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Classes of P-loop NTPases with ambiguous mechanisms of stimulation and 

Wcat stabilization.  

For several large families and even classes of P-loop NTPases, there are no structures with full-

fledged catalytic sites containing TS-analogs. Only assumptions can be made on their 

stimulatory moieties and environments of Wcat.  

.  

Kinase-GTPase Division: 

Septins and septin-like proteins of the TRAFAC class appear to be stimulated by His residues, 

which are reciprocally inserted into the catalytic sites upon dimerization of the NTPase 

domains; the dimerization, supposedly, is induced by the interaction with the activating 

partner(s) [1, 2]. In septins, the NE2 group of the stimulatory His residue appears to enter the 

AG site and to link the O2A and O3G atoms [2]. For septins, no TS-like structures are available. 

Still, in the GNP-containing structure of human septin 12 (PDB ID 6MQ9 [3]) the water 

molecules next to γ-phosphate interact with NHD+3 and residues of the Switch I motif. 

ASCE Division: 

STAND (signal transduction ATPases with numerous domains) ATPases unite apoptotic 

ATPases (animal apoptosis regulators CED4/Apaf-1, plant disease resistance proteins, and 

bacterial AfsR-like transcription regulators) and the ATPases of the NACHT superfamily, 

which consists of the animal disease response ATPases such as CARD4, the NAIP proteins and 

other ATPases [4]. The Walker B motif of these ATPases contains two consecutive acidic 

residues [4]. In addition to the P-loop domain, most proteins of the STAND class carry a unique 



HETHS domain - the third helical domain, which is present only in this class of proteins [4]. 

Since some proteins of the STAND class have a conserved Arg residue within the P-loop 

domain, analogous to the Arg finger of AAA+ ATPases, it was suggested that their activation 

mechanism is similar to that of AAA+ ATPases [4]. However, available structures of Apaf-1 

(Apoptotic protease activating factor 1) suggest a direct involvement of the HETHS domain in 

the ATP hydrolysis. Structures of Apaf-1 are available for the two states of the protein: the 

ADP-bound (no Mg2+), “inactive” state (PDB ID 3SFZ [5]), and the “active” state, with Mg-

ATP and cytochrome c bound (PDB ID 3JBT [6]). It is important to note, that Apaf-1 does not 

have ATPase activity, so that “active” and “inactive” states differ in the ability of the protein to 

oligomerize into an apoptosome. In the ATP-bound state, a Tyr residue forms an H-bond with 

the γ-phosphate (Fig. SF1_1B). In the ADP-bound state, a His residue from the HETHS domain 

attains a position next to α and β-phosphates and from the same side as Arg/Lys fingers in other 

P-loop NTPases (Fig. SF1_1B). This His residue is conserved in the majority of STAND 

proteins [4]. Specifically, a His residue is seen in the similar position in the ADP-containing 

STAND protein with a tetratricopeptide repeat sensor PH0952 from Pyrococcus horikoshii (see 

Fig. SF1_1C, PDB ID 6MFV [7]). STAND proteins appear to be special; unlike other P-loop 

NTPases, they convert from a closed form occluding an ADP molecule to an ATP-bound open 

form prone to multimerize [7]. Hence, Apaf-1 and its homologs cannot serve as a reliable 

representative for the whole class, especially considering the diversity of domain architectures 

and the presence of a conserved Arg residue in the P-loop domains of some families. Still, it is 

tempting to speculate, that the His residue, which is conserved within the STAND class, may 

be the activating moiety in those enzymes that are capable of hydrolyzing ATP, similarly to 

aforementioned septins. Structures of STAND ATPases with TS analogs bound are needed for 

clarification of the activation mechanism and the positioning of Wcat.   



 

Figure SF1_1. Tentative His fingers in 

septins and STAND ATPases.  

A.  Structure of human septin 12 (PDB 

ID 6MQ9 [3]) complexed with GNP. 

Protein surrounding NTP-binding site is 

shown as a cartoon, functionally relevant 

residues are shown as sticks, water 

molecules are shown as red spheres, 

Mg2+ as a green sphere. P-loop lysine is 

shown in green, K-3 residue is shown in 

magenta. AspWB is shown in dark red and 

following residues in light red. Switch 1 

residues are shown in yellow, residues 

belonging to adjacent monomer are 

highlighted in cyan and marked with an 

asterisk. All distances are given in 

ångströms.  

B. Superimposed structures of murine 

apoptotic peptidase activating factor 1 

(Apaf-1):  

In shades of pink: ADP-bound form 

(PDB 3SFZ [5]). Water molecule is 

shown as a red sphere. HETHS domain 

is shown in a darker shade of pink. The 

distances are highlighted in dark pink. 

In shades of teal: dATP-bound form 

(PDB ID 3JBT [6]). Mg ion is shown as 

a green sphere. HETHS domain is shown 

in a darker shade of teal. The distances 

are highlighted in dark teal. 

C. Structure of the STAND protein with 

a tetratricopeptide repeat sensor PH0952 

from Pyrococcus horikoshii (PDB ID 

6MFV [7]). Colors as in panel A.  

  



VirB/PilT-like class unites ATPases of the type IVa pili, GspE proteins of the type II secretion 

system, FlaI proteins of the archaeal flagellar system, and VirB11 proteins of the type IV 

secretion system [8-13]. In addition to the C-terminal nucleotide-binding P-loop domain, PilT-

like ATPases have an N-terminal two-layer α/β sandwich domain, similar to the well-known 

ligand-binding PAS domain [14].  In the hexameric enzymes, the PAS-like domain provides 

the Arg finger to the AG site of the bound NTP molecule of the same subunit; an additional 

Arg finger can interact with γ-phosphate, see the structure in Fig. SF1_2A. In this structure, 

SerK+1 forms a H-bond with GluE+4 (highlighted in yellow), which, as shown on the panel, is 

connected to GluWB by a complex system of water bridges (highlighted in cyan). They resemble 

those in the PRC (see Fig. 10A in the main text), so that GluWB is likely to serve as a proton 

trap in PilT-like NTPases.  The AspE+1 residue on the C-cap is far from γ-phosphate. In the 

absence of TS-like structures, it cannot be fully excluded that AspE+1 comes closer to the ATP 

molecule upon activation so that AspE+1 interacts with Wcat. Alternatively, GluE+4 of the WB-

crest can well perform this function and transmit a proton to the buried GluWB. 

  



 

 

Fig. SF1_2. Nucleotide-binding sites of P-

loop NTPases of VirB/PilT and FtsK-

HerA classes. 

A. Structure of the twitching motility pilus 

retraction ATPase PilT4 from Geobacter 

metallireducens, PDB ID 6OJX [13]). 

Protein surrounding the NTP-binding site is 

shown as a cartoon, functionally relevant 

residues are shown as sticks, water 

molecules are shown as red spheres, Mg2+ 

as a green sphere. The P-loop lysine is 

shown in green, the K-3 residue is shown in 

magenta. GluWB is shown in dark red and 

the following residues in pale red. The PAS 

domain is shown in pale blue and its Arg 

fingers are shown in blue. All distances are 

indicated in Å.  

B. Crystal structure of the HerA hexameric 

DNA translocase from Sulfolobus 

solfataricus (PDB 4D2I[15]). Residues 

belonging to adjacent monomer are 

highlighted in cyan and marked with an 

asterisk. The additional Glu residue is 

shown in pink and the loop harboring it is 

shown in beige. Other colors as in panel A. 

 

C. Cryo-EM structure of FtsK from 

Pseudomonas aeruginosa PAO1 with 

resolution of 3.7 Å [16].  

Colors as in panel B.  



FtsK-HerA pumping ATPases are related to, but not monophyletic with the PilT-like ATPases. 

The HerA ATPases are present in all archaea and some bacteria [17] and participate in the 

repair of double strand DNA breaks [15]. The structure of HerA hexamer from Sufolobus 

solfataricus, in complex with AMP-PNP, a non-hydrolysable analogue of ATP, shows two Arg 

and one Lys residue pointing towards the triphosphate chain. The Glu355WB residue interacts 

with Ser155K+1 and W6, whereas Glu356D+1 points towards the anticipated position of Wcat 

[15], see Fig. SF1_2B. An additional class-specific Glu residue (Glu180 in the HerA hexamer 

from Sufolobus solfataricus, colored pink), similarly to GluE+4 in PilT4 coordinates W3and W5, 

Mg2+ ligands #3 and #5.  

The titular FtsK ATPases are motor protein that translocate double-stranded DNA during 

chromosome segregation. A recently reported cryo-EM structure of FtsK of Pseudomonas 

aeruginosa PAO1 with resolution of 3.7 Å indicates that an Arg residue analogous to the 

arginine finger of the AAA+ superfamily interacts with the NTP-binding site of the adjacent 

subunit Fig. SF1_2C [16]. The additional Glu residue is also present, but, contrary to HerA, it 

interacts with SerK+1, similarly to GluD+4 in PilT-like class ATPases, cf Fig. SF1_2A. The 

AspWB is also close, at only 3 Å away of SerK+1. It is followed by GluD+1 that points towards γ-

phosphate and may stabilize Wcat in the TS.  

Unless TS-like structures of FtsK, HerA, and VirB/PilT-like ATPases with their constricted 

catalytic sites are obtained, the functions and interactions of their additional Glu residues will 

remain obscure.  Hence, the TS-like, constricted site in any of these ATPases may resemble 

either that of HerA and FtsK ATPases (where [Asp/Glu]WB interacts with SerK+1, and the 

additional Glu interacts with ligands of Mg2+) or that of PilT-like ATPases (where the additional 

Glu makes a H-bond with SerK+1).  It cannot be fully excluded that two carboxylic groups reach 

the [Ser/Thr]K+1 residue in the TS in the case of these NTPases. 

 



KAP ATPases named after Kidins220/ARMS (mammalian neuronal membrane proteins) and 

PifA (F-plasmid protein involved in phage T7 exclusion), supposedly, use a AAA-type 

activation mechanism [18]. The KAP family proteins lack the Arg finger within the P-loop 

domain proper but carry a conserved arginine in the C-terminal helical segment, which could 

potentially function as an activating moiety, similar to Sensor 2 of the AAA+ ATPases [18]. 

Still, in the absence of structures of KAP proteins, both the activation mechanism and the Wcat 

positioning in enzymes of this class remain unclear. 
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