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Figure S1. Tentative mechanisms of NTP hydrolysis. Dissociative (A), associative (B), and
concerted pathways (C). See the main text for further details and references.
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Figure S2. Cladogram of higher-order relationships between major divisions/classes of P-
loop NTPases with depicted typical structures.

The cladogram (as modified from [1]) shows the two major divisions: the kinase-GTPase (KG)
division and the ASCE (additional strand, catalytic E) division. The B-strands forming the cores



of P-loop domains are numbered in a traditional way [1, 2]. These B-strands are colored pink, the
P-loop is shown in blue, the following ai-helix is shown in green, the K-loop/Switch I in TRAFAC
class NTPases as well as the corresponding loops in other NTPases are colored in yellow, NTP
analogs are shown as black sticks, Mg?* ions are shown as green spheres, the rest of proteins is
shown as gray cartoons. The reference residues of Walker A and Walker B motifs (lysine (K) and
aspartate (D), respectively), as well as the catalytic glutamate (E) in ASCE NTPases are shown as
sticks. The following reference crystal structures are depicted: ABC — antibacterial peptide ABC
transporter McjD of Escherichia coli, PDB ID S5EG1 [3]; RecA/Fi —-Fi-ATPase of
Caldalaklibacillus thermarum, PDB ID SHKK [4]; AAA+ —clamp loader y-subunit E. coli, PDB
ID INJG [5]; Kinases —thymidylate kinase of E. coli, PDB ID 4TMK [6]; TRAFAC/SIMIBI —
nitrogenase ATPase subunit of Azotobacter vinelandii, PDB ID 4WZB [7].
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Figure S3. P-loop domain organization and conserved motifs in P-loop NTPases of the
Kinase-GTPase division.

The B-strands forming the cores of P-loop domains are numbered relative to the Walker B motif-
containing WB-strand as suggested in the main text. Color code as in Fig. S2. The following crystal
structures are depicted: A, MnmE GTPase of E. coli, PDB ID 2GJ8 [8]; B, Elongation factor EF-
Tu of Thermus thermophilus HBS, PDB ID 4V5L [9]; C, Human Ras-GTPase, PDB ID 1WQI,
[10]; D, Myosin II of Dictyostelium discoideum, PDB ID 1WO9L; E, nitrogenase ATPase subunit
of Azotobacter vinelandii, PDB ID 4WZB [7]; F, thymidylate kinase of E. coli, PDB ID 4TMK

[6].



B. ABC ATPases C. RecA/F1-type

Walker B o \ Walker B
hhhhDE hhhhDE hhhhD

Figure S4. P-loop domain organization and conserved motifs in P-loop NTPases of the ASCE
division.

The B-strands forming the cores of P-loop domains are numbered relative to the Walker B motif-
containing WB-strand as suggested in the main text. Color code as in Fig. S2. The following crystal
structures are depicted: A, AAA+ Clamp Loader Gamma Subunit of E. coli, PDB ID 1NJG [5]; B,
antibacterial peptide ABC transporter McjD of E.coli, PDB ID 5EGI1 [3]; C, Fi-ATPase of
Caldalaklibacillus thermarum, PDB ID SHKK [4].
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Figure S5. Structures of same P-loop NTPases with transition state analogs and
substrate/substrate analogs bound, respectively.

The structures with bound substrate or substrate analogs are shown in blue with their Mg?" ions in
green,; the structures with transition state analogs bound are shown in dark red with their Mg?* ions
in orange. Cations and water molecules are shown as spheres. The following crystal structures are
depicted: A, Myosin Il from Dictyostelium discoideum in complex with a bound ATP molecule
(blue, PDB ID 1FMW [11]) and with a transition state analog ADP:VO4 bound (dark red, PDB
ID 1VOM [12]); B, Ras-like GTPase RhoA with a bound non-hydrolyzable substrate analog GNP
(blue, PDB 6V6M, [13]) and a complex of Rho with RhoGAP and a transition state analog
GDP:MgF5 (dark red, ODB 10W3, [14]).



Figure S6. Deviations from a typical Walker B
motif. Color code as in Fig. 1E,F.
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A. In a few cases, which are listed in [15], a
glutamate residue occupies the position of Asp™?
In dethiobiotin synthetase, the long side chain of
Glu"™® reaches Mg?" and directly coordinates it,
forming also a H-bond with [Ser/Thr]%"!, as shown
in Panel A for the for the enzyme from
Helicobacter pylori complexed with GTP (PDB
3QXIJ [16]). In In dethiobiotin synthetase, the y-
phosphate group is transferred on the carboxy
group of 7,8-diaminononanoate, which is likely to
be deprotonated at neutral pH, so that no proton
trapping is needed. In a few more conventional
cases, the Glu"® residue, similarly to Asp"B, does
not reach Mg?, interacts with Mg?*-coordinating
water and makes an H-bond with [Ser/Thr]%*!, see
[15].

B. An Asn229 residue links W3, W6 and
Thr131%*! in the wild-type polynucleotide kinase
of Caenorhabditis elegans, see Panel B for its
structure with bound ssSRNA dinucleotide GC and
ADP:AlF4 (PDB ID 40I1 and [15, 17]). In this
case, however, the adjacent WB+1 strand has a
M9ELD'! triad at its C-cap. In the TS-like AlF4-
containing structure, the Glul49 residue is
connected via a bridging water molecule to

Thr128"*1’ 4 4., Thr131%*! and to W3, whereas Aspl51 makes a
Y / short H-bond (2.48 A) with the hydroxyl of the

sn;g\l RNA ribose. Deprotonation of this hydroxyl yields

Gl 149 the nucleophile that attacks the y-phosphate. We

believe that the functions of AspV® are divided
) Leu22%3 between Asn229 and Glul49 in this

polynucleotide kinase. The Asn229WB residue
serves as a structural linker to the Walker A motif,
whereas Glu149 serves as a trap for the proton that
is taken by Asp151 from Weat.

While the same Asn-Glu-Asp triad is found in other
Metazoa enzymes, Asp substitutes for Asn229 and
Asn substitutes for Glul49 in Saccharomyces
cerevisiae, Schizosaccharomyces  pombe, and
' Candida albicans. Hence, in evolutionarily primary
primitive microorganisms, a single Asp"“® appears to
interact with W6 and Thr*! and to obtain a proton
from the catalytic Asp residue at the C-cap of the
adjacent WB+1 strand; in the C. elegans structure



(PDB ID 4011 [17]), Asn229 and Asp 151 are linked by W6. The “primordial” dyad of aspartates
is functionally similar but structurally distinct from the AspVBLP*! AspP*? aspartate dyads found
in some other kinase families, see Fig. 4D and [18]. Generally, the overall diversity of proton
routes within kinases [18] might reflect the diversity of second substrates in these enzymes, see
Section 2.2.

C. A natural mutation in an otherwise typical small TRAFAC class GTPase MglIA changed Asp™®
to Thr. The structure of MglA GTPase of Myxococcus xanthus with a bound non-hydrolizable
analog of GTP is shown (PDB ID: 61ZW and [19]). The enzyme retained its function owing to the
appearance of an Asp residue at the N-terminus of the adjacent antiparallel WB+1 strand [15]. The
resulting topology of the catalytic site is typical for P-loop NTPases.
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Fig. S7. Residues other than [Ser/Thr] in the K+1 position of the Walker A motif. Colors as
in Fig. 3-6 in the main text. LysV* shown in green, Asp"® in dark red, adjacent monomer and its
residues in cyan, Arg and Lys finger from the same polypeptide chain in blue.

A, an asparagine residue replaces [Ser/Thr]**! in such distantly related AAA+ ATPases as torsinA
of metazoa and DnaC helicase loader of some enterobacteria including E. coli [15, 20, 21]. In
addition, the potentially Weat-stabilizing “catalytic” [Glu/Asp]P*! — ubiquitous in AAA+ ATPases
[22] — is replaced by Asn®'!in torsinA (but not in DnaC). The ATPase activity of both these
proteins are very low, so it is not yet clear if they are true ATPases or simply work as switches that
change their conformation depending on whether ATP or ADP is bound in the catalytic site [20,
21, 23, 24]. Shown is the high-resolution ATP-containing structure of human torsinA in complex
with its activator LULL1 (PDB ID 5J18S [25]). It can be seen that Asn109%"! makes the canonic
H-bond with Asp170"® which could increase the proton affinity of the latter. While Asn171°*!
cannot transfer a proton from Wcat, a water chain — similar to one observed in TRAFAC class
NTPases (Fig. 7B-D, 11D-F) — connects W23 with Asp170"® via the Mg**-coordinating W6
molecule. In AAA+ NTPases, a Lys/Arg residue always interacts with y-phosphate and,
supposedly, Weat (see section 2.2.2.2, Fig. 5A,B, and [26, 27]). In torsinA, this is the Arg449
residue of LULL1. In the absence of negatively charged Asp/GluP*!, the interaction of a positively
charged Arg449 with Wea, by dramatically decreasing its proton affinity, may trigger proton
transfer from Weat, via W6, to Asp170"P. Subsequently, the proton can move to B-phosphate via
W6. Hence, the structure is compatible with involvement of Asp170"® as a proton trap in torsinA
and could explain its, albeit slow, ATPase activity.

B, Adenylate kinase of Aquifex aeolicus ([PDB 3SRO0] [28]), see the main text.
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Figure S8. Catalytic cycle of myosin as inferred from the available set of crystal structures.
The top and bottom rows show similar structures differently zoomed.

Given that myosin is one of the few P-loop NTPases with a set of high-quality crystal structures
including those mimicking the pre-transition, transition, and several post-transition states (see also
Supplementary Table 1), we tentatively reconstruct the catalytic cycle of myosin as follows:

A) (top) In the substrate-bound state (ATP-soaked myosin crystals, PDB ID 1FMW [11]), the
catalytic pocket is not constricted, and the proton pathway from the would-to-be Weat in the Wiz
position (highlighted with a star) to AspV® (via W6) is clearly seen.

(bottom) In this state, Glu®"> of WB-crest and Arg>*! of Switch I motif are remote from each
other, and each residue is only interacting with its neighbors in the polypeptide chain. GluP** is
forming an H-bond with GInP*!4, while Arg®'! is in contact with Ser®! (bottom).

B) (top) In the ADP:VO4"-containing structure, which mimics the transition state (PDB 1VOM
[12]), the site is constricted, and W12, after giving its proton via W6 to AspW5, is pushed upwards
into the attack position of OHcat, here mimicked by the oxygen atom of VO . In this position,
OH- .y is stabilized by the side chain of Ser>!, CO of Ser®, and HN of GlyP*?. Also in this state,
the Asn finger comes closer to the phosphate chain and interacts with a-phosphate and one of the



oxygen atoms of VO47, another oxygen atom of VO4™ interacts with Gly%® and with the side chain
of Ser®* The WB-crest is brought closer to the catalytic site: an oxygen atom of VO is
coordinated by GlyP". Here, the distance between OH-cat and W6 is 4.8 A, which, supposedly,
precludes the proton at Asp™® from returning to Wea. The proton, however, can pass to B-
phosphate; all the tentative proton transfer steps on the way to B-phosphate are of 2.9 A.

(bottom) An extensive salt bridge network is formed between WB-crest, Switch I and the
adjoining domain. Arg>'! interacts with Ser>! and GluP*® (bonds highlighted in bright cyan),
whereas subsequent residues of the WB-crest are contacting the adjoining protein domain.

C and D) In the two subsequent post-transition states (mimicked by differently Pi-soaked
ADP-containing myosin structures with PDB IDs 4PFP and 4PJN [29]), catalytic site opens up:
the release of H2PO4*" is coupled with breaking of salt bridges between WB-crest and Switch I.
Hence the exergonic release of Pi drives the opening of the catalytic pocket, which, in turn, is
coupled to the mechanical movement. The Asn finger no longer interacts with the outgoing
H2PO4> moiety. In the early post-transition state the proton is already engaged in the H-bond
between OB and O°C (C, top, the H-bond is highlighted in purple), while in the late post-transition
state (D), hydrogen-bonded networks are further rearranged: the outgoing H2PO4* no longer
contacts residues involved in Py coordination during the previous steps (D, bottom); H2PO4* gets
directly engages with GluP*® and ArgS"! pulling apart the WB-crest and Switch I (D, bottom).
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