3.8–fold and 1.3–fold increases in 

affinity. Overall, these results reveal that the trend observed in rGyr_hel for 

the effect of DNA on nucleotide analogs binding, is only conserved in the 

presence of ssDNA for the latch deletion mutant (Table I). 

We have also studied the effect of jxnDNA on nucleotide binding, using the 

60/20mer previously described9. ADPNP and ADP.BeFx binding to 

rGyr_hel_Δlatch are 2-fold and 1.7-fold increased by the presence of the 

jxnDNA, respectively. On the other hand, binding of rGyr_hel_Δlatch to 

ADP.MgFx is 2.7-fold decreased by the presence of the jxnDNA, while the 

affinity for ADP is 1.5-fold increased. Compared to rGyr_hel, the most affected 

events are ADPNP binding, which is 600–fold increased in the wild-type 
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helicase; ADP.MgFx binding, that remains unaltered in rGyr_hel; and ADP 

binding, which is 4.7-fold increased in the jxnDNA-bound state. 

 

DNA binding to rGyr_hel_Δlatch 

In the present study we also investigate DNA binding to rGyr_hel_Δlatch, and 

how it is influenced by the nucleotide state of the enzyme. For that purpose, 

the previously described 60mer ssDNA and 60bp dsDNA were used, as well 

as the 60/20mer jxnDNA (Table II). 

We have reported data for rGyr_hel_Δlatch binding to ssDNA and dsDNA, 

showing that the latch deletion has the overall effect of drastically reducing the 

affinity for DNA. Compared to rGyr_hel, in the nucleotide-free state the most 

impaired is dsDNA binding by rGyr_hel_Δlatch, with a 5.4–fold reduced 

affinity, while in the case of ssDNA the affinity reduction is only 2.1–fold. In the 

ADPNP-bound state, again dsDNA binding is the most impaired, with a 1.7-

reduced affinity compared to the nucleotide-free state, in contrast with the 20-

fold increase of affinity experimented by rGyr_hel. ssDNA binding by 

rGyr_hel_Δlatch is 2.6-fold reduced, following the same trend as rGyr_hel, 

where ADPNP binding reduces 2.3-fold the affinity for ssDNA. Finally, in the 

ADP-bound state rGyr_hel_Δlatch binds ssDNA with a 6.2-fold reduced 

affinity, while dsDNA binding is the same as for the nucleotide-free enzyme. 

These are the same trends observed in the ADP-bound rGyr_hel, with a 1.4-

fold reduced affinity for ssDNA compared to the nucleotide-free state, and 

practically no effect on dsDNA binding (Figure 2). 

Analysis of the effect of the transition state analog ADP.BeFx on DNA binding 

resulted on a 1.7-fold reduced affinity for ssDNA and a 5.8-fold increased 
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affinity for dsDNA. Compared to rGyr_hel, ssDNA binding is the most affected, 

since the wild-type helicase-like domain experiences a 4.5-fold increase in 

affinity in this nucleotide state. The trend observed on dsDNA binding is in 

agreement with the effect observed on rGyr_hel, although the 20-fold increase 

in affinity in the presence of ADP.BeFx suggests that the latch deletion 

reduces the extent of the stimulation of dsDNA binding by this nucleotide 

analog. 

DNA binding by rGyr_hel_Δlatch in the presence of ADP.MgFx is 9.3- and 1.5-

fold decreased, in the cases of ssDNA and dsDNA, respectively. For rGyr_hel 

the corresponding values are a 2.4-fold increased affinity for ssDNA and a 

1.8-fold increased affinity for dsDNA, indicating that this is the nucleotide state 

where the overall trend most drastically differ between these two constructs. It 

also implies a crucial role of the latch on ssDNA binding at this point of the 

cycle. 

We also investigated binding of rGyr_hel_Δlatch to the 60/20mer junction 

DNA in all nucleotide states. In the nucleotide-free state rGyr_hel_Δlatch 

binds jxnDNA with similar affinity as ssDNA, which means that the enzyme 

binds to the ssDNA region and the junction is no longer recognized. In the 

ADPNP-bound state the affinity for the jxnDNA is 2.6–fold decreased 

compared to the nucleotide-free state, and the value for the dissociation 

constant is the same as the complex with ssDNA, meaning that again the 

enzyme is only interacting with the ssDNA region of this substrate. In the 

ADP.BeFx–bound state however, the affinity for jxnDNA is 11.4–fold increased, 

with a KD value only 2-fold smaller than the corresponding rGyr_hel complex. 

This is the first stage where rGyr_hel_Δlatch preferably binds a DNA different 
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from ssDNA. At the post-hydrolysis state prior to Pi release, mimicked by 

ADP.MgFx, the preference for the ssDNA is regained, with a 1.3-fold decrease 

in affinity for the jxnDNA. The KD value is even slightly higher than the one for 

ssDNA binding. This scenario does not change in the presence of ADP, 

where the affinity for jnxDNA is 4-fold decreased and is also within the range 

of the affinity for ssDNA, and virtually the same value displayed by rGyr_hel. 

Overall, rGyr_hel_Δlatch preferably binds ssDNA throughout the nucleotide 

cycle, except at the pre-hydrolysis state mimicked by ADP.BeFx, where 

rGyr_hel_Δlatch preferably binds to the jxnDNA, with an affinity comparable to 

rGyr_hel binding to jxnDNA in the same nucleotide state. Interestingly, at the 

post-hydrolysis state prior to Pi release, although the preference for ssDNA is 

regained, the affinity for the enzyme is so low that it is likely that 

rGyr_hel_Δlatch disengages from the contact with ssDNA. 

 

Single molecule FRET 

It has been previously reported for helicases, the occurrence of a 

conformational change upon ATP and DNA binding that brings the recA 

domains closer together, and the enzyme adopts a closed conformation10. We 

have been able to demonstrate that rGyr_hel experiments the same 

conformational change in the presence of DNA and the nucleotide analogs 

ADPNP and ADP.BeFx9. We also address the question of the conformational 

change in rGyr_hel_Δlatch by creating the same double Cys mutant 

previously reported for rGyr_hel, S169C/F332C9. 

We have also reported crystallographic data, indicating that the latch deletion 

does not affect the proper folding of the H2 domain7. We also showed that a 
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labeled rGyr_hel_Δlatch double Cys mutant exhibits a FRET efficiency peak 

at approximately 0.15, the same as the FRET efficiency maximum of the 

equivalent rGyr_hel double Cys mutant. This is a further indication that the 

latch deletion does not affect the conformation neither in the crystal lattice nor 

in solution11. 

In the absence of DNA, rGyr_hel_Δlatch shows the same conformation in all 

nucleotide states as the nucleotide-free enzyme (Figure 3). Binding of any of 

the DNA substrates in the nucleotide-free state does not induce any 

detectable conformational change either. In the ADPNP-bound state, binding 

of DNA to rGyr_hel_Δlatch does not promote the formation of the high FRET 

species detected on rGyr_hel, providing the first conformational difference 

between these constructs. This result is also in line with the lack of 

cooperativity in binding of dsDNA and ADPNP by rGyr_hel_Δlatch. In the 

presence of ADP.BeFx however, ssDNA and dsDNA promote closure of the 

cleft in only a fraction of the rGyr_hel_Δlatch molecules, with both species 

represented on the histograms as populations of high and low FRET 

efficiencies. jxnDNA however, is the only construct that can promote full 

closure of the cleft between the recA domains in this nucleotide state, in 

agreement with its rGyr_hel-like affinity for jxnDNA. Right after hydrolysis 

rGyr_hel_Δlatch returns to the open conformation, in line with the behavior 

seen by rGyr_hel (Figure 4). These experiments indicate that the cooperativity 

in binding of both types of substrates is completely lost at the beginning of the 

reaction cycle, and only at the pre-hydrolysis state the expected cooperative 

effect in binding of both substrate analogs occurs. 
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DNA unwinding by rGyr_hel_Δlatch 

In the accompanying paper we report that rGyr_hel is able to unwind jxnDNA 

in the presence of ADP.BeFx. We also tested whether the latch deletion might 

have an effect on DNA unwinding by the enzyme. For that purpose the 

rGyr_hel_Δlatch mutant was used, under the same assay conditions as 

rGyr_hel (Figure 5). 

rGyr_hel_Δlatch unwinds the 5’ssDNA junction at the same rate as rGyr_hel, 

namely 0.02 s-1, indicating that the latch deletion has no effect on the 

unwinding rate of jxnDNA with this polarity of the ssDNA overhang. On the 

other hand, unwinding of the 3’ssDNA junction takes place at a rate 

approximately half so fast as rGyr_hel. In the accompanying paper we 

demonstrate the involvement of the latch in binding to the 5’ssDNA overhang 

in a jxnDNA. Probably the latch is not the only region of the molecule 

engaging in contact with this strand. That is why when the DNA strand with 5’-

polarity is the longest of the junction, other regions of the molecule can 

compensate for the lack of the latch. When the strand with this polarity is short 

however, as is the case of the 3’ssDNA junction, the contribution of the latch 

becomes more relevant and the overall unwinding reaction is slowed-down, 

compared to rGyr_hel. 

 

Plasmid DNA supercoiling by rGyr_hel_Δlatch 

Although the supercoiling assay has been performed in many conditions and 

with several nucleotide analogs, there is no report of this reaction in the 

presence of ADP.BeFx or ADP.MgFx. In this study we also investigate the 



	   13	  

supercoiling reaction performed by rGyr_Δlatch in the presence of these 

transition state analogs (Figure 6). 

The control reaction with ATP only showed DNA relaxation, in agreement with 

previous reports7. In the presence of ADP.BeFx however, in spite of a 

prominent nicked-DNA band also relaxation was detected. This is in contrast 

with the reaction performed by rGyr, where only nicked DNA is detected. This 

result further supports our hypothesis that the latch remains bound to the DNA 

covalently attached to the lid, preventing from resealing at this stage. 

Apparently, the strand passage and introduction of positive supercoils at a 

later stage, depends on the rearrangement of the intact strand and a 

conformational change where the latch optimally aligns the lid-bound DNA to 

perform the resealing. 

 

Discussion 

We have previously speculated that the helicase-like domain overall 

increased affinity for nucleotides in the DNA-free state, as a consequence of 

the latch deletion, might have a dynamic reason. Our smFRET data indeed 

supports this notion, because the FRET efficiency histograms from 

rGyr_hel_Δlatch show better defined peaks and less background. 

From a thermodynamic point of view, the nucleotide cycle of rGyr_hel_Δlatch 

starts with binding of ssDNA and ATP. However, neither the affinity increase 

for both substrates as expected from thermodynamically coupled reactions, 

nor the associated conformational change reported for rGyr_hel in the DNA- 

ADPNP-bound state, take place. Only at a later point close to hydrolysis the 

conformational change that brings the recA domains closer to each other 
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occurs. This is the first stage of the reaction where rGyr_hel_Δlatch displays a 

high affinity state for DNA, comparable to rGyr_hel. Apparently, only the 

isomerized form of the nucleotide ATP*, represented by ADP.BeFx, and the 

jxnDNA can promote this conformational change. At this point, the DNA 

preference changes for jxnDNA and rGyr_hel_Δlatch can promote local 

unwinding, thus providing the topoisomerase domain with the ssDNA 

substrate for strand breakage, passage, and reseal7.  

Right after hydrolysis and prior to Pi release however, the reaction critically 

differs from the proposed cycle for rGyr_hel. Although both constructs display 

a preference for ssDNA, in the case of rGyr_hel_Δlatch the high affinity state 

for ssDNA is completely lost, with a KD value of 3.9 µM, while the nucleotide 

remains bound with a comparable affinity of 3.5 µM. At this state, 

rGyr_hel_Δlatch most probably disengages from the contact with DNA, 

nucleotide, or both (Figure 7).  

 

Role of the latch at every step of rGyr_hel nucleotide cycle 

Comparison of our data on DNA and nucleotide analogs equilibrium binding to 

rGyr_hel_Δlatch and rGyr_hel, as well as smFRET and DNA unwinding 

measurements, reveal the steps of the nucleotide cycle where the latch plays 

a crucial role. First, the cooperative binding of dsDNA and ADPNP by 

rGyr_hel, and the associated conformational change that closes the cleft 

between the recA domains, completely disappears upon latch deletion. It is in 

line with a crucial role of the latch in binding dsDNA and contributing to the 

closure of the cleft in the ADPNP-bound state. At the following step however, 

mimicked by ADP.BeFx, thermodynamically and structurally the latch deletion 
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does not seem to play a major role. Nevertheless, a closer look reveals mild 

impairment of the jxnDNA unwinding reaction that rGyr_hel_Δlatch performs, 

compared to rGyr_hel. It seems that the role of the latch at this point consists 

not that much on taking part of the intrinsic properties of the helicase core, but 

on communicating the nucleotide state to the topoisomerase domain, 

presenting the 5’ssDNA strand to it. That might be the reason why 

rGyr_Δlatch is unable to positively supercoil DNA. Right after hydrolysis and 

prior Pi release, the loss of the high affinity state for ssDNA also indicates a 

key role of the latch in binding to it. And finally, at the ADP-bound state, 

rGyr_hel_Δlatch and rGyr_hel display properties rather similar to the 

substrate-free enzyme. It is an indication that in the context of the full-length 

enzyme, at this stage of the cycle the introduction of one turn into the DNA, 

either to promote relaxation of negatively supercoiled DNA or to introduce 

positive supercoils has already been done. 

Overall, the latch is strongly involved in dsDNA cooperative binding in the 

ATP-bound state, 5’ssDNA binding and subsequent contribution to jxnDNA 

unwinding at the pre-hydrolysis state, and ssDNA binding at the post-

hydrolysis state prior Pi release. 

 

Implication of the latch in DNA relaxation and supercoiling 

In the context of the full-length rGyr, the deletion of the latch has been 

reported to abolish the capacity to positively supercoil DNA7. Our equilibrium 

binding data indicate that rGyr_hel_Δlatch, unlike rGyr_hel, is unable to 

remain bound to the same DNA segment after one round of the nucleotide 

cycle, due to the strong decrease in affinity for ssDNA in the post-hydrolysis 
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step prior to Pi release. We have previously suggested that rGyr is likely to 

processively undergo several catalytic cycles bound to the same DNA 

segment, due to the gradual decrease in affinity for the nucleotide after its 

hydrolysis while maintaining a constitutively high affinity for ssDNA9. In the 

accompanying paper we demonstrate that strand breakage by the 

topoisomerase domain only takes place at a point close to ATP hydrolysis. 

We also demonstrate that rGyr_hel_Δlatch and rGyr_hel behave the same 

way at this point of the cycle. Nevertheless, a significant difference arose from 

the supercoiling assays, where the deletion of the latch from the full-length 

enzyme allows DNA relaxation at the pre-hydrolysis state. This finding 

indicates that the latch prevents premature strand resealing that would only 

amount to relaxation due to the structural array of the enzyme domains and 

DNA at this stage of the reaction. Therefore, the stages of directional strand 

passage and resealing are where the biggest functional differences between 

rGyr and rGyr_Δlatch are expected, and it should occur at the post-hydrolysis 

stage. Given the big difference in ssDNA binding between the two helicase 

constructs at the ADP.MgFx-bound state, the latch seems to remain bound to 

the ssDNA and its conformation is what determines whether the strand reseal 

actively occurs in the direction of introducing positive supercoils, or if it 

passively happens in the sense of the gradient, i.e., strand reseal in a 

direction that leads to relaxation.  

Overall, our results indicate that the latch plays a crucial role in promoting 

cooperative binding of dsDNA in the ATP-bound state, in unwinding and 

presenting the 5’ssDNA segment to the active tyrosine in the lid at the ATP*-

bound state, and in guiding the DNA-bound lid to perform the directional 
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strand passage that amounts to DNA relaxation and ultimately supercoiling in 

the ADP·Pi-bound state. Nevertheless, as a compensatory mechanism, the lid 

seems able to “find” the ssDNA strand without the help of the latch, and that 

appears to be the reason why rGyr_Δlatch is able to promote relaxation of 

negatively supercoiled DNA in spite of the severe functional alterations. Even 

the isolated topoisomerase domain is able to perform DNA relaxation12. But 

the latch seems to be irreplaceable on its function of guiding the DNA-bound 

lid in a direction that ensures introduction of positive supercoils into the DNA. 
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Figure 1. Nucleotide analogs binding to rGyr_hel_Δlatch, in the absence and 

presence of DNA. Left: Fluorescence equilibrium titrations of mant-ADP.BeFx 

and mant-ADP.MgFx in the absence of DNA, and in the presence of 

saturating concentrations of ssDNA and dsDNA. Right: Fluorescence 

equilibrium titrations of mant-ADPNP, mant-ADP.BeFx, mant-ADP.MgFx, and 

mant-ADP, in the presence of jxnDNA. The KD values are summarized in 

Table I. 

Figure 2. DNA binding to rGyr_hel_Δlatch, in the absence and presence of 

nucleotide analogs. Left: Binding of ssDNA (red) and dsDNA (blue), in the 

presence of ADP.BeFx (squares) and ADP.MgFx (circles). The KD values are 

summarized in Table II. 

Figure 3. smFRET measurements of the rGyr_hel_Δlatch double Cys mutant 

S169C/F332C, labeled in the H1 and H2 domains, in the presence of all 

nucleotide analogs. 

Figure 4. smFRET measurements of the double-labeled rGyr_hel_Δlatch Cys 

mutant in all DNA-bound states. 

Figure 5. FRET-based unwinding assay for rGyr_hel_Δlatch using DNA 

substrates with 3’ overhang (left panel) and 5’ overhang (right panel). It shows 

virtually no difference in unwinding between the two DNA constructs. 

Figure 6. Two-dimensional gel electrophoresis to visualize positive 

supercoiling. Lanes1, supercoiling in presence of ATP, Lanes 2, supercoiling 

in presence of ADP.BeFx and Lanes 3, supercoiling in presence of ADP.MgFx. 

Figure 7. Schema depicting the elucidated reaction pathway. The most 

probable outcome from a thermodynamic point of view is highlighted. 
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Table I. Dissociation constant for all nucleotide analogs, in the absence and 

presence of DNA. 

Table II. Dissociation constants for all DNAs, in the absence and presence on 

nucleotide analogs. 
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Chapter 8.  Article  

Reverse gyrase helicase-like domain unwinds and presents the DNA to 

the topoisomerase domain during supercoiling 

 

The ATP-driven DNA processing by reverse gyrase is inevitably coupled to 

conformational changes in the helicase-like domain. We have previously 

determined the sequence of conformational changes at the ATP-bound, pre- 

and post-hydrolysis and ADP-bound states with changing DNA preferences 

along this sequence of steps. Along with the thermodynamic characterization 

of these complexes, pre-steady state kinetic of complex formation and product 

release, as well as unwinding kinetics were performed. We demonstrate a 

DNA unwinding activity for the helicase domain. Furthermore, we assign 

binding of specific secondary structure motifs to different regions of the DNA 

at different points of the cycle. Taken together, we propose a detailed catalytic 

cycle for the supercoiling reaction, based on the helicase-like domain 

contribution and key role in the overall reaction. 
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Abstract  

Reverse gyrase is a type IA topoisomerase that positively supercoils DNA at 

the expense of ATP hydrolysis. It consists of an N-terminal helicase-like 

domain fused to a C-terminal topoisomerase domain. The helicase-like 

domain belongs to the superfamily 2 (SF2) of helicases and possesses an 

insertion on the H2 domain, the latch region. The helicase-like domain is a 

nucleotide-dependent switch that is attenuated by the topoisomerase domain 

in reverse gyrase. Its nucleotide-driven DNA processing is coupled to a 

conformational change consisting on the closure of the cleft between the 

RecA domains, what generates high affinity states for DNA and nucleotide. 

The reverse gyrase helicase-like domain transits vectorially through a 

sequence of DNA preferences along its nucleotide cycle that clearly suggests 

its capability to locally promote duplex DNA destabilization. Lead by the 

thermodynamic characterization of the helicase-like domain from T. maritima 

reverse gyrase, we further studied the complexes of the proposed reaction 

mechanism. We address the formation of the initial complex with substrates, 

as well as the release of products at the end of the reaction via stopped-flow 

pre steady-state kinetics. We also studied kinetic aspects of the 

conformational change at the ATP pre-hydrolysis state, and demonstrate for 

the first time a DNA unwinding activity of the helicase-like domain. 

Furthermore, smFRET measurements revealed a new conformational state of 

the latch at the post-hydrolysis stage that suggests a role in guiding the DNA-

bound lid to perform strand passage in the direction that ensures positive 

DNA supercoiling. Overall, from our findings on the full-length reverse gyrase 
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and mostly from its isolated helicase-like domain, we have been able to 

propose a detailed catalytic cycle for the supercoiling reaction. 

 

Introduction 

Reverse gyrase is an enzyme that introduces positive supercoils into DNA in 

an ATP-dependent manner 1 . It is exclusive from thermophilic and 

hyperthermophilic organisms, and it has been suggested to play a role in 

maintaining genome integrity at high temperatures2,3. The structural signature 

of reverse gyrase is the fusion of a topoisomerase and a helicase-like domain 

in the same polypeptide chain4. This is a unique arrangement in nature, which 

allows the enzyme to perform the also unprecedented task of positively 

supercoiling DNA. These two modules interact extensively, and the latch, an 

insertion in the H2 domain of the helicase-like module, has been 

demonstrated to be involved in interdomain communication, DNA binding, and 

thermodynamic coupling between DNA binding and ATP binding and 

hydrolysis5. 

To date, detailed information on the mechanism of DNA supercoiling by 

reverse gyrase is unavailable. From the crystal structure of A. fulgidus reverse 

gyrase a putative catalytic cycle has been proposed. It involves a 

conformational change in the helicase-like domain upon DNA and ATP 

binding that disengages the lid from its contact with the latch, allowing the 

topoisomerase domain to perform the strand breakage, passage, and reseal, 

in a similar way as proposed for the type IA topoisomerases3. Unlike other 

topoisomerases, introduction of supercoils by reverse gyrase always occur in 
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one direction, and the ATPase activity of the helicase-like domain has been 

proposed to impose this directionality. 

Reverse gyrase helicase-like domain belongs to the superfamily 2 (SF2) of 

helicases. It consists of two globular domains adopting a RecA fold, joined by 

a flexible linker. Additionally, the C-terminal RecA domain (H2) possesses an 

insertion, the so-called latch. We have previously demonstrated that the 

helicase-like domain from T. maritima reverse gyrase acts as a nucleotide-

dependent switch that is attenuated in the context of the full-length enzyme6. 

We have also reported a comprehensive thermodynamic characterization of 

the interaction of rGyr_hel with DNA and nucleotides7. There, we demonstrate 

that upon binding of dsDNA and ADPNP, an ATP ground-state analog, 

rGyr_hel undergoes a conformational change that brings the RecA domains 

closer together, increasing the affinity for both substrates by a factor of 20. At 

the pre-hydrolysis step of the cycle, represented by the ADP·BeFx-bound 

state of the enzyme, the affinity for DNA is further increased, with a small 

preference for jxnDNA, while rGyr_hel remains in the closed conformation. 

From the DNA affinity switch and the ΔΔG° of this transition (12 kJ/mol) we 

predicted that rGyr_hel could be able to destabilize 2-3 bp and generate local 

unwinding of the DNA duplex at this point of the cycle. Right after hydrolysis 

and prior to Pi release the enzyme returns to the open conformation with high 

affinity only for ssDNA. After Pi release, the affinity for ssDNA also decreases 

to a value comparable to rGyr_hel in the nucleotide-free state. We therefore 

set out to further characterize the complexes and transitions relevant to this 

cycle. 
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In the present study we present a comprehensive kinetic dissection of the 

reaction carried by rGyr_hel. On the nucleotide side we address the 

interaction with substrate and product and how the relevant DNA, according to 

our thermodynamic cycle, influences it. On the DNA side we demonstrate for 

the first time DNA unwinding activity of a reverse gyrase helicase-like module. 

We also investigate the kinetics of strand release, and identification of the 

regions of the enzyme involved in binding the ssDNA strands with different 

polarities at a DNA junction in the pre-hydrolysis state. We finally address the 

question of the conformational change involving closure of the cleft between 

the RecA domain via kinetic and smFRET experiments. 

 

Material and methods 

Cloning and protein purification 

RGyr_hel and rGyr_hel_Δlatch were produced as described6,5. The helicase-

like domain mutant lacking the ninth α-helix (rGyr_hel_Δhelix9) that replaces 

the β-hairpin in A. fulgidus reverse gyrase, was sub-cloned from the rGyr_hel 

gene contained in the pET28a plasmid. It was constructed by separate 

amplification via PCR of the regions flanking the α-helix9 (aa 223-250) using 

overlapping primers for the internal sequences, and primers complementary 

to the end target regions containing the Nco I and Xho I restriction sites. 

Expression and purification of rGyr_hel_Δhelix9 was performed the same way 

as rGyr_hel and rGyr_hel_Δlatch. Cysteine mutants were generated 

according to the Quickchange protocol (Stratagene) and purified as rGyr_hel. 

 

Nucleotides and DNA substrates 
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Nucleotides were purchased from Jena Biosciences and Biolabs. Unlabeled 

and labeled oligonucleotides were purchased from Sigma Aldrich and 

Purimex, respectively. The ssDNA substrate used was: 5’-(fluorescein)-AAG 

CCA AGC TTC TAG AGT CAG CCC GTG ATA TTC ATT ACT TCT TAT CCT 

AGG ATC CCC GTT. dsDNA was generated by annealing of the ssDNA 

substrate with the complementary strand. jxnDNAs were obtain by annealing 

the ssDNA substrate with 20nt oligonucleotides, complementary to either the 

underlined part or the ends. The dsDNA containing a fork was obtained by 

annealing the strands: 5’-(fluorescein)-GTC AGC CCG TGA TAT TCA TTA 

CTT CTT ATC and GAT AAG AAG TAA TGA ATA TCT GCC CGA CTG. The 

5’ssDNA and 3’ssDNA junction DNAs for unwinding assays were obtained by 

annealing: 5’-(Cy5)-CGT TAC GCA with GAT AAT GCG TAA CG-(Cy3)-3’, or 

5’-(Cy5)-CGT TAC GCA TTA TC with TGC GTA ACG-(Cy3)-3’. 

 

Stopped-flow nucleotide binding kinetics 

Measurements were performed on an Applied Photophysics SX 20 stopped-

flow apparatus using 0.1 µM rGyr_hel at 37°C in buffer 50 mM Tris/HCl, pH 

7.5, 0.15 M NaCl, 10 mM MgCl2, 10 µM Zn(OAc)2, 2 mM β-mercaptoethanol. 

Binding and dissociation kinetics of mant-nucleotides was detected via FRET 

between the tryptophans in rGyr_hel structure and the mant group. The 

excitation wavelength was 280 nm and for detection a long pass cut-off filter 

for the wavelength 335 nm was used. 

Fluorescence time courses of binding kinetics were fitted to the equation: 

                 (1) 
kobs = kon mdADP[ ]+ koff
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describing the dependence of kobs on the association (kon) and dissociation 

(koff) rate constants. 

Time courses of mant-d-ADP fluorescence decay for direct determination of 

the dissociation rate constant were fitted with the equation: 

      (2) 

where Fl is the monitored fluorescence signal, A is the amplitude, and c the 

fluorescence value where the plateau is reached. The value for koff 

determined this way was substituted on equation 1 to obtain a better estimate 

of the association rate constant. 

Kinetic competition assays between mant-d-ADP and ADPNP, were 

performed by rapid mixing of the enzyme solution with pre-incubated 

mdADP/ADPNP solutions, of varying ADPNP concentrations and 2 µM 

mdADP. 

Measurements in the presence of DNA were performed with saturating DNA 

concentrations in both solutions before rapid mixing. 

 

DNA unwinding assay 

DNA unwinding was detected via FRET between the Cy3 and Cy5 dyes. The 

5’ and 3’ ends were labeled with Cy5 and Cy3 respectively, at the duplex side 

of junction or dsDNA. Unwinding was detected by decrease of the 

fluorescence emission at 666 nm (1 nm bandwidth), after excitation at 554 nm 

(1 nm bandwidth) on a Fluoromax-3 fluorimeter (Jobin Yvon). 0.5 µM DNA 

was incubated with 5 µM the enzyme at 37°C in buffer 50 mM Tris/HCl, pH 

7.5, 0.15 M NaCl, 10 mM MgCl2, 10 µM Zn(OAc)2, 2 mM β-mercaptoethanol, 

prior to nucleotide addition. 

Fl = A !e"koff !t + c
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Kinetic acquisition of fluorescence anisotropy 

ssDNA strand release was measured at 37°C in buffer 50 mM Tris/HCl, pH 

7.5, 0.15 M NaCl, 10 mM MgCl2, 10 µM Zn(OAc)2, 2 mM β-mercaptoethanol 

via depolarization of the reaction medium. Samples were irradiated with 

linearly polarized light and the fluorescence emission was monitored in the 

perpendicular plane. 

 

Fluorescence anisotropy titration 

Binding of fluorescein-labeled DNA was measured via fluorescence 

anisotropy, at 37°C in buffer 50 mM Tris/HCl, pH 7.5, 0.15 M NaCl, 10 mM 

MgCl2, 10 µM Zn(OAc)2, 2 mM β-mercaptoethanol. Data was evaluated as 

previously described6. 

 

Single-molecule FRET 

Measurements and data evaluation were performed as previously described7. 

 

Plasmid DNA supercoiling 

The DNA supercoiling reaction of rGyr_Δlatch was performed at 75°C in 

buffer 50 mM Tris/HCl, pH 7.5, 0.15 M NaCl, 10 mM MgCl2, 10 µM Zn(OAc)2, 

2 mM β-mercaptoethanol, 10% (w/v) polyethylene glycol 8000, as previously 

described5. 

 

Results 
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Pre steady-state kinetics of rGyr_hel binding to fluorescently labeled 

nucleotides  

The formation of the initial and final complexes of the reaction according to 

rGyr_hel thermodynamic cycle i.e., APDNP- and ADP-bound states, as well 

as the effect of the relevant DNAs in each case, were investigated under pre 

steady-state conditions. Binding of the fluorescently labeled nucleotides mant-

ADP and mant-ADPNP to rGyr_hel was monitored in stopped-flow regime via 

FRET, between rGyr_hel tryptophans and the mant group. Measurements 

with 2’(3’)-mant-ADP or 2’(3’)-mant-ADPNP yielded double exponential 

observed binding curves, composed by a fast first order binding rate, and a 

slow order zero binding rate.  

The mant group is known to spontaneously isomerize between positions 2’OH 

and 3’OH of the ribose ring, having a distribution of 40 % and 60 % in 

solution8. We therefore determined whether this isomerization could account 

for differential binding of the nucleotide, and as a consequence give rise to the 

two sets of observed binding rates. The slow phase disappeared after 

removal of the 3-OH of the mant-ADP ribose ring, indicating that the second 

phase detected was due to the 2’, 3’ isomerization of the mant group. We 

have previously determined the structure of rGyr_hel_Δlatch in complex with 

ADP, and it shows that the modification in the nucleotide does not affect any 

native interaction with the enzyme9. 

The observed rate constants for mant-d-ADP binding to rGyr_hel increased 

linearly in the measured concentration range (figure 1), indicating the 

presence of a single binding step according to the model: 

  
rGyr _hel + mdADP kon

koff
! "!!# !!! rGyr _hel •mdADP
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Due to the small value and the relatively large error of the dissociation rate 

constant of mant-d-ADP, we directly measured the rate of mant-d-ADP 

release from the enzyme (figure 1).  

The KD value calculated from the rate constants obtained by this method was 

2.8 µM. This value is within the range of the dissociation constants obtained 

by the fluorescence equilibrium titrations previously reported. Monitoring of 

2’(3’)-mant-ADP binding via direct excitation of the mant group yielded a KD 

value of 1.1 µM6, while the detection of FRET between the tryptophans and 

the mant-ADP upon binding to the enzyme gave a KD value of 4.2 µM7. From 

that result we can conclude that mant-d-ADP is as good as 2’(3’)-mant-ADP 

for studying nucleotide binding to rGyr_hel. 

 

Unstimulated ATP hydrolysis by rGyr_hel 

Binding of ADPNP and ATP was measured in competition with the 

fluorescently labeled mant-d-ADP. Increasing concentrations of ADPNP or 

ATP were used, while maintaining constant the enzyme and mant-d-ADP 

concentrations. 

Under steady-state conditions, ATP hydrolysis takes place at a rate of 30 ± 

2·10-3 s-1. Since the time course for ATP binding reaches a maximum after 

100 ms, less than 1 % would be hydrolyzed during this time. The 

concentration dependence of the observed association rate follows a 

hyperbolic behavior, indicating the presence of a two-step binding mechanism 

for ATP that can be described as follows: 

  
rGyr _hel + ATP k1

k!1
! "!!# !!! rGyr _hel • ATP k2

k!2
! "!!# !!! rGyr _hel • ATP *



	   11	  

The data was fitted in Scientist, to a two-step sequential binding model 

(Figure 2), where k-1 >> k2 >> k-2. 

Overall, the unstimulated ATP hydrolysis reaction can be kinetically 

expressed as follows: 

 

Surprisingly, binding of ADPNP to rGyr_hel showed a linear dependence 

between the observed rate constants and the ADPNP concentrations within 

the same range used for ATP, indicating that ADPNP does not undergo the 

same isomerization step as ATP (Figure 2).  

 

Influence of DNA on nucleotide binding kinetics to rGyr_hel 

We have previously determined the DNA preference of rGyr_hel at each step 

of the catalytic cycle7. In this study we also characterize the influence of 

dsDNA on the ATP ground state mimicked by ADPNP, and the influence of 

ssDNA on mant-d-ADP. 

Saturating concentrations of ssDNA had a small influence on mant-d-ADP 

binding to rGyr_hel. The rate constant for dissociation of the complex 

remained virtually unaltered, while the association rate constant was 2.7–fold 

reduced, when compared to the rate constants in the absence of ssDNA. The 

calculated KD had a value of 9.4 µM, which represents a 3.4-fold decrease of 

the affinity for mant-d-ADP in the presence of ssDNA (Figure 3). The 

corresponding equilibrium binding titration, namely binding of mant-ADP to 

rGyr_hel in the presence of ssDNA, gave a KD value of 10 µM, representing a 

2.4-fold decrease of the affinity for 2’(3’)-mant-ADP in the presence of ssDNA. 

 hel + ATP
4.9i106M !1s!1

100s!1
! "!!!!# !!!!!!! hel • ATP 42s!1

0.4 s!1
! "!!!# !!! hel • ATP * 20i10!3 s!1" #""" hel • ADP 36s!1

1.3i10!5M !1s!1
! "!!!!!# !!!!!!! hel + ADP
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This finding is in agreement with the trend observed by stopped-flow binding 

kinetics. 

On the other hand, in the presence of dsDNA, binding of ADPNP to rGyr_hel 

in competition with mant-d-ADP, yielded time courses of the fluorescence that 

could only be fitted to double exponentials. From the 20-fold increase in 

affinity for ADPNP observed in equilibrium binding, either an increase of the 

association rate constant, a decrease of the dissociation rate constant, or a 

mixture of both was expected. Instead, the dependence of the fast phase 

observed rate constants on ADPNP concentration remained practically the 

same as for the DNA-free reaction (data shown in supplements), while the 

observed rate constants for the slow phase were independent of the ADPNP 

concentration, indicating the occurrence of an order zero simultaneous 

process. In this experiment rGyr_hel was half-saturated with dsDNA before 

mixing with ADPNP and mdADP, due to the low affinity for dsDNA on the 

nucleotide-free state. The dsDNA concentration used, became saturating only 

after the affinity change upon mixing with ADPNP. Our equilibrium binding 

measurements suggest a complex kinetic behavior upon mixing of the two 

solutions. On one hand, binding of mant-d-ADP to either the dsDNA-free or 

dsDNA-bound enzyme does not make any difference, since rGyr_hel binds 

mant-d-ADP with practically the same affinity in both states. On the other 

hand, binding of ADPNP follows two different kinetic behaviors, depending on 

its binding to either dsDNA-bound or DNA-free enzyme. Binding to the 

dsDNA-free rGyr_hel occurs with a low affinity, and at the same time it 

increases the enzyme’s affinity for dsDNA, displacing the equilibrium of the 

DNA half-saturated enzyme, what at the same time increases its own affinity 
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for the enzyme as more DNA is bound. On the other hand, if it first binds the 

dsDNA-bound enzyme, it does it with a 20-fold higher affinity, and it all 

amount to a displacement of the equilibrium rGyr_hel:mdADP. Furthermore, 

our smFRET measurements suggest that at the same time a conformational 

change is taking place upon dsDNA and ADPNP binding7. Unfortunately, 

assignment of the second phase to a specific process could not be done in 

such complex mixture. Only the first collisional state seems to remain 

unaltered, judging from the resemblance of the fast pseudo first order phase, 

to the one in the experiments in the absence of DNA. 

 

rGyr_hel unwinds jxnDNA in the presence of ADP.BeFx 

After addressing the binding of rGyr_hel to the nucleotides analogs 

representing the ground-state substrate and product, as well as the effect of 

the corresponding DNAs at these points of the cycle, the next relevant step 

according to our thermodynamic cycle would be the pre-hydrolysis state. We 

have previously predicted that if rGyr_hel were able to destabilize the double 

helix and therefore promote local DNA unwinding, it should take place at the 

ADP.BeFx-bound state7. The ΔΔG0 for the transition from the ADPNP-bound 

state to the pre-hydrolysis state, mimicked by ADP.BeFx, has a value of 12 

kJ/mol, in theory sufficient to destabilize 2-3 bp7. At the same time, the 

ADPNP-bound state has a preference for dsDNA that switches to jxnDNA at 

the ADP.BeFx-bound state, thus promoting the generation of the ssDNA 

substrate for the supercoiling reaction carried by the topoisomerase domain. 

The FRET-based unwinding assay under single turnover conditions confirmed 

previous reports that rGyr_hel is unable to unwind DNA in the presence of 
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ATP6. We therefore performed the assay in the presence of each of the 

nucleotide analogs used for elucidation of the nucleotide cycle. As predicted, 

unwinding was detected only in the presence of ADP.BeFx (Figure 4). We 

tried to determine whether the full-length rGyr was also able to unwind DNA, 

but no unwinding could be detected in the presence of any of the nucleotide 

analogs used (data not shown). To further characterize the unwinding reaction 

carried out by rGyr_hel on the ADP.BeFx-bound state, we used jxnDNA 

substrates with either 3’ or 5’ssDNA overhangs, as well as dsDNA. Only the 

jxnDNAs could be unwound, with the junction carrying the 3’ssDNA overhang 

having a 3.5-fold higher unwinding rate constant than the junction with the 

5’ssDNA overhang (Figure 4). 

 

rGyr_hel binds jxnDNA with no preference for the polarity of the ssDNA 

overhang 

Any protein that interacts with ssDNA has to do it in an asymmetric way due 

to its intrinsic polar structure10. We have previously demonstrated that in the 

nucleotide-free state, rGyr_hel binds to a DNA bubble with a similar affinity as 

it binds to a 60/20 jxnDNA bearing two junctions, each with one ssDNA 

overhang with different directionalities7. It indicates that the nucleotide-free 

rGyr_hel does not bind simultaneously to both ssDNA strands at a fork. We 

therefore set out to further investigate how rGyr_hel interacts with the ssDNA 

region next to a junction, this time at the point of the nucleotide cycle where 

the jxnDNA is preferred, the pre-hydrolysis state. We designed a forked DNA 

with a 20 bp dsDNA region, and 10 nucleotides non-complementary ssDNA 
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regions. We also used 60/20mer jxnDNAs, which had either a 3’-OH or a 5’-

OH ssDNA end. 

There was no difference in binding of rGyr_hel to either the 5’- or the 3’-

ssDNA junction, with KD values of 42 nM and 38 nM, respectively. However, 

binding of rGyr_hel to the fork DNA yielded a KD value of 26 nM (Figure 5). 

This means a 1.5-fold higher affinity for the fork than the junctions with only 

one ssDNA strand, which indicates that on the ADP.BeFx–bound state 

rGyr_hel may simultaneously interact with the ssDNA regions at the fork with 

both polarities. Put together with the conformational information from our 

previous smFRET measurements7, rGyr_hel only interacts with either one of 

the ssDNA overhangs of a fork in the open conformation of the nucleotide-free 

state, while it is able to simultaneously bind both ssDNA overhangs of a 

forked DNA in the closed conformation of the ADP.BeFx- DNA-bound state. 

We also tried a 3’ssDNA junction DNA of the same length as the fork 

substrate, which showed a binding affinity of 113 nM (Figure 5). Overall, 

rGyr_hel simultaneously binds both ssDNA overhangs at the fork in the 

ADP.BeFx–bound state, and with comparable affinities. 

 

Role of the latch and the helix9 in jxnDNA binding 

We have shown that the deletion of the latch from the helicase-like domain 

affects coupling between DNA and nucleotide binding, and the affinity of the 

enzyme for DNA is in most cases drastically decreased5. Only in the 

ADP.BeFx-bound state, rGyr_hel_Δlatch binds jxnDNA with rGyr_hel-like 

affinity, and it is also the only state that can promote full closure of the cleft 

between the two Rec-A domains. In this nucleotide state, rGyr_hel_Δlatch 
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shows a 3.5-fold preference for the 3’ssDNA junction over the 5’ssDNA. 

rGyr_hel binds either of these junction with the same affinity, indicating that 

the latch is the region responsible of binding to the 5’ssDNA overhang. 

We have previously reported the crystal structure of rGyr_hel_Δlatch, where a 

putative DNA binding motif, a hairpin in H1 in the structure of rGyr from 

Archaeoglobus fulgidus, turned out to be a helix in rGyr from Thermotoga 

maritima. We deleted this region by introducing a sharp bend between the 

residues 223 and 250 flanking the helix, 4.8 Å apart in the native structure. 

The overall Δhelix9 mutant binding to DNA was similar to rGyr_hel, with a 2-

fold decreased affinity for ssDNA and a 2-fold increased affinity for dsDNA. It 

indicates that this region may only have a small contribution to ssDNA binding 

in the nucleotide-free state. This mutant also loses the high affinity for the 

jxnDNA seen in rGyr_hel, binding to it with an affinity of 0.39 µM, comparable 

to binding to ssDNA. In the ADP.BeFx-bound state however, it has an affinity 

for the 5’ssDNA junction of 43 nM, same as rGyr_hel (Figure 6). The 3’ssDNA 

junction was bound with an affinity of 82 nM, 2.2-fold weaker than rGyr_hel. 

Overall, in the ADP.BeFx-bound state rGyr_hel binds preferably to the junction, 

with the latch binding the 5’ssDNA region, and the H1 domain and specifically 

the helix9 bound to the 3’ssDNA region. The small differences in affinity for 

the jxnDNAs indicate that the latch and apparently also the helix9 bind weakly 

to the substrate, in line with our previous report of the direct measurement of 

the affinity of the latch for DNA 5. 

 

ssDNA strand release by rGyr_hel 
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For this experiment the fluorescence anisotropy was used in a kinetic way, in 

order to track ssDNA release from rGyr_hel. That way, the change in size of 

the fluorescently labeled complex was followed over time. 

We tested whether the 60/20mer junction DNA previously used for equilibrium 

binding titrations could also be unwound by rGyr_hel in the ADP.BeFx–bound 

state. The time course of the fluorescence depolarization did not change 

during the measured time, indicating that a 20 bp dsDNA region cannot be 

unwound by rGyr_hel. 

We also tested the single labeled jxnDNAs used in the FRET-based 

unwinding assay to determine which strand is first released and which one 

remains longer bound to the enzyme. When the label was attached to the 

longest strand, the fluorescence time decay courses could only be described 

by double exponentials, indicating that the label was sensitive to two 

processes, which appeared to be the release of both strands (Figure 7). 

Nevertheless, the rate with the highest amplitude could be assigned to the 

release of the labeled strand and the smallest amplitude to the 

complementary unlabeled strand. The two sets of rate constants for the 

constructs with either 5’-OH or 3’-OH ssDNA overhangs were practically the 

same. Only the relative amplitudes were significantly different. In the case of 

the 5’ssDNA junction the highest amplitude corresponded to the fast phase, 

meaning that the longest 5’ssDNA strand is the first to be released. The 

3’ssDNA junction on the other hand, exhibited the highest amplitude for the 

slow phase, indicating that the longest 3’ssDNA is the last to be released, 

which corroborates that the complementary strand with 5’ssDNA polarity is 

released first. 
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When the label was located in the short strand (9mer), single exponential 

decay time courses were obtained for the junctions with both ssDNA 

overhang directionalities, which means that the short strand is only sensitive 

to its own release (Figure 7). The release rate of the short strand from the 

3’ssDNA junction was the same as the highest rate with the smallest 

amplitude when the longest strand (14mer) was labeled, corroborating that 

the labeled 14mer indeed senses the release of both strands. The labeled 

9mer of the 5’ssDNA junction however, showed an intermediate rate value 

compared to the two sets of rates from jxnDNA labeled in the complementary 

strand. The release rate of the shortest strand was nevertheless closer to the 

lowest rate with the smallest phase, also corroborating that the rate of 

depolarization for the jxnDNA bearing the label in the short strand, match the 

rate with the smallest amplitude when the labeled is in the longest strand. 

Comparison between the experiments where only the shortest strands were 

labeled shows that the junction with a 3’ssDNA overhang, having the label in 

the short strand with 5’-polarity, has a 2-fold faster release rate than the one 

with the 5’ssDNA overhang labeled in the strand with 3’-polarity. It 

corroborates that the short strand in a 3’ssDNA junction, i.e. the strand with 

5’ssDNA polarity, is released faster than the short strand from the 5’ssDNA 

junction, having a 3’ssDNA polarity. 

 

DNA unwinding by the rGyr_hel_Δhelix9 mutant 

We also tested the Δhelix9 mutant for unwinding. Surprisingly, it was able to 

unwind the jxnDNAs at rates comparable to rGyr_hel, but with inverted 

preference, i.e., the highest unwinding rate corresponded to the 5’ssDNA 
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junction. The 3’ssDNA junction was unwound at a rate of 0.02 s-1, and the 

5’ssDNA junction at a rate of 0.06 s-1. This result is in agreement with the 

notion that this helix binds to the 3’ssDNA strand. That way, the interaction of 

this mutant with the 3’ssDNA junction, with decreased affinity for the 3’ssDNA 

strand, could account for the decreased unwinding rate, compared to rGyr_hel. 

In the case of the 5’ssDNA junction however, the lowered affinity for the 

3’ssDNA strand due to the absence of the helix9, could account for faster 

release of the short 3’ssDNA strand, what amounts to an increase in the 

observed unwinding rate (Figure 8).  

 

Conformational change and tryptophan fluorescence 

Tryptophans are known to give fluorescence signals that are highly sensitive 

to the chemical environment. rGyr_hel has five tryptophans at both sides of 

the cleft between the two RecA domains, therefore the environmental change 

after closure of the cleft should be sensed by these residues. In order to 

ensure that local DNA unwinding had no contribution to the change in 

fluorescence emission by the tryptophans, ADPNP and dsDNA were used 

instead of ADP.BeFx and jxnDNA. As a control where no conformational 

change takes place thus no change in tryptophan fluorescence is expected, 

we used ADP instead of ADPNP, while maintaining the dsDNA.  

Addition of dsDNA and nucleotide quenched the intrinsic fluorescence 

emission of Trp. Nevertheless, a change in the environment of the Trp should 

increase it again, although not to the initial values. As expected, upon addition 

of ADP no increase in fluorescence was detected. Upon addition of ADPNP 

however, a single exponential could describe the increment in Tryptophan 
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emission, which should represent the closure of the cleft between the RecA 

domains. The observed rate constant for this conformational change had a 

value of 0.08 s-1 (Figure 9). Although this value most probably has the 

contributions of the rates of closure and re-opening, it sets a minimum for the 

closure rate constant. It also accounts for the apparent increase in affinity for 

ADPNP in the presence of dsDNA. Overall, the stimulated nucleotide cycle 

can be kinetically represented as follows: 

 

 

 

Single molecule FRET measurements of thermodynamically relevant 

complexes 

The crystal structures of rGyr_hel_Δlatch revealed conformational states in 

the open form of the enzyme that cannot be differentiated with the 

combination of double Cys mutants previously reported 9. For that reason we 

created the double mutant S169C/E422C. The main feature of the obtained 

FRET histograms is a broad peak of the apo form of the enzyme, possibly due 

to the additional degree of rotational freedom between the positions selected. 

The latch orientation respective to the H1 domain depends not only on the 

“hinge motion” of the linker joining H1 and H2, but also on its rotation and 

eventual movements of the latch relative to the H2 domain.  

In the substrate-free form, rGyr_hel shows a low FRET efficiency state of 

approximately 0.3, that changes to a higher value upon 60/20 jxnDNA and 

ADP.BeFx addition. This conformational change is in agreement with the 

closure of the cleft between the RecA domains. Interestingly, the FRET 

 
hel • dsDNA + ADPNP 1.7i107 M !1s!1

8.2s!1
! "!!!!# !!!!!!! hel • dsDNA • ADPNP 0.08s!1! "!!!# !!! hel • dsDNA • ADPNP" #...$$ hel • ssDNA • ADP 45s!1

4.8i106 M !1s!1
! "!!!!!# !!!!!!! hel • ssDNA + ADP
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efficiency histogram for this complex reveals what appears to be the presence 

of two populations close to each other. This might be an indication of small 

conformational differences in binding to the 3’ and 5’ ssDNA overhangs. We 

have already demonstrated that the latch is involved in binding to the 5’ssDNA 

overhang, while the helix9 mostly interacts with the 3’ssDNA overhang. At the 

post-hydrolysis state however, prior to Pi release, we see a high FRET 

efficiency peak at approximately 0.6. We have previously demonstrated that 

at this point of the cycle the RecA domains return to the open conformation 

with a low FRET efficiency7. This result indicates that at this stage the latch 

remains in a high FRET efficiency state, as if the H2 domain has rotated in a 

way that its core moves away from the H1 domain while leaving the latch 

behind. This is the first conformational difference that could account for the 

high affinity state for ssDNA at this point of the cycle, and this conformation 

sets the post-hydrolysis state apart from the enzyme free and the pre-

hydrolysis state. This seems to be consistent with binding to ssDNA in a 

conformation where the H2 domain is not aligned as in the apo rGyr structure, 

but twisted in a way that leaves the latch in close proximity to the H1 domain. 

 

Supercoiling reaction and nucleotide analogs 

rGyr is able to introduce positive supercoils into the DNA only in the presence 

of ATP and ATPγS11. It has also been reported to produce relaxed DNA in the 

presence of ADPNP and ADP 11. In this study we investigate the effect of the 

analogs ADP.BeFx and ADP.MgFx on the supercoiling reaction performed by 

rGyr_hel. 
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In the presence of ADP.BeFx, rGyr is only able to produce nicked DNA, in 

agreement with a closed conformation of the helicase-like domain, exposing 

only a partially unwound DNA to the topoisomerase domain. The fact that the 

topoisomerase domain seems unable to reseal the DNA strand in this 

nucleotide state seems to be a consequence of the latch binding to the strand 

covalently attached to the lid, thus restricting its movement. 

In the ADP.MgFx-bound state however, only relaxation was detected. Since in 

the previous step only strand breakage takes place, it is expected that at this 

point directional strand passage and resealing occur.  

Nucleotide analogs do not allow for multiple turnovers. Even in the case 

where the ADP.MgFx-bound state were able to allow the directional strand 

passage that amounts to the introduction of positive supercoils, only the 

simultaneous action of multiple rGyr molecules bound to the same DNA, each 

one introducing one turn, would produce enough detectable positive 

supercoiled product. For that reason we performed the assay with a higher 

protein/DNA ratio. Unfortunately this experiment did not produce different 

results. Nevertheless, it does not yet discard our hypothesis. The directional 

strand passage might need as a substrate the DNA-bound enzyme at the 

ADP.BeFx stage. Supercoiling assay with a mixture of both analogs might 

provide a definitive answer to this hypothesis.  

 

Discussion 

 

Intrinsic rGyr_hel ATPase activity 
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Overall, ATP binding by rGyr_hel involves a two-step binding mechanism with 

an isomerization step occurring prior hydrolysis, in line with previous reports 

of DEAD-box helicases12. On the other hand, the ADPNP complex does not 

undergo the isomerization, which probably indicates that this nucleotide 

analog only resembles the ground state of ATP. Our biochemical data 

suggest that ADP.BeFx, our choice for the pre-hydrolysis state analog, most 

probably mimics the ATP isomerized form (ATP*). To complete the cycle we 

performed this same kind of pre steady-state study on ADP binding to 

rGyr_hel, which could be described with the classic one step binding 

mechanism. Comparison with another pre steady-state measurement, namely 

ATP hydrolysis under single turnover conditions, sets out the hydrolysis step 

of the reaction as the most likely to be rate-limiting, judging from its significant 

slower rate constant, compared to binding and release of substrate an product. 

Finally, ATPase assays under steady-state conditions ultimately proved the 

hydrolysis step to be rate-limiting, as concluded from the similar rates of these 

two experiments6. Additionally, our smFRET measurements confirmed 

previous reports that helicases are unable to undergo the well-documented 

conformational change that brings the RecA domains closer together, only in 

the presence of nucleotides13. 

 

Effect of DNA on the kinetics of binding and release of the nucleotides 

substrate and product 

Our nucleotide binding experiments indicate that at the initial collisional step, 

ADPNP is weakly bound by rGyr_hel, and it is not improved in the presence of 

dsDNA. The 20-fold increase in the apparent affinity for ADPNP is a 
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consequence of the conformational change that “traps” the nucleotide on the 

closed conformation, preventing its release and therefore displacing the 

equilibrium and increasing the apparent affinity. This effect has been 

previously described in HIV reverse transcriptase14. For now we can only 

speculate about the implications it might have for the natural substrate ATP. 

The model of ATP binding to rGyr_hel in the absence of DNA foresees a low 

populated initial collision complex before isomerization, that in principle can 

be stabilized after the conformational change upon DNA binding, reducing the 

energetic barrier for the transition to the activated form and subsequent 

hydrolysis. Once the ternary complex rGyr_hel/ATP*/jxnDNA is formed, the 

condition khydrolysis >>> k-2 is likely to be fulfilled, so the complex will not 

dissociate and the rate of hydrolysis will govern the process. At the end of the 

cycle, ssDNA increases the rate of ADP dissociation from rGyr_hel, ensuring 

multiple turnovers at the same DNA binding site while promoting nucleotide 

exchange. 

 

Nucleotide-dependent DNA processing by rGyr_hel 

On the DNA side, the start of the nucleotide cycle according to our previously 

determined thermodynamic cycle is the ADPNP-bound state. At this point the 

affinity for dsDNA is 20-fold increased, apparently because, as for ADPNP, 

the closed conformation rGyr_hel adopts at this stage prevents the DNA from 

being released, increasing the apparent affinity. At the following step however, 

the ADP.BeFx-bound state, the enzyme is able to perform local unwinding of 

the DNA, what presumably provides the topoisomerase domain with the 

ssDNA substrate, needed to perform strand breakage with the active tyrosine 
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at the inner side of the lid. At this point four main steps take place that are 

hard to put in context. On the one hand we have the conformational change 

that brings the RecA domains closer in space. On the other hand we have 

ATP isomerization and hydrolysis, and DNA unwinding. In this scenario the 

ATP ground-state is able to promote the conformational change if dsDNA is 

bound, judging from the data obtained with ADPNP. Therefore, DNA and ATP 

promote closure of the cleft, and the isomerized ATP* promotes DNA 

unwinding. The actual hydrolysis step however might occur so fast that it 

probably is also coupled to DNA unwinding. The fact that the unwinding rates 

are equal or slower than the rate of closure indicates that the conformational 

change is rate-limiting for the unwinding reaction, but it may as well be an 

artifact from using the analog ADP.BeFx. In vivo, ATP* appears already in the 

context of the closed enzyme, and once trapped in that state it can proceed 

faster to hydrolysis due to the decrease in activation energy. Unlike the actual 

substrate, ADP.BeFx has to induce closure itself and cannot proceed to 

hydrolysis, so under these conditions the rate of closure is the one that 

dominates the unwinding reaction.  

Right after hydrolysis and prior to Pi release, rGyr_hel retains a high affinity 

state only for ssDNA. Our smFRET data reveal a conformation that sets this 

complex apart from the others, namely, helicase core in the open form, but 

with the latch still close to the H1 domain. The previous step, the ADP.BeFx-

bound enzyme, is only able to allow the introduction of a nick into the DNA. 

Meaning that the directional strand passage and reseal occur at a later stage 

of the nucleotide cycle. As a bona fide candidate, the conformation of 

rGyr_hel at the ADP.MgFx- ssDNA-bound state may suggest a role of the 
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latch guiding the DNA into the active site of the topoisomerase domain. It 

could do it either by binding to the 5’end-bound lid or reorienting the intact 

strand, so that the reseal occurs at the “right” side of the duplex, ensuring the 

introduction of a positive supercoil. 

In the presence of ATP however, DNA unwinding by rGyr_hel has not been 

detected so far, probably because the locally unwound intermediate is too 

short lived, compared to the relatively fast DNA-stimulated ATP hydrolysis. 

The DNA-stimulated steady-state ATPase activity of rGyr_hel is 2 orders of 

magnitude faster than the fastest DNA unwinding rate measured. That way, 

the helicase would return to an energetic state that allows for re-annealing 

before ssDNA could be released from the enzyme. Under physiological 

conditions, strand release by rGyr would have disastrous consequences. That 

is the reason why rGyr_hel is optimized for not releasing ssDNA, and only by 

trapping the enzyme with transition state analogs such an activity could be 

detected. 

 

Contribution of secondary structure motifs to DNA processing during catalysis 

The interaction of H1 with 3’ssDNA seems to be more extensive than the 

interaction of H2 with the 5’ssDNA, judging from the effect of the deletions of 

the latch and the helix9. Since the differences in the rate constants for 

unwinding, strand release, and conformational change fluctuate in a small 

range, only results between experiments using the same method can be 

safely compared. Also the labeled jxnDNAs can be destabilized by the 

presence of the dye, thus the apparent rates can differ between single or 

double labeled substrates.  
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Overall, our hypothesis includes binding of the latch to the 5’ssDNA region 

and binding of the helix9 to the 3’ssDNA region at the junction. The latch 

seems to bind 5’ssDNA more strongly than the helix9 binds 3’ssDNA, judging 

from the relative effects on the helicase-like domain affinity for jxnDNA and 

relative rates of release of the individual strands by rGyr_hel, namely 

5’ssDNA>3’ssDNA. Therefore, when rGyr_hel_Δlatch is faced with the 

5’ssDNA junction, the overall rate of hydrolysis is the same as rGyr_hel 

because the first strand to be released is the one with a 5’-polarity and there 

is no latch to engage in contacts with it. When faced with the 3’ssDNA 

junction however, the short strand with a 5’-polarity has a smaller interaction 

surface, and not having the latch has a bigger impact. It seems that the latch 

is able to bind and “pull away” a strand with a 5’-polarity, either as ssDNA of 

dsDNA, in line with our direct titrations of the latch binding to DNA 5. In the 

case of the helix9 the opposite effect is observed, with an inversion of the 

relative unwinding rates of 5’ssDNA and 3’ssDNA junctions, compared to 

rGyr_hel. The decrease of the unwinding rate of the 3’ssDNA junction can be 

explained by the deletion of the helix9, which fails to “pull” the 3’ strand away 

from the duplex. In the case of the 5’ssDNA junction however, the “pulling” is 

mainly a responsibility of the latch, and the subsequent step of release of the 

strand with 3’ polarity occurs faster in the absence of the helix9, what 

accounts for the overall increased unwinding rate.  

In the case of the full-length enzyme, the fact that the strand first released 

(5’ssDNA) is the one that covalently binds to the topoisomerase domain 

according to the mechanism proposed for type IA topoisomerases, seems to 

also justify the fact that no unwinding has been detected so far, even in the 
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presence of ADP.BeFx. We have thoroughly documented that rGyr_hel is 

harnessed by the topoisomerase domain6. Further thermodynamic and kinetic 

investigation should be performed on the full-length rGyr to properly predict 

the energy associated to the transitions that may promote unwinding and how 

many base pairs it could theoretically unwind. That should provide a reliable 

substrate length range that after destabilization allows for quantification of 

strand release, and therefore unwinding rates. 

 

Implications for supercoiling and improved catalytic cycle 

Incorporating our results of the isolated helicase-like domain, and interpolating 

the current knowledge of the mechanism of catalysis by type IA 

topoisomerases, we are able to propose an improved mechanism of the 

positive supercoiling reaction performed by reverse gyrase. Using the putative 

catalytic cycle derived from the only structure available of a full-length reverse 

gyrase15, we will attempt to improve it by delineating the events that correlate 

to each nucleotide-state, as well as the involvement of specific secondary 

structure motifs, mainly from the helicase-like domain, at each stage of the 

cycle.  

Upon ATP and DNA binding, our smFRET results indicate the occurrence of a 

conformational change that brings the RecA domains of the helicase-like 

module together, in line with the proposed model. However, comparison of the 

KD,dsDNA values for this complex reveals that rGyr and rGyr_hel bind dsDNA 

with virtually the same affinity, indicating that only the helicase-like domain 

engages in contact with the DNA, and any contribution of the rest of the 

molecule, if any, is minimal. Therefore, at this point of the cycle we locate the 
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dsDNA only in contact with the helicase-like domain, although interaction of 

the Zn-finger with dsDNA cannot be discarded according to our results 

(unpublished). Since from this arrangement no contact with the 

topoisomerase domain is predicted, also no conformational change of the lid 

in the topoisomerase domain is expected, judging from the crystal structure of 

the DNA-free E. coli DNA topoisomerase I16. Furthermore, at this point no 

DNA unwinding has been detected, so we leave the bound DNA as a duplex. 

Last but not least, at this point the latch is strongly involved in contact with 

dsDNA, as evidenced by the loss of cooperativity between ADPNP and 

dsDNA binding in the case of the rGyr_hel_Δlatch mutant, with the 

subsequent decrease in the affinity for dsDNA. We have also directly 

demonstrated that the latch is able to bind either ssDNA or dsDNA5. 

At the pre-hydrolysis state, represented by ATP* and mimicked by ADP.BeFx, 

rGyr_hel still in the closed conformation is able to produce local unwinding of 

the DNA. At this point we have been able to assign binding of the 5’ssDNA 

overhang to the latch and binding to the 3’ssDNA overhang to the helix9. 

These polarities are relative to the same fork of the generated DNA bubble. 

Our supercoiling results indicate that rGyr is able under these circumstances 

to introduce a nick in one DNA strand, but unable to reseal it. It might be an 

indication that at this stage the latch remains bound to the 5’ssDNA overhang, 

the same strand the lid is covalently bound to, as proposed for type IA 

topoisomerases17, and therefore restricts its movement. On the other hand, 

we locate the 3’end of the cleaved strand further into the domain T1, a 

Rossman fold that in the crystal structure of E. coli topoisomerase III engages 

in contact with an 8-base ssDNA16, that runs along the positively charged 
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groove between domains T1 and T4, leading right to the Zn-fingers next to it. 

At this point it is worth mentioning that the Zn-fingers are likely to engage in 

contact with the DNA, but as our previous unpublished data suggests, this 

interaction would be with dsDNA, what would account for the reported 

chaperone effect of reverse gyrase, that binds to nicked regions and prevents 

thermally induced further unwinding2. This may help keep the unwound 

intermediate located within the active site of the enzyme, preventing local 

DNA melting to propagate along the duplex. 

At the post-hydrolysis state the latch deletion abolishes the high affinity of 

rGyr_hel for ssDNA, indicating that the latch accounts for it. Since we know 

that the latch binds to the 5’ strand, which is also the strand that remains 

covalently attached to the active tyrosine of the topoisomerase domain during 

supercoiling, we might expect that at this point the latch is crucial in guiding 

the lid for directional strand passage. Also the smFRET measurements reveal 

a conformation where the latch remains close to the H1 domain. This 

conformation sets apart this nucleotide state, and accounts for close proximity 

of the latch and therefore the ssDNA-bound lid, to the 3’end in the T1 domain. 

In the meantime, the re-opening of the cleft between the RecA domains 

during this transition should have re-located the intact ssDNA strand bound to 

helix9, allowing strand resealing in the direction compatible with positive 

supercoiling. 
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Figure 1. Stopped-flow measurement of the observed binding rates to 

mantdATP (A) and its dissociation from the complex (B). 

Figure 2. Competition binding of mantdADP with ATP (A) and ADPNP (B). 

Figure 3. Stopped-flow measurement of the observed binding rate of 

mantdADP in presence of saturating concentration of ssDNA. 

Figure 4. FRET based DNA unwinding assay. Top: Unwinding by the helicase 

domain in presence of nucleotide analogues. Unwinding of junction DNA with 

5’ overhang (middle panel) and with 3’ overhang (bottom panel) in presence 

of ADP.BeFx. 

Figure 5. Fluorescence anisotropy titrations of reverse gyrase helicase-like 

domain with different DNA constructs. A: Top panel, titration with a fork DNA. 

Bottom panel, titrations with jxnDNAs with 5’ (left) and 3’ (right) single 

stranded DNA overhangs. B: control measurements with the junction DNA but 

with a 5’ ssDNA overhang of same length as the fork DNA. 

Figure 6. Fluorescence anisotropy titrations of rGyr_hel_Δhelix9 with junction 

DNAs having 5’ and 3’ single stranded overhangs in the left and right panels 

respectively. 

Figure 7. Unwinding assays to measure single strand release using DNA 

substrates fluorescently labeled on one strand. 

Figure 8. FRET based unwinding assay for rGyr_hel_Δhelix using DNA 

substrates with 3’ overhang (left panel) and 5’ overhang (right panel). 

Figure 9. Closure of the cleft followed by change in intrinsic fluoresce from 

tryptophan residue. The upper panel shows rGyr_hel fluorescence quenching 

in presence dsDNA and ADP of ADPNP. The lower panel shows an 

expansion of the event upon ADPNP addition. 
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Figure 10. Single molecule FRET measurements of rGyr_hel with labels on 

the latch and the H1 domains. Upper panel shows FRET efficiency 

histograms for protein only, middle panel shows measurement in presence of 

jxnDNA and ADP.BeFx and the lower panel shows measurements in 

presence of ssDNA and ADP.MgFx. 

Figure 11. Two-dimensional gel electrophoresis to visualize positive 

supercoiling. Lanes1, supercoiling in presence of ATP, Lanes 2, supercoiling 

in presence of ADP.BeFx and Lanes 3, supercoiling in presence of ADP.MgFx. 

The left panel depicts supercoiling in presence of 1 µM rgyr_wt while the right 

panel depicts the same reaction in presence of 2 µM enzyme. 

Figure 12: improved catalytic cycle for reverse gyrase DNA positive 

supercoiling reaction. A: nucleotide- and DNA-free state, where the helicase-

like domain is in an open conformation. B: upon addition of DNA and ATP, the 

helicase-like domain adopts a closed conformation, but only at a later stage 

closer to hydrolysis (C) local DNA unwinding occurs. It exposes the ssDNA 

region that the topoisomerase domain cleaves. D: the intact ssDNA strand is 

presumably relocated into the topoisomerase domain and the complementary 

strand is re-sealed, right after ATP hydrolysis. At this point the helicase-like 

domains adopts the open conformation, with the latch tilted inwards. E: the 

resulting DNA now has an increased linking number, and the enzyme may 

perform various ATP hydrolysis cycles before releasing the positively 

supercoiled DNA. 
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V. Discussion 
 

Many vital processes related to DNA metabolism locally generate positively 

supercoiled DNA. Mesophilic organisms have developed mechanisms to 

control the torsional stress, by constitutively having negatively supercoiled 

DNA and/or by eliminating the positive supercoils as they are being generated. 

For thermophilic and hyperthermophilic organisms the challenge is different: 

as at higher temperatures the DNA duplex is highly unstable in the negatively 

supercoiled form, they need to prevent local unwinding with constitutive levels 

of relaxed or positively supercoiled DNA. These topological interconversions 

are controlled by topoisomerases, with reverse gyrase being the only one 

capable of positively supercoil DNA.  

Reverse gyrase is a special case from a reaction mechanistic point of view, as 

nature instead of a brand-new design, “reuses” pre-existing modules to create 

a new function and facilitate life at high temperatures. The challenge about 

the modular build-up of this enzyme is to know how its components are 

optimized to cooperatively achieve supercoiling. Evidently, some properties of 

the individual modules are exploited, but others have to be harnessed or even 

suppressed for the sake of synchronization and timing. Furthermore, 

extensive communication between the modules is expected during the “team-

play” that is the supercoiling reaction. 

 

Characterization of rGyr_hel intrinsic ATPase activity 

The steady-state kinetic measurements of the ATPase activity gave us the 

first experimental evidence regarding the role rGyr_hel plays in the 

supercoiling reaction. Comparison of the parameters for ATP hydrolysis by 

rGyr_hel and the full-length enzyme were virtually the same, confirming that 

the helicase-like domain of T. maritima reverse gyrase has all determinants 

for ATP binding and hydrolysis, and that it is not influenced by the deletion of 

the topoisomerase domain.  
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Further kinetic characterization of rGyr_hel ATPase activity included pre 

steady-state measurement of ADP binding, and ATP binding and hydrolysis. 

ATP binding to rGyr_hel could be directly measured because this reaction is 

under the rapid equilibrium system, i.e., the rates of binding and dissociation 

of substrate and product are very rapid compared to the hydrolysis step. We 

have reported for the first time that rGyr_hel binds ATP in a two-step 

sequential mechanism, as previously reported for helicases of the same 

family59. Furthermore, we were also the first to identify the ATP hydrolysis as 

rate-limiting step for the overall reaction at 37°C, and also demonstrated that 

our measurements can be extrapolated to physiological temperatures, 

conclusion deduced from the linearity and the slopes of the Arrhenius and 

van’t Hoff plots. The following scheme summarizes our kinetic 

characterization of rGyr_hel intrinsic ATPase activity. 

 

 

 

On the other hand, smFRET measurements revealed that the conformational 

state of rGyr_hel does not change in the presence of nucleotides, in line with 

previous reports that the condition for a conformational change of the helicase 

core is the simultaneous binding of ATP and DNA44. 

 

Effect of DNA on rGyr_hel nucleotide cycle 

The DNA-stimulation of rGyr and rGyr_hel ATPase activity under steady-state 

conditions revealed that the helicase-like domain is slowed down in the 

context of the full-length enzyme. This is an indication of a harnessing effect 

of the topoisomerase domain that makes rGyr_hel transit through the catalytic 

cycle at rates compatible with the apparently slower strand breakage, 

passage and resealing performed by the topoisomerase domain. The 

thermodynamic coupling between DNA binding and ATP hydrolysis, deduced 

from the increase of rGyr_hel apparent affinity for ATP under DNA saturating 

conditions, also was strongly reduced in the context of the full-length enzyme. 

 hel + ATP
4.9i106M !1s!1

100s!1
! "!!!!# !!!!!!! hel • ATP 42s!1

0.4 s!1
! "!!!# !!! hel • ATP * 20i10!3 s!1" #""" hel • ADP 36s!1

1.3i10!5M !1s!1
! "!!!!!# !!!!!!! hel + ADP
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Nevertheless, there are reports of the topoisomerase domain having the 

opposite effect over the helicase-like domain in rGyr55. Our steady-state 

ATPase measurements with the mutant rGyr_hel_ZnF1 reconcile these 

apparent contradictions. The presence of the N-terminal Zn-finger has a 

deleterious effect on DNA-stimulation of ATP binding and hydrolysis, 

comparable to the effect the topoisomerase domain exerts on rGyr_hel. 

These results indicate that rGyr Zn-fingers might strongly contribute to 

rGyr_hel harnessing in the context of the full-length enzyme, by competing for 

the DNA substrate, especially dsDNA. Overall, the decision of the start and 

end points in the rGyr gene sequence chosen to generate the isolated 

helicase core, as well as the use of rGyr from different organisms, seem to be 

the main reasons accounting for the apparently contradictory reports between 

helicase-like domains from reverse gyrases.   

A thorough analysis of the effect of DNA on nucleotide binding and release 

from rGyr_hel also required the acquisition and comparison of thermodynamic 

parameters that could only be obtained by characterizing the interaction with 

intermediaries along the reaction path in equilibrium. This was achieved by 

using a combination of nucleotide analogs that arrest the reaction at different 

stages, and DNA constructs with the putative modifications introduced by 

helicases during the catalytic cycle.  

The selected intermediates and ground state analogs were not only suited for 

equilibrium binding measurement, but also kinetic measurements under pre-

steady state conditions. In the presence of DNA however, the activation 

energy for ATP hydrolysis is decreased, in line with the expected effect of 

thermodynamic coupling. It has as a consequence that the reaction falls into 

the steady-state system, which would imply the use of all rate constants for 

individual steps in data analysis, according to the King-Altman method, to 

extract the individual ATP binding and release rates39. Instead, we used a 

non-hydrolysable analog, ADPNP, which mimics the ATP ground state. Our 

equilibrium binding measurements revealed that rGyr_hel is a nucleotide-

dependent switch that binds 20-fold stronger ADPNP and dsDNA when they 

are simultaneously present, indicating a strong positive coupling. Although 

this nucleotide cooperatively binds rGyr_hel in the presence of dsDNA, the 
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increase in the apparent affinity does not arise from changes in the binding or 

release rates, but on the conformational change that sequesters this analog, 

displacing the equilibrium and increasing the apparent affinity. We have been 

able to confirm via smFRET the conformational change that closes the cleft 

between rGyr_hel recA domains, and also to quantify the rate of the closure 

via direct detection of tryptophans fluorescence. 

At the other end of the reaction, we revealed that rGyr_hel affinity for ADP is 

decreased in the presence of ssDNA, also in line with the expectation for 

thermodynamic coupling between the end products of any reaction. We 

demonstrated that this decrease in affinity for ADP in the presence of ssDNA 

is due mostly to the decrease of the binding rate constant, while the 

dissociation rate constant remains practically unaltered.  

There are some differences between the actual DNA-stimulated ATP 

hydrolysis reaction and the recreated kinetic path using non-hydrolysable 

nucleotide analogs. First, ADPNP only resembles the ATP ground state and 

does not account for the ATP* isomerized stage. Our biochemical data 

suggest that the analog ADP·BeFx most like resembles ATP*, but since 

ADPNP does not turn into ADP·BeFx we cannot measure the rate for that 

transition. Also the DNA-stimulated ATP hydrolysis rate cannot be 

characterized using analogs. Although ATP hydrolysis is the rate-limiting step 

for rGyr_hel unstimulated reaction, and the kcat for the reaction under steady-

state conditions has the same value as the actual hydrolysis rate, is not 

certain whether it remains rate-limiting under DNA stimulation. Nevertheless, 

these analogs have kinetically revealed that the conformational change takes 

place before ATP isomerization, and that the effect of ssDNA on ADP release 

at the reaction end, is to decrease its binding rate to rGyr_hel. Bearing all this 

in mind, the DNA-stimulated kinetic cycle derived from the analysis of 

nucleotide analogs can be summarized as follows: 

 

 

 

 
hel • dsDNA + ADPNP 1.7i107 M !1s!1

8.2s!1
! "!!!!# !!!!!!! hel • dsDNA • ADPNP 0.08s!1! "!!!# !!! hel • dsDNA • ADPNP" #...$$ hel • ssDNA • ADP 45s!1

4.8i106 M !1s!1
! "!!!!!# !!!!!!! hel • ssDNA + ADP
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Catalytic cycle of rGyr_hel from a thermodynamic point of view 

Although kinetically limited, the use of nucleotide analogs and different DNA 

constructs has proven to be extremely useful in thermodynamic and 

conformational dynamic studies. This approach allowed us to determine the 

nucleotide cycle of rGyr_hel, by identification of the reaction pathway with the 

intermediates of lowest energy along the energetic landscape of all possible 

routes. We therefore proposed a nucleotide cycle that clearly meets the 

expectations for a bona fide helicase. Fueled and controlled by the nucleotide 

bound, the enzyme vectorially transits through energetic and conformational 

states with a sequence of preferences for dsDNA, jxnDNA, and ssDNA at 

consecutive stages. Furthermore, the rGyr_hel catalyzed reaction also fulfilled 

the thermodynamic coupling requirements. Since normally ATP hydrolysis is a 

one-way process for molecular machines, rGyr-DNA complexes with the 

lowest binding energy and therefore most stable, were chosen at each 

nucleotide state of the enzyme. From the comparison of the relative binding 

energies of each ternary complex, we predicted that the transition at the pre-

hydrolysis stage on a closed conformation of the enzyme and with the 

preference switch dsDNA-jxnDNA, in theory provides enough energy to 

achieve destabilization of 2-3 dsDNA bp. This finding laid the groundwork for 

us to further address the question of whether rGyr_hel unwinds DNA, by 

exactly determining the point of the cycle fulfilling the thermodynamic and 

conformational requirements. Our rGyr_hel nucleotide cycle has been already 

displayed40. 

 

Role of the latch in rGyr function 

An intriguing structural feature of reverse gyrase structure is the latch domain, 

which happens to be an insertion into the H2 domain of the helicase-like core. 

It is homologous to the rho protein18, a protein known to interact with RNA. 

From that fact, a possible role in interacting with DNA during supercoiling has 

been proposed. Furthermore, from its sui generis location between the 

helicase-like domain and the lid of the topoisomerase domain it has also been 
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suggested to play a key role in interdomain communication. This region 

sounded so relevant on paper that many groups did set out to determine its 

actual role in the supercoiling reaction. Most of their studies were performed 

using the full-length reverse gyrase, which as previously mentioned makes it 

difficult to dissect the contribution of particular segments of the protein. 

Nevertheless, a consensus arose that the latch deletion abolishes the rGyr 

capacity to positively supercoil DNA, and that it was only capable to relax 

negatively supercoiled DNA. 

Our approach consisted on deleting the latch from rGyr_hel (rGyr_hel_Δlatch) 

and determining how DNA processing, nucleotide binding and hydrolysis, and 

the thermodynamic coupling between both processes was affected. The first 

surprise came from the steady-state DNA-stimulated ATPase activity, where 

the latch deletion mutant showed a 2-fold decreased ATP hydrolysis rate, 

compared to rGyr_hel. Also the thermodynamic coupling between DNA 

binding and ATP hydrolysis became virtually inexistent. Further analysis of 

nucleotide and DNA binding to rGyr_hel_Δlatch revealed an overall 

decreased affinity for DNA that was hardly influenced by the nucleotide state, 

unlike rGyr_hel. Also the conformational change reported for rGyr_hel in 

complex with dsDNA and ADPNP was inexistent. Only in the ADP·BeFx- 

jxnDNA-bound state, rGyr_hel_Δlatch behaved as rGyr_hel, in terms of 

conformational state and affinity for the substrates. 

Overall, deletion of the latch has drastic consequences either for the full-

length rGyr or the helicase like domain. In the case of the first one its deletion 

has been described to abolish the introduction of positive supercoils. In the 

case of the helicase-like domain, it affects its intrinsic DNA and nucleotide 

binding, the coupling between both processes, as well as its conformational 

changes. In the following diagram of the H2 domain of the helicase-like 

module we can see how strategically located the latch is, between the β-

strand connected to the consensus sequence V and the α-helix containing the 

consensus sequence VI. Motif V has been reported in Rep protein to engage 

in contact with the sugar-phosphate backbone of DNA, and mutational studies 

with UL5 have revealed decreased affinity of the enzyme for ssDNA and 

slower ATP hydrolysis rate60. Due to the close proximity of motif VI to the 
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nucleotide and DNA binding sites, reduction of DNA binding, ATP hydrolysis, 

coupling between both processes, and ligands-induced conformational 

changes, have also been reported in mutational analysis of several 

helicases61. It seems like smalls movements of the latch in the DNA-bound 

state indeed may provide feedback to the helicase-like domain by properly 

aligning or misaligning these motifs, and so control the rate of progression 

through the nucleotide cycle. On the other hand, the nucleotide state and 

conformation of the helicase core may also exert the opposite effect and force 

the latch to bind the “presented” DNA, and so the topoisomerase domain may 

sense and react “according to the plan” at this stage of the nucleotide cycle.  

 

 

Overall, rGyr_hel_Δlatch has a preference for ssDNA throughout the 

nucleotide cycle, with the exception of the pre-hydrolysis state, where it 

prefers jxnDNA. It starts with an uncoupled binding of ADPNP and ssDNA, 

followed by a high affinity state for jxnDNA at the pre-hydrolysis step in the 

closed conformation. And finally, right after hydrolysis and prior to Pi release, 

although the preference for ssDNA is regained, it is bound with such a low 

affinity that most probably has as a consequence that rGyr_hel_Δlatch 

disengages from the contact with the DNA. The nucleotide cycle from a 

thermodynamic point of view was summarized in the schema at the end of the 

manuscript of Chapter IV.7. 

 

DNA processing by rGyr_hel 

After our thorough thermodynamic characterization of the nucleotide cycles of 

rGyr_hel and rGyr_hel_Δlatch, three steps have been highlighted due to their 



	   172	  

potential usefulness in the overall supercoiling reaction. The rGyr_hel 

ADPNP-bound state has a high affinity for dsDNA and it adopts a closed 

conformation. The rGyr_hel and rGyr_hel_Δlatch ADP·BeFx-bound states 

have high affinities for jxnDNA, are in the closed conformation, and on top of 

that the formation energy of the complexes are high enough to theoretically 

promote local destabilization of DNA duplex. The rGyr_hel ADP.MgFx-bound 

state is no longer in the closed conformation, but still has a high affinity for 

ssDNA, and adopts a distinctive conformation, with the latch pointing towards 

the H1 domain. 

First, we tried to demonstrate whether rGyr_hel is able to unwind DNA, and 

how are the unwinding rates modified by comparison with selected deletion 

mutants and the full-length rGyr. As predicted, only in the presence of 

ADP·BeFx and jxnDNA unwinding was detected. rGyr failed to unwind any 

DNA with any nucleotide. rGyr_hel on the other hand, was able to unwind a 

jxnDNA with a 3’ssDNA overhang almost 4-times faster than the jxnDNA with 

a 5’ssDNA overhang. rGyr_hel_Δlatch however, retained the preference for 

the jxnDNA with a 3’ssDNA overhang, but it was unwound half as fast as 

rGyr_hel. We also created another deletion mutant of a region in the H1 

domain that was predicted to be involved in DNA binding. Interestingly, this 

region folded as a β-hairpin in the structure from A. fulgidus rGyr, while in the 

structure we solved for our T. maritima helicase-like domain it is a α-helix. 

This mutant (rGyr_hel_Δhelix9) showed the same unwinding rates as 

rGyr_hel, but with inverted preferences. Complementary jxnDNA binding 

assays revealed that even though rGyr_hel has no preference for the ssDNA 

overhang at a jxnDNA, the latch specifically binds to the 5’ssDNA overhang 

and the helix9 to the 3’ssDNA overhang. Overall, DNA unwinding tests 

depend not only on duplex destabilization but on strand release as well. We 

therefore quantified the rates of strands release from rGyr_hel for the 

jxnDNAs used. Independent of the substrate, the strand with the 5’-

directionality was always the first to be released. 

Surprisingly, no DNA unwinding could be detected in the presence of ATP. It 

might be a consequence of the slow rates of strand release compared to the 



	   173	  

rates of DNA-stimulated ATP hydrolysis, which are two orders of magnitude 

different.  

After characterizing the nucleotide cycle of reverse gyrase helicase-like 

domain, we set out to demonstrate what our results indicate, in the context of 

the DNA supercoiling reaction by the full-length enzyme. We therefore 

performed the reaction assay in the presence of the nucleotide analogs 

ADP·BeFx and ADP.MgFx, for the wild-type rGyr and rGyr_Δlatch. 

Interestingly, the main difference arose from the reaction in the presence of 

ADP·BeFx, where rGyr is only able to produce nicked DNA and rGyr_Δlatch is 

able to relax DNA. It indicates a role of the latch preventing the lid from 

resealing the broken strand before the conformational change that relocates 

the intact ssDNA strand in a position suited for positive supercoiling. This 

conformational state that relocates the intact strand is presumably the one in 

the presence of ADP.MgFx. 

 

DNA supercoiling catalytic cycle improved 

Our experimental results on the isolated helicase-like domain and the 

comparison with the full length enzyme, enabled us to provide input to the 

current knowledge of the mechanism of catalysis by reverse gyrase. We have 

improved the putative catalytic cycle derived from the only structure available 

of a full-length reverse gyrase, by elucidating the role the helicase-like domain 

plays in DNA processing, and how it correlates with the nucleotide cycle. 

Additionally, the relevance of individual motifs and domains belonging to the 

helicase-like module at different points of the reaction has also been 

determined. 

Starting with the substrate-free enzyme, the model for the catalytic cycle is 

represented by the solved crystal structure and therefore has no room for 

improvement. At this stage the helicase-like domain is in an open 

conformation, and the latch is located in close proximity to the lid of the 

topoisomerase domain, what is supposed to restrict its dynamics. Upon 

binding of ATP and DNA, the helicase-like domain adopts a closed 

conformation that is expected to release the lid from the interaction with the 
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latch. Nevertheless, at this stage no local DNA unwinding takes place yet. As 

the reaction approaches the ATP hydrolysis step, the bound DNA is unwound 

and the catalytic tyrosine in the lid is able to cleave the exposed ssDNA 

strand, remaining bound to the 5’ end. Right after hydrolysis the helicase-like 

domain returns to the open conformation, what presumably allows relocation 

of the intact ssDNA strand into the cavity of the topoisomerase domain. At this 

point we succeeded to detect an additional conformational state, where the 

latch is tilted inwards, which might facilitate ssDNA strand resealing. Finally, 

the DNA-bound enzyme can undergo additional ATP hydrolysis cycles before 

releasing the DNA, resulting in the increasing of the linking number in one unit 

per cycle.  
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