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4 INTRODUCTION

1. Introduction

1.1. Accumulation of information in protein structure
databases over time

The determination of structures of biopolymers and their analysis plays a key
importance in biological research. It is well established that the functions of proteins,
including their ability to accelerate chemical reactions by many orders of magnitude are
fully determined by their structural features. Any significant distortion of a protein
structure inevitably leads to the loss of catalytic function. Structure (including sequence,
the primary protein structure) seems to also determine protein dynamics [1]. In living
systems, the information appears to be stored in the structure: it is possible to cool a
small animal to —271°C, dramatically reducing the rates of dynamic processes, and it still
comes back to life after thawing [2].

As protein structures are of key importance for the understanding of biological
processes, structure determination has long been one of the primary objectives of the
biological research. Since the announcement of Protein Data Bank (PDB) [3-5] in 1971 at
Brookhaven National Laboratory, the number of deposited structures kept growing to
reach 10000 structures in 1999, 100°000 in 2014 and 200°000 structures in January 2023.
Since the early days of protein structure determination, majority of structures were
derived from X-ray crystallography experiments; and while cryo-electron microscopy
(cryo-EM) is used to solve 3D structures of biopolymers since 1991, the recent advances
in the field has brought the attainable resolution of EM structures down to atomic
resolution [6,7], and the number of structures determined with this method now grows
exponentially (see Fig. 1.1). The paradigm shift in structural biology is aided by
application of deep neural networks for exploration of the sequence - structure
relationship in proteins [8-11]. Such approaches have allowed to perform predictions of
secondary and tertiary (3D) structures up to atomic resolution. However, these methods
still have limited applicability for predictions of bound ligands, interactions with the
solvent, disordered regions and functional information on the higher order structure

levels (multimeric proteins and large protein complexes).
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Figure 1.1: Protein Data Bank annual growth.

Number of PDB structures released annually by technique, data retrieved from https://www.rcsb.org/stats
on 11.05.2022. Structure determination methods listed here include X-Ray crystallography (X-Ray),
nuclear magnetic resonance spectroscopy (NMR, here comprising both solution NMR and solid state
NMR) and electron microscopy methods (EM, including cryo-electron microscopy).

While last years were marked by a revolution in protein structure prediction methods
[8-11], studies involving functional comparative analysis of experimentally determined
structures still rely mostly on a small number of so called “representative” structures
while connecting these with larger datasets of sequence data (see for instance [12-14]).
While programs for structure superimposition allow alignment of multiple structures,
this is a computationally intensive task and the number of structures to be
superimposed is usually limited (i.e.,, for DALI, the maximum number of input
structures is 64) [15]. Meanwhile, as much as 74 of the protein superfamilies (“clans”
and domains not assigned to any Pfam clan) represented in Pfam database [16] release
35.0 include over a thousand unique solved structures, with four superfamilies having
more than five thousand PDB structures mapped (see Table 1.1). High numbers of
structures solved for these protein families reflect not only their diversity and
widespread distribution, but also the abundance of medically relevant proteins among

them.
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To integrate this overwhelming amount of structural data and gain insights in the
mechanism of hydrolysis of nucleoside triphosphates by P-loop fold nucleoside
triphosphatases, hereafter P-loop NTPases, we decided to ground our analysis of their
catalytic sites in comparisons of the positioning of amino acid residues relative to the
atoms of substrate triphosphate chain that is known to attain the same configuration
across the whole enzyme superfamily. Similar approach might be used for identification
of the common determinants of enzymatic activity also in proteins that share a substrate

but are not known to be homologous.

Table 1.1: Most prevalent protein folds among solved structures in PDB (data retrieved on 07.11.2022)

Pfam clan Clan name Description Structures Families
D P inPDB  in Pfam

FAD/NAD(P)-binding Rossmann fold superfamily,
1 CL0063 NADP_Rossmann dinucleotide-binding a/f3 domain characterized by an 8534 209
alternating motif of faf units [17].

2 CL0023 P-loop_NTPase P-loop NTPases 8411 245

Protein kinase superfamily, serine/threonine- and

L001 PKi
3 CcLools tase tyrosine- protein kinases [18]

7446 40

Helix-turn-helix clan, a common DNA-binding domain

4 CL0123 HTH [19].

5406 381

Immunoglobulin superfamily. Mainly {3 proteins that
5 CLO0011 Ig include antibodies, the giant muscle kinase titin and 3943 34
receptor tyrosine kinases [20].

6 CL0124 Peptidase_PA Peptidases with the trypsin fold, all  proteins. 3927 26

Tetratrico peptide repeat superfamily. The 34aa repeats
7 CL0020 TPR have a loosely conserved motif and form amphipatic a- 3794 252
helices that serve as protein interaction modules [21,22]

8 CL0159 E-set Ig-like fold superfamily (E-set) 3394 257

Proteins with eightfold (Ba) barrel fold that contain a

9 CLO0036 TIM_barrel 3387 61
—pare common phosphate binding site [23,24].
The OB (oligonucleotide/oligosaccharide binding) fold is
10 CLO021 OB a five-stranded (3-sheet forming a closed {3-barrel. This 3158 113

barrel is capped by an a-helix located between the third
and fourth strands [25]




P-loop Fold Nucleoside Triphosphatases 7

1.2. P-loop Fold Nucleoside Triphosphatases

Hydrolysis of nucleoside triphosphates (NTPs), such as ATP or GTP, by P-loop fold
NTPases (also known as Walker NTPases after John Walker and colleagues, who first
discovered similar amino acid motifs in very diverse NTPases [26]) is one of the key
enzymatic reactions. P-loop NTPases are coded by up to 20% gene products in a typical
cell. P-loop NTPase domains drive the activity of rotary ATP synthases, DNA and RNA
helicases, kinesins and myosins, ABC transporters, as well as most GTPases, including
ubiquitous translation factors, a-subunits of signaling heterotrimeric G-proteins and
oncogenic Ras-like GTPases [26-37]. In the ECOD database [38], the topology-level
entry “P-loop_NTPase” contains 193 protein families. In the Pfam database [39], the P-
loop NTPase clan CL0023 contains 217 families. The main classes of P-loop NTPases
were already present in the Last Universal Cellular Ancestor (LUCA) [32,40,35,37,41-
45].

The P-loop fold domain is a 3-layer afa sandwich, see Fig.1.2A,B and [32,36,46—49].
In small P-loop NTPases (Fig. 1.2B), the eponymous phosphate-binding loop (P-loop)
usually connects the first 3-strand (p3;-strand) with the first a-helix (a;-helix); the P-loop
together with the two first residues of the a;-helix have the [G/A]xxxxGK[S/T] sequence,
known as the Walker A motif [26] (Fig 1.2C). This motif is responsible for the binding of
the triphosphate chain and cofactor Mg2+ ion, see [26,27,50] and Fig. 1.2C-E. The Walker
B motif hhhhD, where 'h’ denotes a hydrophobic residue, is the other shared motif of P-
loop NTPases, see Fig. 1.2C-E and [26,27,50]. The aspartate residue of the Walker B
motif (Asp"”) is thought to contribute to the stabilization of the Mg* binding site. Asp"”
makes a hydrogen bond (H-bond) with one of the water molecules in the coordinating
sphere of the Mg* ion (see Fig 1.2D-E). In small P-loop NTPases, this residue is at the C-
terminal tip (hereafter C-cap) of the 3;-strand [40], just opposite of the a;-helix.
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Figure 1.2: P-loop fold NTPases.

A,B Typical folds of P-loop NTPases: A, Superfamily 1 helicase Piflp with a transition state (TS) analog ADP:AIF,” (PDB
ID 5FHD [61]); B, K™-dependent GTPase MnmE with a TS analog GDP:AIF4™ bound (PDB ID 2GJ8 [62]). C, conserved
motifs in P-loop NTPases and Mg:NTP binding by P-loop, naming of atoms according to IUPAC recommendations for
nucleoside triphosphates [84] and typical Mg** coordination. D, E, crystal structures of typical catalytic sites of P-loop
NTPases: D, Piflp helicase, structure shown in panel A; E, GTPase MnmE, structure shown in panel B. Color code A-B:
Polypeptide chains are shown as gray cartoons, p-strands, pink; as-helix, green; P-loop, blue; Walker B motif and the
following residues, red, Switch I loop, lilac, the activating partners are colored cyan. Color code D-E: nucleotide analogs
and important amino acid residues are shown as sticks, water molecules — as red spheres, Mgz+ ions -- as lime spheres, K" -
as a purple sphere; the conserved Lys residue of Walker A motif is shown in green, and the residue three residues before it is
highlighted in magenta; the conserved Asp residue of Walker B motif is shown in dark red, and the Arg fingers are shown
in blue. In those amino acid residues that are shown as sticks, the oxygen atoms are colored red, and the nitrogen atoms are
colored blue. In the AIF,” moiety, the Al atom is colored gray, and the fluoride atoms are colored light blue. Switch 1/K-loop
motif is shown in lilac, the conserved Thr*"' is highlighted in yellow.
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1.2.1.Catalysis by P-loop NTPases

P-loop NTPases catalyze a plethora of phosphoryl transfer reactions from ATP or GTP
(Fig. 1.3). Vast majority of these enzymes hydrolyze ATP or GTP to P; and ADP or GDP,
respectively. P-loop kinases, on the other hand, transfer a phosphoryl group from ATP to
diverse substrates (hereafter “second substrates”), such as sugars, nucleosides,
nucleotides, polynucleotides, coenzyme precursors and multiple other compounds [40].
As shown in Fig. 1.3, the catalytic reaction includes deprotonation of the attacking
moiety (the second substrate in kinases and “catalytic” water in all other P-loop
NTPases) yielding a nucleophile that attacks the phosphorus atom of y-phosphate [51-
54]. It is thought that the proton taken from the attacking moiety ultimately compensates
for the negative charge that develops on B-phosphate group concomitantly with
breaking away of y-phosphate. This negative charge is thought to be responsible for the
activation barrier of hydrolysis [55-57].

A B

72

N

{" HN
H,N \ Nim, \\\\“\ \\ b0 / o} 0 7 Nitny, . N O\\P/O B/ 0
_/ \ \P/ N o= _ o/\ \/ \\y
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0™ of (o) 0 \o/\o
HO OH y HO OH
C :
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N\ \\/_\/06\ AMPTUN 4 \// R 4+ H+

R H S o/\O‘ /\/

Figure 1.3: Nucleoside triphosphates (NTPs) and NTP hydrolysis.
A. Adenosine triphosphate (ATP). B. Guanosine triphosphate (GTP). C. Phosphoryl transfer from ATP to a
nucleophile. In case of ATP hydrolysis, R=H. GTP hydrolysis occurs in a similar manner.

As a rule, large-scale conformational changes accompany both the binding of NTP by
P-loop domain (“closing” of the catalytic pocket) and the NTP hydrolysis itself
(“opening” of the catalytic pocket). In most cases, these structural changes are coupled
to useful mechanical work and drive most biomolecular motors, see, e.g. [29,58-60].

Since uncontrolled NTP hydrolysis would be dangerous for cell survival, a feature of
P-loop NTPases is that they have to be activated before each turnover. Usually, an ATP-
or GTP-bound P-loop domain interacts with its cognate activating partner, which could
be a domain of the same protein, a separate protein and/or a DNA/RNA molecule. Upon

this interaction, specific stimulatory moieties, usually Arg or Lys residues ("Arg/Lys
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finger(s)", Fig. 1.2C), are inserted into the catalytic site and initiate the cleavage of
Y-phosphate [29,34,61-69].

Important hints for clarifying the catalytic mechanism of P-loop NTPases are provided
by their structures with bound transition state (TS) analogs, such as NDP:AIF, or
NDP:MgF; or NDP:VO, complexes (see Fig 1.4A,B for compound structures and
geometry) [29,61-63,68,70-74]. Particularly many structures were obtained with metal
fluorides as transition state analogs. Beginning in 1987, that is, even before the first
GDP:AlF, -containing structures were resolved in 1994 (see [62,63]) metal fluorides were
shown to promote binding of various P-loop NTPases to their activating partners.
Generally, many NTPases interacted with their activators only in the presence of metal
fluorides [68,69,71,74,64,75-81].

Therefore, it is anticipated that these analogs promote the formation of a catalytically
productive configuration of the active site. The crystal structures with NDP:MgF; or
NDP:AIF;” bound (see Fig. 1.4C and 1.4D, and [70,62,63,68,72,74,64,82,83] respectively)
revealed a "catalytic" water molecule W, located apically to the PC atom and almost in-
line with its bond with the O oxygen atom (see Fig. 1.2C for the atom names according
to the IUPAC recommendations for nucleoside triphosphates [84]). In the NDP-VO,
complexes (Fig. 1.4A), one of the four oxygen atoms of vanadate occupies the position of
the catalytic water molecule [29,73]. These structures, in support to earlier suggestions
[51-53], indicate that the ultimate cleavage of y-phosphate is triggered by the apical
nucleophilic attack on the terminal phosphorus atom P by a deprotonated nucleophile
that is OH o in case of GTPases and ATPases, see Fig. 1.2D-E, 1.4C-D and
[34,51,52,54,57,68,74,85-87]. Furthermore, the structures with bound TS analogs often
disclose how a stimulator residue interacts with the triphosphate chain, see Fig. 1.4C-D.

In spite of availability of W, containing, TS-like structures, it has remained unclear
how the deprotonation of W, is triggered and what is the fate of the proton that is
released upon this deprotonation. The first TS-like crystal structures were obtained for
GTPases, such as shown in Fig. 1.4C, and their relatives. These structures did not reveal
potential bases among the ligands of W, [29,62,63,71]. Thus, it was suggested that the
proton is accepted directly by y-phosphate [88-90]. In contrast, the subsequently
obtained crystal structures of many other P-loop NTPases showed that W, interacts
with Glu or Asp residues; these “catalytic” residues were suggested to serve as proton
acceptors in these NTPases, see e.g. Glul06 in Fig. 1.2D, Glu253 in Fig. 1.4D and
[31,72,87,91]. It remains, however, unclear whether the proton is transferred from these

bases to the triphosphate and, if so, how this transfer takes place.
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Figure 1.4. Transition state-like complexes of P- loop NTPases.

A, Transition states analogs compared to native NTPs. For the sake of clarity, each type of NTP analog is
shown either for ATP or GTP-mimicking version. B, Geometry of metal complexes used as y-phosphate
mimics upon structure determination. For comparison, the ground state (GS) tetrahedral geometry and the
transition state (TS) geometry is shown. The AlF; moiety has geometry and charge similar to the BeF; and is
used as a mimic of the pre-catalytic state. C,D. Examples of catalytic sites of P-loop NTPases complexed with
TS analogs. C, GTPase Rho with its activator RhoGAP and the transition state analog GDP-MgF3, (PDB ID

10W3 [70]); D, Chikungunya virus nsP2 SF1 helicase complexed with transition state analog ADP-AIF,
(PDB ID 6]IM [371]).

There is also no consensus on how do stimulators initiate the hydrolysis. Warshel and
colleagues suggested that stimulators, owing to their positive charge, compensate the

negative charges of oxygen atoms of triphosphate and make the y-phosphorus atom (P®)



12 INTRODUCTION

more prone to the nucleophilic attack by a water molecule [92-94]. It was also suggested
that the pushing of bound water molecules out of the binding pocket into the bulk
solution by the stimulatory arginine finger provides an entropic gain [95]. Jin and
colleagues proposed reorientation of the W molecule into the attack position by the
stimulator [96-98]. On a later reaction step, stimulators were implied in compensating
for the negative charge that develops at P-phosphate upon the breakaway of
Y-phosphate [56,57]. Recently, Gerwert and colleagues proposed, for small GTPases,
that the stimulatory Arg finger rotates the a-phosphate group towards an eclipsed
conformation with respect to (- and vy-phosphates, which would destabilize the
triphosphate chain [99-101].

Elsewhere [102] our group has focused on P-loop NTPases that are stimulated not by
Arg/Lys residues but by K" and Na" ions, see [61,66,103-106]. Molecular dynamics (MD)
simulations of the Mg*-GTP-containing dimer of K'-dependent tRNA-modifying
enzyme MnmE (see Fig. 1.2E) were performed and compared with MD simulations of
water-dissolved Mg”-GTP and Mg”-ATP complexes in the presence of monovalent
cations. In the latter case, one of the monovalent cations got bound between the O** and
O atoms of a- and y-phosphates, in the so-called AG site. This binding was
accompanied by rotation of a-phosphate - as the least constrained phosphate group -
yielding a fully eclipsed configuration of the triphosphate chain [102]. These data
agreed with the results of Gerwert and colleagues who used a Mg*"-methyltriphosphate
complex — as a simple mimic of Mg*-GTP - in their modeling the interaction with an
Arg finger [99].

However, MD simulations of the GTP-containing MnmE protein dimer showed that
a-phosphate was fully immobilized by bonds between the GTP molecule and the
residues of the P-loop: these interactions stabilized the triphosphate chain in an
extended, supposedly catalytically prone conformation. In this case, only the terminal
v-phosphate retained some mobility. The K* ion, by binding between the O** and O™
atoms of the protein-bound GTP molecule, caused twisting of the y-phosphate group by
approximately 30° [102]. It is important that the K" ion can hardly link these two oxygen
atoms without twisting y-phosphate. The rotated y-phosphate was stabilized by a new
H-bond between the O atom of y-phosphate and the backbone amide group three
residues before the conserved lysine residue of Walker A motif (see Supplementary
Figure A.1 in Appendix A). Both the twisting of y-phosphate and its stabilization by an
additional H-bond could potentially promote hydrolysis.
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1.2.2. Generic numbering of key amino acid residues for P-loop
NTPases

Historically, different families of P-loop NTPases were studied by different research
communities, each developing its own terminology. Therefore, no generic amino acid
numbering for P-loop NTPases exists. For convenience, and by analogy with the
Ballesteros-Weinstein numbering scheme for the G-protein coupled receptors [107], we
introduce here a generic residue numbering for the conserved regions of P-loop
NTPases. Without this generic nomenclature, the structural comparison of different
classes of P-loop NTPases would be hardly possible.

First, we chose highly conserved residues as benchmark references. In the Walker A
motif, this is the conserved Lys residue (K"*) that forms H-bonds with the O™ oxygen
atom of B-phosphate and O*® atom of y-phosphate, see Fig. 1.2. In the Walker B motif,
we have chosen the conserved Asp"”’ residue (D"’) that is involved in the coordination
of the Mg* ion (see Fig. 1.2).

In addition to universal Walker A and Walker B motifs, we also invoked the Switch I
motif that is located between the Walker A and Walker B motifs in NTPases of TRAFAC
(TRAnslation FACtors) class, see Fig. 1.2B,E and [40,108]. The Switch I has only a single
strictly conserved [Thr/Ser]*"" residue ([T/S] ®*, colored yellow in Fig. 1.2E) that can be
used as a reference. In NTPases of the TRAFAC class, the side chain of this [T/S]*"!
residue coordinates the Mg”* ion, its backbone amino group (hereafter HN) forms a H-
bond with y-phosphate, and its backbone carbonyl group (hereafter CO) stabilizes W,
see Fig. 1.2E.

In the following, we number the amino acids of the Walker A, Switch I, and Walker B
motifs relatively to the reference residues, as shown in Fig. 1.2. Then the “catalytic”
glutamate residue that follows Asp"” in the sequence of many P-loop NTPases is labeled
as Glu™"'. Although a few P-loop NTPases have a glutamate residue as a conserved
carboxylic residue of Walker B motif, this residue is hereafter denoted as Asp"® and not
as [Asp/Glu]"® for the sake of simplicity (see Fig. 1.2D-E), unless a specific role of a Glu
residue in this position is addressed. In such rare cases the subsequent residue is
denoted as Xxx"".

Historically, different numbering was used for 3-sheets in different families of P-loop
NTPases due to variations of the common fold (see [40,50]). For ease of reference, we
also introduced a novel generic numbering for the strands of the [-pleated sheet (see
[109]). For comparison, see Figure A.2 in Appendix A for classical numbering of 3-
strands [32,40]. The (3-strand which is positioned in-line with the triphosphate chain is
referred as “Walker B strand” or WB-strand. This strand is easy to find in a structure
because it carries an Asp"® or, rarely, a Glu"” residue at its C-cap; the carboxyl of this

residue usually interacts with Mg**-coordinating water molecules, as shown in Fig. 1.2D-
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E. In addition, this carboxylic residue is usually preceded by four non-polar amino acids
of the Walker B motif, see Fig. 1.2C and [26]. Other strands of the same [—pleated sheet,
independently of their position in the amino acid sequence, can be numbered by their
position relatively to WB-strand as WB-1, WB-2, or WB+1, WB+2 and so on, see Fig. 1.2.
In those cases where the crystal structures of NTPases with their cognate activating
partners are available, according to our observations, these partners usually interact
with the P-loop domain via the stretch of amino acids that follows the Walker B motif
and approximately corresponds to residues from Asp"’+1 (aka D+1) to Asp"’+12 (aka
D+12) [109]; this stretch is colored red in Fig. 1.2A-B or pale red in Fig. 1.2D-E. In the
case of small NTPases, this region corresponds to their as-helices. The amino acids
beyond the conserved Asp"” residue show no conservation throughout P-loop NTPases;
hence, they make no conserved motif. By its shape, this stretch resembles a cock’s crest
and usually rises above the neighboring (-strands as clearly seen in Fig. 1.2A-B.
Therefore, hereafter we will name this structural element “Walker B crest” or WB-crest.
To distinguish between (i) the interaction of the P-loop domain with its activating
partner from (ii) the following insertion of, say, an Arg finger into the catalytic site, we
call those elements that are inserted into catalytic sites to stimulate hydrolysis
'stimulatory moieties' or 'stimulators’; see, for instance, the dark blue Arg fingers in Fig
1.2D or the K" ion in Fig. 1.2E. By using these terms we follow Wittinghofer and
colleagues who wrote about “GAP stimulated GTPase activity” in one of their

pioneering works [110].

1.2.3. Survey of P-loop NTPases of different classes

The P-loop NTPases are thought to form two divisions, namely the Kinase-GTPase
division and ASCE (Additional Strand Catalytic E (glutamate)) division, with both
divisions containing several enzyme classes, see Fig. A.2 in Appendix A and
[32,40,111,112,37].

Below we describe the best studied classes. For classes of P-loop NTPases with reliable
TS-like structures available, we have selected representatives out of a set of proteins
with available crystal structures in the Protein Data Bank (PDB) at www.rcsb.org [4,5].
These structures are listed in Table B.1 in Appendix B. Each selected structure contains a
Mg” cation and an NTP molecule or its analog bound; we selected the structures that

contained TS analogs, if available.

1.2.3.1 Coordination of the Mg-triphosphate moiety

The Figure 1.5 shows representative structures of P-loop NTPases from different
classes that were superposed with the structure of AlF, -containing, K'-dependent
GTPase MnmE (PDB ID 2G]J8, resolution 1.7 A [61]). We aligned 20 amino acids of the
Bi-strand, P-loop, and ay-helix with the corresponding amino acids 217-236 of MnmE.
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The whole shape of the P-loop found to be strictly conserved across all classes of P-loop
NTPases (Fig. 1.5A). Accordingly, the binding mode of the triphosphate chain, which is

described below, appears to be conserved throughout P-loop NTPases.
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Figure 1.5: Conserved features in Mg”*:NTP binding in P-loop NTPases.

A. Structures of proteins, representing different classes of P-loop NTPases and described in Table B.1 in Appendix
B are shown superimposed on the P-loop region of the MnmE GTPase with a TS analog GDP:AIF ; bound (PDB
ID: 2GJ8 [61]). For the MnmE GTPase, the P-loop region is shown as a cartoon. The bonding pattern is shown
only for the MnmE GTPase. For all the proteins, the last seven residues from the motif GxxxxGK[S/T]x, as well as
the Asp residue of the Walker B motif and NTP analogs are shown by lines and colored as follows: Lys"™" in green,
Ser/Thr""" in pale green, Gly/Ala/Asn*” in purple, Asp™” in red; NTP molecules or their analogs are shown in
black with bridging oxygen atoms in red. GDP:ALF, from the MnmE structure is shown in orange. Other protein
residues are shown in gray with backbone nitrogen and oxygen atoms shown in blue and red, respectively. Mg
ions are shown as green spheres. The phosphate chain is involved in numerous bonds with backbone HN groups of
Walker A motif residues (the bonds are highlighted in blue), conserved Lys™ contacts O’ and O atoms (orange
bonds) and O and O'° atoms are part of the Mg”* coordination shell (green bonds). Structures were superimposed
by a; helix, P-loop and the following B-strand in Pymol v. 2.5.0. B. Coordination bonds and H-bonds between the
Walker A motif and Mg-NTP moiety in the MnmE GTPase (PDB ID: 2GJ8).

In all manually inspected structures, the NTP molecule (or its analog) is bound to the
P-loop of the Walker A motif in an extended conformation which is supposedly
catalytically prone (Fig. 1.2D-E, 1.5A); this conformation is similar to those of Mg-ATP
and Mg-GTP in water in the presence of large monovalent cations such as K* or NH,"
[102]. The configuration of the catalytic site is enforced by a plethora of conserved bonds
that mostly involve the backbone amino group (hereafter HN groups) of the Walker A
motif, see Fig. 1.2, 1.5A, B and [34,113,114]. The partial positive charges of these groups
compensate for negative charges of the triphosphate chain oxygens. The structural
elements responsible for stabilization of the triphosphate chain by amino acids of the
Walker A motif are almost universally conserved (Fig. 1.5). The conservation of invariant
residues in the [G/A]XXXXGK][T/S] motif has straightforward reasons: the Gly*" and
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Gly“™ residues mark the beginning and end of the P-loop and enable the bending of the
backbone; Gly*”, in addition, electrostatically stabilizes the O** atom of a-phosphate.
The Lys" residue interacts with O' and O* atoms and additionally appears to stabilize
the P-loop by interacting with backbone carbonyl oxygens of K-5 and K-6 residues (Fig.
1.5).

The side chain of the conserved [Ser/Thr]“"' serves as the ligand #4 of Mg*". As shown
in Fig. 1.2B, other strictly conserved ligands are O*® and O'® atoms of the triphosphate
chain as ligands #1 and #2, respectively, and water molecules as ligands #5 (W5) and #6
(W6). The position #3 is taken either by water W3 or by diverse amino acid residues in
different enzyme families, see [50] for details. The positions of Mg* ligands are similar
over the entire superfamily of P-loop NTPases.

Fig. 1.5A, B show that the O** and O’ atoms of the triphosphate are "free", not bound
to P-loop residues. Not surprisingly, in many TS-like structures, they interact with
stimulators (Fig. 1.2D-E). For the MnmE GTPase, molecular dynamics (MD) simulations
showed that the insertion of a K* ion and its simultaneous interaction with O**, O and
O’¢ atoms rotates y-phosphate and leads to formation of a new H-bond between the O*°
atom and HN of Asn226*7, see [102]. Notably, in the inspected representative structures
from Table B.1, the distances between HN*™ and the closest oxygen atom of y-phosphate
(or its structural analog) were shorter in the case of TS analogs (see Section 3.3.1 of

Results for quantitative analysis).

1.2.32.  Catalytically relevant amino acids, activating partners,
stimulatory patterns, and coordination of W,

Other structural elements of P-loop NTPases, as well as their activating partners and
stimulating moieties, vary among enzyme families; each class of P-loop NTPases is
characterized by its specific constellation(s) of stimulators and W -coordinating
residues. Since no detailed, comparative survey of catalysis-relevant structural attributes
in all the multitude of P-loop NTPases is available, we provide here such a survey for
the major classes of P-loop NTPases. Here we consider only those families and classes of
P-loop NTPases for which the available structures allowed us to obtain unambiguous
structural information. The results of this analysis are summarized in the Table B.1 in
Appendix B. Those classes of P-loop NTPases for which the structural information is still

ambigous we have considered elsewhere [109].

Kinase-GTPase division
The Kinase-GTPase division unites three classes of NTPases: the TRAFAC (from

translation factors) class of translational factors and regulatory NTPases, SIMIBI (signal
recognition, MinD, and BioD) class of regulatory dimerizing ATPases and GTPases, and

the class of nucleotide kinases (Fig. A.2 in Appendix A).



P-loop Fold Nucleoside Triphosphatases 17

In the NTPases of the TRAFAC class, the ai-helix is followed by an elongated Switch I
loop that is specific to the class. The elongated Switch I loop goes into the (3-strand,
which is antiparallel to all other 3-strands of the core B-pleated sheet (Fig. 1.2B,E). Apart
from the TRAFAC class, other classes of P-loop NTPases have predominantly all-parallel
core 3-pleated sheets.

1P reference residue

The Switch I loop contains the only strictly conserved [Thr/Ser
with its side chain coordinating Mg** as the ligand #3 (Fig. 1.2E and 1.6). In most
TRAFAC NTPases, the HN group of [Thr/Ser]* forms a H-bond with y-phosphate (Fig.
1.2E, 1.6). The backbone carbonyl group (hereafter CO group) of [Thr/Ser]*" interacts
with the W, molecule seen in TS-like crystal structures (Fig. 1.2E, 1.6).

The TRAFAC class NTPases show a remarkably broad variety of stimulatory
interactions; they are shown in Fig. 1.2E, 1.6, listed in Table B.1 and described below.

Monovalent cation-dependent NTPases, which have been previously examined in our
research group [102], are usually stimulated by K" ions, as the aforementioned GTPase
MnmE [61,66]. The K" ion in MnmE GTPase is coordinated by O**, O**, and O atoms of
the triphosphate chain, two CO groups of the K-loop, and the side chain of Asn"~, see
Fig. 1.2E and [61,102]. In the unique eukaryotic protein family of dynamins, the NTP
hydrolysis can be stimulated by either K" or Na" ions. Here a Na" or a K" ion interacts
only with the O® and O’ atoms but does not reach the O** atom, see Fig. 1.6A and
[66,102] for details. These K'/Na'-stimulated TRAFAC class NTPases belong to the
family of HAS (hydrophobic amino acid substitution) NTPases [115]. No proton-
accepting side chains are present in the vicinity of Wy, as indicated in Table B.1, W,
interacts only with the nearby atoms of the protein backbone, e.g. CO™, HN*, and
HN"*? in the case of the MnmE GTPase. In dynamins (Fig. 1.6A), these are the side chain
of GIn**, CO**' and HNP®.

The family of translation factors, after which the whole TRAFAC class is
denominated, includes ribosome-dependent GTPases directly involved in the
translation, such as elongation factors EF-Tu and EF-G. These GTPases display
K*-dependence both in the absence of the ribosome [116,117] and under conditions of
protein synthesis [118-121]. The earlier suggestion from our group that these
translational GTPases, alike K™-dependent GTPases, are stimulated by a K'-ion bound
between the side chain of Asp” and CO of Gly'” [122], was recently validated by
crystal structures with monovalent cations in the predicted position [123]. In the
translational GTPases, W, is uniquely coordinated by the side chain of His”"* residue in
addition to HN of Gly”* and CO of Thr*"'; the side chain of His turns towards W, in
response to the activating interaction of the WB-crest with the small ribosomal subunit
and tRNA [124].

In GB1/RHD3-type GTPases (e.g. atlastins) the stimulatory Arg finger is in the K-3
position of the P-loop and links the O** and O atoms of GTP when two protein
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monomers dimerize in response to the interaction with the activating partner (PDB ID
4IDQ [125]). In this case, Arg fingers stimulate GTP hydrolysis in the very same P-loop
domain they belong to. In the case of atlastins, W, is seen stabilized by CO®*' and HN""

(Table B.1, Fig. 1.6B).

Gly62™
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Figure 1.6: Representative NTPases of the TRAFAC class.

The residues of Switch I/K-loop are shown in yellow, nucleotides, their analogs, and functionally relevant residues
are shown as sticks, water molecules and cations are shown as spheres: water in red, Mg2+ in lime, Na™ in blue.
Other colors as in Fig. 1.2E. All distances are given in dngstroms. A, Dynamin (PDB ID 2X2E, [369]);

B, Atlastin-1 (PDB ID 6B9E, [370]); C, Gay, subunit of a heterotrimeric G-protein (PDB ID 20DE, [126]);

D, Myosin II, (PDB ID 1VOM [215]).

In the GTPase domains of a-subunits of heterotrimeric G-proteins, the intrinsic Arg
finger, as provided by a family-specific insertion domain, links O** and O atoms of
GTP and is on a H-bond compatible distance from the O atom, see Fig. 1.6C and
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[63,126].The W, is stabilized by GIn"* and HN"" of the WB-crest, as well as by CO®",
see Fig. 1.6C, Table B.1 and [63,126].

The family of Ras-like GTPases named after its oncogenic members (from rat
sarcoma), is one of the best-studied groups in the TRAFAC class [34,58,69,127]. In these
proteins, the Switch I loop interacts with diverse physiological modulators of activity
whereas the specific GTPase activating proteins (GAPs) bind to the WB-crest (also called
Switch II in these proteins), see Fig. 1.4C, and [34,69,128,129]. As in a-subunits of
heterotrimeric G-proteins shown in Fig. 1.6C, the NH2 group of the stimulatory Arg
finger links the O** and O’ atoms (Fig. 1.4C). The W, molecule is stabilized by the side
chain of GIn""*, HN of Gly”", and CO®", see Table B.1 and [34,64,128].

In P-loop NTPases of the kinesin and myosin families the conserved residue of Switch

). In these proteins, the Asn>* residue inserts between a- and

I is a Ser residue (Ser
v-phosphates [130-132], so that the side chain amino group of Asn®* links the O** and
O® atoms, see Fig. 1.6D and [133]. Additional coordination of the y-phosphate appears
to be provided by the side chain of [Ser/Thr]** of the P-loop and Ser®" of Switch I. The
CO®" group and, likely, the side chain of Ser®" form H-bonds with W, One more H-
bond with W, is provided by HN of Gly”* (Table B.1, Fig. 1.6D).

The SIMIBI class NTPases include ATPases and GTPases that dimerize upon
interaction with the activating partner in such a way that catalytic sites of the monomers
interact “face to face”, see [134,135] for reviews. Each monomer inserts either a Lys (Fig.
1.7A) or an Arg residue (Fig. 1.7B) into the catalytic site of the other monomer [134,135]
Many SIMIBI class ATPases and GTPases contain the so-called “deviant” Walker A motif
KGGxGKJS/T] with an additional conserved Lys“” residue that is inserted into the
catalytic site of the partner subunit in a dimer (see Fig. 1.7A and [135]). Lysine fingers,
as used by SIMIBI proteins, form H-bonds with both O** and O*° atoms (Fig. 1.7A).

Signal recognition particles (SRPs) and their cognate receptors (SRs) stand separately
within the SIMIBI class. Their GTPase domains form a pseudo-homodimer, where the
two GTP binding sites interact face-to-face, but GTP hydrolysis occurs in only one of the
two monomers. These proteins employ Arg residues that are inserted reciprocally so
that the guanidinium group interacts with the a- and y-phosphate of the GTP molecule
bound by “its” subunit and the a-phosphate of the GTP molecule bound by the other
subunit (Fig. 1.7B). Many SIMIBI proteins have a Gly"” residue which appears to
provide its HN"* for coordination of the y-phosphate, similarly to Gly”"” in TRAFAC
class proteins, see Fig.1.7A-B and [32]. Additional coordination of y-phosphate is
provided by amino acids located outside of the conserved motifs. Such residues are
protein family-specific and are often introduced into the catalytic site from the adjacent
monomer upon the interaction with the activating partner and dimerization (Fig.1.7A-
B). The W, molecule in SIMIBI NTPases is routinely stabilized by HN of Gly”" and the
Asp/Glu residue at the C-cap of the WB+1 strand; the carboxy group of this “catalytic”
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residue links W with the Mg2+-coordinating W3 molecule (Fig. 1.7A-B). Also, the
residues of the other monomer and even the ribose 3" hydroxyl group of the “other”
GTP molecule can contribute to the coordination of W, see Table B.1, Fig. 1.7A-B. The
NTP-bound SIMIBI dimer is believed to require the interaction with an activating
protein (or RNA in SRP/SR complexes) to bring these residue(s) closer to the catalytic
site where they can contribute to the H-bond network around W, [134,136].

s
Lys37¢>

Y

Ser20%

-~ Asp96™®

{/ N Asp478"®
Figure 1.7: Representatives of the SIMIBI and kinase classes.

The residues of the adjacent monomers in dimers are shown in cyan. Arg and Lys residues belonging to the same
protein chain as Walker A motif, i.e. to the LID domains in kinases are shown in blue. Red dashed lines mark
protonic connections between We and AspWB. Other colors as in Fig. 1.6. All distances are indicated in
dngstroms. A. ATP-binding component of the dark-operative protochlorophyllide reductase (PDB ID 2YNM,
[166]). B. Signal recognition particle (FtsY/Ffh) complex (PDB ID 2CNW, [372]), C. Human thymidylate

kinase (PDB ID 1INN5 [373] ). D. Adenosine 5’-phosphosulfate kinase (PDB ID 4BZX, [252]).
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Nucleotide Kinases are ubiquitous enzymes that usually transfer a y-phosphoryl
residue from ATP to a wide range of “second” substrates, primarily small molecules
[40,137]. The key roles in the catalysis by P-loop kinases are usually played by Arg or
Lys residue(s) located in the so-called “LID” domain, a small helical segment that
"covers" the catalytic site and often carries several positively charged residues
[40,137,138], see Fig. 1.7C-D. In thymidylate kinases, these fingers are assisted by Arg"~,
similarly to atlastines, cf Fig. 1.6B and 1.7C. Thus, P-loop kinases do not need other
proteins or domains to provide stimulatory Arg/Lys fingers. Instead, binding of their
second substrate is enough to trigger the LID domain rearrangement that results in the
insertion of Arg/Lys finger(s). While Arg residues serve as stimulatory moieties in most
kinases (Fig. 1.7C), a Lys residue appears to be involved in adenylylsulfate kinases (Fig.
1.7D) [139].

One of the stimulatory fingers usually inserts between the a- and y-phosphates. In the
case of the adenosine-5'-phosphosulfate (APS) kinase, the LID domain inserts a Lys
finger that interacts directly with the y-phosphate and is connected to a-phosphate via a
water molecule (Fig. 1.7D). As in many other P-loop NTPases, the catalysis in kinases is
usually assisted by auxiliary arginine and lysine fingers that position the interacting
molecules and neutralize the negative charges of phosphate groups, see Fig. 1.7C-D,
Table B.1 and [74,140]. Some families of kinases use also an Arg residue of the WB-crest,
see Fig. 1.7C and [40].

In kinases, the hydrolysis of the phosphoryl donor molecule is mediated by the
acceptor molecule, which, similarly to W, in other reactions of NTP hydrolysis, appears
to initiate the nucleophilic attack and formation of the pentavalent intermediate. In
nucleotide monophosphate kinases, the attacking group is a negatively charged
phosphate moiety requiring no specific proton acceptor (Fig. 1.7C). In those kinase
families, where the deprotonation of the attacking molecule is needed to produce a
nucleophile, the [Asp/Glu]”* residue appears to serve as an immediate proton acceptor,
see Fig. 1.7D and Table B.1. This residue links the would-be nucleophilic group with the
Mg”" ligand in position 3, usually a water molecule (Fig. 1.7D).

ASCE division
The NTPases of the ASCE division have all-parallel (3-pleated sheets with an inserted,

as compared to the sequences of the Kinase-GTPase division NTPases, [3-strand in the
WB+1 position, see Fig. 1.2A,C, A.2. In many enzyme classes of this division, further
additional [-strands were identified, see Fig. A.2 and [36,37,112]. For coordination of
W, in addition to class-specific residues, ASCE NTPases typically use a “catalytic”
glutamate residue that either directly follows the conserved Asp"” or is located at the C-
cap of the WB+1 strand, similarly to SIMIBI NTPases. These two features define the
name of this division: additional strand, catalytic E (ASCE) [32,33,111,141]. According to
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current views [36,37,112] and the most recent phylogenetic scheme depicted in Fig. A.2,
the ASCE NTPases are divided into two clades that differ by the number of 3-strands in
their P-loop domains. The group of “middle-size” domains with up to five-six 3-strands
includes AAA+ ATPases, helicases of superfamily 3 (SF3), as well as STAND and KAP
ATPases. The clade of “large” ATPases domains, with many [-strands, includes helicases
of superfamilies 1 and 2 (SF1/2), ABC ATPases, RecA/F, ATPases, VirD/PilT-like ATPases,
and FtsK-HerA-like ATPases.

AAA+ ATPases are ATPases associated with various cellular activities, where "+" stands
for “extended”, see Fig. 1.8A and A.2. These enzymes contain an N-terminal P-loop
domain and an additional a-helical C-terminal domain, see [30,65,67,111,142-144] for
comprehensive reviews. The P-loop domain of the AAA+ ATPases carries conserved
Arg/Lys residue(s) from the side that is opposite to the P-loop. The P-loop domains
interact upon oligomerization (most often a hexamer is formed), so that the nucleotide-
binding site of one subunit receives the Arg/Lys finger(s) from the neighboring subunit
(Fig. 1.8A-B) and/or, in some protein families, an additional Arg/Lys residue from its
own C-terminal helical domain (Fig. 1.8A), see [67]. One of the stimulatory residues
interacts with y-phosphate and is called “finger” whereas the other one occupies the
space between a- and y-phosphates and is called “sensor 2”. We could not find
structures of AAA+ ATPases with bound TS analogs; based on available data on site-
specific mutants [67], W, appears to be coordinated by the “catalytic” [Glu/Asp]”"
residue, Arg/Lys finger, and, perhaps, Asn/Ser/Thr residue at the C-cap of the WB-1
strand (“sensor 17, see Fig. 1.8A). As shown in Fig. 1.8A, Glu"" connects a would-be W,
with Mg*-coordinating W3 in the structure of N-ethylmaleimide sensitive factor (PDB
ID INSF [145]). AAA+ NTPases are rather diverse, they can use further polar residues to
interact with W, or y-phosphate. Also, the topology of domains that interact with the P-
loop domain can vary. For instance, the helicases of superfamily 3 (SF3 helicases) have
different topology of their C-terminal helical domain [142]. Their other specific feature
is the presence of a Glu""-Asp™ pair at the C-cap of the WB strand; the Asp™"' residue
builds a link to the Mg**-coordinating W3 molecule (Fig. 1.8B).

SF1/2 class helicases are mostly monomeric or dimeric with each polypeptide chain
containing two P-loop fold domains, see [28,146] for reviews. While SF1 and SF2
helicases differ in the structural motifs that couple their DNA/RNA binding sites with
ATP-hydrolyzing catalytic pockets, the pockets proper are quite similar (cf Fig. 1.2A,D
and 1.8C, respectively). Both in SF1 and SF2 helicases, the ATP molecule binds to the
functional Walker A and B motifs of the N-terminal domain; the C-terminal domain,
although it has a P-loop-like fold, lacks the Walker A and B motifs. Following the
interaction with an RNA or a DNA molecule, two Arg residues of the C-terminal domain
are usually inserted into the ATP-binding site [147]. One of these Arg residues forms H-
bonds with both a- and y-phosphates, whereas the other Arg residue interacts with
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Y-phosphate (or its analog) and W, (Fig. 1.2D, 1.8C). The W molecule is also
coordinated by the “catalytic” Glu""' residue and class-specific GIn and Arg residues
(Fig. 1.2D, 1.8C). The same Glu”" residue links W, with the Mg*-coordinating W3
molecule (Fig. 1.2D, 1.8C, Table B.1).
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Figure 1.8: Representatives of AAA+ ATPases, SF3 helicases, SF2 helicases and ABC ATPases.

The adjacent monomers and their Arg and Lys residues are shown in cyan, residues of adjacent monomers
labelled in light blue. The Arg residues from the C-terminal helical domain of the same monomer are shown in
deep blue (panel C). Red dashed lines mark protonic connections between W, and Asp™*. Other colors as in
Fig. 1.6. All distances are given in dngstroms. A, N-ethylmaleimide sensitive factor (PDB ID INSF [145]);
B, Replicative hexameric helicase of SV40 large tumor antigen (PDB ID 1SVM [199]); C, Hepatitis C virus
NS3 SF2-helicase (PDB 5E4F [193]); D, Outward-facing maltose ABC transporter complex with
ADP:VO,~ bound (PDB ID 3PUV [150]). The LSGGQ motif is shown in green-cyan, the VO,~ moiety by
grey and red.

ABC (ATP-binding cassette) ATPases are multidomain proteins that usually operate
as homo- or heterodimers, see Fig. 1.8D, Fig. A.2 and [148,149]. Members of the ABC
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class make several families named alphabetically from A to I [148]. Most of these
families contain members that possess transmembrane domains and operate as genuine
ATP-driven membrane transporters where the P-loop domains hydrolyze ATP [150,151].
However, the members of ABCE and ABCF families have no transmembrane domain(s)
[152].

Crystal structures with TS analogs bound were obtained for the maltose transporter
complex, see Fig. 1.8D and [150]. More recently, structures with bound TS analogs were
solved by cryo-EM microscopy for heterodimeric ABC exporter TmrAB of the Thermus
thermophilus, which consists of multi-drug-resistance proteins A and B [151].

In dimers of ABC ATPases, the nucleotide-binding sites of P-loop domains are located
on the interface between the monomers, in the same way, as in dimers of SIMIBI
NTPases, cf. Fig. 1.8D with Fig. 1.7A-B. Instead of an Arg or Lys residue, each monomer
inserts a whole signature motif LSGGQ into the catalytic pocket of the other monomer
(Fig. 1.8D, [150,151]).

Several amino acids commonly found in the catalytic sites of ABC transporters can
stabilize W, see Fig. 1.8D and Table B.1. In the case of maltose transporter and the
TmrAB exporter, these are histidine residues at the C-cap of the WB-1 strand and
Glu"" [150,151]; the latter, in addition, links W, with the Mg*-coordinating W6
molecule. In both enzyme complexes, the activating monomer in a dimer contributes to
the coordination of W, by providing a backbone CO group of a residue that is located
outside of the signature motif, see Fig. 1.8D and [150,151].

RecA/F; NTPases class encompasses oligomeric ATP-dependent motors involved in
homologous recombination and DNA repair (RecA and RadA/Radb51), catalytic subunits
of rotary F/N- and A/V-type ATP synthases, helicases of superfamilies 4 and 5 (SF4 and
SF5), as well as several other protein families, see Fig. A.2 and [28,33,153].

In NTPases of this class, similarly to most AAA+ ATPases, the stimulatory moiety(is)
is/are inserted in the catalytic site by the P-loop domain of the adjacent monomer (Fig.
1.9). Our structural analysis, however, showed that the stimulation mechanism appears
to differ between rotary F; ATPases/SF5 helicases, on the one hand, and
recombinases/SF4 helicases, on the other hand [109].

In the F; ATPases, the stimulatory Arg residue of the adjacent monomer interacts with
both a- and y-phosphates, whereas an additional, intrinsic Arg residue coordinates
vY-phosphate, approaching it apically (see Fig. 1.9A, and Table B.1). A similar stimulation
mechanism is realized in SF5 helicases, see e.g. the Rho helicase (PDB ID 6DUQ [154] ).

The W, molecule is seen in the catalytic apical position only in the ADP:AlF, -
containing structure of the bovine F;-ATPase (PDB ID 1HS8E, Fig. 1.9A) [72]. While in
most ASCE ATPases the W ,-coordinating Glu"" residue directly follows the Asp™” of
the Walker B motif, the W ,-coordinating Glul88 of the F;-ATPase, similarly to SIMIBI
NTPases, is at the C-cap of the WB+1 strand; within the ASCE division this feature is
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specific for the RecA/F; class members [31]. This glutamate residue also links W, with
the Mg*'-coordinating W3 molecule (Fig. 1.9A). In F;-ATPase, W, is also stabilized by
Arg260""; this residue concurrently interacts with the activating neighboring monomer,

which also provides a CO group to stabilize W, (Fig. 1.9A).
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Figure 1.9: Representative proteins of the RecA/F1-like class of the P-loop NTPases.

The adjacent monomers and their Arg and Lys residues are shown in cyan, K" ions are shown as purple
spheres. The Arg residue from the P-loop domain proper is shown in deep blue (panel A). Red dashed lines
mark protonic connections between W, and Asp™". Other colors as in Fig. 1.6.

All distances are in dngstroms. A, Bovine F;-ATPase (PDB 1D 1HSE [72]); B, DnaB replicative helicase from
Vibrio cholerae (PDB 6T66 [155]); C, circadian clock protein KaiC (PDB ID 4TL7 [156]); D, RadA
recombinase (PDB ID 3EW9 [157]).

In RecA-like recombinases and SF4 helicases, two stimulatory positively charged
moieties interact only with the y-phosphate group, in contrast to F;-ATPases. In several
families, the adjacent subunit provides one Lys residue and one Arg residue that form a

short KxR motif [158], with both residues reaching only y-phosphate. These are, for
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instance, the bacterial helicase DnaB (Fig. 1.9B, see also [159]), circadian clock protein
KaiC (Fig. 1.9C [156] ), and gp4d helicase from the T7 bacteriophage (PDB ID 1EQ],
[146]). In bacterial RecA recombinases, the adjacent monomer in the homooligomer
provides two Lys residues which approach the phosphate chain laterally and interact
with y-phosphate as in the RNA recombinase of E. coli (see Table B.1 and PDB ID 3CMX,
[160]). In archaeal and eukaryotic RadA/Rad51-like recombinases, the positions of
terminal groups of stimulatory Lys/Arg residues are occupied by two K" ions, which
appear to interact with y-phosphate, see Fig. 1.9D and [158,161].

In the case of RecA-like ATPases, the AlF, -containing structures of the bacterial DnaB
helicase of Vibrio cholerae (Fig. 1.9B), Bacillus stearothermophilus (PDB ID 4ESV, [162]) and
RecA recombinase of E. coli (PDB ID 3CMX, [160]) are available. However, the apical
water molecule is absent from these structures, the possible reasons of which are
discussed in the Results and Discussion sections in relation to the Bacillus
stearothermophilus structures. Therefore, the full set of W.-coordinating groups remains
unknown for RecA-like ATPases; the available structures imply the participation of
glutamate residues at the C-terminus of the WB+1 strand (Fig. 1.9B-D), as in other
RecA/F; class enzymes. The same residue appears to link the would-be W, with the
Mg*'-coordinating W3 molecule (Fig. 1.9B-D). Generally, the H-bond networks around
vY-phosphate and W, seem to be richer in RecA/F;-NTPases than in other classes of P-
loop NTPases. Specifically, the coordination of W, may potentially also involve the D+1
residue of the WB strand, which is usually a H-bonding Ser/Thr/Asn/Tyr, as well as
other polar residues at the C-caps of the WB-1 and WB+1 strands [146,156,163].

1.2.33.  Asymmetric charge distribution in catalytic pockets
of P-loop NTPases

In structures of P-loop NTPases that are shown in Fig. 1.5-1.9, the positively charged
groups that stabilize the triphosphate chain, namely the Lys"* residue, the backbone HN
groups and the stimulatory moiety(ies) are opposed by acidic residues that interact with
W, either directly or via water bridges. Together with Asp"®, these catalytic acidic
residues form negatively charged clusters. Fig. 1.10 shows, for diverse P-loop NTPases,
these positively and negatively charged clusters, which should produce a strong local
electric field.

The positive charges of amino group of Lys"*, the Mg” ion, and several HN groups of
the P-loop compensate for the negative charges of phosphate oxygen atoms (see Fig.
1.5B). In addition to these common positively charged moieties, class-specific auxiliary
residues could be involved, as, for instance, “sensors 3” in some AAA+ ATPases [67].
Notably, the phosphate chain "sits" on the last N-terminal turn of the as-helix, which
generally carries a dipole positive charge of about 0.5 [164,165]. The positions of the
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groups involved are strictly conserved (Fig. 1.5), so that such a compensation is common

to all major families of P-loop NTPases.

gzv \X;ﬁ«g

SIMIBI-ATPase RecA-ATPase ABC-ATPase

Figure 1.10: Uneven distribution of charged residues around nucleotide binding pockets in different
classes of P-loop NTPases.

Nucleotide analogs are shown in yellow, negatively charged residues are shown in red, positively charged
residues are shown in blue and teal, the a1 helix is shown in beige with its N-terminus and the P-loop shown
in light blue.A, SIMIBI class, light-independent protochlorophyllide reductase iron-sulfur ATP-binding
protein chlL) (PDB ID 2YNM, [166] ; B, RecA class, circadian clock protein kinase KaiC (PDB ID 4TL7,
[156]); C, ABC ATPase class, MBP-maltose transporter complex (PDB ID 3PUW, [150]).

On activation, the negative charges of the y-phosphate oxygen atoms are additionally
compensated by the positive charges provided by most stimulators, see Fig. 1.2,1.4-1.9.

Furthermore, Fig. 1.10 shows that the electrostatic potential at the catalytic sites of
diverse P-loop NTPases is distributed unevenly, which has already been noted for
particular enzymes of this family, see, e.g., [167]. The strength of the local electric field
can be roughly estimated using the Coulomb’s equation as ~ 10° V/m under the very
modest assumptions that (i) the resulting electric charge difference at a distance of 10 A
(between the acid residues and the P-loop) corresponds to one elementary charge and
(ii) the effective dielectric permittivity of the catalytic pocket is about 10.0 [168,169].
Such an electric field strength, albeit large, is compatible with those measured in the
catalytic pockets of other enzymes [170]. Hence, the catalytic pocket is strongly
polarized in P-loop NTPases, which also can contribute to catalysis, as discussed in
Section 4.2.

1.3. Aims of the current work

P-loop NTPases constitute an ancient, ubiquitous, and diverse superfamily of proteins

involved in the key energy transformation reaction in the cell. The central evolutionary
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and medical importance of these enzymes and the extensive set of their interacting

partners prompted many research groups to solve thousands of their 3D structures.

However, to our knowledge, no comparative structure analysis encompassing the whole

superfamily has yet been performed. Moreover, the chain of events following the

insertion of a stimulating moiety into the catalytic site of P-loop NTPases remains
unclear and controversial. The reasons for the remarkable conservation of some amino
acid residues of the catalytic center also remain obscure.

Therefore, the aims of the current work were:

1. To develop a methodical approach for a quantitative structural comparison of
thousands of catalytic sites in evolutionary divergent proteins, as a complementary
approach to the traditional visual comparison of a smaller number of structures.

2. To apply the developed approach to the available structures of P-loop NTPases in
order to elucidate:

a. How widespread are the features previously identified in our group upon MD
simulations of a K'-stimulated GTPase MnmE [102]? The simulations revealed
the twisting of y-phosphate by the stimulating moiety and stabilization of
vY-phosphate by an additional H-bond to one of the backbone HN groups of the
P-loop; both of these changes could potentially promote hydrolysis.

b. How is the catalytic water molecule deprotonated upon NTP hydrolysis in
P-loop NTPases, and what is the fate of the proton? We wanted to build on the
expertise in our group, as gathered upon studies of proton transfer in bacterial
photosynthetic reaction centers [171], cytochrome bc complex [172,173],
ferredoxin I [174], and biological interfaces [175]. Our goal was to trace the
proton pathways in active sites of P-loop NTPases from the available body of
structural data and to identify those amino acid residues that are key to proton

transfer in the P-loop NTPases.
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2. Methods

2.1. Evolutionary biophysics approach

Our approach can be described as based on the logic of evolutionary biophysics,
which assumes that certain structural elements are preserved by evolution because of
their functional importance and that the degree of preservation of the corresponding
structural elements should be considered when choosing among several possible
biophysical mechanisms corresponding to the structural data, see [158,176-180].
Evolutionary biophysics brings structural or sequence commonalities in connection with
catalytic mechanisms: a common mechanism would imply common executors. Such
approach would benefit from larger scale comparative analysis; however, quantitative
scrutinization of multiple binding sites remains rare. We were not aware of quantitative,
comparative sequence-independent analyses of thousands catalytic sites in homologous,

but far-diverged proteins. Therefore we developed the tools ourselves.

2.2. Methods developed for global structural analysis of
P-loop NTPases

2.2.1. Automated analysis of binding sites

It is well established that structures tend to be more conserved than amino acid
sequences on longer evolutionary distances [181-183]. For instance, P-loop NTPases of
long-diverged families, such as families belonging to different classes, have relatively
low sequence conservation. In our approach, we, instead of relying on amino acid
sequences, identify catalytic site elements based on their geometric positions relative to
each other and the substrate. This approach is suitable for P-loop NTPases due to the
rigidity of the P-loop and similarity of the bound triphosphate chain configuration
across the whole superfamily (see Section 1.2.3.1 of Introduction). To compare binding
sites across the superfamily, we have developed a Python-based routine for identifying
the nature of amino acid residues in the key positions of each catalytic site and
calculation of distances between relevant residues as well as between the residues and
the atoms of the triphosphate chain. This routine also incorporates a set of quality
estimates and filters for catalytic sites sampled. The same approach can also be
generalized to other protein families given that (1) the substrates have some shared
structural elements that are recognized by the enzymes under consideration and (2)
some minimal information on enzymatic activity determinants and residue conservation

in such a protein family is available.
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2.2.11.  Structure sampling

P-loop NTPases are also remarkable for the availability of structures believed to
represent different stages of catalysis and complexed both with native substrate
molecules and different types of their structural analogs. We selected structures among
those PDB entries that matched the following criteria: (1) the entry is assigned to
InterPro record IPR027417 “P-loop containing nucleoside triphosphate hydrolase”; (2)
contains an ATP/GTP molecule, or non-hydrolyzable analog of NTP, a ground-state
analog, or a transition-state analog; (3) contains at least one Mg, Mn* or Ca” ion. The
NTP analogs sampled included adenosine 5'-[(3,y-imido]triphosphate, (AMP-PNP,
“ANP” in PDB), guanosine 5'-[@3,y-imido]triphosphate (GMP-PNP, “GNP” in PDB),
adenosine 5'-[B,y-methylene]triphosphate (AMP-PCP, “ACP” in PDB), guanosine 5'-[f,y-
methylene]triphosphate (GMP-PCP, “GCP” in PDB), adenosine 5'-[y-thio]triphosphate
(ATP-y-S, “AGS” in PDB), and guanosine 5'-[y-thio]triphosphate (GTP-y-S, “GSP” in
PDB). We also sampled structures containing (an) ADP or GDP molecule(s) and metal
fluoride complexes such as BeF; (“BEF”), AlF; (“AF3”), AlF,” (“ALF”) and NDP:MgF;
(“MGF”); as well as vanadate complexes: VO, (“VO4”). As we relied on the RCSB PDB
API and retrieved structures containing compounds specified by ligand names
mentioned above, ATP or GTP analogs stored under less common ligand names in PDB
might have evaded our consideration.

We considered X-ray structures as well as cryo-EM and NMR structures. This search
yielded 1474 structures with 3666 catalytic sites in them. For the NMR structures, only
the first frame containing an NTP analog bound to the P-loop region was included. For
X-ray and cryo-EM structures an additional criterion was applied: structures with
resolution less than 5 A were excluded. In the case of structures containing multiple
subunits or multiple copies of the same protein, each interaction between a protein and
an NTP-like molecule was treated separately, as an individual complex. The pipeline

that was applied to each complex is depicted in Fig.1.9.

2.2.1.2.  Protein family mapping

Proteins were assigned to major classes of P-loop NTPases according to membership
in Pfam families that was determined from PDB-to-Pfam mapping (retrieved 10.10.2020
from ftp://ftp.ebi.ac.uk/pub/databases/Pfam/mappings/pdb_pfam_mapping.txt). Each chain
was considered separately and only the best scoring Pfam domain included in Pfam clan
CL0023 (“P-loop_NTPase”) was used for the assignment. Each nucleotide binding site
had a separate Pfam mapping using the corresponding Lys""* sequence position as some
proteins have multiple P-loop domains in one protein chain. Since many Pfam domains
describing P-loop NTPases were described before a coherent classification of P-loop

NTPases was developed [32,40,111], some domain names may not be accurate.
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2.2.1.3. Identification of the catalytic sites and of Lys"*

Each NTP-like molecule bound in each of the structures sampled was considered
separately and the coordinates of the atoms of a-, - and y-phosphates (or y-phosphate
mimic) were used to search for elements of the binding site in each case.

To identify complexes with a substrate or its analog bound to the P-loop motif, we
applied the following filter: an NTP(-like) molecule was considered bound to the P-loop
if both Mg*"/Ca/Mn* cation and the NZ atom of Lys"* could be found within 5A of the
oxygen atoms of the B-phosphate. Lys"* was defined as the closest Lys found in the
vicinity of B-phosphate that is followed in the sequence by a Ser or Thr residue. Manual
check of a number of structures has shown that this strategy works well for non-

distorted catalytic sites.

2.2.1.4.  Assessment of the nucleotide integrity and y-phosphate state

We have checked the nucleotide integrity for each complex evaluated. Complexes
with molecules annotated as non-hydrolyzable NTP analogs or native ATP/GTP
molecules that were lacking [3- and/or y-phosphate or their mimicking groups were not
included in the analysis. For structures annotated as containing fluoride complexes or
vanadate, only ADPs and GDPs possessing a fluoride complex or vanadate ion in
vicinity were analyzed further. P-loop domains containing NDPs complexed with P;
were not further used for automated analysis; we considered them as corresponding to
post-catalytic state. The P-loop domains from multisubunit complexes that possessed an
NDP but no y-phosphate mimic were also not considered further (i.e. catalytic sites with
a bare ADP molecule bound in structures of ATP synthases).

Catalytic sites not fulfilling the conditions listed above were discarded from the
sample. In total, we have selected 3136 complexes in 1383 structures with various
substrates: ATP and GTP, non-hydrolyzable analogs of ATP and GTP, and ADP or GDP
molecules associated with y-phosphate-mimicking moieties (see Fig.1.9.) for further

analysis.

2.2.15. Identification of the residues of Walker A motif

The Lys"* residue were identified as described in section 2.2.1.3 above. In each
catalytic site under consideration, the K-3 residue was identified by its position relative
to the P-loop Lys residue. Distances (in A) were measured from the HN of the K-3
residue to the nearest oxygen or fluorine atom of the y-phosphate or its mimic. We
accounted for differences in phosphate oxygen atoms numeration among studied
structures. The [Ser/Thr]*"" residue was identified by sequence position relative to the

WA

Lys
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2.2.16. Identification of the residues of Walker B motif

Putative [Asp/Glu]"’ residue was identified as follows: distances from all Asp and
Glu residues to the [Ser/Thr]*" were measured, and the closest residue that was
preceded by at least three non-ionizable residues (Glu, Asp, Ser, Thr, Tyr, Lys, Arg and
His were considered as ionizable) was chosen as the partner of [Ser/Thr]“"". If this failed,
a closest Asp/Glu was selected without hydrophobicity check. Residues located further
than 5A were not considered. In those few cases where [Asp/Glu]"* residue is indicated
as “absent at the threshold distance”, the catalytic site is likely to be fully “open”. We

have not checked all these cases manually.

2.2.17.  Assessment of the Mg*'-binding site

We have also measured distances from [Ser/Thr]“" to Mg”, to ensure the correct
binding of the Mg” and general reliability of the structure resolution at the binding site
(i.e, very long distance would indicate a disturbed catalytic site or resolution at the site
that is insufficient for purposes of comparative analysis), and from [Asp/Glu]"” to Mg*,
to identify cases of direct coordination of Mg** by the acidic residue (short distances) or

disassembled binding sites (long distances).

2.2.1.8.  Evaluation of Mg* binding in the AlF, - containing structures

For AlF, -containing structures, coordination of Mg”" was also evaluated in more
details. Ligands of Mg present within 2.8A were listed and assigned to categories. Each
site was expected to feature following Mg” ligands: the oxygen atom of B-phosphate
(#1), the fluoride atom of AlF,” (#2), the side chain hydroxyl of [Ser/Thr]<"" (#4), and
water molecules (#5, #6). The position #3 is taken by the side chain hydroxyl of Ser/Thr*"'
in TRAFAC proteins. Some families of P-loop NTPases possess another amino acid
ligand at #3 position, such as Gln in ABC ATPases. In the majority of the remaining
ASCE NTPases, this position (#3) is taken by a water molecule. All sites were expected to
have 6 Mg” ligands falling into the categories above. Sites missing ligands of any of the
required types and sites possessing 7 or more ligands were not used for further

quantitative analysis.
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Figure 2.1: Automated comparative structural analysis of P-loop NTPases.

The examination pipeline, as applied to the structure of each selected nucleotide-binding site, is shown. We checked
for (i) the presence of the HN — O°° bond, (ii) the length of the [Asp/Glu]"*-[Ser/Thr]*"" H-bond and (iii) the type
of interaction of stimulatory residues. Scripts used to download and analyze the structures are available at
github.com/servalli/pyploop
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2.2.109. Identification of stimulatory moieties
and residues interacting with y-phosphate

We had also inspected the presence of positively charged stimulatory residues near
the phosphate chains in all complexes. To automatically identify such residues, we
selected Arg and Lys residues (excluding the P-loop Lys) nearest to the -phosphate
group oxygen atoms or its structural analogs. Distances were then measured from the
guanidinium group nitrogen atoms (NE, NH1, NH2) of the Arg residue or from the NZ
atom of the Lys residue to the closest oxygen atom of a-phosphate moiety and to the
nearest fluorine or oxygen atom of y-phosphate or its mimicking group. Similarly, we
checked possible interactions of the phosphate chain with the ND2 atom of Asn. Possible
additional interactions of y-phosphate oxygens with N atoms of protein backbone and
side chains in vicinity were also listed for each complex. For all these interactions the
distance threshold was 4 A.

In the systematic analysis of all available structures, the patterns of Arg finger binding
were assigned automatically, based on the composition of H-bonds between the Arg
residue and the substrate molecule. We had considered each pair of possible donor and
acceptor atoms, where donors were NE/NH1/NH2 atoms of Arg residue (see Fig. 1.2)
and the acceptors were oxygen/fluorine atoms of the substrate. The presence of an H-
bond was inferred from the atomic distance: an H-bond was stated at distances less or
equal 3.2A, a weak H-bond stated at distances between 3.2 and 4A, and no possibility of
a H-bond was stated for distances over 4 A [184-186]).

To assign the Arg finger types, several sets of criteria were applied consecutively, as
described in the Results. Structures that did not fit any of the criteria were additionally
inspected and Arg binding patterns assigned manually. After all the Arg fingers were
categorized, the frequency of each interaction type was determined together for the
automatically and manually assigned types.

The lysine residues were assumed to be present in AG site if both NZ-Oa and NZ-Oy
distances are shorter than 4A (finger type “AG”), and to interact only with y-phosphate
if only the second distance met the criteria (finger type “G”). Otherwise, no interaction
with a Lys finger was presumed (finger type “None”).

For each complex, AG site was interpreted as occupied by an Arg residue if the closest
Arg residue was assigned interaction type “NH1”, “NH1 weak”, “NH2”, “NH2 weak”
or “Y-TYPE”, or by a Lys residue if the closest Lys was assigned type “AG”.

All other Arg or Lys residues located within 4A from y-phosphate/y-mimic were

listed as present in “G-site”.
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2.2.110. Description of individual catalytic sites

For each of the 3136 analyzed catalytic sites, we have recorded the information on the
residues described above and the distances between them, these data are available in
Table C.1 in Appendix C, hereafter Table C.1. The properties that were recorded for

every catalytic site analyzed are listed in Table 2.1.

Table 2.1: Properties recorded for each catalytic site analyzed

Field Subfield Description

Site_id Internal numeration for all binding sites. The site id is unique

Site reliability (only for AIF, - containing sites).
Possible values:

* y-—assessed as reliable

e  *-probably reliable, see notes

site rel *  mw - “missing water” — the site might be reliable but
there is no water in the structure to evaluate Mgz*
binding

e n-No, Mg2+ ligands missing or incorrect
® na-was not evaluated

Protein assignment to a P-loop NTPase class (i.e. “TRAFAC” or

Class ”SFl/SFZ”)

Pfam assignment for binding site, based on Pfam-PDB mapping,
Pfam accession domain that includes Lys"* residue is listed (if simple sequence
mapping was possible)

family name Pfam family name

Uniprot Uniprot Id (if PDB is mapped)

Protein name from Uniprot assignment. Left empty for structures

Protei
rotem name or chains absent from UP mapping

PDBID PDB ID
method Structure determination method

structure properties "
resolution Resolution in Angstroms

o Nucleotide analog type bound in this site. One row in this table

P stands for one nucleotide analog

nucleotide Chain id and residue number of the nucleotide analog. In case of
id ADP/GDP complexes with y-phosphate-mimics, the id is for the

NDP moiety

Number of the model in PDB structure being described. For
model structures with multiple models (i.e. NMR), only the first one
with Mg and Lys"* bound to nucleotide is listed.

Type of divalent cation bound in the site. Allowed values: MG,

Cation CA, MN, SR

Positively charged group bound between a and y phosphates. K*
AG AG-site and Na' ions were not accounted for in this study, so in case of a
site with a bound K" the column value is “NONE”

Positively charged group(s) contacting y phosphates. Calculated
G G-site from “Closest Arg”, “Closest Lys” and “Contacting, Side chain
nitrogen atoms” sections
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ID
TYPE Information about the Lys residue that is the closest one to the
B-phosphate and is not the Lys"*.
nz-alpha-atom Distances from Lys NZ atom to nearest oxygen atoms of
a-phosphate and y-phosphate/its mimic are listed, in a format
Closest LYS ] “atom being reached”, then “distance in A” in the next column.
nz-alpha-dist A Lys residue is listed for any structure, so it might not be
interacting with the phosphate chain, such cases are listed as
nz-gamma-atom TYPE = “NONE”.
nz-gamma-dist
ID
TYPE
nhl-alpha-atom
nhl-alpha-dist
Information about the Arg residue closest to the B-phosphate.
nhl-gamma-atom Distances from Arg NH1,NH2 and NE atoms to nearest oxygen
nhl-gamma-dist atoms of a-phosphate and y-phosphate/its mimic are listed, in a
format “atom being reached”, then “distance in A” in the next
Closest ARG nh2-alpha-atom column.
nh2-alpha-dist An Arg residue is listed for any structure, so it might not be
interacting with the phosphate chain, such cases are listed as
nh2-gamma-atom TYPE = “NONE”.
nh2-gamma-dist
ne-alpha-atom
ne-alpha-dist
ne-gamma-atom
ne-gamma-dist
asn_ID
TYPE Information about the Arg residue closest to the B-phosphate.
ash- Distances from Asn ND2 atom to nearest oxygen atoms of
asn_nd2-alpha-atom a-phosphate and y-phosphate/its mimic are listed, in a format
Closest ASN asn_nd2-alpha-dist “atom being reached”, then “distance in A” in the next column.

asn_nd2-gamma-
atom

asn_nd2-gamma-dist

An Asn residue is listed for any structure, so it might not be
interacting with the phosphate chain, such cases are listed as
TYPE = “NONE".

Other residues
contacting
gamma-phosphate/m
imic (excluding
closest ARG, closest
LYS,

P-loop LYS and G13
analog)

Contacting, backbone

N

Backbone nitrogen atoms in close proximity (4 A) from
Y-phosphate, residues described in other columns not listed

Contacting, side

chain nitrogen atoms

Side chain nitrogen atoms in close proximity (4 A) from
Y-phosphate, residues described in other columns not listed.

G13 ANALOG

RESIDUE

Nucleotide atom

distance to N

The interaction of K-3 residue with y-phosphate via backbone
nitrogen atom

P-loop Lys

ID

Information about conserved P-loop Lys residue, identified from
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Distance to
beta-phosphate O

close proximity to B-phosphate and sequence check (next residue
is a Ser/Thr).

Sites with no such Lys residue in 5A from B-phosphate were
deemed incomplete/open and excluded from the table.

Some kinases possess a substitution in Walker A motif and no S/T
immediately following Lys"*, these structures were added back
to the table manually, see “Notes”

Ser/Thr*" and Walker
B

K+1

Ser™"-Mg distance

Distance from [Ser/Thr]*"' to Mg* ion, used to estimate general
reliability of structure determination in the binding site. No sites
were excluded on this criterium.

WB-Asp/Glu

Presumed [Asp/Glu]WB, identified as nearest acidic residue in the
relation of [Ser/Thr]<"! with hydrophobicity check.

In case there were no residues found, search was repeated with
no hydrophobicity check. Such cases were marked with “False”
in “is_hydro” column.

If there was no acidic residue within 5A from [Ser/Thr]*",
NOT_FOUND error is shown.

Asp/GluWB—SerK”_dist

Distance from [Ser/Thr]*"' to Asp™®.

Asp/GluWB—Mg—dist

Distance from Asp™® to Mg” ion. Short distances indicate direct
coordination of Mg* by the acidic residue (typically Glu), long
distances indicate open binding site, low structure resolution at
the binding site or problems with correct identification of
residues at the binding site by our tool.

is_hydro

Hydrophobicity check for three residues preceding Asp™”.
Typically, Asp"” is preceded by four hydrophobic residues. Polar
residues unable to assist proton transfer were allowed.

preceding_res

Three preceding residues, sequence

Asp/Glu™® SASA

Solvent-accessible surface area for the identified Asp"®.

Asp/GluWB SASA,%

Relative solvent-accessible surface area for the identified Asp™®.

Are water molecules present in the structure? This does not

water water_present guarantee that there are water molecules identified in the
catalytic site.
Comment Notes Manually added comments

22111

Structure visualization

For each catalytic site analyzed, we have automatically generated a quick visualization

script for Pymol [187] (catalytic site elements displayed and colored as representative

structures in the Introduction section). Elements for which named selections are

displayed and defined include:

¢ nucleotide and each of its phosphate groups,
e Lys™, X*? and their bonds to the phosphate chain,
e [Ser/Thr]*",

e [Asp/Glu]"®, and, if available, its bonds to Ser/Thr“" and water molecules

(distance threshold 3.4 A),
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e Mg”, its coordinating water molecules (numbered), Ser/Thr® (if available),
coordination bonds,
¢ putative Arg/Lys stimulators and their bonds to the phosphate chain,
e W, and its interactors, if available,
e other y-phosphate interactors in vicinity of 34, if available,
Structure is automatically superimposed with a previously opened structure with the
properties defined in a similar script. Catalytic site figures in this manuscript were

produced using the resulting structure visualizations.

2.2112. Calculation of solvent-accessible surface area

Solvent-accessible surface area values (SASA) were calculated using Shrake-Rupley
method (1) implemented in BioPython [188] (method Bio.PDB.SASA.ShrakeRupley)
and (2) implemented in Pymol v. 2.5.0 [187]. The method [189] involves creating a mesh
of points representing the surface of each atom, at a distance of the van der Waals radius
plus the probe radius from the nuclei. To generate the points on the sphere, the golden
section spiral algorithm is used [190]. This involves creating a spiral that traces out the
unit sphere and placing points equidistant along the spiral. The number of points on the
molecular surface, i.e. not within the radius of another atom, is then counted. Assuming
the points are evenly distributed, the number of points is directly proportional to the
accessible surface area, which can be calculated by multiplying the fraction of the points
that are accessible by 4mr2.

We have calculated SASA and relative SASA for identified Asp"” residues. To speed
up the calculation, only the residues having at least one atom within 8A from the query
Asp"® were included in the Biopython calculation. The SASA values were stored only

for Asp"” residues. The number of points was set to 200, solvent radius was set to 1.4.
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3. Results

3.1. Computational comparative structural analysis of P-
loop NTPases

The ever-rising four-digit numbers of P-loop NTPase structures with ATP, GTP, and
their analogs bound, as deposited in the PDB, demanded computational approaches.
The search in the Protein Data Bank (PDB) at www.rcsb.org [5,191] for proteins
assigned to the entry IPR027417 “P-loop containing nucleoside triphosphate hydrolase”
of the Interpro database [192] yielded as many as 1484 structure entries with 3666
catalytic sites with NTP or NTP-mimicking molecules bound (as of 11.09.2019; many of
the structures contained several catalytic sites). As discussed in Section 2.2.1 and
depicted in Fig. 1.5, the shape of the P-loop and the spatial position of Asp"® relatively
to it are strictly conserved among P-loop NTPases. Building on that, we were able to use
the atomic coordinates of the Mg-triphosphate to pinpoint the catalytically relevant
residues in an almost sequence-agnostic way. We applied this approach to perform
analysis of nucleotide-binding sites in thousands of structures of P-loop NTPases. The
criteria for selection of full-fledged catalytic sites from this set and the routine of their
subsequent structural analysis are described and depicted in the Section 2.2.1 of
Methods. After filtering, we obtained 1383 structure entries with 3136 catalytic sites
containing complexes of Mg” ions with NTPs or NTP-like molecules, these structures
were subjected to further analysis. The relevant data for all these catalytic sites are
presented in Excel Tables C.1, D.1 ,E.1 in Appendices C, D, E, respectively. These tables
contain the main results of this work.

Based on the type of the molecule bound, the catalytic sites could be sorted into four
groups (see counts and compound names in Table 3.1): 1043 sites contained native
ATP/GTP molecules; 1612 sites contained bound non-hydrolyzable NTP analogs, 234
sites contained NDP:fluoride complexes mimicking the substrate state, such as
NDP:BeF; and NDP:AlF;, and 247 sites contained NDP:AIF, (204), NDP:MgF;™ (10) and
ADP:VOy (33) thought to be TS analogs [68,70,71,73,96].


http://www.rcsb.org/
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Table 3.1: Sampled catalytic sites of P-loop NTPases by type of NTP analog bound
PDB Total Structures, Complexes, Complexes,
Type Compound name ligandid  structures’  qualified total selected
ATP 268 241 842 744
Nucleotides GTP 205 186 326 299
Total 473 427 1168 1043
NoN-HYDROLYZABLE NTP ANALOGS
Adenosine 5'-[3,y-imido]
ANP 169 159 488 446
triphosphate (AMP-PNP)
ATP non- Ad ] . ol
hydrolyzable e'nosme 5'-[B,y-methylene] ACP 1 18 39 35
analogs triphosphate (AMP-PCP)
A.denosme 5'-[y-thio] AGS 62 55 257 236
triphosphate (ATP-y-S)
Guanosine 5'-[f3,y-imido]
P 2
triphosphate (GMP-PNP) GN 633 383 % 685
GTP non-
Guanosine 5'-[,y-methylene]
P 1 1 1
hydrolyzable triphosphate (GMP-PCP) GC 08 58 63 09
analogs
Guanosine 5*[y-thio] GSP 74 73 102 101
triphosphate (GTP-y-S)
Total 1067 746 2001 1612
TS MIMICS
. yrumie Total Structures Complexes, Complexes,
Y-mimic PDB e
. . structures  qualified total selected
ligand id
AlF, ALF 39 37 107 104
ADP* y-mimic MgFs MGF 1 1 2 2
\(ehe VO4 22 21 35 33
AlFy ALF 48 48 103 100
GDP* y-mimic
MgF5 MGF 5 5 8 8
Total 115 112 255 247
GROUND STATE MIMICS
AlF; AF3 15 13 25 23
ADP* y-mimic
BeF, BEF 61 61 156 150
AlF; AF3 21 21 41 40
GDP* y-mimic
BeF, BEF 8 8 21 21
Total 105 103 243 234
TOTAL, ALL COMPOUNDS 1474 1383 3667 3136

+ structures sampled as assigned to IPR027417, resolution <5A and listed as containing a divalent cation (Mg, Ca, Sr, Mn) and
one of the NTP mimics listed in the table above.
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To ensure detailed analysis and to cover as many structures as possible, we combined
the systematic computational analysis of all available structures of P-loop NTPases with
bound Mg-NTP-like molecules with the manual inspection of catalytic machinery in
those representatives from the major classes of P-loop NTPases that were pinpointed as

remarkable by computational analysis.

3.2. Analysis of binding of transition state analogs to P-loop
NTPases

3.2.1 Variability in the AlF, binding to catalytic sites
of P-loop NTPases

As already mentioned, TS analogs, namely NDP:AIF,;, NDP:MgF;, and NDP-VO,”
complexes, “fix” the catalytic pocket in a particular conformation that is same in P-loop
NTPases of distinct classes and is thought to mimic the transition state. In addition, TS
analogs promote formation of complexes between the P-loop NTPase and its activator,
specifically in case of monomeric NTPases, see Section 1.2.1 of Introduction and
[71,78,77,76,68,74,64,79,80,73,81,75].

It is well established that, upon hydrolysis of ATP or GTP, a pentavalent trigonal
bipyramidal (tbp) transition state is formed (Fig. 1.4). As VO, and MgF; are similar to
the planarized y-phosphate in its anticipated TS both in geometry and electric charge,
their performance as TS mimics is not surprising.

The AlF, moiety, on the other hand, is not a TS mimic in a strict sense as it has a
different geometry, it is tetragonal instead of trigonal, see Figure 1.4A-B. Still, its ability
in assisting with the assembly of activated complexes is unmatched, NDP:AIF,
complexes are more potent analog of the TS than NDP:MgF; complexes as it follows
from functional studies [64,69,71,76-78,80] and also from the distance between W, and
metal atom being shorter (2.0-2.1A) in NDP:AIF, than in NDP:MgF; complexes (approx.
2.5 A) [68,74]. The reason of why NDP:AIF, performs better than NDP:MgF; in all these
cases has remained obscure, see e.g. [75]. We, therefore, decided to take a closer look at

AlF; binding to the catalytic sites of P-loop NTPases from our sample of structures.

3211 Different modes of AlF, interaction with the cofactor Mg” ion

After inspecting the distances between the atoms of the AIF,” moieties and their
surroundings we have found out that AIF,” moieties can interact with the cofactor Mg**
ion in two different ways, at least, see Fig. 3.1A-D and Table D.1 in Appendix D. In most
structures (77% of all AlF,” complexes), only one fluorine atom interacts with Mg*, like

its structural counterpart, the O'® atom of y-phosphate. In this case, the next closest
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fluorine atom is on > 3.0 A from Mg®, see Fig. 3.1A, 3.1C and Table D.1. In some
structures, however, the two fluoride atoms are at similar distances of 2.0-2.7 A from the
Mg ion and both appear to interact with it, which is only possible when the AlF, is
rotated by approx. 45° around the O*-Al bond, see Fig. 3.1B, 3.1D and Table D.1. This
kind of interaction is non-physiological and in some cases prevents Mg** from making a
bond with one of its physiological ligands (see Fig. 3.1B and Table D.1). Our manual
inspection of the AlF, structures showed that, in general, structures with a second
fluorine atom found within 2.7 A from Mg* (these include structures with different
degrees of AlF, rotation) often have distortions in the Mg* coordination sphere. The
most dramatic distortion is the absence of coordination bond between Ser"' and Mg*,
which usually leads to a partial opening of the catalytic site and an increased distance
between Ser™"' of the Walker A motif and Asp"” of the Walker B motif, see Fig. 3.1B and
Table C.1. In other cases where the AIF, moieties are twisted, the distortions manifest
themselves in incorrect bonding to B-phosphate or missing bonds to other Mg* ligands.
Remarkably, no major distortions are seen in the structure of transducin G,, complexed
with Ca* instead of Mg2+ (PDB ID 1TAD, Fig. 3.1D). Here, in spite of the twisted AlF,
the interactions in the coordination sphere are preserved, supposedly due to a larger
ionic radius of Ca®" and its ability to bind up to 8 ligands.

Accordingly, all structures with two bonds between fluoride atoms and Mg®
(indicated in Table D.1) appear to be suspicious as TS-state analogs due to non-
physiological coordination of the Mg”* ion.

The data on all found non-physiologically bound AlF,” moieties are highlighted pink

in Table C.1 and separately summarized in Table D.1.
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Asp131e

Glu43«
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Figure 3.1: Variation in the AIF, interaction with Mg”" ions.

Residues are highlighted as in Fig.1.6. The distances that are too long for H-bonds are indicated by red dashed lines.
All distances are given in dngstroms. A. The ADP:AIF, binding in the structure of HCV (Hepatitis C Virus) NS3
helicase, PDB 5E4F, chain A [193]. The Mg”" ion is coordinated by the O’" atom of ADP, one fluorine atom of AlF;,
the conserved Ser residue of Walker A motif, and three water molecules. B. The ADP:AlF, binding in the structure
of double-stranded RNA (dsRNA)-dependent helicase LGP2 from chicken (PDB 5]A] [194]). Here, AIF; is rotated
counterclockwise and makes two bonds with the Mg”" ion; the Ser""" residue is no longer directly coordinating Mg”*
and, instead, is forming an unusual bond with the O'* atom of ADP. C. The AIF, binding in a structure of guanine
nucleotide-binding protein Gays complexed with the requlator of G-protein signaling 8 (PDB 20DE [126]). The
Mg ion is coordinated by the O atom of GDP, one fluorine atom of AIFy, the conserved Ser residue of Walker A
motif, the conserved Thr of Switch I, and two water molecules. D. In the structure of transducin Gtq complexed
with Ca” instead of Mg™* (PDB 1TAD [63)), AlF, is rotated and forms two bonds with Ca™, but all interactions in
the coordination sphere are preserved due to a larger ionic radius of Ca™ and its ability to bind up to 8 ligands.
However, the catalytic site is more open, as evidenced by a distance of 3.9 A between Ser™" and Asp"”

Still, the comparison of the same or closely related NTPases with differently bound
NDP:AIF,” complexes has proven useful. Fig. 3.1A, 3.1B shows two structures of the
Family 2 helicases (ASCE division, SF1/SF2 class, see Fig. A.2) with different
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coordination of the AIF,” moiety. One can see that the non-physiological coordination in
Fig. 3.1B is achieved via counterclockwise rotation of the more “physiological”
configuration of the AlF,” moiety in Fig. 3.1A, whereby the interactions of AlF,; with

WA

Lys™ and the stimulatory Arg residues are retained in both structures. The two
stimulatory fingers retain their H-bonds with AlF, in both configurations. This
comparison shows that the residues which bind y-phosphate appear to be adapted to
the counterclockwise rotation of y-phosphate by 30-40°. Similar counterclockwise
rotation of y-phosphate can be inferred from the comparison of G, protein structures

(Kinase-GTPase division, TRAFAC class) in Fig. 3.1C-D.

3.2.12. Untypical binding of AlF, 1n RecA ATPases

Another type of untypical ADP:AlF,” binding is observed in RecA NTPases; in these,
the AIF, moiety is oriented differently as compared to other TS analog-containing
structures, and the apical water molecule is not resolvable. We scrutinized this kind of
untypical AlF,” binding in the framework of a collaboration with the research groups of
B. H. Meier at the Laboratory of Physical Chemistry, ETH Zurich, Switzerland and A.
Bockmann at the Université de Lyon, France. The two groups had measured, in the
presence of diverse ATP analogs, the solid state NMR spectra of SF4 helicase DnaB from
Helicobacter pylori and ABC transporter ATPase BmrA from Bacillus subtilis ( [159,195]). In
the case of BmrA ABC ATPase, the NMR spectrum measured in the presence of
ADP:AIF, completely overlapped with the spectrum measured in the presence of the
ADP-VO,” where the ADP-VO,” moiety is covalently bound to ADP ( [195]). In the case
of the SF4 helicase DnaB from Helicobacter pylori, in contrast, the averaging of the Al
quadrupolar coupling constant in combination with the single "F resonance indicated
that the AIF, ™ moiety did not form tight coordination bonds in contrast to the tight H-
bond network that was observed for ADP ( [159]). The solid state NMR data showed that
all six catalytic sites of the Helicobacter pylori DnaB hexamer were fully occupied by
ADP:AlF,” complexes capable of free rotational diffusion.

Trying to understand the possible reasons for such untypical behavior of AlF, in the
Helicobacter pylori DnaB helicase, we contributed by analyzing the available, TS analogs-
containing structures of homologs of the Bacillus subtilis BmrA and Helicobacter pylori
DnaB, respectively.

The observed overlap of solid state NMR spectra of Bacillus subtilis BmrA ABC ATPase
with bound ADP:AIF,” and ADP-VO,”, respectively ( [195]), is in perfect agreement with
the relevant crystallographic data on E. coli maltose ABC transporter, showing that the
configuration of the catalytic site with ADP:AlF,” was indistinguishable from that with
ADP-VO,*> bound [150]. In this case, the AIF, moiety makes many bonds with

surrounding atoms and is tightly fixed in the site.
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As a counterpart of DnaB from Helicobacter pylori we took the crystal structure of the
DnaB helicase of Geobacillus stearothermophilus which was obtained in the presence of
GDP:AlF, instead of ADP:AIF, and in the presence of Ca* ions instead of Mg2+ ions.
This structure resembled the DnaB from Helicobacter pylori in that five of the six catalytic
sites contained GDP:AIF,” complexes bound.

As it follows from the superposition of two crystal structures in Fig. 3.2, the position of
AlF4 in the structure of Geobacillus stearothermophilus DnaB (Figure 3.2B) differs from that
typical for other P-loop NTPases, which in the figure is represented by the crystal
structure of the BmrA ABC ATPase from Bacillus subtilis. In the DnaB structure, no
catalytic water molecules are present apically to the plane of AlF, moieties and their
position does not correspond to that of the y-phosphate group (see Figure 3.2). This
unusual position of the AlF,” moiety in DnaB helicases may account for its free rotational
diffusion in the site, as elaborated elsewhere [159] and deliberated in the section 4.1.1 of

Discussion.

Figure 3.2: Structural comparison of nucleotide-binding sites in SF4 helicase DnaB from Geobacillus

stearothermophilus and ABC transporter MalK from Escherichia coli K-12.

Different protein subunits are colored in different shades of the same color. Mg”* or Ca’ ions are shown as green
spheres, water molecules are shown as red spheres; H-bonds and metal interactions involving a- and B-phosphates
are shown as dashes in cyan, interactions with AIF, are shown as dashes in magenta. Nucleotide analog, P-loop
motif residues and activating residues (Arg residue or LSGGQ motif) shown as thick sticks, other interacting
amino acid residues as thin sticks. A, Maltose/maltodextrin import ATP-binding protein MalK (PDB ID 3PUW
[150], chain B) from Escherichia coli K-12. B, Replicative helicase DnaB from Geobacillus stearothermophilus
(PDB ID 4ESV [162], chain E). C, Structures 3PUW and 4ESV superimposed by phosphate chain and ribose
atoms of NDP moieties.
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3.3. Comparative structural analysis of stimulatory patterns
of P-loop NTPases

3.3.1. Stabilization of the 0*® atom of y-phosphate by the backbone HN*™ group

For the MnmE GTPase, MD simulations have shown that the insertion of the
stimulatory K* ion and its simultaneous interaction with O**, O, and O’ atoms
triggered the twist of y-phosphate, leading to the formation of a new H-bond between
the O* atom and HN of Asn2267, see [102]and Fig. 1.2E. Generally, the position of
HN"? in the vicinity of the O*® atom (or the corresponding atom of an NTP analog) is
structurally conserved across P-loop NTPases, being determined by the highly
conserved H-bond of HN*? with the bridging O* oxygen (see Fig. 1.2D,E).

To assess the possibility of a transient H-bond formation between HN*? and O’ of
Y-phosphate, as found in MD simulations of MnmE GTPases [102], we measured
corresponding distances in the available structures of P-loop NTPases with bound
substrates or their analogs as described and depicted in Methods. The data obtained are
presented in Table C.1 and Fig. 3.3, where the H-bond-compatible distance range is
highlighted in amber. For simplicity, we used the same threshold of 3.4 A for the H—F
and H—O bonds. On the one hand, this value is somewhat lower than the threshold of
3.5 A, as suggested for H-bonds in protein structures by Martz [196]. On the other hand,
this distance corresponds to the longest F-H-N bond reported for crystalized L-cysteine-
hydrogen fluoride [184]. Still, this threshold is rather arbitrary; according to Jeffrey,
weak H-bonds in proteins can have donor-acceptor distances up to 4.0 A long [197].

In all groups of complexes, there is a fraction with distances shorter than 3.4 A
between HN*? and the nearest O° atom or its structural analog (hereafter HN*°—Q°
distance). For the ATP- and GTP-containing structures, this fraction makes 31% of
complexes (326 of 1043 binding sites); for the non-hydrolyzable analogs, it makes 24% of
complexes (392 out of 1612 binding sites). Among complexes with NDP:BeF;, the
HN?—O° distance is < 3.4 A in 20.5% of cases(35 catalytic sites out of 171), whereas in
the case of structures containing NDP:AlF; this fraction makes 28.5% of catalytic sites.

However, the distances between HN*? and O° analog are shorter than 3.4 A in most
structures with TS analogs as shown in Fig. 3.3 where the data for the three TS analogs
are plotted separately for clarity. Distances of < 3.4 A are observed in 61% of complexes
with ADP:VO,” (out of 33), in seven out of ten NDP:MgF; complexes and in 80% of
NDP:AIF,” complexes (163 out of 204). Hence, the TS-like structures of catalytic sites

correlate with shortening of the distance between HN*™ and O analog.
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Figure 3.3: Distances between HN*? and the O’ atom or its analog in the catalytic sites of P-loop NTPases.
For each type of complexes, distances are visualized as a kernel density estimate (KDE) plot, a boxplot, and
individual data points, each point representing one catalytic site in one structure. For ADP/GDP:MgFs complexes
the density plot is not shown because of scarcity of data. The range of H-bond-compatible lengths is highlighted in
amber.

3.3.2. Pre-catalytic configurations in NTP-containing structures.

While H-bond-compatible distances between HN“” and O° (or its analog in the case
of TS-like structures, Fig. 3.3) confirmed the earlier suggestion on the importance of this
H-bond for stabilization of the TS [102], we were rather surprised to see that the HN*-
O¢ distances were H-bond compatible also in 31% of ATP- and GTP-containing
structures (Fig. 3.3, Table C.1). Therefore, we inspected the top 100 high-resolution NTP-
containing structures with H-bond compatible HN“°-O*° distances to clarify their
origin.

In principle, an ATP or GTP molecule could be crystalized within an NTPase only if
the latter is inactive. Not surprisingly, the ATP or GTP-containing P-loop NTPases which
were crystalized in the absence of their cognate activators made the majority in the
inspected set. Although in these proteins the HN“°-O*® distances were indeed H-bond
compatible, we did not explore these structures further because they could hardly help

in clarifying the mechanisms of hydrolysis stimulation.
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Figure 3.4: Conformation of native ATP molecules in selected crystal structures as compared to
MD simulations of the MnmE GTPase.

Crystal structures of P-loop ATPases in complex with ATP molecules are shown in lime or green colors; they
are superposed with conformations of GTP bound to the MnmE GTPase, as sampled from MD simulations of
inactive monomer (blue) and active, K'-bound dimer (red), see Fig. A.1 and [102]. All distances are given in
angstroms. A. N-ethylmaleimide-sensitive factor (PDB ID INSFE, [145] ); B. ATPase MinD (PDB ID 3Q9L,
[377]); C. Chromosome segregation protein Soj (PDB ID 2BEK, [378]).

Still, we could identify a set of structures where NTP molecules remained not
hydrolyzed despite the presence of activating partner(s). In many such complexes, the
interaction of W, with y-phosphate was hindered by the incompleteness of W, ligands,
specifically caused by mutations, so that the NTP-binding sites were trapped in
precatalytic configurations. Some such structures are shown in Fig. 3.4A-C. In these
enzymes, the stimulatory fingers are inserted into the catalytic sites, y-phosphates are
twisted, and the triphosphate chains are in a configuration like that observed upon the
MD simulations of MnmE GTPase in the presence of a bound stimulatory K™ ion, see
Fig. A.1 and [102]; this configuration is superimposed as a dark-red contour. One can
see from Fig. 3.4A-C that H-bond compatible HN*"-O* distances correlate with linking
of O** and O’ atoms by the stimulator and twisting y-phosphate.

3.3.3. Interactions of stimulating moieties with the triphosphate
chain

In most families of P-loop NTPases, Arg, Lys, or Asn residues serve as stimulatory
moieties. We used computational approach to inspect the patterns of their interactions
with phosphate chain atoms (or their analogs) in 3136 catalytic sites of P-loop NTPases
with nucleoside triphosphates or their analogs bound. The interactions of monovalent
cations were quantified in our group earlier [102] For ABC ATPases, there was not
much to quantify because there are only four available TS-like structures [150,151]. The
aim of the comparative structure analysis was to find common features in their
stimulatory patterns and to use this information for elucidating the general mechanism

of these enzymes.
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For this purpose, we analyzed, as described in the Methods, the same 3136 PDB
structures of full-fledged catalytic sites that contain complexes of Mg” ions with NTPs
or NTP-like molecules. For each complex, we measured the distances between oxygen
atoms of the triphosphate chain (or their structural counterparts in the NTP analogs)
and the amino groups of Arg, Lys, and Asn side chains within 4 A radius, for further
details see the Methods section and the scheme of the analysis pipeline, Fig. 2.1. The
distances were measured towards the NE/NH1/NH2 atoms of Arg residues; the NZ
atom of Lys residues; and the ND2 atom of Asn residues (see Fig. 3.5 and 3.6 for the
atom naming scheme). The data on all atom pairs and corresponding distances are
summarized in Table C.1.

We have found that more than half of analyzed Mg-NTP complexes (60%) have none
of the inspected residue types within the 4A radius around oxygen atoms. Those are
structures of P-loop NTPases that were crystallized in the absence of their activating
partners or are stimulated by moieties other than Asn/Arg/Lys (e.g. a monovalent cation
or the signature motif of ABC ATPases, see below).

In the remaining 1380 catalytic sites of P-loop NTPases, at least one Arg, Asn, or Lys
residue (other than the reference Lys residue of the Walker A motif) was found in the
proximity of the phosphate chain and categorized as a stimulator. The analysis of
interactions between Arg, Lys, and Asn fingers and the phosphate chains has revealed
several distinct types of configurations, which hereafter are called "stimulatory
patterns". The Table E.1 shows how many proteins were assigned to each stimulatory

pattern.

3.3.31.  Stimulatory patterns of Arg fingers

Arginine fingers are the most widespread stimulatory moieties among P-loop
NTPases. In an arginine side chain, the positive charge is distributed over three nitrogen
atoms of the guanidinium group. In principle, each of these atoms can interact with the
phosphate chain. Consequently, we observed a variety of interactions for the Arg fingers.

In most cases, the type of stimulatory pattern was assigned automatically based on the
H-bond compatibility of distances between the NTP molecule or its analog and nearby
Arg residue(s). Here we relied on Jeffrey who categorized H-bonds with donor-acceptor
distances of 2.2-2.5 A as “strong, mostly covalent”, those with distances of 2.5-3.2 A as
“moderate, mostly electrostatic’, and H-bonds of 3.2-4.0 A as “weak, electrostatic”
[197].

Due to inconsistencies in the atom numbering and differences among NTP analogs,
we measured the distances from the Arg side chain nitrogen atoms to the nearest oxygen

atom of a-phosphate (hereafter Oa) and the nearest oxygen of y-phosphate (hereafter
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Oy) or the corresponding atom in NTP analogs. Hereafter, for simplicity, we will use
“y-phosphate” both for y-phosphate proper and for its analogs.

Several sets of criteria were applied consecutively, with each following criterion
applied only to the cases that did not match any of the previous criteria:

1) If both distances NH1-Oa and NH1-Oy do not exceed 3.2A, the interaction type
“NH1” was assigned, meaning that NH1 atom forms H-bonds with both a- and
Y-phosphates. Similarly, “NH2” interaction type was assigned if both distances
NH2-Oa and NH2-Oy were less than 3.2A.

2) If both distances NH1-Oa and NH1-Oy do not exceed 4A, whereas both distances
NH2-Oa and NH2-Oy are longer than 44, the interaction type “NH1 weak” was
assigned, meaning that NH1 atom forms weak interactions with both a- and
vY-phosphates. Analogous criteria were used to assign the “NH2 weak” interaction
type. o

3) If at least one of the distances NH1-Oy and NH2-Oy do not exceed 3.2A, whereas
both distances NH1-Oa and NH2-Oa are longer than 4A, the interaction type
“only gamma” was assigned. Similarly, if at least one of the distances NH1-Oy
and NH2-Oy do not exceed 4A, whereas both distances NH1-Oat and NH2-Oa are
longer than 4A, the interaction type “Only gamma weak” was assigned.

4) If all distances between NH1/NH2 atoms and the nearest oxygen (or fluorine)
atoms of a- and y-phosphates exceed 4A, the Arg residue was considered not to
be a stimulatory finger (interaction type “none”).

The remaining cases, which did not match any of these criteria, were inspected
manually (see below). After the interaction types were assigned to all structures under
investigation, the interaction types were attributed to particular stimulatory patterns
and their frequencies were assessed, see Table E.1.

As documented in Table E.1, Arg residues in the proximity of the phosphate chain
were identified as stimulatory moieties in 981 cases. Majority of Arg fingers link a- and
Y-phosphates by their NH1 or NH2 groups and fall into NH1, "NH1 weak”, NH2, “NH2
weak” interaction types, which together are grouped into the stimulatory pattern “AG”
seen in the case of 63% of all identified Arg fingers (Tables C.1, E.1, Fig. 3.5A-C). Among
the structures with TS analogs, the fraction of this stimulatory pattern reaches 94%. In
contrast, in complexes with ATP or GTP molecules, only 56% of interactions could be
categorized in this way.

In most remaining structures, Arg fingers show interaction types “only gamma”/”only
gamma weak” and interact only with oxygen atom(s) of y-phosphate or their analogs
(Fig. 3.5D, stimulatory pattern “G”). This stimulatory pattern was identified in 39% of
complexes with ATP/GTP, 47% of complexes with non-hydrolyzable NTP analogs and
only 6% of complexes with TS analogs (Table E.1).
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The remaining 33 complexes, which account for 3% of all Arg fingers, did not match
any of these patterns. In these 33 cases, one NH1/NH2 atom of the Arg residue forms an
H-bond with a-phosphate, whereas the other NH2/NH1 atom forms another H-bond
with y-phosphate. Further, we refer to such Y-shaped interactions as “Y-interactions” or
“Y-patterns”. Since such Y-interactions are seen only in a small fraction of catalytic sites,
we had inspected each of these sites manually; the results of this inspection are
presented in the Appendix F. As argued and illustrated in the Appendix F, there are
reasons to consider all cases of Y-interactions as structure determination/crystallization
artifacts of diverse nature.

Since the guanidinium group of Arg residues can donate several H-bonds, further H-
bonds are seen between amino groups of the Arg finger and the oxygen atoms of the
Y-phosphate (or its mimicking group). There are two types of such additional bonds:
formed by the NE atom and formed by NH1/NH2 groups not involved in the main
stimulatory interaction, as exemplified by Fig. 3.5.

The NE atoms of Arg fingers are often located at the H-bond distances from the
Y-phosphate. Such interactions are documented for 10% of all Arg fingers, both for those
Arg fingers that interact only with the y-phosphate (Fig. 3.5D), and for those fingers that
coordinate both a- and y-phosphate with the NH2 atom (Fig. 3.5A).

An additional H-bond can be formed also by an NH1/NH2 atom which is not
involved in the main stimulatory interaction. Usually, this occurs when one NH1/NH2
atom coordinates both a- and y-phosphates; in 51% of such complexes, the other atom
(NH2/NH1 correspondingly) forms a H-bond with y-phosphate (Fig. 3.5B, C). This
interaction is particularly common in complexes with TS analogs (77%). Finally, when
the Arg finger interacts only with y-phosphate, it can accept H-bonds both from NH1
and NH2 atoms, as observed in 13% of complexes with such interaction pattern (Table
E.1). In these cases, the longer H-bond was categorized as the “auxiliary” interaction, see
Tables C.1 and E.1 for the complete data set.

Overall, the NH2/NHI1 groups of Arg fingers that interact only with y-phosphate or its
analog are often assisted — in 40% of such complexes additional bonds are provided by
the second NH1/NH2 atom, NE atom, or an additional Arg/Lys finger (Fig. 3.5D). In this
case, one can speak about the stimulatory pattern Gnus. The Arg fingers in the AG
position can also receive assistance (Fig 3.5C). For example, in the FtsK DNA translocase
structure (PDB ID 6T8B, chain C [198]), the Arg residue interacts with a- and
Y-phosphates via the NH2 atom, while the Lys finger reaches the y-phosphate. Arg
fingers reaching only y-phosphate often contact residues involved in the coordination of
W..: (see Fig. 3.5C, D).
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Figure 3.5: Examples of different interaction types/stimulatory patterns involving Arg
residues.

Protein fragments including P-loop domain are shown as grey cartoons, other subumits carrying
Arg/Lys fingers are shown in cyan; functionally relevant residues are shown as sticks: P-loop Lys
residue is shown in green, Arg and Lys fingers are shown in cyan; Mg cations are shown as green
spheres. All distances are given in dngstroms. A. Both a and y phosphates are coordinated by the NH2
atom, an additional H-bond is formed by NE atom (stimulatory pattern AG); the structure of the Ras-
like GTPase RhoA (PDB ID 5HPY, chain B [375]); B. Both a and y phosphates are coordinated by
NH1 atom, an additional H-bond is formed by the NH2 atom (stimulatory pattern AG); the structure
of GTP-binding protein G(q) subunit a, (PDB ID 5DO9, chain A [376]); C. Both o and y phosphates
are coordinated by the NH1 atom, an additional H-bond with y-phosphate is formed by NH2 atom
(stimulatory pattern AG); the structure of bovine ATP synthase (PDB ID 1H8E [72]). An additional
Arg residue from the same chain provides more interactions with y phosphate. Notably, this residue
also interacts with a backbone atom of the activating a-subunit); D. Only the y-phosphate is
coordinated by the NH2 atom of the Arg finger, the NE atom and Lys residue provide additional H-
bonds (stimulatory pattern Guu); the structure of circadian clock protein KaiC, (PDB 4TLS,
chain C [156]).
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3.3.3.2. Stimulatory patterns of Lys fingers

Lys residues were assumed to be present in AG site if both NZ-Oa and NZ-Oy
distances are shorter than 4A (stimulatory pattern “AG” see Fig. 3.6A and Table C.1 in
Appendix C) and to interact only with y-phosphate if only the second distance met the
criteria (stimulatory pattern “G” in Table C.1). Otherwise, no interaction with a Lys
finger was presumed (pattern “None”), see Table C.1.

Lys fingers were identified in 141 structures. One typical pattern is with the NZ atom
of Lys interacting with both a- and y-phosphates, similarly to a K" ion in K™-dependent
P-loop NTPases, cf Fig. 1.2D and [102]. Although a Lys finger interacts both with a- and
Y-phosphates in 22% of all cases (we categorize these cases as stimulatory patterns AG,
Fig. 3.6A), the fraction of such interactions was as high as 84% in complexes with TS
analogs (Tables C.1, E.1). When the NZ atom of Lys interacts only with the y-phosphate
(pattern “G”), another Arg residue is also often involved in the interaction with the
Y-phosphate (in 78% of cases, see Fig. 3.5D). Six of inspected structures had Lys finger
coordinating both a- and y-phosphate and an additional Arg residue in the proximity of
vY-phosphate. All these structures are subunits of the Large T antigen (PDB ID 1SVM, in
complex with ATP [199]), see Table C.1 for details.

3.3.3.3. Interaction patterns of Asn fingers

Asn residues were classified as stimulatory fingers when both ND2-Oa and ND2-Oy
distances were shorter than 4A (stimulatory pattern “AG”, see Fig. 3.6B, Table C.1). The
Asn residues were found to be in contact with both a- and y-phosphate groups in 67
complexes. All these structures belong to myosin or kinesin families (PF00063, PF00225).

More common are auxiliary Asn residues, which were found in the proximity of
Y-phosphates in 248 catalytic sites, in addition to the “main” stimulators, these auxiliary

Asn residues are indicated in Table C.1.
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Figure 3.6: Examples of stimulatory interactions involving moieties other than arginine residues as
stimulators. Residues are highlighted as in Fig. 3.5.

A. Interaction of a Lys finger, as provided by another subunit of the homodimer, with a and y phosphates; the
structure of ATPase GET3, (PDB 2WOJ, chain B [374]). B. Asn finger in myosin II from Dictyostelium
discoideum (PDB 1W9]). The The Asn®* finger is provided by the Switch I motif which is shown in yellow. C.
Na' ion as a stimulator in dynamin, (PDB 2X2E [369]). The switch I/K-loop motif is shown in lilac. Notably, a
Gly residue coordinating Na" is also contacting the O** atom of GDP. D. The LSGGQ motif in a structure of
ABC ATPase MBP-Maltose transporter MalK, (PDB 3PUW, chain A [150]). While Ser and Gly residues are
coordinating y-phosphate via the backbone HN atom and the OG atom of the conserved serine residue, the Gln
residue is contacting the O2” atom of GDP.

3.3.3.4. Summary on quantitative analysis of stimulatory interactions
of Arg, Lys, and Asn fingers in P-loop NTPases
As summarized in Tables C.1, E.1 and shown in Fig. 3.5 and 3.6A-B, most of the

analyzed P-loop NTPase complexes with stimulatory Arg, Lys, or Asn residue(s)

positioned next to the triphosphate chain (or its structural analog) possess either a
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residue providing an amino group to interact with both a- and vy-phosphates
(stimulatory pattern AG, 56,6% with Y-interactions), or (2) an amino-group-providing
residue(s) forming multiple bonds with y-phosphate (stimulatory pattern G, 25,6%).
In the rest of the cases (17,8%), only one amino group is contacting y-phosphate
(stimulatory pattern Gione).

In the case of TS analogs, the fraction of catalytic sites with stimulatory pattern AG is
remarkably high: all structures with ADP-VO,” and NDP:MgF; that possess Arg, Lys or
Asn as a stimulatory residue have it interacting with both a- and y-phosphates. The
same interaction is observed in 75% of NDP:AlF," complexes whereas 22% of them
display the stimulatory pattern Gnus. Only 3% of NDP:AIF, complexes show
stimulatory pattern Gi. with a single amino group contacting y-phosphate.

The additional data on diverse kinds of auxiliary residues additionally stabilizing the
negatively charged y-phosphate and/or W, in all the studied structures are presented in
Tables C.1.

3.335.  Stimulatory interactions in ABC ATPases

Activation of ABC ATPases appears to be triggered by the transported substrate and
accompanied by dimerization of P-loop domains. Upon dimerization, each monomer,
instead of an amino acid “finger”, inserts a whole signature motif LSGGQ into the
catalytic pocket of the other monomer (Fig. 3.6D). Some soluble ABC ATPases have a
non-canonical signature motif (e.g. CSAGQ in Rad50 [200] and xSTFx in MutS [201]). In
some cases, the last residue of the motif is Glu or even Trp [202]. Thus, the serine residue
is the most conserved member of the signature motif.

Crystal structures with TS analogs bound were obtained for the maltose transporter
complex, see Fig. 1.8D and [150]. More recently, structures were solved by cryo-EM for
heterodimeric ABC exporter TmrAB of the Thermus thermophilus, which consists of
multi-drug-resistance proteins A and B [151]. In the ADP:AlF,- and ADP-VO, -
containing structures of maltose transporter complex, the side chain of serine and HN of
the second glycine residue of the signature motif are at < 3.0A from the atom that is the
counterpart of the O atom of y-phosphate. In the ADP-VO,’ -containing structures of
the TmrAB exporter, the distance between the counterpart of the O atom of

y-phosphate and signature motif serine is longer, but still <4A [151].

3.3.3.6. Modes of interactions of the stimulators with phosphate chain

As shown above, P-loop NTPases exhibit many different stimulatory patterns (see
Fig.1.2-1.9,3.5,3.6 and Tables C.1, E.1) involving diverse atoms of stimulators and
different phosphate groups. These interactions can play an instrumental role in twisting

the y-phosphate group upon catalytic transition. Still, our comparative structural
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analysis with emphasis on TS-like structures showed that highly diverse stimulatory
moieties interact with the triphosphate chain only in two distinct ways that may

complement each other, as discussed below.

Linking of a-and y-phosphates by the stimulator

In most classes of P-loop NTPases, at least one stimulator, provided either by the same
P-loop domain or by another domain/protein, gets inserted between a-and
v-phosphates, which implies the possibility of simultaneous interaction with O** and
O® atoms (stimulatory pattern AG). As seen in Fig. 1.2, 1.6-1.9, 3.5A-C, 3.6A-B, in many
such cases, the stimulator in the AG site is complemented by a second auxiliary
stimulator (finger) that interacts with y-phosphate, see also Tables C.1, E.1. The AG
pattern was observed in 56.6% of cases.

Quantification of the interaction types for computationally analyzed catalytic sites
(Tables C.1, E.1) showed that the AG stimulatory pattern dramatically prevailed in the
structures containing TS analogs. This pattern was observed in all structures with ADP-
VO, and NDP:MgF; and in 75% of NDP:AIF, -containing structures. The fractions of
this stimulatory pattern in structures containing ATP, GTPD, or their non-hydrolyzable
analogs are smaller (Table E.1). In many cases, the Arg residue is in the AG-site in the
presence of a TS analog but "outside" when the substrate or its analog are bound.
Apparently, catalytic sites of P-loop NTPases constrict additionally in the transition
state, as it has been earlier shown for myosin [203].

Earlier, MD simulations showed that y-phosphate, after its twisting by the stimulatory
K" ion, was stabilized by a new H-bond between HN*? and O*¢ [102] Our structural
analysis strongly indicates that the counter-clockwise twist of y-phosphate correlates
with the formation of a new H-bond between the backbone of the P-loop and O*°
indeed. Specifically, H-bond-compatible distances between HN"? and the nearest
oxygen/fluorine atom are seen in most structures with TS analogs bound (Fig. 3.3, Table
C.1). Twisted y-phosphates and H-bond compatible HN*? — O*® distances are also seen
in diverse NTP-containing proteins which were crystalized after being trapped in their
pre-transition configurations (because of mutated W-stabilizing residues and/or their
impaired interaction with W, see Fig. 3.4A-C, Table C.1).

Hence, linking the O** and O’ atoms by the stimulator causes a counter-clockwise
twist of y-phosphate that correlates with the formation of a new H-bond between the
O® atom (or its counterpart in NTP analogs) and the backbone HN*? group of the P-
loop.

Interaction of the stimulator only with y-phosphate

In the remaining 43,3% of P-loop NTPase structures with determined stimulatory
pattern, the stimulators interact only with y-phosphate (stimulatory pattern G). In most

such structures (25,6%), y-phosphate is involved in several interactions with distinct
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amino groups of an Arg finger and/or with auxiliary stimulators (stimulatory pattern
Gnu), see Fig. 3.5D, 3.6D and [204].

In 17.7% of structures, our computational analysis has reported only one H-bond
between the stimulatory residue and y-phosphate (stimulatory pattern Gion.). However,
in many cases, the crystal structure does not contain all the partners involved in the
activation, or additional stimulatory fingers are present but are too remote because of
crystallization artifacts. In fact, many catalytic sites exhibiting a G pattern have
counterparts with a richer network of H-bonds around y-phosphate in other subunits of
homooligomers of the same protein (47.6%) or in proteins belonging to the same Pfam
domain (75%). Consequently, the value of 17.7% should be at least halved.

In sum, our structural analysis shows that in all cases where stimulators reach only
Y-phosphate, these stimulators, independently on whether they are Arg or Lys residues,
K" or Na" ions, or signature motifs of ABC ATPases, are in position to twist or pull the

Y-phosphate group.
3.3.4. Shared features in P-loop NTPase stimulation

Our analysis shows that the common denominator of stimulatory patterns in diverse P-
loop NTPases is the mechanistic interaction of stimulators with the y-phosphate group. As
summarized in Fig. 3.7, this kind of interaction is observed in TS-like structures of P-loop
NTPases of different classes (see also Figure 1.2D,E and Figures 1.4-1.9, 3.5, 3.6).
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Figure 3.7: Stimulators mechanically interact with the y-phosphate in different classes of P-loop NTPases.

As shown, the arginine, lysine, or asparagine “fingers”, potassium or sodium ions, as well as signature amino acid motifs serve
as stimulators in the various classes of P-loop NTPases. The only shared feature of these stimulators turned out to be their
mechanistic interaction with the oxygen atoms of y-phosphate group, capable of causing its rotation. One of these oxygen atoms
is a ligand of the cofactor Mg” ion. The rotation appears to distort its coordination shell and thereby may initiate hydrolysis.

3.4. Analysis of hydrogen bonding patterns and proton
pathways in catalytic sites of P-loop NTPases

P-loop NTPases (except P-loop kinases), as many other hydrolases, are thought to use
a deprotonated water molecule as a nucleophile (see Fig. 1.3 and [86]). In such enzymes,
protons are usually directly involved in catalysis [57,86,205], which justifies

investigation of the H-bonded networks at the catalytic centers of P-loop NTPases.

3.4.1. Proton paths and water networks in the catalytic sites of P-
loop NTPases

The W molecule should be deprotonated on some stage of the catalytic cycle, see
Fig. 1.3 and [34,51,52,54,57,68,74,85,87,94]. However, the pK, value (hereafter pK for
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simplicity) of water is 14.0, which hinders the deprotonation both thermodynamically
and kinetically.

The P-loop NTPases, in general, are not alone in their need to deprotonate a water
molecule and to use the resulting hydroxyl for hydrolyzing the O-P bond. In various
other, evolutionarily unrelated Mg-dependent enzymes, Mg”" ions are thought to
decrease the pK value of potential nucleophilic water molecules [86,206-209]. In such
cases, usually, the would-be nucleophilic water molecule belongs to the first or second
coordination shell of the metal cation. In the case of P-loop NTPases, the Mg ion is
remote from W, and can incite its deprotonation only if there is a protonic pathway
between W, and the coordination shell of Mg*". Therefore, we searched for connections
between W, (or the would-be W) and the Mg2+-coordinating ligands.

In many high-resolution structures of P-loop NTPases with bound substrate molecules
or their analogs, water molecules are present in the vicinity of y-phosphate and interact
with the O'¢, O*¢, O’ atoms of y-phosphate, as seen in Fig. 3.8. In principle, a water
molecule can interact with up to two oxygen atoms, which allows categorizing the
Y-phosphate-bound water molecules as, for example, W1, W13, or Was. Most likely, one of
these molecules becomes the W upon activation. For instance, Fig. 3.8A shows a
structure of RadA from Pyrococcus furiosus that was post-soaked with ATP, see PDB ID
4A6X and [210]. The structure clearly shows W;, and W;; and resolves two
conformations of the “catalytic” Glul74 of the WB+1 strand. In both conformations,
Glul74 interacts with W3, the apparent would-be W, in this enzyme. However, only in
the Glul74A conformation, the side chain of Glul74 connects W, with the Mg~

coordinating W3 molecule.
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Fzgure 3.8: Networks of water molecules in the catalytzc sites of P-loop N TPases

A, ATP-soaked ATPase domain of RadA from Pyrococcus furiosus (PDB ID 4A6X [210]); B, human H-Ras
GTPase (PDB 1D 5B30[211]).C, ATP-soaked Myosin II from Dictyostelium discoideum (PDB ID
1FMW [214]; Other colors as in Figures 1.6-1.9. D, Three overlapped crystal structures of myosin II from
Dictyostelium discoideum, the same as in panel C; blue, ATP-soaked structure (PDB ID 1FMW); violet,
ADP:BeFs-containing structure (PDB ID 1W9K); red, ADP:VO, -containing, TS-like structure (PDB ID
1VOM [215]); the would-be Weat water molecules are surrounded by an orange halo. Other colors as in
Figures 1.6-1.9.

Similarly, as it has been repeatedly noted in Section 1.2.3, the “catalytic” Glu or Asp
residues link W, with Mg*-ligands #3 or #6 in TS-like structures of NTPases of all
classes (except the TRAFAC class). The tentative proton pathways from W, towards the
Mg*-ligands, as inferred upon the structural analysis provided here, are shown by red
dashed lines in Fig. 1.5-1.9.

In the case of TRAFAC class NTPases, which lack “catalytic” Glu/Asp residues,
connections between W, and the Mg*-coordinating ligands are not so evident. The
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water molecules around vy-phosphate appear to be highly mobile and hardly
crystallizable. In the absence of TS analogs, those water molecules that interact with
Y-phosphate are usually resolvable in the structures only if constrained by additional
interactions. For instance, in TS-like structures of small GTPases of the TRAFAC class,
the closest to W Mg2+-coordinating ligand is [Ser/Thr]SWI of Switch I at about 4-5 A (Fig.
1.2E, 1.6A-D,3.8B). In TRAFAC proteins, however, the Switch I motif is very dynamic so
that the protein fluctuates between “open” and “closed” conformations even with a
bound substrate or its analogs [211-213].While in the closed conformation [Ser/Thr]*"
serves as ligand #3 for Mg”, in the open conformation the whole Switch I moves away
from Mg” and a water molecule serves as ligand #3 (Fig. 3.8B).

We have analyzed how the water network changes in response to the displacements of
Switch I in a well-studied TRAFAC class protein myosin. In the ATP-soaked myosin
structure (PDB ID 1IFMW [214], see Fig. 3.8C), Wy, is resolved because it is additionally
bound to CO of Ser®'. This W;, molecule is at a H-bond-compatible distance from the
Mg”*-coordinating W6 molecule. Figure 3.8D shows three overlapped structures of
Dictyostelium discoideum myosin—namely, the red ATP-soaked myosin structure that is
the same as in panel 7C (PDB ID 1FMW [214]), the violet structure with a substrate
analog ADP:BeF; bound (PDB ID 1W9K), and the red TS-like structure with ADP: VO,
bound (here an oxygen atom of VO,  mimics W, in the apical position (PDB ID 1VOM
[215]))-

One can see how a water molecule, which is stabilized by CO of Ser237°" in all three
structures, “moves” towards the apical position. It is noteworthy that an additional
water molecule links this would-be W, with the Mg2+ ligand sphere in the
“intermediate” violet structure. This linking water is seen in several myosin structures
and appears to be stabilized by invariant backbone groups of the D+2 residue. In the red
TS-like structure, the WB-crest comes closer to the nucleotide and interrupts the water
connection with the ligands of Mg* (Figure 3.8D).

Notably, Matsumoto and colleagues succeeded to control the open to close transition
in H-Ras GTPases by changing the humidity [211]. The crystal structure of H-Ras that
crystalized in the open conformation at low humidity (PDB ID 5B30) reveal an
additional water molecule next to W3 (Fig. 3.8B). It is depicted as W, in Fig. 3.8B and
occupies approx. the same position as Wy, in the myosin structure in Fig. 3.8C. In the
closed conformation (Fig. 3.8D, 1.6A-D), Switch I reaches Mg2+ and ousts W; and W3;
only W, is present in the TS-like structure (cf Fig. 1.2E and 3.8B).
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3.4.2. The H-bond between Asp"”® and [Ser/Thr]*" is shorter in
presence of TS analogs

We have noted that the strictly conserved [Ser/Thr]“"' of the Walker A motif is often
involved in a H-bond with the similarly strictly conserved Asp"’. Furthermore, we
noted that this H-bond is shorter in TS analog-containing structures. This bond is
particularly short in the NDP:AIF, -containing representative structures (see Fig. 1.6-1.9).
In contrast, this H-bond may be even absent in structures where the AIF, moiety is
improperly bound, see Section 3.2.1.1. and Table C.1. The H-bond between Asp"® and
[Ser/Thr]“"" is special as it links the Walker A and Walker B motifs.

Therefore, we measured the distances between the two residues to characterize their
H-bonding in all the available structures of P-loop NTPases with bound substrates or
their analogs, as described in the Methods section. The results of these measurements
for all the analyzed structures are presented in Table C.1. Fig. 3.9 summarizes the data
on best resolved structures (with resolution of 2.5 A or less). The data for the three TS
analogs are plotted separately for the sake of clarity. We consider as short the H-bonds of
<2.7 A [216] ; the range of short H-bonds is highlighted by cyan.

As documented in Section 3.2.1.1, improper binding of AIF,  can distort the
coordination sphere of Mg*. Therefore, for the plot in Fig. 3.9, we selected only the sites
with a correct Mg” coordination; the cut-off for the distance between Mg* and
[Ser/Thr]"" was 2.5 A. When comparing only TS analogs, fluoride complexes were
superior to vanadate complexes in their ability to shorten Asp""~[Ser/Thr]*' bonds, as
can be judged from Fig. 3.9. From the same data it follows that the NDP:AIF,” complexes
are characterized by shortest Asp"’—[Ser/Thr]“" bond lengths among metal fluorides.

As seen in Fig. 3.9, the length of the H-bond between Asp"® and [Ser/Thr]*" is, on
average, < 2.7 A in all groups of structures and < 2.6 A in structures with ATP/GTE, non-
hydrolyzable NTP analogs and NDP:MgF;™ or NDP:AIF,” as TS analogs. Specifically, in

NDP:AIF, -containing structures the H-bond distance is on average as short as 2.5 A.
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Figure 3.9: Asp"” -[Ser/Thr]<" distances in high-quality P-loop NTPase structures with bound Mg-NTP molecules
or their analogs.

Resolution threshold 2.5 A; see Table C.1 for the entire data set. For each type of complexes, distances are visualized as a kernel
density estimate (KDE) plot, a boxplot and individual data points, each point representing one catalytic site in one structure. For
ADP/GDP:MgF5 complexes the density plot is not shown owing to the scarcity of data. The integrity of catalytic sites was
checked by two criteria: the [Ser/Thr]" — Mg* distance < 2.5 A and Mg* — Asp"® distance < 6 A. The range of short H-bonds
(2.2 A-2.7 A) is highlighted in cyan, the typical H-bond range (2.7 A-3.2 A) in pink.

3.4.3. The solvent accessible surface area of Asp* is diminished
in TS-like structures

It is well known that short H-bonds readily form between buried amino acid
residues [205]. Therefore, we determined the solvent accessible surface area (SASA) of
Asp"”’ for the same structures for which the Asp""—[Ser/Thr]“"! bond lengths were
measured. As it can be seen in Figure 3.10, Asp"” is well buried in the case of TS-like

structures, its SASA values are <6%.
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Figure 3.10: Relative solvent-accessible surface area (SASA) values for Asp"” residues.
The calculated SASA values are shown for the same catalytic sites as shown in Fig. 3.9.

3.4.4.  Proton path connects Asp"® with W, in all classes of
P-loop NTPases

As noted in Section 3.4.1., our analysis indicates that W, is connected by a distinct
proton pathway to one of the Mg”" ligands in all TS-like structures (Fig. 1.7-1.9) except
those of TRAFAC class NTPases, where such a protonic connection is not evident (Fig.
1.6). For the latter, however, a transiently formed proton path between W, and the
coordination shell of Mg*" could be inferred from the comparative analysis of myosin
structures with different substrates or their analogs bound, see Fig. 3.8C-D. Noteworthy,
the distance between the neighboring ligands of Mg*" is 2.9 A, which enables proton
exchange between them. In Section 3.4.2., also building upon results of our analysis, we
argue that the Mg”-coordinating [Ser/Thr]*" is H-bonded to Asp"’ in the TS-like
structures with “properly” bound AlF,” moiety (as well as in most other structures of P-
loop NTPases with bound substrates or their analogs, see Fig. 3.9 and Table C.1 in
Appendix C). Together, these observations point to the existence of a protonic connection
from W, to Asp"” via [Ser/Thr]*"" in the TS; the respective proton pathways are depicted
in Fig. 3.11 for the main classes of P-loop NTPases.
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Figure 3.11: Putative protonic connections from W, to Asp”” via short H-bonds between [Ser/Thr]*" and
Asp"" can be seen in different classes of P-loop NTPases.
The arrows show putative proton pathways that we have found to connect the catalytic water molecule W .,y with the
strictly conserved [Ser/Thr]<" of Walker A motif in transition-state-like structures of ATPases and GTPases of
different classes. In these structures, [Ser/Thr]“"" is linked with the strictly conserved Asp"" of Walker B motif by a
short hydrogen bond.
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4. Discussion

4.1. Common features as observed for TS analog-containing
structures

In the Results section, we presented some findings from our comparative structure
analysis of 3136 catalytic sites of P-loop ATPases and GTPases with substrates or their
analogs bound. The entire wealth of quantitative data obtained is presented in the Table
C.1in Appendix C.

In Section 4.1. below, we discuss in more detail some of the common features of P-loop
NTPases. We focus particularly on the structures with TS analogs bound as being most
informative concerning the enzyme mechanisms. In the following Section 4.2 we build
upon the data obtained to infer the tentative common mechanism of P-loop fold
NTPases.

4.1.1.Comparison of metal fluorides as TS analogs

4111 Non-physiological binding of AIF, to the cofactor Mg”* ion

Upon inspection of NDP:AIF, containing structures, we have noted that the Asp"’ —
[Ser/Thr]**" distances are too long (of > 4.0 A) in some of them (see Fig. 3.1B,D and Table
C.1). Further inspection of these structures, however, has shown that AlF,” moiety is
“improperly” bound in these structures; it makes two bonds with Mg** (Table C.1).
When AlIF,” makes two bonds with Mg”, the bond between Mg** and [Ser/Thr]*"' can get
lost and the whole catalytic site undergoes distortion so that Walker A and Walker B
motifs stay apart, see Fig. 3.1 B,D. In these cases, (all marked pink in Table C.1), the
structure of the catalytic site cannot be considered as analogous to the TS.

After we excluded these cases, the configurations of the remaining catalytic sites were
found to be the same and the Asp™’® — [Ser/Thr]“"' distances were found to be H-bond
compatible in all TS analog-containing structures (about 200) but one, which is depicted
in Fig. A.4 and discussed in its caption (Appendix A). Hence, AlF, -containing P-loop
NTPases can be used as reliable models of transition states, in support of earlier
suggestions [68,71,75,96], provided that the correctness of the interaction between AlF,
and Mg is checked in each particular case.

Although the discovery of twisted AlF,~ was rather unpleasant as such, it provided
some useful information. The “wrong” binding of AlF,~ was accompanied by its
counterclockwise rotation as compared to “properly bound” AlF,” moieties, whereby

the interactions of the fluoride atoms with Lys"* and the stimulator were preserved. It
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could be inferred that the ligands of y-phosphate oxygens are adapted to the twist of the
Y-phosphate group.

4.1.1.3. Untypical binding of AlF, in RecA ATPases

Another case where the orientation of the AlF,~ differs both from those observed in
most other TS-like structures and of the orientation of y phosphate is the case of RecA
ATPases and, specifically, DnaB SF4 helicases, as considered in Section 3.2.1.2.

The subunits of DnaB helicases, depending on the presence of substrate analogs and
their nature, can either form rings of distinct shapes [146,217-220] or arrange
themselves as a hexameric ladder along a DNA strand [162,221]. The latter type of the
structure was reported for DnaB from Geobacillus stearothermophilus, which was
crystalized, in the presence of a DNA strand, with GDP:AIF, in five of its six catalytic
sites [162]. In this structure, each monomer of DnaB interacts in a similar way with two
nucleotides of DNA; together, the subunits make a kind of a spiral ladder. It is
noteworthy, that the position of AlF, in the structure of Geobacillus stearothermophilus
DnaB (Fig. 4.1) differs from that in other P-loop fold NTPases. No catalytic water
molecule is present apically to the plane of AlIF, (see Figure 4.1A as a typical example),
and the position of the AIF, moiety does not correspond to that of the y-phosphate
group; the AIF,~ moieties are distinctly tilted (Fig. 3.2). Concurrently, the NMR data on
DnaB from Helicobacter pylori point to a full occupation of all six catalytic sites by AlF,
moieties capable of free rotational diffusion [159,195].

The uniform spectra of AlF,; in DnaB from Helicobacter pylori, however, comes in
contradiction with the sequential operation of catalytic subunits, as observed in several
well-studied oligomeric P-loop ATPases [142,217,222-224]. Their subunits operate one
after another so that the catalysis in one subunit is thermodynamically promoted by the
substrate binding to the other subunit [142,223]. Correspondingly, neighbouring P-loop
domains are in different conformations in any moment. Based upon comparative
structural analysis of diverse RecA ATPases, the unusual behavior of AIF,” moieties in
DnaB helicases might be explained by a scenario in which the catalytic sites sequentially
get trapped in their post-transition states, as depicted in Fig. 4.1, and considered in more
details elsewhere [159].
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Figure 4.1: The transition-state analog AlF, can adopt different orientations in diverse P-loop ATPases
of the RecA class.

A AlF, binding in RecA from E. coli (PDB ID 3CMW [253]). The P-loop domain is shown in orange, the P-loop
domain of the adjacent activating subunit that provides the stimulating “fingers” is colored yellow. The Mg*" ion
is shown as a green sphere. To show the catalytic water molecule, the ADP:AIF, complex is superimposed with
the structure of the ADP:AIF, :W... complex from the ABC ATPase of the maltose transporter MalK (PDB ID
3PUW [150]). The ADP molecule and AlF, of MalK are shown in lilac, W, as a red sphere, Mg“ as a teal
sphere. ADP moieties were superimposed by atoms O™, P* and O’ (see Fig. 1.2 for the atom notation used for
ADP) in Pymol; B Coordination of AlF, in the DnaB from Geobacillus stearothermophilus structure (PDB 1D
4ESV [162]). The orange, nucleotide-binding chain and the green activating chain correspond to the chains C
and B of the 4ESV. To show the displacement of AlF,, the GDP:AIF, complex is superimposed, as described for
panel A, with ADP:AIF, bound to the RecA protein (PDB ID 3CMW, see panel A). The H-bonds formed by
AlF, are shown in blue, the additional interactions that stabilize the position of stimulating side chains of K418
and R420 are shown in green. The AIFy moiety is twisted in comparison to the transition-state-mimicking
complex shown on panel A; C Coordination of AlF, in the structure of DnaB, different interface. The orange,
nucleotide-binding chain and the green activating chain correspond to the chains F and E of the PDB 4ESV
[162]. To show the further displacement of AIFy, the GDP:AIF, complex of subunit F is superimposed, as
described for panel A, with the same complex bound to subunit C of the 4ESV PDB structure. Bonding
interactions that are observed for the GDP:AIF, complex trapped at the B/C interface (see panel B), but not in
this complex trapped at the E/F interface are shown as red dashed lines.

Specifically, the exergonic binding of the first ADP:AlF, ™ moiety to a DnaB subunit
(subunit 1) brings it into its catalytically active, DNA-bound configuration with the Arg
(R446) and Lys (K444) fingers of the adjoining subunit 2 interacting with the ADP:AIF,
complex in the “catalytic” position (Fig. 4.1A). Binding of the ADP:AIF, to the subunit 2
transforms it in a similar way and, simultaneously, provides free energy for pulling the
Y-phosphate-mimicking AlF,” out of its catalytic position in the subunit 1 —by K444 and
R446 fingers of subunit 2—into one of the post-TS positions as seen in the structure of
DnaB from Geobacillus stearothermophilus, see Fig. Fig. 4.1B,C and [162]. After this
sequence of events repeats six times, all six protein subunits are in the same catalytic
configuration being tightly fixed on the DNA strand (as seen from the solid NMR
spectra, Fig. 3 in [159]) whereas their six AlF, moieties are, most likely, in positions
similar to those taken by AIF, moieties in two of six catalytic sites of DnaB from
Geobacillus stearothermophillus, namely those on the subunit interfaces B/C and F/A, see
Fig. 4.1B,C, and [162]. In this state, the AIF,” moieties are detached both from the ADP
moiety and the Arg and Lys fingers and can, potentially, freely rotate. The position of
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AlF; resembles to some extent the position of H,PO, in several post-TS structures [1,2],
which suggests that the mobile AIF,” moiety in DnaB from Helicobacter pylori, may mimic
the phosphate group during a late transition state of ATP hydrolysis. To which extent
the trapped transition state using a metal fluoride resembles the physiological transition
state remains an open question at this stage.

Summarizing the section on improper binding of AIF,~ moieties in some catalytic
centers, we would like to note that the finding per se was alarming. These fluoride
complexes are deservedly vaunted as powerful TS analogs, and structures containing
them are commonly interpreted as TS-like [68,71,96]. Still, our data show that the
integrity of Mg” coordination in the presence of NDP:AlF,~ should be evaluated
separately for each enzyme structure before linking the corresponding structural data to
the catalytic mechanism. Notably, NDP:AIF,” complexes are also used as TS analogs in
other enzyme superfamilies [68,96]. It is important to check whether a similar distortion
of catalytic sites by NDP:AlF,” complexes is possible in enzymes other than P-loop
NTPases.

41.2. Role of mechanistic bonding in the common stimulation
mechanism of P-loop NTPases

Here provided information on the stimulatory interactions within hundreds of
catalytic sites provides a bird's-eye view of activation in P-loop NTPases. Looking
together at all types of identified stimulatory patterns provides some additional clues
about the mechanisms of hydrolysis stimulation. Without challenging the previously
proposed tentative stimulatory effects as referred to in the Introduction section, our
structure analysis indicates that none of so far suggested mechanisms is common to all
P-loop NTPases. Indeed, it is beyond doubt that the positive charges of Arg/Lys fingers
or K'/Na" ions, by interacting with oxygen atoms of y-phosphate, would make the P®
atom more prone to the nucleophilic attack, as suggested by Warshel and colleagues
[92-94] and as calculated by Rudack et al. [99]. The positive charge of stimulators could
also compensate for the negative charge that develops at -phosphate upon the
breakaway of y-phosphate [56,57]. Nevertheless, the absence of a positive charge on the
stimulatory signature motifs of ABC ATPases (Fig. 3.6D) does not stop them from
triggering ATP hydrolysis. Also, expelling water molecules out of the catalytic pocket by
stimulatory Arg fingers may provide an entropic gain, as suggested by Kotting and
collegues [95]. However, such effects are hardly to be expected when tiny K" or Na" ions
act as stimulators and immobilize water molecules in the catalytic pocket (Fig. 1.2E,
3.6C). Reorientation of the W, molecule into the attack position and its polarization, as
suggested by Jin and colleagues, can be realized by those Arg or Lys fingers that reach
W (Fig. 3.5D), but not by most other stimulators.
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Our analysis points to the importance of mechanistic interaction of stimulators with
the y-phosphate group, which is the only feature shared by all inspected stimulators.
Importance of this interaction is exemplified by NTPases that are stimulated by moieties
with only a minute positive charge. These are ABC ATPases, where y-phosphate
interacts with the signature LSGG[Q/E] motif via the side chain of its serine residue and
the backbone HN of the second glycine residue, see Fig. 3.6D and [150]. Other examples
are the kinesin and myosin families, where the Asn finger inserts its NH group between
a- and y-phosphates, see Fig. 3.6B and [130-132]. It is unlikely that small partial electric
charges of Ser or Asn side chains could be decisive for catalysis in these cases; rather,
their mechanistic H-bonding to the O’ atom appears to be the key.

The mechanistic nature of the stimulatory interaction is consistent with the
predominance of Arg residues as stimulators (Tables C.1, E.1). First, a guanidinium
group could donate up to three H-bonds for interaction with the oxygens of
triphosphate. Second, the strength of H-bonds between guanidinium groups and
phosphate anions has been shown to be comparable to that of covalent bonds [225-227].

The importance of mechanistic binding rationalizes the preference for multiple
stimulatory fingers (Table E.1), as well as the choice of the stimulatory signature motif
by omnipresent ABC ATPases. This motif is electrically neutral but donates several H-
bonds to the O’ atom.

The notable feature is the apparent scarcity — if not complete absence — of Y-patterns
with NH1 and NH2 groups of an Arg finger separately interacting with «- and
Y-phosphates, respectively (see Table C.1). The Y-pattern is not observed in a single
structure with a bound TS analog, and it is such structures that enable us to judge with
certainty the stimulatory pattern in a particular ATPase. Our analysis has shown that the
few structures with the Y-pattern are likely to be artifacts either of crystallization or of
structure determination, as substantiated in the Appendix F.

Outside of P-loop NTPases, however, the Y-pattern of Arg interaction is very common,
especially in protein-DNA complexes, where one Arg residue often donates its NH1 and
NH2 groups to neighboring phosphate groups of the DNA backbone [228,229]. In the
case of P-loop NTPases, however, a Y-linked Arg residue would fix the O** and O™
atoms approx. 6.1 A apart and prevent the twist of y-phosphate. The apparent absence
of Y-patterns in the examined structures of P-loop NTPases can be seen as further
evidence in favor of the y-phosphate twist as the key precatalytic configuration change
in P-loop NTPases.

In most cases, other auxiliary positively charged groups, such as HN groups and/or
additional Arg/Lys residues, are involved in the coordination of the oxygen atoms of
vY-phosphate and/or W, in addition to the “main” stimulator. This is observed in AAA+
NTPases (Fig. 1.8A), many helicases (Fig. 1.2D, 1.8B,C), ABC NTPases (Fig. 1.8D),
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hexamers of Fi/RecA-like ATPase (Fig. 1.9), PilT-like proteins [109]. These auxiliary
residues, indicated for the various classes of P-loop NTPases in Tables B.1 and C.1, are
poorly conserved even within individual families of P-loop NTPases.

Still, the common denominator of stimulatory patterns in diverse P-loop NTPases is
the mechanistic interaction of stimulators with the y-phosphate group; this interaction is
observed in all analyzed TS-like structures (Fig. 1.2D,E, 1.4-1.9, Tables C.1, E.1) and can
be inferred from many other structures, specifically those that can be related to post-
transition states, see [159].

While linking of O** and O atoms by a stimulator enforces a counterclockwise twist
of y-phosphate, it is not clear yet, what conformational changes are caused by
stimulators that interact only with y-phosphate. As it follows from comparative
structure analysis (Section 3.2.1.2), y-phosphate may be twisted clockwise in RecA
NTPases, see also [159,195]. Even interacting only with y-phosphate, the stimulator is
often located between «a- and y-phosphates, as in dynamins (Fig. 3.6C) or ABC
transporters (Fig. 3.6D) and connected to the “head” of the NTP molecule. For instance,
the Na" ion in dynamins, while not reaching the a-phosphate directly, is connected to it
via two noncovalent bonds (Fig. 3.6C). The signature motif of ABC ATPases is H-bonded
via conserved Ser and GIn residues to the O2" atom of the ribose (Fig. 3.6D). Such
connectivity may strengthen the mechanistic impact on y-phosphate.

Mechanistic interaction with the y-phosphate group may promote hydrolysis in
different ways; for instance, it may destabilize the O® — P® bond and/or make the
triphosphate chain almost fully eclipsed, and/or facilitate the inversion of y-phosphate,
see the discussion in [102]. Notably, any rotation of y-phosphate inevitably disturbs the
coordination sphere of Mg, since the O' atom of y-phosphate is one of the Mg
ligands (Fig. 1.2C). In P-loop NTPases, the O'® atom is negatively charged, so that its
displacement, by affecting the proton affinity of the other five Mg* ligands, may trigger
the deprotonation of W,

41.3. Constriction of the catalytic site in the transition state

Binding of TS analogs leads to greater constriction of catalytic sites than binding of
ATP, GTD, or their analogs.The highest constriction of the catalytic site in the presence of
ADP-VO,” as a TS analogue was earlier reported from the comparative analysis of
myosin structures. In this work, the volume of the catalytic pocket was assessed from
SASA measured with ADP, ADP:BeF;, and ADP-VO,” as ligands [203]. The constriction
of the catalytic point of myosin is obvious from 3.8. Also the constriction is evident from
comparison of the open catalytic pocket of a small GTPase (Fig. 3.8B) and the closed, TS-
containing pockets of such enzymes (Fig. 1.2E, 1.4C).
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From the literature, it is known that the distance between W, and the analogues of
the P® atom is also the shortest in the complexes with NDP:AIF,” bound [68,74], which
corresponds to the WB-crest moving closer to y-phosphate in P-loop NTPases. The
movement of the WB-crest closer to y-phosphate follows also from the structure
comparison (Fig. 3.8D and Fig. A.3). Furthermore, the Switch I of TRAFAC class
NTPases undergoes dramatical conformational changes during the catalytic cycle (see
Fig. 3.8D, cf Fig 1.2E and 3.8C).

The constriction of the catalytic pocket also manifests itself in the convergence of the
Walker A and Walker B motifs. As it follows from Fig. 3.9 and Table C.1 in Appendix C,
the most H-bonds between the side chains of Asp"” and [Ser/Thr]*" residues can be
categorized as short in those structures that contain ATP/GTP or their non-hydrolyzable
analogs. Apparently, these short H-bonds form upon “closing” of the catalytic site in
response to the substrate binding. Still, these H-bonds are even shorter in the presence
of NDP:AlF,” and NDP:MgF; (Fig. 3.9, Table C.1), which indicates a further constriction
of the catalytic pocket in the presence of these TS analogs.

In addition, our structural analysis strongly indicates that the counter-clockwise twist
of y-phosphate by stimulator(s) correlates with the formation of a new H-bond with O*°.
Specifically, H-bond-compatible distances between HN“’ and the nearest
oxygen/fluorine atom are seen in most structures with TS analogs bound, see Table C.1
and Fig. 3.3.

Twisted y-phosphates and H-bond compatible HN” — O*® distances are also seen in
diverse NTP-containing NTPases which were crystallized in their pre-transition
configurations because of mutated W-coordinating residues and/or their impaired
interaction with W, see Table C.1 and Fig. 3.4.

In sum, as it follows from Fig. 3.3, 3.9 and Table C.1, the structures with TS analogs
bound have particularly short H-bonds between HN*® and O, as well as between

Asp"® and [Ser/Thr]*", which suggests an additional constriction of the catalytic site in
the TS.

41.4. Transition state analogs and energetics of P-loop NTPases

The observation of the shortest H-bonds within the catalytic sites in the presence of
properly bound NDP:AIF, (see Fig. 3.9, Table C.1) helps to clarify why these complexes
are the most potent functional = TS-mimics in  P-loop  NTPases
[70,62,63,68,69,71,72,74,64,75-78,82,79,230-232,83]. While the shape and electric charge of
MgF; is the same as that of y-phosphate in the anticipated TS (see Fig. 1.4), the shape of
AlF, differs significantly, it is tetragonal instead of trigonal. Nevertheless, NDP:AIF,
complexes are more potent functional analogs of the TS than NDP:MgF; or NDP:AlF;,

as follows from their superiority in promoting binding of P-loop NTPases to their
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activators [68,69,71,74,64,75-81] . In addition, the distances between W, and the metal
atom are shorter (2.0-2.1 A) in the case of NDP:AIF, complexes than NDP:MgF;
(approx. 2.5 A) or NDP:AIF; complexes (approx. 3.0 A) [68,74]. The reason why
NDP:AIF,” performs better than other substrate and TS analogs in all these cases has
remained obscure, see e.g. [75].

The reason could be, however, understood by considering the energetics of P-loop
NTPases. Earlier MD simulations performed in our group have shown that the linking
of a- and y-phosphates by an inserted stimulatory cationic moiety is an endergonic
reaction; about 20-25 kJ/mol appear to be needed to twist the y-phosphate by straining
its bonds with Mg* and Lys™* [102,233]. This activation barrier prevents haphazard
NTP hydrolysis due to accidental insertion of a K™ ion or an Arg residue in the catalytic
site, as argued elsewhere [102,233]. These estimates from MD simulations corroborate
earlier considerations of Warshel and colleagues that the stimulation of hydrolysis in P-
loop NTPases by their cognate activators requires an input of about 20-25 kJ/mol of free
energy, see e.g. [92,94].

A specific problem of P-loop NTPases is the source of a such free energy input. In
most enzymes, the free energy for lowering the activation barrier — by destabilizing the
substrate-bound ground state and/or stabilizing the TS — is usually provided by
substrate binding [234]. In P-loop NTPases, where the substrate binding step is
separated from the ultimate catalytic step in most cases, the energy of substrate binding
is partly used to bring the NTP molecule into its extended, catalytically prone
conformation with eclipsed (- and y-phosphates [164,235,236]. Another part of the
binding energy is used to pre-organize the catalytic site, with the conformational
changes that accompany catalytic site closure often being coupled with useful
mechanical work, e.g. in myosins [131,237]. While increasing the rate of NTP hydrolysis
as compared to that in water (by five orders of magnitude in the case of Ras GTPase
[238,239]), the free energy of NTP binding to the P-loop is spent without achieving
physiologically relevant hydrolysis rates. For the further acceleration of hydrolysis,
additional source(s) of free energy is/are needed.

The source of additional free energy is evident in the case of ring-forming oligomeric
P-loop NTPases, such as many AAA+ ATPases (see Fig. 1.8A and [143,240]), helicases
(see Fig. 1.8B-C and [112,146]), or rotary ATPases/synthases of the RecA/F; class (see Fig.
1.9A and [223,241,242]). In such complexes, the free energy for the cleavage of a bound
ATP molecule in one monomer is provided by the binding of another ATP molecule to
another monomer. Part of the substrate binding energy at this other site drives a
molecular motion that is transferred, for example, to the Arg finger; in the case of
rotational F;-ATPases, Paul Boyer called this kind of coupling "binding change
mechanism" [223].
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The same reasoning can be applied to ABC transporters (Fig. 1.8D), where ATP-
hydrolysis appears to be coupled to the binding of the translocated molecule. Also, the
activation of kinases (Fig. 1.7C-D) appears to be driven by binding of their phosphate-
accepting substrates.

In other cases, however, P-loop NTPases, with an NTP molecule bound, do not bind
further small molecules, but only the cognate activating partners, which are
protein/RNA/DNA molecules (Table B.1). These NTPases, per exclusionem, can harness
only the free energy of binding to their activating partner(s). Indeed, there is evidence
that the strength of such protein-protein binding does affect the catalytic activity of
some P-loop NTPases [29,243-245], making them easy to regulate via protein-protein
interactions, as observed with small GTPases.

In all these cases, we are dealing with thermodynamic coupling where the free energy
of binding is used for endergonic constriction of the catalytic site. Such a
thermodynamic coupling is reversible by definition. Consequently, if we find a way to
exergonically constrict the catalytic site, it will lead to the spontaneous assembly of the
complex between P-loop NTPase and its cognate activator(s). Apparently, the binding of
TS analogs such as NDP:AIF,” or NDP:MgF3, which form multiple strong bonds within
the catalytic site, is an exergonic reaction that leads to a TS-like configuration of the
catalytic site by "constricting it from the inside", which can happen even in the absence
of an activating partner (as in the NDP:AlF, -containing separately crystallized dimer of
GTPase domains of the MnmE protein (Fig. 1.5A) or SIMIBI NTPases (Fig. 1.7A-B). If
cognate activators are also present, the “from-the-inside constriction” drives their
interaction with the NTPase domain yielding a full-fledged activated complex, as
described in the literature [68,69,71,74,64,75-81] .

If this assumption is correct, then the assembling "efficiency" of the TS analogs will
depend on the amount of free energy that becomes available upon their binding. As it
follows from Fig. 3.3 and Fig. 3.9) fluoride complexes are superior to vanadate
complexes in their ability to constrict the catalytic site. This is consistent with the fact
that the more electronegative fluorine atoms form stronger H-bonds than oxygen atoms.
Also NDP:AIF,” complexes are superior to NDP:MgF;™ complexes (Fig. 3.3 and Fig. 3.9)
because they enter into more bonds, as we specified elsewhere [109]. Not surprisingly,
NDP:AlIF,” complexes, which “raise” more binding energy despite their
“unphysiological” geometry, are the most efficient in assembling activated complexes in
vitro.

The ability of TS analogs to induce self-assembly of activated complexes appear to
correlate with the total strength of the bonds that TS analogs can form in the catalytic
pocket [68,69,71,74,64,75-81], suggesting that these H-bonds stabilize the TS upon
hydrolysis of ATP or GTP. On the one hand, because of the additional fluorine atom, the
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NDP:AIF,” complexes “overperform” other metal fluorides complexes in the ability to
constrict the catalytic pocket. On the other hand, because of this additional fluorine
atom, AlF,; molecules are always in danger of being involved in a non-physiological
bonding that can deform the catalytic pocket. This trade-off must always be taken into

account.

415. Summary on common structural traits of P-loop NTPases

Comparative structural analyses unraveled the following common structural features

of P-loop NTPases:

i. in P-loop NTPases of different classes, the NTP molecules (or their analogs) are
bound by the Walker A motif in a same extended conformation (Fig. 1.5A); this
conformation is likely to be catalytically prone [102];

ii. the common trait of all inspected stimulators is their mechanistic interaction with
the oxygen atom(s) of y-phosphate (Fig. 3.5, 3.6, Table E.1);

iii. comparing the structures with analogs of ATP/GTP and TS, respectively, we
noticed that the binding of TS analogs results in greater constriction of catalytic
sites than the binding of ATP or GTP. The constriction manifests itself in the
shorter distances between Asp"® and [Ser/Thr]“"! which are as short as 2.5 A on
average in the presence of ADP:AIF, (Fig. 1.2, 1.4-1.9, 3.9). Also the distances
between HN*® and the analogs of y-phosphate are shorter in the TS-like
structures, see Fig. 1.2, 1.4-1.9, 3.3;

iv. in TS-like configurations of P-loop NTPases of all major classes, except the
TRAFAC NTPases, the W -coordinating “catalytic” Glu or Asp residue links
W with Mg2+—1igands in positions 3 and/or 6, see Fig. 1.2D,E, 1.7-1.9, 3.8A. For
the TRAFAC class NTPases we could also reconstruct tentative proton pathways
by comparing substrate- and TS analog-containing structures, Fig. 3.8D.

These common structural traits, which are shared by P-loop NTPases of different

classes, have been mostly overlooked so far. These features, however, might be of key

importance for understanding the common mechanism of P-loop NTPases.

4.2. Common mechanism of P-loop NTPases as inferred
from global comparative structure analysis

421, Requirements for catalysis

The cleavage of y-phosphate by P-loop NTPases is thought to involve a nucleophilic
attack of W/OH & on the P® atom (Fig. 4.2). However, it is yet unclear whether the
reaction proceeds in two steps separated by formation of a metastable intermediate (Fig.

4.2A-B), or in one concerted transition with the pentavalent trigonal bipyramidal (tbp)
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transition state, see Fig. 4.2C and [34,51,52,54,57,68,74,85-87,94]. In the case of two-step
mechanism, it is also unclear whether the reaction follows the dissociative Sy1 pathway
(Fig. 4.2A) or the associative Sx2 pathway (Fig. 4.2B). In the Sy1 mechanism, the rate-
limiting step is dissociation of the terminal O®—P° bond to form a metaphosphate
intermediate, which interacts with OH ¢, yielding inorganic phosphate (P;), see Fig.
4.2A.

A 0
NDP\ ” NDP Q NMP
0—P—0 e | v H . =
| = o + P\ — 0—P—0 + HO—P—O
o o o o OH
B NDP\ C”’ H,0 NDP\ o NMP\ ” (ﬁ
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o o OH o OH
K 1%
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c|>‘ o 0o c|)‘ OH

Figure 4.2: Mechanisms of NTP hydrolysis. Dissociative (A), associative (B), and concerted
pathways (C).

In the S\2 mechanism, the rate-limiting reaction is the nucleophilic attack by OH ., on
P° and the formation of the pentavalent tbp intermediate, which then dissociates into
NDP and P;, see Fig. 4.2B.

The research community is roughly evenly divided between proponents of these three
mechanisms, see e.g. [87,94,246]. However, it is not clear whether the difference
between the mechanisms is fundamental in this case. It was experimentally shown that
the mechanism of ATP hydrolysis varies even in water; it changes from dissociative in
pure water to associative in the presence of positively charged chelators for y-phosphate
[247].

Therefore, instead of focusing on these differences, we would like to relate our
findings to the universally recognized requirements for NTP hydrolysis, over which
there is a general consensus in the literature, namely:

1. in any model, the covalent bond between O% and P® must be
destabilized [51,52,85].
Comparative structure analysis showed that the NTP molecule is bound within the
closed catalytic site in a conformation more extended compared to its conformation
in water, as noted earlier for particular enzymes [102,238,248,249]. As seen in Figure

1.5A, this extended conformation of the bound NTP molecule is common to all major
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families of P-loop NTPases. In enzyme-bound NTP molecules, the (- and
v-phosphates are in an almost perfectly eclipsed conformation due to interactions
with Mg and Lys" (see Fig. 1.2), in contrast to their staggered configuration in
water [102,249]. The repulsion of the eclipsed oxygen atoms has the potential to
destabilize the O — P bond [57,164,235].

Our finding that stimulators always interact with y-phosphate indicates that this
interaction may contribute further to destabilization of the O*—0 bond. For
example, the twisted y-phosphate may become more eclipsed relative to the
a-phosphate, so that the oxygen atoms of the a- and y-phosphate repel each other,
as suggested by Rudack and colleagues [99]. Moreover, any twisting or pulling
v-phosphate can destabilize the entire Mg-NTP system, inevitably disturbing the
coordination sphere of Mg”, since the O'® atom of y-phosphate is one of the Mg**
ligands (Fig. 1.2C, 1.5).

2. The y-phosphate group undergoes a steric inversion when forming a covalent
bond with the nucleophile, see Fig. 4.2 and [51]. Therefore, catalytic interactions
should planarize the y-phosphate [248,250].

Already in the absence of the stimulator, the oxygen atoms of the y-phosphate are
already "pulled up" to the B-phosphate by Lys"*, which interacts with O'® and O,
and by Mg”, which interacts with O and O'°, see Fig. 1.2C and [251] The
stimulatory moiety in the AG site further planarizes y-phosphate by drawing the O
atom toward O** and enabling the interaction between HN*? and O*° (Fig. 1.2, 1.4-
1.9, Table C.1). Even when interacting only with y-phosphate, the stimulator is often
located between a- and vy-phosphates, as in dynamins (Fig. 1.6A) or ABC
transporters (Fig. 1.8D) and can planarize y-phosphate by tying O to the “head” of
the NTP molecule. For instance, the Na" ion in dynamins, while not reaching the
a-phosphate directly, is connected to it via two noncovalent bonds (Fig. 1.6A). The
signature motif of ABC ATPases is H-bonded via conserved Ser and GIn residues to
the O2” atom of the ribose (Fig. 1.8D).

Notably, the twisted or tilted vy-phosphate becomes more eclipsed relative to
a-phosphate, but less eclipsed relative to (3-phosphate [102] , which might be a
prerequisite for inversion of the y-phosphate group (otherwise, in the case of an
ideal eclipse, the oxygen atoms of -phosphate would prevent the inversion of
v-phosphate).

3. Negative charges of the oxygen atoms of y-phosphate must be compensated to
increase the electrophilicity of the P¢ atom and make it prone to nucleophilic
attack [34,51,52,54,57,68,85,87,94,248] ;

Our analysis confirms for P-loop NTPases of different classes that the positive

charges of amino group of Lys"*, the Mg ion, and several HN groups of the P-
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loop compensate for the negative charges of phosphate oxygen atoms (see
Fig. 1.5B) so that electrons are “pulled away” from the P® atom. The positions of
the groups involved are strictly conserved (Fig. 1.5), so that such a compensation is
common to all major families of P-loop NTPases. This may, at least partly, explain
why the binding of the GTP molecule to the catalytic site of Ras GTPase accelerated
hydrolysis by five orders of magnitude, as compared to hydrolysis in water, even
in the absence of an activating partner [238,239]. In addition to these common
positively charged moieties, class-specific auxiliary residues could be involved, as,
for instance, “sensors 3” in some AAA+ ATPases.

Here we show, for P-loop NTPases of different classes, that stimulators mostly,
albeit not always, carry a positive charge, see Figures 1.2, 1.4-1.9.

The additional electrostatic compensation significantly increases the
electrophilicity of the P® atom. Rudack and colleagues showed in their QM/MM
calculations that the insertion of the arginine finger alone increases the partial
positive charge on P to 1.46 elementary charges [99]. The interaction of O with
HN"" should further increase the positive charge on PG in the pre-transition state.
Also we provide evidence that a new H-bond is formed between HN* and O*° or
its counterpart in case of TS-state analogs (Fig. 3.3), as well as ATP-containing
structures that were trapped in their pre-catalytic states (Fig. 3.4). This additional
interaction of O’ with HN*?, should further increase the positive charge on P° in
the pre-transition state. Remarkably, the phosphate chain “sits” on the last N-
terminal turn of the oy-helix, which generally carries a dipole positive charge of
about 0.5 [164,165]. This positive charge should also contribute to electrostatic
compensation.

As already noted in Section 1.2.3.3, the electrostatic potential at the catalytic sites of
diverse P-loop NTPases is distributed unevenly. Notably, the local electric field is
directed approximately from the positively charged cluster around the P-loop to
the negatively charged cluster around Asp"”. Consequently, in those cases where
the stimulator is positively charged, its positive charge not only secures the
bonding with particular oxygen atom(s) of triphosphate and increases the positive

charge on P° but additionally polarizes the whole catalytic pocket.

42.2.  Does the [Ser/Thr]*" — Asp"® pair accept a proton from W..?

One more requirement of catalysis, as already mentioned in Sections 1.2.1, 3.4.1 is that
the conditions in the catalytic site should enable deprotonation of W, by a suitable
proton acceptor [51,52,54,85,86];

In their comprehensive review on enzymatic mechanisms of phosphate transfer,

Cleland and Hengge wrote: “The problem for an ATPase ... is thus to position a water
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molecule so that it is in a position to attack the y-phosphorus. This requires steric
restraints as well as organized hydrogen bonding networks. And more specifically, there
must be a path for one proton of the attacking water molecule to reach a suitable
acceptor”" (quoted from [86]). In P-loop NTPases, the proton from W, is commonly
thought to be taken up either by y-phosphate in TRAFAC class NTPases [88,94] or by
W-coordinating, ,,catalytic” Glu or Asp residues in other classes of P-loop NTPases
[31,72,150,157,166,199,252-256]. Still, our comparative structure analysis showed that
such Glu/Asp residues, present in all classes of NTPases except the TRAFAC class, are
non-homologous. In SIMIBI NTPases, W -coordinating Glu or Asp residues are at the
C-tip of their WB+1 B-strands (Fig. 1.7A-B). In most classes of ASCE ATPases, the
“catalytic” Glu™" follows Asp"”, see Fig. 1.8, and [50,67,112]. In Fi/RecA ATPases, the
“catalytic” Glu residue is located at the C-tip of the WB+1 {-strand, see Fig. 1.9 and
[31,37,112]. Also, those kinases that require deprotonation of the second substrate have
usually an Asp""-Leu”"-[Asp/Glu]”? motif where the D+2 residue interacts with the
prospective nucleophilic group, see Fig. 1.7D and sequence alignments in [40]. Such an
absence of homology is unusual for catalytically critical residues.

More importantly, neither y-phosphate, nor W-coordinating Glu/Asp residues can
hold the proton from W, Indeed, the inverse solvent isotope effect on the GAP-
activated hydrolysis by the Ras GTPase upon H/D substitution [257] indicates that
deprotonation is likely to occur before the rate-limiting step of bond cleavage [86]. The
bond cleavage time by P-loop NTPases is in the millisecond range (100 ms at 260°K in a
Ras GTPase activated by the RasGAP [258]). During this time, the proton must be
“detained” in such a way as to prevent its return to OH",, and the reversal of the
reaction. In general, the ability to keep the proton is seen as a prerequisite for the
completion of enzymic reactions with participation of deprotonated nucleophiles, as
discussed e.g. for the eukaryotic cAMP-dependent protein kinase [259,260].

The common belief of proton trapping from water (pK.=14.0) either by a “catalytic”
Glu or Asp residue in a polar environment (with expected pK, in the range of 2.0-5.0) or
by y-phosphate (with pK < 3.0 [261,262]) is at odds with the basic rules of proton
transfer as formulated by Eigen [263,264]. After Eigen, if the donor and acceptor of the
proton are connected by a “hydrogen bridge”, proton transfer between them is
“practically unhindered provided the difference pKaccoptor — pKaonor 15 positive” (quoted from
[264]). In the case of y-phosphate and W -coordinating Glu/Asp residues, the respective
differences are strongly negative so the proton will promptly (in picoseconds) return to
W

It was speculated that the W.-coordinating groups may facilitate its catalytic
deprotonation by decreasing the proton affinity of W, see e.g. [98]. Our structural
analysis of TS-like structures showed that positively charged side chains of Lys or Arg,
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which could significantly lower the pK value of WL, interact with it only in a few classes
of P-loop NTPases, e.g. in some AAA+ ATPases, see Section 1.2.3 and Table B.1. Even in
these cases, their positive charges can hardly decrease the apparent pK of W, by >10 pH
units, which is needed for sustainable protonation of a “catalytic” Glu/Asp residue or
vY-phosphate. Hence, neither “catalytic” acidic residues, nor y-phosphate can trap a
proton from W, per se.

As early as in 2004, some of these problems were recognized by Frick and colleagues
[265,266] who calculated the pK values for ionizable residues of the SF2 class Hepatitis C
virus (HCV) NS3 helicase by using the MCCE software [267]. Frick and colleagues

1 D+1

wrote about supposedly W,-coordinating Glu29 and its preceding Asp290"”: “to
function as a catalytic base, the pKa of Glu291 would need to be much higher than that
of a typical Glu in a protein. However, electrostatic analysis of all HCV helicase
structures reveals that neither Glu291, nor any nearby Glu, has an abnormally high pKa.
In contrast, Asp290 has a pKa as high as 10 in some structures and as low as 3 in others.
Interestingly, in structures in the open conformation (such as SOHM), the pKa of Asp290
is low, and in the closed conformation (ex. 1A1V), the pKa of Asp290 is higher than 7,
suggesting that Asp290 picks up a proton (like a catalytic base) when the protein
changes from the open to the closed conformation. Thus, Asp290 could serve as a
catalytic base...” (quoted from [266]). Frick and colleagues made their calculations with
crystal structures of helicases that contained neither Mg-ATP nor its analogs. Therefore,

1" relative to the bound

they were unaware of the exact positions of Asp290° and Glu29
substrate and could only guess by analogy with known structures of related P-loop
NTPases. The two subsequently resolved ADP:AlF,-containing, TS-like crystal
structures of HCV NS3 helicase (PDB IDs 3KQL [268] and 5E4F [193]) show a typical
for SF2 helicases arrangement of Asp290""® and Glu291°" (see Fig. 1.8C). Furthermore,
both structures show short 2.4 A H-bonds between Ser211"" and Asp290"", as seen in
Fig. 1.8C.

Unlike “catalytic”, W -coordinating Glu/Asp residues, Asp"® is strictly conserved in
P-loop NTPases. Equally strictly conserved is the [Ser/Thr]*" residue [32,40,111,269].
Both these residues can translocate protons. Therefore, building on our comparative
structure analysis and following Frick and colleagues who suggested Asp290™”*
catalytic base in the HCV NH3 helicase [265,266], we propose here that the buried, H-

K+1

as a
bonded pair of strictly conserved [Ser/Thr]*"' and Asp"” serves as a universal module
that accepts the proton from W, and holds it as long as needed in P-loop NTPases of all

classes.
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4221  Comparison with known proton-transfer modules

It can be countered that the [Ser/Thr]*" — Asp"® pair does not interact directly with
W However, direct tracing of intra-protein displacements of protons in energy
converting enzymes and chemical models (see [263,264,270-282] for reviews) showed
that fast proton transfer over a distance of up to 20 A can be mediated by water bridges,
provided that the distance between the groups involved is < 3.0 A, in accordance with
Eigen [264]. Thereby it does not matter that water molecules are equally poor proton
acceptors (with pK, of 0.0) and proton donors (with pK, of 14.0) because protons pass
water by so-called von Grotthuss mechanism [283-285]. According to the modern
version of this relay mechanism, the bridging molecule receives an external proton
simultaneously with the transfer of its own proton to the next carrier at picoseconds
[284,285]. Apart from water molecules, the side chains of serine, threonine, tyrosine, and
neutral histidine are suitable for proton transfer by the von Grotthuss mechanism: they
have a proton-accepting lone pair of electrons and also their own proton to transfer on
[286]. In addition, protons are transferred very fast between carboxy groups when they
are bridged by single water molecules [263,264,276,280]. Zundel and colleagues showed
that such systems are highly polarized [270,287], which lowers the activation barriers
for proton transfer.

The best-studied examples of such proton-conducting chains are known from the
photochemical reaction center (PRC) of a-proteobacterium Rhodobacter sphaeroides (as
shown in Fig. 4.3A and described in its caption) and bacteriorhodopsin of an archaeon
Halobacterium salinarum (as shown in Fig. 10B and described in its caption).

The two proton transfer routes shown in Fig. 4.3A-B were reconstructed from direct
electrometric tracking of flash-induced proton displacements [272,288-291], kinetic IR
and UV/Vis spectroscopy data [272,273,292-297], kinetic ESR measurements [298-301],
and comparative structure analyses [171,281,302,303]. These are the two best-

understood cases of intra-protein proton transfer by far.
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Figure 4.3: Proton traps in the photochemical reaction center and bucterzorhodopsm as compared with

the Thr"'-Asp"" pair of P-loop NTPase.

Distances are given in dngstroms. A, a high-pK proton trap in the photosynthetic reaction center (PRC) from Rhodobacter
sphaeroides. Shown is the PRC in the charge-separated state (PDB ID 1DV3 [383]). Here, a proton path connects the
protein surface with the buried binding site of the secondary ubiquinone acceptor Qp. The proton is translocated over more
than 20 A via amino acid residues of the two PRC subunits, L and H. The proton pathway begins at the two His residues on
the surface (His H126 and His H128); they are thought to have pK values of about 7.0 and to harvest protons which are
ejected onto the photosynthetic membrane surface by the ATP synthase. From these histidine residues, the proton goes, via
water-bridged carboxy groups of Asp H124 and Asp L210, to the Qg -binding pocket. Proton transfer from the surface to the
more hydrophobic interior of the protein becomes possible after the Qp molecule docks to the Glu L212 — Asp L213 — Ser L223
cluster [302] and turns it into a buried, high-affinity proton acceptor (a membrane proton trap according to Mitchell
[391]), with a functional pK of about 9.5 — 10.0 [292,293,306,380,392]. This high functional pK is apparently due to the
expulsion of water upon Qg binding, the negative charge on the Glu L212 — Asp L213 pair, and the H-bond between Asp
L213 and Ser-L223, through which the proton passes to Qg. The functional pK value of the trap increases to > 12.0 after the
appearance of an electron at Qg and the formation of the Qg anion radical, which attracts further protons into the buried
catalytic site [275]. Mutations of either Glu L212, or Asp L213, or Ser L223 block proton transfer from the surface [380—
382]. For further details, see [171,279,383-385].

B, a high-pK proton trap in bacteriorhodopsin (BR), a membrane protein that pumps a proton across the membrane in
response to the photoexcitation of its retinal pigment, see [272,273,298,363] for reviews. Shown is the superposition of
femtosecond X-ray laser-captured structures of bacteriorhodopsin from [386] in a closed resting state (PDB ID 6G7H, light-
green) and in an “open” state 8.3 ms after illumination (PDB ID 6G7L, pink). Additional red-colored water molecules were
taken from a high-resolution crystal structure of the V49A bacteriorhodopsin mutant that was crystallized in an “open” state
(PDB ID 1P8U, [387]). In the BR, the key proton carrier Asp-96 has pK of ~12.0 owing to the absence of water in the
vicinity and a H-bond with Thr46 of the nearby a-helix. Replacement of Thr46 by a valine decreased the apparent pK of
Asp96 by approximately two pH units [388)], which may characterize the contribution of the H-bond between Thr46 and
Asp96 to the unusually high apparent pK of the latter. The photoisomerization of the retinal twists the a-helices and lets
water molecules in the space between them, see the pink structure [272,281,282,299,300,303,337,389). The pK value of
Asp-96 shifts to 7.1, which allows its deprotonation and proton transfer, via a transiently formed water chain, to the Schiff
base of retinal at about 10 A, see [294,303,390). Later, the cleft between helices closes again, the pK of Asp96 returns to
12.0, and it is reprotonated from the surface [272,273,363,303].

C, the Thr46-Asp96 pair of bacteriorhodopsin it its resting closed state (the green structure from panel 10B, PDB ID 6G7H)
superimposed with the Thr™"'— Asp"® pair from the transition-state like, VO,* -containing structure of myosin shown in Fig.
1.6D, orange (PDB ID 1VOM [215].

In the case of PRC (Fig. 4.3A), the buried proton acceptor must have a functional pK
value greater than 9.0 to compensate for the desolvation penalty of about three pH units,
which must be "paid" for delivery of a proton from a pK-neutral “antenna” group at the

protein surface into the hydrophobic membrane [304,305]. However, if such a buried
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group is equilibrated with the protein surface, its pK value can hardly exceed the
ambient pH, which is usually neutral, because the groups with even higher pK values
are already protonated. Hence, the strong proton acceptor shown in Fig. 4.3A is not fully
equilibrated with the surrounding solution. In this case, it is better to speak about the
apparent/functional pKa or high proton affinity. Such very strong proton acceptors usually
emerge only transiently [306,307] .

The proton traps in Fig. 4.3A, B include H-bonded [Ser/Thr] — Asp pairs (modules).
These examples show that proper H-bonding of a protein-buried Asp residue with a
nearby Ser/Thr residue in a hydrophobic environment can generate a trap with a high
proton affinity; such traps can, in principle, accept protons even from water. Specifically,
in the absence of pH-buffers and protons from the ATP synthase, the protons that pass
through the PRC to compensate the negative charge at the Qs site (Fig. 4.3A) appear to

detach from surface water molecules, presumably polarized by surface charges [297].

427272  Evidence for [Ser/Thr]*" — Asp"”* as a transient proton trap

Our suggestion that a similarly H-bonded [Ser/Thr]*" — Asp"” pair accepts the proton
from W, in P-loop NTPases of different classes, to our best knowledge, has not been
considered before. Therefore, we further substantiate the suggested mechanism below:

1. In diverse P-loop NTPases, mutations of Asp"® or [Ser/Thr]“"! diminished the
enzyme activity dramatically, see e.g. [266,308-315]. More specifically, mutations
of Asp"’ to Asn retarded the activated hydrolysis without affecting the NTP
binding [266,308-312]. In the case of E.coli F;-ATPase, the mutation even increased
the affinity for ATP [310]. The Asp"” to Asn mutation mimics the charge state of a
protonated Asp"’. Hence, the protonation of Asp"® is unlikely to distort the
catalytic pocket and be the cause of the universal catalytic incompetence of the
Asp"® to Asn mutants. We attribute this incompetence to the inability of Asn"" to
trap a proton from [Ser/Thr]*"".

2. In TS-like structures of P-loop NTPases of various classes (except the TRAFAC
class), the “catalytic” Glu/Asp residues were found to connect W, with ligands of
Mg2+ in positions #3 or #6, see Fig. 1.2D, 1.7-1.9, 3.8A. For TRAFAC NTPases, we
could also reconstruct a tentative proton route via [Ser/Thr]*' from comparative
analysis of structures with different substrates or their analogs bound, Fig. 3.8D.

3. Notably, the six ligands of Mg® form a regular octahedron with edges 2.9-3.0 A
long, so that the ligands # 3 and #6 are on a H'-transfer distance from [Ser/Thr]*"'

(Fig. 4.4). The short H-bond between [Ser/Thr]“"' and Asp"® completes the proton-

conducting pathway that connects W, with Asp"”. The proton pathways from

W to Asp"’, which resemble proton translocation systems of PRC and BR (cf Fig.
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4.3), are shown by the red dashed lines for P-loop NTPases of different classes in
Fig. 1.7-1.9 and by dashed arrows in Fig. and 4.4.

Figure 4.4: Schematic presentation of tentative proton routes along the edges of the octahedral
coordination shell of Mg*" ion.

The Mg”" ligand #3 is assumed to be a water molecule. Proton entry points via ligand #6 or ligand #3 are
shown by red and orange arrows, respectively. Protonic connection between [Ser/Thr]<" and Asp™" are shown
by magenta and light blue arrows, the route from [Ser/Thr]*"" to O°" of B-phosphate is shown as a dark blue
arrow. The movement of the O'° atom as a result of y-phosphate twist is shown by purple arrows.

4. The pK, of an aspartate residue in water is about 4.0, much lower than that of
water (14.0). However, unlike the “catalytic” Glu/Asp residues or y-phosphate
surrounded by charged residues (Fig. 1.2D-E, 1.6-1.9), Asp"® is in a nonpolar
environment and its functional pK is likely to be high when the catalytic site is
closed. Asp"” is in the middle of an afa sandwich, on the interface between the p-
pleated sheet and the a;-helix; such interfaces are stabilized by hydrophobic
interactions [165]. In addition, Asp"” is preceded by four hydrophobic residues of
the Walker B motif (Fig. 1.2); the adjacent 3 strands, as well as the a;-helix, also
contain many hydrophobic residues, see the sequence alignments in
[32,40,111,269]. Upon constriction of the catalytic pocket and expulsion of
eventually present water molecules, the hydrophobic environment should elevate
the proton affinity of the H-bonded Asp"”, as it happens with similarly H-bonded
Asp96 which has a functional pK, of ~ 12.0 in a hydrophobic environment of the
ground-state BR. Fig. 4.3C shows that the structure of the Ser186"" — Asp454""
pair of myosin overlaps nicely with Thr46 — Asp96 pair of BR.
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5. In contrast, the pK of [Ser/Thr]“"!, which is about 13.0 in water, is likely to be
reduced when [Ser/Thr]“"' serves as a Mg”* ligand. Coordination of a Zn*" ion by a
serine side chain is known to decrease the pK value of the latter up to 5.5 yielding
a serine anion (alkoxide) at neutral pH, see [86] and references therein. The
impact of a Mg ion should be weaker; still, within a closed/constricted catalytic
site, the low dielectric permittivity would enhance electrostatic interactions.
[Ser/Thr]*"' is the most deeply buried of the Mg”" ligands (see Fig. 1.2, 1.4-1.9, 4.4),
so it should be the most sensitive to electrostatic effects. As a result, the functional
pK value of [Ser/Thr]*"' may dramatically decrease upon constriction of the
catalytic site.

6. The found shortening of H-bonds in the TS-like structures (Fig. 3.3, 3.9) enables

! and Asp"” in

estimation of the difference in functional pK values of [Ser/Thr]
the TS. It is well established, based on ample experimental evidence, that
hydrogen bonds “generally shorten as ApKa, the difference in the donor and
acceptor pK, values, decreases” (quoted from [205]). Specifically, Herschlag and
colleagues observed, on various systems, that the ApK, decreases linearly from 20
to 0 with the decrease in the O—Heeee(Q distance from 2.9 A to 2.4 A, with a
slope of 0.02 A/pKa unit, [205,316]. In NDP:AlF, -containing structures with
constricted catalytic site, the length of the H-bonds between [Ser/Thr]*"' and
AspWB varies around 2.5 A (Fig. 1.2E-F, 1.6, 1.7A-B, 1.7C-D, 1.9A, 3.9), which
corresponds to ApK < 3.0 and indicates a low-barrier hydrogen bond [205,316].
Hence, [Ser/Thr]*"! and Asp"” may have comparably high proton affinities in a
constricted catalytic site.

7. In the octahedral coordination shell of Mg, the O'® atom of y-phosphate is the

K+1

ligand opposite to [Ser/Thr]™" (Figure 4.4). Therefore, the stimulator-induced
rotation of y-phosphate, by moving O'® in any direction (as shown by dashed
purple arrows in Fig. 4.4), would inevitably increase the distance between O' and
the hydroxyl of [Ser/Thr]"". Pulling away the negatively charged O'® will increase

the cumulative positive charge at [Ser/Thr]*"

prompting the relocation of its
proton to Asp"’, e.g. in response to a thermal fluctuation [317] (Fig. 4.5A,D).

8. We suggest that the resulting Mg*'-coordinated Ser/Thr anion (alkoxide), used as a
proton acceptor from water by many enzymes [86,234,318,319], withdraws the
proton from W, (or the sugar moiety in some kinases) via proton pathways
shown in Figs. 1.7-1.9, 3.8A, 4.4, 4.5B,D; this proton transfer is additionally driven
by strong local electric field (see Fig. 1.10 and Section 1.2.3.3). The resulting state
where both [Ser/Thr]“"! and Asp"* are protonated corresponds to the ground state

of the Thr46-Asp96 pair in the BR (see the light-green structures in Fig. 4.3B-C).
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9. The formed anionic nucleophile (e.g. OH ) stabilized and polarized by its
ligands, is attracted by the electrophilic P atom (Fig. 4.5B). The proton affinity of
the anionic nucleophile decreases as it gets closer to P, so that proton return from
the [Ser/Thr]*"—Asp"® couple becomes increasingly unfavorable, eventually
satisfying the Eigen’s condition for proton transfer and making it complete.

10. In Appendix G we present and discuss IR-spectroscopic evidence for transient
protonation of a carboxyl residue in a P-loop NTPase, as available from the
literature [320,321].
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Figure 4.5: Two tentative mechanisms of proton transfer from We, to Asp"” in P-loop NTPases.

The shade of the red arrows of proton transfers varies through panels A-C and D-F to emphasize that the kinetic coupling of these
steps with each other and reactions in the catalytic site could vary depending on the thermodynamics of particular enzymes. Other
colors as in Fig. 1.6-1.9. Top (A-C): Tentative mechanism of proton transfer via the We,-coordinating Glu/Asp residue in all
classes of P-loop NTPases but TRAFAC class enzymes, as illustrated by structures of the SF1 helicase Piflp. A, In the pre-catalytic
state, which is exemplified by a structure with a bound non-hydrolyzable ATP analog ANP (PDB ID 6HPH [393)), the binding of
ATP and closure of the catalytic site increases the proton affinity of Asp™®. Activation-induced constriction of the catalytic site and
twist of y-phosphate prompt the proton redistribution from [Ser/Thr]*" to Asp"”; B, in the TS, which is exemplified by a structure
with a bound TS analog ADP:AIF, (PDB ID 506B [256]), a proton from W, repletes the vacancy at the anionic [Ser/ Thr]<t by
going via the We,-coordinating Glu®" and W3; the resulting OH . attacks y-phosphate; C, in the post-TS, which is exemplified by
a structure with ADP:MgF,” bound (PDB ID 6S31 [322)), where we replaced the H,PO,” mimic MgF; by H,PO,”, the proton
goes from Asp", via Ser”, to B-phosphate to compensate its negative charge (see the main text). Bottom (D-F): Tentative
mechanism of proton transfer from W, to Asp*™ in TRAFAC class NTPases, as illustrated by structures of myosin. D, For the pre-
catalytic state we used the ATP-soaked crystal structure of myosin II (PDB ID 1FMW [214]) where the Switch I loop was taken
from the structure of Myosin V complexed with ADP-BeF; (PDB ID 1W7] [379]) and superimposed via Lys"™* and Mg™. In this
state, the binding of ATP and closing of the catalytic site increases the proton affinity of Asp"®. Constriction of the catalytic site
upon activation and twist of y-phosphate prompt the proton redistribution from Thr*' to Asp"® (purple arrow). The anionic Thr*”
accepts a proton from W6 that, in turn, takes a proton from Wy, (red arrows, cf. Fig. 3.8B-C); alternatively, the proton route from
Wi, to Thr? may involve the conserved Ser™ (dashed red arrows) The resulting OH ™, is brought into the apical position by
residues of Switch I (colored yellow) and WB-crest; E, in the transition state (TS), which is exemplified by a structure with a bound
TS analog ADP:VO, (PDB ID 1VOM [215]), OH™  attacks P°. In this constricted TS, the protonic connection between OH™
and the Mg”'~coordinating water molecules appears to be broken. In the subsequent stage of the catalytic transition, the proton goes
from [Ser/Thr]"™ to B-phosphate and compensates for the large negative charge that builds up upon the detachment of y -phosphate
(the red arrow); F, in the post-transition state, which is exemplified by a structure with bound ADP and H,PO,> (PDB ID 4PJK
[601]), the negative charge on B-phosphate is compensated by a hydrogen bond between f - and y-phosphate. Asp"® repletes Thr*”!
concomitantly with the opening of the catalytic pocket.
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4223, Compensation of the negative charge on the bridging O* atom
upon hydrolysis

According to Herschlag and colleagues [56,57,87], the activation barrier of NTP
hydrolysis is due to the strong negative charge that develops at O* atom of B-phosphate
as y-phosphate breaks away; this charge should be compensated to cleave the O™ — P°
bond. The comparative analysis of the post-TS structures of the RhoA/RhoA-GAP
complex (PDB ID 6R3V [98]) and activated myosin (PDB IDs 4PFP, 4PJK [60]) with NDP
and detached P; (Fig. 4.5F), as well as the structure of SF1 helicase Piflp with a H,PO/*
mimic ADP:MgF,” bound (Fig. 4.5C) show that the negative charge of B-phosphate is
compensated by the joint action of Mg”, Lys"*, Arg/Lys/Asn fingers and HN*?. Also, at
this stage the H-bond between HN*? and O is lost so that HN*” do not compensate
the negative charge of y-phosphate (see Fig. 4.5C,F), but is fully involved in compensating
for the negative charge at 3-phosphate. In addition, the structures show a short H-bond
of 24-2.5 A between the oxygen atoms of B-phosphate and P; (see Fig. 4.5C, F and
[60,98,322,323]); this H-bond apparently also compensates for the negative charge at
-phosphate, the proton for this bond is thought to stem from W, [60,98,323].

In the octahedral coordination shell of Mg, [Ser/Thr]*' is 29 A away from
B-phosphate, so that its proton can directly pass on and compensate the negative charge
that develops at B-phosphate upon cleavage of its bond with y-phosphate (as shown in
Fig. 4.4, 45C,E), which is a requirement for catalysis. The proton vacancy on [Ser/Thr]"!
could be then refilled by a proton from Asp"’ (Fig. 4.4, 4.5C, F), thus restoring the initial
protonic configuration. Since the octahedral arrangement of Mg* ligands (Fig. 4.4) is

similar in all P-loop NTPases, the proton can relocate from Asp"”’ to B-phosphate, via
[Ser/Thr]“"", in all of them.

4224,  Assignment of novel functions to to the Walker motifs

In the framework proposed here, the Walker B motif serves as a trap for the proton
from W, whereas the coordination shell of the Mg* ion functions as an octahedral
proton transfer hub with almost all Mg* ligands involved (Fig. 4.4). The proton is
transferred from W, to Asp"" in two steps: first, the proton shifts from [Ser/Thr]“"' to
Asp"® in response to the constriction of the catalytic site and stimulatory interaction,
and then a proton from W, fills the proton vacancy at [Ser/Thr]", as shown in Fig. 4.5.
Totally, one proton relocates from W, to Asp"”. Still, the existence of separate proton
transfer steps, as shown in Fig. 4.4, 4.5 by different shades, provides flexibility; the
mechanism could be adapted to the dissociative, associative, or concerted mechanism of
hydrolysis. For instance, if the reaction is concerted, the proton from W, can pass

directly through the Mg*-coordinating ligands to B-phosphate, with the proton vacancy
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at [Ser/Thr]“"" being filled by Asp"® later, concomitantly with the loosening of the
catalytic site and decrease in proton affinity of Asp"”, as shown in Fig. 4.5D-F.

The Asp"® residue is almost strictly conserved throughout P-loop NTPases, see Table
B.1 and [32,33,40,50,111]. Only in several cases its function is performed by Glu, see [50]
for details. Some of such cases are shown in Fig. A.5 from Appendix A and described in
its extended caption.

Notably, the cause for the strict conservation of the entire Walker B motif has
remained obscure so far; to our best knowledge, no function has been attributed to the
motif as a whole. The here suggested scheme invokes Asp"”® as the common terminal
acceptor of a proton from W,. Other four hydrophobic residues of the same motif serve
as “hydrophobic protonic insulators”. They may be needed to increase the proton
affinity of Asp"” in the constricted catalytic site and to prevent an eventual unwanted
proton escape from Asp"".

In our model, [Ser/Thr]*"" also acquires new key functions as a catalytic nucleophilic
alkoxide and a von Grottuss-type proton carrier, which may explain its strict
conservation, see Table B.1. A few known exceptions are shown in Fig. A.6 in Appendix
A and described in its extended caption. Most common outliers are glycine residues
which substitute for [Ser/Thr]" in several distinct families of P-loop nucleotide
monophosphate kinases [40] that catalyze reactions not accompanied by deprotonation
of the nucleophilic second substrate, see Fig. A.6B and its caption for details.

Neither of the exceptions in Fig. A.5, A.6 calls into question the suggested mechanism
where the buried [Ser/Thr]*" - [Asp/Glu]"® module turns into a deep proton trap after
the constriction of the catalytic site in most P-loop NTPases.

Walker A and Walker B motifs — together — contain only two strictly conserved

“and Asp"®. It appears natural to

residues capable of proton transfer, namely [Ser/Thr]
consider this H-bonded pair in relation to proton transfer from W,

In contrast, the still prevalent notion that chemically different catalytic bases
(phosphates vs glutamates) are used in different classes of apparently homologous P-
loop NTPases is surprising. Furthermore, neither phosphates nor glutamates are
common as catalytic bases in the other families of phosphate transferases. In one of the
most comprehensive reviews on their mechanisms, Cleland and Hengge even pointed
out the oddness of anticipated catalytic bases in P-loop ATPases: "... more specifically,
there must be a path for one proton of the attacking water molecule to reach a suitable
acceptor. ATPases appear not to use general bases such as the aspartates usually found

in kinase active sites...." (quoted from [86]). Our message is that P-loop NTPases are no

exception, they do use aspartates as catalytic bases just like most other hydrolases.
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4225  Minimal mechanistic model of NTP hydrolysis by P-loop NTPases

Building on the comparative structure analysis of over 3100 catalytic sites presented
here, as well as on the available experimental and theoretical data, we describe the
activated catalysis typical for P-loop NTPases by a simple mechanistic model depicted in
Fig. 4.6. We show the minimalistic version of the model that includes ubiquitous Walker
A and Walker B motifs, Mg2+—NTR a simple stimulator, such as a K" ion or a Lys/Asn
residue, and a few water molecules one of which serves as W, The model, however,
can be easily expanded/adapted to fit distinct NTPase families by adding further
stimulatory interactions, auxiliary and W-coordinating residues, as well as by
replacing W, by other nucleophiles. According to the model, the catalytic transition

proceeds in the following steps:

A) Mg-NTP complex binds to the Walker A and Walker B motifs; the binding energy
is used to bring the NTP molecule into an elongated conformation with eclipsed
- and vy-phosphates and to close the catalytic site by surrounding the
triphosphate chain by positively charged groups that are provided by the P-loop,
WB-crest and, only in TRAFAC NTPases, Switch I loop. The accompanying
protein conformational changes can power useful mechanical work. The catalytic
site is further stabilized by the H-bond between Asp"” and [Ser/Thr]“". The H-
bond length is about 2.6-2.7 A (Fig. 3.9); in this state Asp"" is negatively charged.
B) An exergonic interaction between the activating partner (another protein domain
and/or an RNA/DNA molecule) and the WB-crest (i) shields and constricts the
catalytic site, (ii) moves the WB-crest residues closer to the y-phosphate, (iii)
inserts the stimulator(s) next to the phosphate chain. The constriction of the
catalytic site shortens the H-bond between [Ser/Thr]“"! and Asp"® to 2.4-2.5 A,
turning Asp"” into a potent proton trap. In most cases, (one of) the stimulator(s)
links the O** and O atoms of the triphosphate (Fig. 1.2D-E, 1.6B-D, 1.7A-D,
1.7A-C, 19A, 3.5-3.7) and twists y-phosphate counterclockwise; the rotated
v-phosphate is stabilized by a new H-bond between O and HN“”. In other
cases, the stimulators drag only y-phosphate and, supposedly, twists it in some
direction, see Fig. 1.6A, 1.7D, 1.9B-D, 3.5-3.7. The interaction of stimulators with
v-phosphate (i) increases the electrophilicity of the P® atom, (ii) weakens the O™~
P® bond, (iii) promotes the transition of y-phosphate to a more planar
conformation, and (iv) inevitably affects the coordination of the Mg* ion by
displacing the O' atom. The increase of local positive charge at [Ser/Thr]*" -
after O'® is moved aside by the stimulator — promotes the relocation of proton
from [Ser/Thr]“"' to Asp"”.
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Figure 4.6: The common scheme of stimulated hydrolysis in P-loop NTPases.

Empty purple arrow, movement of the stimulator (shown as a purple sphere); gray arrow, movement of the WB-crest;
green arrows, twist and planarization of y-phosphate; red arrows, proton displacements; orange arrows, detachment of Pi.
The following crystal structures were used as templates: panels A, B— PDB ID 1IFMW [214] ; panels C-E — PDB ID
1VOM [215]; panel F - PDB ID 4PFP [60].

C) The anionic [Ser/Thr]I<+1 alkoxide withdraws a proton from the polarized W,
molecule via intermediate proton carriers. Here we depicted the simplest proton
route as envisioned for TRAFAC NTPases (see Fig. 4.5D-F and Section 4.2.2.2).
More complex proton routes via W-coordinating Glu/Asp residues, as found in
other classes of NTPases, are indicated by red dashed lines in Fig. 1.7-1.9, 3.8A,
3.11 and differently shaded red arrows in Fig. 4.2, 4.5A-C.

D) The resulting OH ;, stabilized/polarized by its ligands, attacks the P¢ atom.
Although the simplified diagram in Fig. 4.6D shows only one stabilizing
interaction of OH™ ¢ with the HN group of the WB-crest residue, several ligands
are usually involved in the stabilization, see Fig. 1.2D-E, 1.4C-D, 1.6-1.9. During
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F)

this step, the proton stays on Asp"”. The formation of a covalent bond between OH
“at and P¢ increases the planarization of y-phosphate; its oxygen atoms repel the
B-phosphate oxygen atoms, resulting in a lengthening of the O*"~P® bond. With the
inversion of y-phosphate, increase in the O**-P® distance, and y-phosphate moving
away from P-phosphate, HN*? detaches from y-phosphate and, together with
Lys"*, Mg® and the stimulator, neutralizes the negative charge appearing on the
O atom, thereby lowering the activation barrier. In addition, the negative charge
on B-phosphate attracts a proton from [Ser/Thr]<"".

The proton that comes from [Ser/Thr]"! forms a new short H-bond between (3- and
v-phosphate [60,98,323], which further stabilizes the negative charge on the
B-phosphate. The proton at Asp"” relocates to [Ser/Thr]*"".

The H-bond between (- and y-phosphate gradually dissociates as H,PO,* leaves
the catalytic site. The departure of H,PO,” is an exergonic reaction that may be
coupled to conformational changes, detachment of the activating partner from the

WB-crest, and useful mechanical work.
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5. Conclusions

1. A comparative structural analysis of more than 3,100 available structures of
catalytic sites of P-loop NTPases with bound Mg-NTPs or their analogs was carried
out using an originally developed computational approach. This approach allows a
nearly sequence-independent analysis of thousands related or similar catalytic
sites by focusing on coordinates of substrate atoms and a few key conserved
residues.

2. A comparative structural analysis of more than 200 catalytic sites of P-loop
NTPases of various families with bound TS analogs showed that the configurations
of most of these catalytic sites coincide, which suggests the existence of a common
catalytic mechanism. However, the same analysis also revealed that in some of the
structures containing NDP:AlF,” as a TS analog, the AIF, moiety forms not one,
but two bonds with the Mg* cofactor. As a result, the coordination bond between

K1 residue of the

K+1

Mg* and its physiological ligand, the strictly conserved [Ser/Thr]

Walker A motif, might be lost. As a consequence, the [Ser/Thr]™" residue is
distanced from the strictly conserved Asp"’ of the Walker B motif, which prevents
the formation of the H-bond between them. In several first-resolved, paradigmatic
structures of P-loop NTPases, the AIF, moieties are incorrectly bound and the
catalytic sites are distorted, which may explain why the comprehensive structural
similarity of the TS-like structures of P-loop NTPases of different classes has not
been noticed before.

3. To assess the possibility of a transient H-bond formation between HN* and O™ of
vY-phosphate (or its structural analog), as observed in previous MD simulations
[102], we have measured the respective distances in all the analyzed 3100 catalytic
sites of P-loop NTPases. In all groups of complexes, there is a fraction with
distances shorter than 3.4 A between HN*? and the nearest O° atom or its
structural analog. However, in the case of the structures with TS analogs bound, H-
bond compatible HN*®—QO¢ distances were observed in most of the structures,
which suggests involvement of this bond in stabilization of the transition state.

4. Concerning the possibility of twisting the gamma-phosphate group by the
stumulator(s), as revealed by earlier MD simulations [102], we found that
seemingly different interactions between completely distinct stimulatory moieties
(Arg/Asn/Lys residues, or K'/Na" ions, or LSGGQ/E motifs) come down to only
two stimulatory patterns. In most cases, at least one stimulator links the O** atom
of a-phosphate with the O atom of vy-phosphate, which requires
counterclockwise twist of the y-phosphate group. In other cases, stimulators only

interact with the y-phosphate group. In general, the only common feature of all the
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identified stimulators seems to be the ability to enter such a mechanistic interaction
with the y-phosphate group, which may enable its twist/rotation. Hence, the
insertion of a stimulator appears to leads to the twist of y-phosphate and
shortening of the HN"""O*" distance in diverse NTP-containing P-loop NTPases in
support of the earlier MD simulation data obtained in our group ( [102]).

We have found that in structures with properly bound TS analogs, Asp"” and
[Ser/Thr]*" are connected by short H-bonds, which are as short as 2.5 A on average
in the presence of ADP:AlF,". Apart from this, potential proton pathways connect
W with one of the Mg2+ ligands in TS-like structures of all classes except the
TRAFAC class. For the TRAFAC class NTPases we could also reconstruct tentative
proton pathways by comparing substrate- and TS analog-containing structures.
The distance between neighboring ligands in the coordination shell of Mg** is 2.9-
3.0 A, which implies the possibility of proton exchange between all of them. Hence,
in P-loop fold NTPases, W, is connected by a proton pathway to Asp"’® via
[Ser/Thr]*", the Mg”" ligand.

Building on the common structural elements found, we propose a novel common
catalytic mechanism for P-loop NTPases. The key feature of the proposed
mechanism is the activation-induced convergence of proton affinities of Asp"® and
[Ser/Thr]*"' that enables proton transfer from [Ser/Thr]“"' to Asp"”’. The resulting
alkoxide, withdraws a proton from W and converts it into a strong nucleophile
OH .. that attacks the y-phosphate of NTP. When the y-phosphate breaks away,
the trapped proton at Asp"® passes by the Grotthuss relay via [Ser/Thr]*" to
B-phosphate and compensates for its developing negative charge that is thought to
be the culprit of the activation barrier of hydrolysis. The proposed mechanism
explains the strict evolutionary conservation of [Ser/Thr]“" and Asp"®, neither of

which has been ascribed a specific catalytic function so far.
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6. Outlook

As argued elsewhere, the ability to provide strong acids and bases timely is important
for enzyme catalysis [306]. Specifically, enzymes were suggested to generate strong
bases or acids — precisely when required — by transiently altering the length of relevant
H-bonds [205,316,324-330]. In the case of P-loop NTPases, the mechanism is quite
simple: the free energies of (i) substrate binding and (ii) interaction with the activation
partner are used to close and constrict the catalytic site, which shortens the H-bond
between [Ser/Thr]*" and Asp"® and evens their functional pK values. Eventually, after
v-phosphate is rotated by the stimulator, proton relocates from [Ser/Thr]“" to Asp"®
yielding an alkoxide of serine/threonine as a strong nucleophile for W,.

The proposed mechanism of proton transfer from W, to Asp"® via Mg*-coordinating
ligands brings the P-loop NTPases into the general context of other Mg-dependent
hydrolases and transferases [51,52,86,318,331,332] as P-loop NTPases do use aspartates
as catalytic bases just like most of these enzymes. The full range of theoretical
approaches developed for such enzymes can now be applied to P-loop NTPases.

Our tentative identification of the anionic [Ser/Thr]“"'

alkoxide as the proton acceptor
from W, brings P-loop NTPases into another broad context of enzymes that generate a
strong nucleophile by stripping a Ser/Thr residue of its proton [86,234,318,319]. These
are numerous families of serine proteases where, within apparently similar, but non-
homologous “catalytic triads”, proton is transferred from the catalytic Ser to proton-
accepting Asp via a histidine residue that serves as a von Grotthuss-type proton carrier.
It is less known that the proton-accepting Asp residue of serine proteases is usually
H-bonded to another conserved Thr/Ser residue [325,333,334]. Also, the catalytic
Ser/Thr of eukaryotic protein kinases gives its proton to the conserved Asp
[260,335,336], which, in turn, is also H-bonded to another conserved Ser/Thr residue.

In essence, we argue that P-loop NTPases use the same (bio)chemical strategies to
produce a strong nucleophile as many other enzymes do; there is no reason to consider
them different or special in this respect.

Notably, serine proteases, serine-threonine kinases, Mg-dependent hydrolases and
transferases, as well as P-loop NTPases considered here, form the largest known enzyme
families. Many of them use H-bonded [Asp/Glu]-[Ser/Thr] functional modules in
different roles, which feature they share with membrane-embedded PRC and BR, see
Fig. 4.3 and [337]. We believe that further search for structural features common to

distinct enzyme families is a very promising task.
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8. Summary

Though P-loop fold nucleoside triphosphatases (also known as Walker NTPases) are
ubiquitous, their catalytic mechanism remains unclear. In these proteins, hydrolysis of
ATP or GTP is initiated by interaction with an activating partner (usually another
protein domain), which is accompanied by insertion of stimulatory moiety(ies) (usually
arginine or lysine residues) into the catalytic site. Based on our automatized
comparative structure analysis of 3136 Mg-NTP-containing catalytic sites, we identified
those with stimulator(s) inserted into catalytic sites and analysed the patterns of
stimulatory interactions. In most cases, at least one stimulator twists gamma-phosphate
counter-clockwise by linking the oxygen atoms of alpha- and gamma-phosphates; the
twisted gamma-phosphate is stabilized by a hydrogen bond with the backbone amino
group of the fourth residue of the Walker A motif. In the remaining cases, the
stimulators only interact with gamma-phosphate. The ubiquitous mechanistic
interaction of diverse stimulators with the gamma phosphate group suggests its
twist/rotation as the trigger for NTP hydrolysis. Based on our comparative structure
analysis, we propose a common scheme of activated catalysis for P-loop NTPases. In this
scheme, a hydrogen bond (H-bond) between the strictly conserved, Mg-coordinating
Ser/Thr of the Walker A motif ([Ser/Thr]"**) and the conserved aspartate of the Walker B
motif (Asp"’) plays the key role. We found that this H-bond is very short in the
structures with bound transition state analogs. Given that a short hydrogen bond (also
known as a low-barrier hydrogen bond) implies parity of pK values of the H-bond
partners, we suggest that the proton affinities of these two residues reverse upon
activation so that the proton relocates from [Ser/Thr]"* to Asp"®. The anionic [Ser/Thr]"**
alkoxide withdraws then a proton from the would-be nucleophile (either a water
molecule or a sugar moiety in some P-loop kinases), and the nascent anion attacks the
gamma-phosphate group. When gamma-phosphate breaks away, the trapped proton
relays from Asp"’, via [Ser/Thr]"*, to beta-phosphate and compensates for its

developing negative charge.
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9. Zusammenfassung

Obwohl die P-Loop-Nukleosidtriphosphatasen (auch Walker-NTPasen genannt)
allgegenwartig sind, bleibt ihr katalytischer Mechanismus unklar. Bei diesen Proteinen
wird die Hydrolyse von ATP oder GTP durch eine Interaktion mit einem aktivierenden
Partner veranlasst, die mit der Einfithrung einer oder mehrerer stimulierender Einheiten
(in der Regel Arginin- oder Lysinreste) in das katalytische Zentrum einhergeht. Auf der
Grundlage unserer automatisierten vergleichenden Strukturanalyse von 3136 Mg-NTP-
haltigen katalytischen Zentren haben wir diejenigen identifiziert, bei denen ein oder
mehrere Stimulatoren sich in den katalytischen Zentren befinden, und das Pattern der
stimulierenden Interaktionen analysiert. In den meisten Fallen verdreht mindestens ein
Stimulator das Gamma-Phosphat gegen den Uhrzeigersinn, indem er die
Sauerstoffatome der Alpha- und Gamma-Phosphate miteinander verbindet; das
verdrehte Gamma-Phosphat wird durch eine Wasserstoffbriickenbildung (H-briicke)
mit der Riickgrat-Aminogruppe des vierten Rests des Walker-A-Motivs stabilisiert. In
den {iibrigen Fillen interagieren die Stimulatoren nur mit dem Gamma-Phosphat. Die
ubiquitire mechanistische Interaktion verschiedener Stimulatoren mit der Gamma-
Phosphatgruppe lasst vermuten, dass deren Verdrehung als Ausloser fiir die NTP-
Hydrolyse dient. Auf der Grundlage unserer vergleichenden Strukturanalyse
beschreiben wir die aktivierte Katalyse durch P-Loop-NTPasen mit folgendem
generellen Schema, in dem die H-Briicke zwischen dem streng konservierten, Mg-
koordinierenden Ser/Thr des Walker-A-Motivs ([Ser/Thr]™*) und dem ebenso
konservierten Aspartat des Walker-B-Motivs (Asp"®) eine Schliisselrolle spielt. Wir
haben festgestellt, dass diese H-Briicken in den Strukturen mit gebundenen
Ubergangszustandsanaloga sehr kurz sind. Da eine kurze H-Briicke (auch bekannt als
H-Briicke mit niedriger Energiebarriere) die Paritat der pK-Werte (Protonenaffinitaten)
der H-Briicke-Partner voraussetzt, ist davon auszugehen, dass sich die
Protonenaffinitaten dieser beiden Reste bei der Aktivierung der Katalyse umkehren, so
dass das Proton von [Ser/Thr]"* nach Asp"® verlagert wird. Das anionische [Ser/Thr]"*-
Alkoxid entzieht dann dem potenziellen Nukleophil (entweder einem Wassermolekiil
oder einer Zuckereinheit in einigen P-Loop-Kinasen) ein Proton, und das entstehende
nukleophile Anion greift die Gamma-Phosphatgruppe an. Wenn das Gamma-Phosphat
abbricht, geht das gefangene Proton von Asp"”’ via [Ser/Thr]"* auf das Beta-Phosphat

tiber und kompensiert seine entstehende negative Ladung.
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2D

3D
AAA+
aa-tRNA
ACP
ADP
AGS
ANP
ASCE

WB

Asp

ATP
DNA
DARR
FRET
GAP
GCP
GDP
GNP
GSP
GTP
H-bond
HMM
LUCA
MD
mRNA
MSA
NDP
NMR
NTP
P-loop

P-loop NTPases

PDB
P;
RGS
RMSD
RNA

10. Abbreviations

Two-dimentional

Three-dimentional

ATPases associated with diverse cellular activities (P-loop class)
aminoacyl-tRNA

Adenosine 5'-[3,y-methylene]triphosphate
Adenosine-5'-diphosphate

Adenosine 5'-[y-thio]triphosphate

Adenosine 5'-[(3,y-imido]triphosphate

“Additional Strand Catalytic E“ (P-loop division)

Conserved Asp/Glu residue of Walker B motif

Adenosine-5'-triphosphate
Deoxyribonucleic acid

dipolar assisted rotational recoupling
Fluorescence resonance energy transfer
GTPase-activating protein

Guanosine 5'-[ 3, y-methylene]triphosphate
Guanosine-5'-diphosphate

Guanosine 5'-[ 3, y-imido]triphosphate
Guanosine 5'-[y-thio]triphosphate
Guanosine-5'-triphosphate

Hydrogen bond

Hidden Markov model

Last universal cellular ancestor
Molecular dynamics

Messenger RNA

Multiple sequence alignment
Nucleoside diphosphate

Nuclear magnetic resonance

Nucleoside triphosphate
Phosphate-binding loop (motif)

P-loop containing nucleoside triphosphate hydrolase superfamily
Protein Data Bank

Inorganic phosphate

Regulators of G-protein signaling

Root mean square deviation

Ribonucleic acid
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rRNA Ribosomal RNA

SIMIBI “Signal recognition particle, MinD and BioD” (P-loop class)
SR Signal recognition particle receptor

SRP Signal recognition particle

TRAFAC “Translation factors” (P-loop class)

tRNA Transfer RNA

WB Walker B (motif)
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A.Supplementary figures

100
80
80
40

20

Dihedral angle Wev,°

2 25 3 35 4 45 i
Distance O26-NAsn226 A

Figure A.1. Molecular dynamics of the MnmE GTPase (The figure is taken from [102] and modified).
A. Superposition of the GTP-binding sites of the inactive, monomeric G-domain of MnmkE (blue) and active, K'-
bound G-domain in a dimer (red); the representative structures were sampled from 100 ns simulations as described
in [102]. The protein backbones are shown as cartoons; GTP and surrounding amino acid residues are shown as
sticks; Mg*" and K" ions are shown as spheres. Black dashed lines indicate hydrogen bonds and coordination bonds
for cations that are present in both structures; the red dashed line indicates the H-bond between NH* and O°° that
is present only in the K'-containing dimer. B. Conformational space of GTP in different states of MnmE GTPase.
Scatter plot of the V"7 dihedral angle (Y-axis) against the distance between the O°° atom and NH of Asn226"*” (X-
axis) as sampled from the MD simulations of three systems: (1) active dimer of G-domains with K" ions bound (red
and magenta for individual monomers); (2) monomeric G-domain of MnmE with the K" ion replaced by a water
molecule, blue; and (3) inactive monomer G-domain of MnmE without a full-fledged K-loop, black. C. The dihedral
angle W7 in the phosphate chain of GTP as measured for the plot on panel B.
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Figure A.2. Cladogram of higher-order relationships between major divisions/classes of P-loop
NTPases with depicted typical structures, taken from [109].

The cladogram (as modified from [37]) 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 [32,37]. These B-strands are colored pink, the P-loop is shown in blue,
the following ay-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 5EG1 [338];
RecA/F; —F;-ATPase of Caldalaklibacillus thermarum, PDB ID 5HKK [339]; AAA+ —clamyp loader y-
subunit E. coli, PDB ID INJG [340]; Kinases —thymidylate kinase of E. coli, PDB ID 4TMK [341];
TRAFAC/SIMIBI —nitrogenase ATPase subunit of Azotobacter vinelandii, PDB ID 4WZB [342].
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Figure A.3. Structures of same P-loop NTPases with transition state analogs and substrate/substrate
analogs bound, respectively, as modified from [109].

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 II from
Dictyostelium discoideum in complex with a bound ATP molecule (blue, PDB ID 1FMW [214]) and with a
transition state analog ADP:VO, bound (dark red, PDB ID 1VOM [215]); B, Ras-like GTPase RhoA with a bound
non-hydrolyzable substrate analog GNP (blue, PDB 6V6M, [343]) and a complex of Rho with RhoGAP and a
transition state analog GDP:MgF;~ (dark red, ODB 10W3, [70]).
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Figure A.4. Interference of Phe'* with the Asp"® — [Ser/Thr]"' bonding.

A. The only detected structure with properly bound AIF,~ and, still, long distance between Asp"" and [Ser/Thr]*"" is
the mitochondrial yeast DEAD box protein Mss116p where this distance is about 4 A, see Panel A and (PDB 3162
[344]). The structure analysis has shown that the formation of the H-bond between Asp"’ and [Ser/Thr]*"" is
prevented by the Phel62™ residue. It interacts with Phe304 of the WB-1 strand so that these two residues
intercalate between Walker A and Walker B motifs and prevent the formation of the H-bond (Panel A). Remarkably,
the Thr™'" is not directly coordinating Mg”, pomtmg to a possibility of a crystallization artefact or an inactive
configuration of the binding site with the Phe"™ acting as a regulatory switch. B. A phenylalanine residue is not
unique in K+4 position, it is also found in the well-studied K'-stimulated GTPase FeoB. In its GDP:AIF; -containing
structure (PDB ID 7BWV), the homologous Phe18%" is, however, in a different rotameric position and do not
interfere with the Asp""* — [Ser/Thr]*"" bond (Panel B). Notably, in this structure the residue is not involved in a -1t
interaction with another phenylalanine residue that would orient it towards the Asp"® —Thr""" bond (cf Panel A).
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- Figure A.5. Deviations from a typical Walker B

Asn10%? \ motif. Color code as in Fig. 1.2E,F.

3 k " A. In a few cases, which are listed in [50], 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 3QX] [345]). Dethiobiotin synthetase catalyzes the
formation of dethiobiotin from (7R,85)-diaminononanoic acid
(7,8-diaminopelargonic acid, DAPA) and CO,, in course of the
reaction the y-phosphate group of ATP is transferred to the carboxy
group of the reaction intermediate, 7-carbamate of DAPA,
producing a mixed anhydride intermediate that then cyclizes to
dethiobiotin while the phosphate is expelled [346]. This carboxy
group stems from CO, and is likely to be deprotonated at a neutral
pH, so that no proton trapping is needed. The carbamate
intermediate is thought to be stabilized by the neighboring
protonated aminogroup (at the position 8 of the substrate) [347].
In a few more conventional cases, the Glu"® residue, similarly to
Asp"’, does not reach Mg™, interacts with Mg -coordinating
water and makes an H-bond with [Ser/Thr]*"", see [50,348].

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 ssRNA dinucleotide GC and
ADP:AIF; (PDB ID 40I1 and [50,348]). In this case, howeuver,
the adjacent WB+1 strand has a "ELD"" triad at its C-cap. In the
TS-like AlF;-containing structure, the Glul49 residue is
connected via a bridging water molecule to Thr131%" and to W3,
whereas Asp151 makes a short H-bond (2.48 A) with the hydroxyl
of the RNA ribose. Deprotonation of this hydroxyl yields the
nucleophile that attacks the y-phosphate. We believe that the
functions of Asp"* are divided between Asn229 and Glu149 in this
polynucleotide kinase. The Asn229"" residue serves as a structural
linker to the Walker A motif, whereas Glul49 serves as a trap for
the proton that is taken by Asp151 from We,.

While the same Asn-Glu-Asp triad is found in other Metazoa
enzymes, Asp substitutes for Asn229 and Asn substitutes for
Glu149 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 40I1 [348]), Asn229 and Asp 151 are linked by W6.
The “primordial” dyad of aspartates is functionally similar but
structurally distinct from the Asp"’L""Asp”? aspartate dyads
found in some other kinase families, see Fig. 1.7D and [40].
Generally, the overall diversity of proton routes within kinases
[40] 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 MglA changed Asp"" to Thr. The structure of MglA GTPase of Myxococcus xanthus with a bound non-
hydrolizable analog of GTP is shown (PDB ID: 6IZW and [349]). The enzyme retained its function owing to the
appearance of an Asp residue at the N-terminus of the adjacent antiparallel WB+1 strand [50]. The resulting topology of
the catalytic site is typical for P-loop NTPases.
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Fig. A.6. Residues other than [Ser/Thr] in the K+1 position of the Walker A motif.

Colors as in Fig. 1.7-1.9 in the main text. Lys"" 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 [50,331,350]. In addition, the potentially W ~stabilizing “catalytic” [Glu/Asp]”*" —
ubiquitous in AAA+ ATPases [111] — 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 [331,350-352]. Shown is the
high-resolution ATP-containing structure of human torsinA in complex with its activator LULL1 (PDB ID 5]15
[353]). 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 Wy, a water chain — similar to one observed in
TRAFAC class NTPases (Fig. 7B, 12D-F) — connects Wy; with Asp170"" via the Mg’*-coordinating W6 molecule. In
AAA+ NTPases, a Lys/Arg residue always interacts with y-phosphate and, supposedly, W, (Fig. 1.8A and
[65,67]). In torsinA, this is the Arg449 residue of LULLI. In the absence of negatively charged Asp/Glu®", the
interaction of a positively charged Arg449 with Wey, by dramatically decreasing its proton affinity, may trigger
proton transfer from We.,, via W6, to Asp170"". 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, in Adenylate kinase of Aquifex aeolicus (PDB 3SR0 [140]) a water molecule serves as the Mg”* ligand #4. On the
one hand, the successful involvement of a water molecule as the 4" ligand of Mg”" in these kinases indicates that the
conservation of [Ser/Thr]“"" in all other classes of P-loop NTPases may be unrelated to its function as a Mg ligand.
On the other hand, these multiple losses of [Ser/Thr]<"" provide additional support for here proposed mechanism. It is
in these P-loop kinases that the attacking nucleophile — the anionic phosphate moiety of a nucleotide monophosphate
— needs no deprotonation and, therefore, does not need a catalytic alkoxide. As noted earlier, kinases do not interact
with separate activator proteins; they are activated by binding the second substrate, which causes covering of the
catalytic site by the Lid domain and the insertion of stimulatory finger(s) (Fig. 1.7C-D). Therefore, there is always
some danger that the insertion of the finger(s) will stimulate a nucleophilic attack on 'y -phosphate not by the anionic
phosphate group of the second substrate but by a haphazard water molecule, leading to a futile ATP hydrolysis.
Within our proposed scheme, an unwanted ATP hydrolysis can be prevented by replacing [Ser/Thr]<" with a residue
incapable of accepting a proton from water. And that is what independently happened in several lineages of
nucleotide monophosphate kinases, see also multiple alignments in [40]. In particular, all the human adenylate
kinases have glycine residues in the K+1 position except adenylate kinase 6, which has a threonine residue [354].
And it is for this kinase that both kinase and ATPase activities have been shown [355]. Hence, the consistent loss of
[Ser/Thr]*" — independently in several families of nucleotide monophosphate kinases [40] — finds a plausible
explanation.



B. Table B.1: Description of representative structures of P-loop NTPases

Table B.1: Structural traits of representative P-loop NTPases of different classes.

P-Loop Class, Representative SiteIDin  Figurein PDB Entry ID, NE%? r M(]?(li(; ;:dl\l/igtllf Walker B Stimulatory Coordination of W
Activation Mechanism Protein Structure  Table C.1 the Text Resolution . Asp/Glu Moieties a
Analog Residues)
Kinase-GTPase Division
RhoA 3508 1.4C 10W3, 1.8 A GDP:MgF5 Alal5 Thr19 Asp59 Arg851"'NH2 (AG) GIn63°"*-OE1, Thr37°"'-CO
Thr251%-CO, Gly249™*-HN,
MnmE 236 1.2B,E 2GJ8, 1.7 A GDP:AIF,”  Asn226  Ser230 Asp270 K" ion (AG) Thr250"'-HN, Gly273"°-HN,
Gly273°*-CO*
TRAFAC Swi D43 D+3
o Th - lyl -HN, Glyl -
Interaction with the activating Dynamin 3550 1.6A 2X2E, 2.0 A GDP:AIF, Ser41 Ser45 Aspl36 K" or Na“ion (G) 165 CO'*G yl 39 et '*G y139
partner or dimerization in the CO*, GIn40™"OE1
presence of the activating . D13 Sl
partner leads to the stabilization Atlastin 3661 1.6B 6BI9F, 1.9 A GDP:AIEF, Arg77 Ser81 Aspl46 Arg77“3-NH2 (AG) Gly143*3 HI*\L ThrlZOD% o, "
of the Switch I'loop and Gly149™-CO", Asp152™"-OD2
insertion of diverse stimulatory Thr1815-CO. GIn204>*OE1
moieties into the catalytic site Ga 3545 1.6C 20DE, 19 A GDPAIF,  Glu43 Serd7 Asp200 Argl178™-NH1 (AG) r G-lyZ (],3D*3r—1HN ’
Ser237°"-CO, Ser236°'-0G,
Myosin II 42 1.6D 1VOM,19A  ADP-VO,;” Glyl82 Thrl86 Asp454 Asn233°*-ND2 (AG) Gly457°?-HN, Gly457°"-CO,
Arg238°"*-NH1,Glu459"*-OE1
WB+1
SIMIBI . ) Asp66 " I—ODZ, AsplS[S)‘l‘—ODl,
Monomeric domains dimerize GET3 64 1.7A 2YNM,2.1A  ADPAIF,  Gly39  Serd3 Asp151 Lys37"-NZ (AG) Lys68""1-NZ, Gly154>*-HN,
and provide activating Lys or Lys37+-HN*
Arg fingers for each other in Sinal recognition Gly190°?-HN, Asp135"*1-0D2,
response fot ,thet _mfefacgf“ with =18 arﬁc‘fe 3522 1.7B 2CNW,239A  GDP:AIF,  Gly108  Thrl12 Asp187 Argl38-NH1 (AG) GTP+-03™, Gly190°°-CO¥,
e activating partner p Glu284+-OE1*
. The second substrate is coordinated by
o Argl6“°-NH1 (AG? ~
Thymidylate kinase 1207 1.7C INN5, 1.5 A ANP Arglé Ser20 Asp96 j%grg697D*1-NH(2 (g) ) Argd5"""-NH2, Arg-97°"'-NE, Glu149"-
OEl, Pro43-CO*
R Kinases ¢ the lid Adenosine 5'- The second substrate is coordinated by
earrangement of the i phosphosulfate 1490 1.7D 4BZX,1.7 A ANP Gly453  Ser457 Asp478 Lys562"-NZ (G) Asp41°*0D1, Lys562"*-NZ,
domain upon binding of the ; D5
second substrate leads to the kinase Arg483°°-NH2, Argd97-NH1
insertion of Arg/Lys fingers into Lid The second substrate (phosphate
the catalytic site . z’XgllZ;l 4“:,1_\;\1}11_%2(%?) acceptor) is coordinated by
Adenylate kinase xxx0 A6B 3SR0, 1.6 A ADPAIF,  Glylo  Glyl4 Asp8l1 e Arg150"-NH2, Arg85”*NHI,

Arg150““-NH1 (G)

D4 WB+1
Argl61“d-NH1(G) Arg85"""NH2, Arg36™"" -NH1,

Arg36"*1-NH2

Table B.1: Description of representative structures of P-loop NTPases
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P-Loop Class, Representative SiteIDin  Figurein PDB Entry ID, NI;I[%? r “(]Ia(I}(; ;:dl\lll(gtllf Walker B Stimulatory Coordination of W&
Activation Mechanism Protein Structure = Table C.1 the Text Resolution . Asp/Glu Moieties a
Analog Residues)
ASCE Division
AAA+/SF3 ATPases i D+l
o N-ethylmaleimide 2 . Lys7081-NZ (AG) Asp604°"-OD2, Lys631t-NZ,
Ina hexamer, the bl.ndmg sensitive factor 359 1.8A INSF, 1.9 A ATP His546 Thr550 Asp603 Lys631+-NZ (G) Ser647"-0G
/hydrolysis of ATP in one
subunit causes conformational
changes activating the adjacent SV40 large T antigen o Lys418t-NZ (AG), Asp474¥'-0OD1, Asn529""'-OD1,
subunit; the activation involves helicase (SF3) 372 1.8B ISVM, 1.9 A ATP Aspd29 Thra33 Glud73 Arg540t-NH2 (G) Arga98+-NH1, Arg540t-NH2
class-specific helical domain
. . . ArgSlZ:]:—NHZ (AG), D+1_ D+1_
?s‘f};uﬁ‘ggzz Gy A 14D 6]M,20A  ADPAIF, Glyl89  Serl9s Asp252 Argd164-NHI (G), Glu253 G?ggf{?fﬁ OE2,
Argd16:-NH2 (G), y384z
Helicases SF1/2: Argd671-NH2 (AG),
Rearrangement of the C-terminal HCV NS3 heli . Arg4671 -NHI1 (G), Glu291°"-OF1,Glnd604-OF1,
domain upon DNA or RNA (SFZ)" 1case 136 1.8C 3KQL,25A  ADP:AIF,  Gly207  Ser211 Asp290 Arg4671 -NH2 (G), Arg4641-NH2,Gly417{-NH,
binding leads to the insertion of Argd64t -NH1 (G), Ala323-NH"""*
an Arg finger into the Arg4641 -NH2 (G),
nucleotide-binding domain Mudtifunctional 0 Glu342""-OE1 GIn381"* OE1,
helicase Piflp (SF1) 233 1.2A,D 5068, 2.0A ADP:AIF, Gly261 Ser265 Asp-341 Argd171-NH2 (AG) Arg7341-NH1, Gly709t-HN
ABC ATPases:
Monomeric domains dimerize . Ser135t-0G (G) GIn82"**"'-NE2,Glu159°"'-OE]1,
and provide activating LSGGQ Maltose transporter 154 1.8D 3PUW, 22 A ADP:AIF, Gly39 Ser43 Asp158 Gﬁ 137+-HN G, Glu159°"-OE2,Asn163t-CO,
motifs for each other in response y @) His192 "*"-NE2
to the substrate binding
] Arg373t-NH1 (AG), WB-1_ D
F;-ATPase 18 1.9A 1HSE, 2.0 A ADP:AIF, Gly159 Thr163 Asp256 Arg189WB’1-NHl (G), Glulss OELﬁ;rg260 NH2,
Arg189""_NH?2 (G), Ser344t-CO
RecA/F1-like: - . Argd39t-NE (G), WhB+ x5 Délss
In an oligomer, ATP Replicative helicase N/A 1.9B 6T66,3.9 A GDP:AIF,  Ser231  Thr235 Asp340 Lys437+-NZ (G) Glu259" "+, Tyr341
L L DnaB GIn381 Argd39t
binding/hydrolysis in one
subunit causes conformational ot -
changes that activate the Circadian clock o Lys2241-NZ (G) Glu183"*'-OE1**, Ser146""**,
adjacent subunit by inserting protein KaiC 683 1.9C 4TL7,19 A ATP Gly49 Thr53 Aspl45 Arg226t-NH2 (G) Phe199+-CO
Arg/Lys fingers . . K'-503 (G) Glul51™ ™ Ser21207*
Recombinase Rad A 1376 1.9D 3EW9, 24 A ANP Gly108 Thr112 Asp211 K'-504 (G) Gln257"5 1+
RecA 100 N/A 3CMX, 3.4 A ADP:AIF,  Ser69 Thr73 Aspl44 Lys2481-NZ (G) Glu96”""**, Phe216**+-CO, GIn194**""

Lys250-NZ (G)

Residue numbers are as in the listed PDB structures; “—polar atoms, located within 3.6 A from the catalytic water molecule; AG—the stimulatory residue inserts between a-phosphate and
y-phosphate (or its mimic). G—the stimulatory residue is only coordinating y-phosphate or its mimic. T —residue from a polypeptide chain other than the P-loop containing one; —residues from a
domain other than the described P-loop domain; *—residue coordinates the attacking water molecule via another water molecule (e.g., Figure 1.7B); **— catalytic water molecule not resolved, the
coordinating residue(s) were inferred from structure superposition and literature data.
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C.Table C.1: Results of the computational analysis of
all available structures of the P-loop NTPases with
full-fledged catalytic sites containing Mg-NTP
substrate or its analogs

The results of automated survey of 3136 catalytic sites of P-loop NTPases are
presented in Table C.1, provided as a Microsoft Excel table due to large table size. The
table is available from https://www.mdpi.com/article/10.3390/biom12101345/s1 as Table
S1.

The Sheet A of the Microsoft Excel table contains the list with characteristics of all
analyzed structures, together with indicated key functional residues of the Walker A and
Walker B motifs, Arg, Lys, and Asn fingers, as well as distances from (1) the respective
atoms of NTPs/their analogs to the K-3 residues and Arg/Lys fingers, as well as (2) from
[Asp/Glu]"® to [Ser/Thr]*"'. Each row contains the data for one catalytic site in one
structure. Catalytic sites containing “properly bound” NDP:AIF, complexes that we
deemed to be reliable TS analogs (see Table D.1 for detailed description of AlF, and

75y

Mg” binding in such structures) are marked with “y” or in column “site rel”; they
are colored green. The sites with “improperly bound” NDP:AIF, complexes are colored
pink. All columns present in the Sheet A of the Table C.1 (data) are described in the

Sheet B.


https://www.mdpi.com/article/10.3390/biom12101345/s1
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D. Table D.1: Coordination of the Mg* ion in the AIF, -
containing structures of P-loop NTPases

This Excel Table contains the results of the evaluation of Mg* coordination in all
analyzed structures that contain NDP:AIF,, such as list of distances between Mg” and
its ligands and notes on the coordination sphere properties in each catalytic site in each
structure.

Available from https://www.mdpi.com/article/10.3390/biom12101345/s1 as Table S3.


https://www.mdpi.com/article/10.3390/biom12101345/s1
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E. Table E.1: Relative occurrence of distinct stimulatory

patterns for Arg, Lys, and Asn “fingers”

This Excel Table contains the data on occurrence of different stimulatory patterns
clustered by type of the stimulatory residue and nucleotide mimic.
Available from https://www.mdpi.com/article/10.3390/biom12101345/s1 as Table S2.


https://www.mdpi.com/article/10.3390/biom12101345/s1
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F. Notes on rarity of Y-pattern of stimulatory Arg
interaction

Our analysis revealed only 33 complexes with Y-like interaction of an Arg finger with

an NTP molecule or its analog (see also Table C.1). The Y-pattern is not observed in a

single structure with a bound TS analog, and it is such structures that enable us to judge

with certainty the stimulatory pattern in a particular ATPase. Therefore, we inspected

these 33 complexes manually.

L

IL.

Seventeen of these binding sites belong to the structures obtained via electron
microscopy (EM), mostly with resolution worse than 3.5 A. Eleven of these NTP
binding site structures are of catalytically inactive ATP-binding sites of a-subunits
of Fl-type ATPases, from Sus scrofa (PDB 6]5], chain A [356] and Polytomella sp.

Pringsheim 198.80 (all structures from [357]). In other 190 structures of non-

catalytic sites, a GIn residue in K-3 position links the O** and O’ atoms, see Table

F.1 below. However, in these eleven structures, GIn*? does not reach the O** atom

so that the “Y-type” Arg residue of the adjoining monomer takes the canonical

“finger position” and enters a Y-interaction with O** and O°°. However, the high-

resolution X-ray structures of the same non-catalytic sites reveal the amino group

of the GIn* residue in the AG position, as discussed in the main text. We do not

know why these eleven structures show a different interaction than the rest 190

structures of non-catalytic sites. Anyhow, both the Gln “plug” in 190 structures, as

well as the Y-interacting Arg in eleven deviating structures are fully compatible
with the major task of non-catalytic ATP binding sites, which is not to catalyze

ATP hydrolysis. The remaining six EM-derived complexes with Y-type interaction

come from structures of oligomeric complexes where other subunits display a

typical stimulatory interaction via a single NH2 group. Only one of these

structures has a resolution better than 3.5 A.

We manually inspected the remaining 15 binding sites with Y-pattern (as obtained

by X-ray crystallography of 13 crystal structures) and found out that they can be

attributed at least to one of the following five cases (see details for each binding

site in Table F.1):

1. Presence of other complexes of the same protein with other, more common
stimulatory patterns, with only one NH2 group of an Arg finger interacting
with both a- and vy-phosphates or stimulators interacting with only
v-phosphate. Table F.1 contains five oligomeric structures where one protein
subunit exhibits Y-like interaction of the Arg finger, whereas other subunits of
the same protein have a different configuration of the catalytic site. No

structures display two or more catalytic sites with a Y-like interaction for the
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same oligomeric protein. For some of the proteins with Y-pattern in Table F.1,
there are many other structures either from the same (ten complexes) or
different organisms (six complexes) that display a different binding pattern.
For instance, the Y-pattern is seen in one catalytic site of the rotary ATP-
synthase (PDB 30EE, chain L). This binding pattern is not displayed either in
the other catalytic sites of the same structure, or in 69 other catalytic sites
from (B -subunits with either ATP or its analogs bound and an Arg finger
present (see Table F.1).

2. Arg finger residue is listed as an outlier in wwPDB structure quality
assessment reports.
In five cases, the Arg finger residues involved in Y-interactions were reported
as outliers in regard to side chain geometry. Four of them are reported to
possess a non-rotameric side chain, while one residue is a bond angle outlier
(NE-CZ-NH2 angle), see Table F.1.The reports also list too-close contacts;
eight sites possess an Arg finger engaged in interatomic clashes either with
other amino acid residues or with atoms of nucleotide moiety that are not
expected to form H-bonds. In the structure of Guanine nucleotide-binding
protein G (PDB 3FFA [358]) the side chain atoms of Argl78 are even clashing
with neighboring atoms of the same residue.
Specifically, this set of cases contains the stimulatory Arg789 residue of H-
RasGAP that is Y-linked with a- and y-phosphates in the first prototypical
structure of the H-Ras/RasGAP complex (PDB ID 1WQ1 [64]), which has
been widely used for MD and QM/MM modeling. The PDB X-ray Structure
Validation Report for this structure (accessible at
https://www.rcsb.org/structure/IWQ1) indicates that the conformation of the
side chain of the Arg789 finger contains at least one outlier for two of the
geometric quality criteria; it is noted also that Arg789 has a non-rotameric
side chain conformation, which may point to a crystallization artefact.
Notably, in earlier reported structures of highly homologous Ga-proteins the
Arg finger interacted with a- and y-phosphates via a single NH2 group (PDB
ID 1GFI, 1GIL [62]). Also in the all subsequently obtained structures of Ras-
like GTPases crystallized with TS analogs and cognate activators (with
resolution < 2.0 A, see, for instance, the high-resolution structures with PDB
ID 10W3 [70], 1TX4 [359], 3MSX, 5IRC [360]), only one NH2 group interacts
both with a- and y-phosphates. This prompts the suggestion that the Arg
residue in the very first structure of the Ras/RasGAP complex (PDB ID 1WQ1
[4]) should have the same orientation. This suggestion is corroborated by MD

simulations of the Ras/RasGAP which, after starting from the crystal
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structure, promptly yielded a conformation where a single NH2 group
interacted with a- and y- phosphates, see e.g. [361].

3. The distances between the NH2 group and O2A, O3G atoms that are too short
for an H-bond (O.H-N distance less than 2.4 A) are observed in five
complexes, see Table F.1.

4. Electron densities (ED) are inconsistent with the positioning of the residue
side chains. We have manually evaluated electron density maps (2Fo-Fc) for
all 15 sites, see examples in Fig F.1A-F. Four Arg fingers lack ED entirely
(example: Fig F.1A, F), while in one site the side chain is poorly fitted to the
available density (Fig F.1E). In two cases electron density distribution is more
consistent with the same NH2 group bonded both to a- and y-phosphates
(Fig F.1E, B). Six complexes display some electron density, but it is poorly
resolved in the terminal region of Arg residue, thus not allowing
determination of the exact location of the guanidinium group (examples: Fig
F1C, D).

5. Optimized structures in PDB REDO depict a different configuration of the
stimulator. We also checked the structures with Y-pattern in the PDB REDO
structure databank, which contains automatically optimizes crystallographic
structure models [362]. In three cases, the Y-pattern is absent from the re-
refined structure, in two other sites the Arg is still inserted in a Y-like manner,
however, the distance between the respective NH2 group and the more
distant phosphate group is shortened. It is worth noting that side chains
lacking electron density cannot be expected to shift considerably in a re-
refined structure.

6. Finally, eight complexes with Y-like patterns belong to SF1/SF2 helicases (see
Fig 12D for an example of a typical binding site in a SF1 helicase).
Remarkably, most (105) other complexes of this class, including all the
complexes with TS analogs bound, depict a single NH2 group interacting
with a- and y-phosphates, and in seven remaining cases Arg/Lys residue(s)
contacts only y-phosphate. Almost all these complexes harbor a second Arg
residuecontacting the vy-phosphate moiety. We would suggest that the
catalytic site is not properly arranged in the absence of TS analog in these
eight structures with Y pattern.

In sum, these findings indicate that a Y-like stimulatory pattern is unlikely to be
inherent to P-loop fold NTPases; its presence in a few experimental structures might be

due to poor resolution of particular residues or crystallization artifacts.
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A. 3add B

Figure F.1: 2Fo-Fc Electron density maps for Arg residues contacting a- and y-phosphate groups in a
Y-like mode.

Nucleotides and their analogs are shown as black sticks, interacting Arg residues as gray sticks. Mg’" ions are
shown as green spheres. Density map is colored according to the contouring level (1o in pink, 20 in blue, 30 in
green, 0.50 in yellow). A. PDB 3ADD, chain B, Arg 116. Density contoured at 0.50 and 1o shown for phosphate
chain and Arg residue. B. PDB 4TSF, Arg E356. Electron density shown for phosphate chain is contoured at 1o
and at 1o and 2o for Arg residue. C. PDB 4CEI B 283. Electron density shown for phosphate chain is contoured
at 1o and at 1o, 20, 30 for Arg residue. D. PDB 3LVQ, Arg E469. Electron density shown for phosphate chain is
contoured at 2¢ and at 1o and 20 for Arg residue. E. PDB 3FFA, Arg A178. Density shown as in (B). . PDB
3BBI1, Arg G133. Density shown as in (B).
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Table F.1: Arginine residues contacting phosphate chain in a Y-like mode
NUCLEOTIDE-BINDING POCKETS IN OTHER STRUCTURES OF THE STRUCTURE QUALITY,
ARG FINGER PDB
SAME PROTEIN DIFFERENCES WW.
PC—LOOP PIIiIOTEIN PDBID RESOI:;"JTION, NUCLEOTIDE — OTHER IN OPTIMIZED ED DISTANCES
LASS AME RESIDUE ~ ADDITIONAL OTHER SUBUNIT/ STRUCTURES STRUCTURES, STRUCTURE SIDE INTERATOMIC EVALUATION
ID ARG COPY*™* " DIFFERENT (PDB-REDO) CHAIN®  CLASHES **
SAME ORGANISM e
ORGANISMS*** #
Ultra-
Guanylate- short
H2:2B92 A; .
TRAFAC  binding 2BC9 2.8 GNP-A593 A48 - - NH2: 2592 - - NR - - distance to
) NH2 weak: 2B92 B.
protein 1 O1G (2.3
A)
L-seryl- NH1 weak: 3ADB; N 3;U c
Kinases tRNA(Sec) 3ADD 24 ANP-B2002 B116 - NH2 weak: A NH2 weak: 3A4L, - - - TN I;ri dgll\T No density -
kinase 3ADC AB. SideCh-AAB
Ultra-
Translocase NH2 weak: AE; ra
f NHI weak: C; NH2: Almost short
TRAFAC © 3BB1 28 GNP-H281 G133 - weak: - - - O2A -3.82A, _ - MOSTIO T distance to
chloroplast ONLY GAMMA: o density
O1G- 2.84A 01G (2.3
34 B,D,EFH. o
A)
NH2: 2HYI CI;
Eukaryotic ; C367: i
SF1_SF2 initiation  3EX7 23 ADP-AIF,- C370 NH2FI —~ NH2weak:H.  hi2weak:2/0Q - - - - - -
C414 AB, 2J0S A, 2XB2
factor 4A-IT (2.63) AX
NH1: 1AGR AD, )
G . 1GFl, 1SHZ AD, % NH1: O1A Bad fit, by
e ISVK,3D7M; o s o ap; 355 03G 344 12: density:
TRAFAC bindi 3FFA 2.3 GSP-A1l A178 - - NH1 weak: 1BH2; 2IK,8 AQ); ! NH2 NR Internal(5), NH1 -
e NH2 weak: 2Z]Y; L et additional: T-AAS(7)  bonding
protein ONLY GAMMA: wea 03G 327 and gamma
4NOD. (2G83B)
ADP- a?vl:; ill;)tjftjli' Ultra
ribosylation MOUSE: a' Uncertain i
GDP:AlF;- NH2: 5]CP; e O3B-AL: 2 A hort
TRAFAC  factor6  3LVQ 338 : E469 - - Jcr; NH2 weak: o - group _shor
. . E682 NH2 weak: 3LVR. after: 2.42A), . distance to
(fusion with (3BH6, 3BH7) both distances position F3 (236 A)
Arf-GAP) :

are longer




NUCLEOTIDE-BINDING POCKETS IN OTHER STRUCTURES OF THE STRUCTURE QUALITY,

ARG FINGER SAME PROTEIN DIFFERENCES wwPDB
RESIDUE ~ ADDITIONAL OTHER SUBUNIT/ STRUCTURES STRUCTURES, (PDB-REDO) SIDE  INTERATOMIC
ID ARG copy*** " DIFFERENT CHAIN®  CLASHES **
SAME ORGANISM ot
ORGANISMS*** #
BOVIN:
NH1 (1COW B,
1E1IR C, 1H8E C,
1H8H B, INBM B,
10HH AC, 1W(JC,
NH1: 2HLD BTU, 2]DIC, 2]]21,
2XOK B, 30E7 T, 2XND C, 4YXW
ATP 30EH T, 30FN L, BC);
synthase 6B8SH BW; NH1 weak
. M190 NH1: X; NH1 weak: 2HLD  (1BMF B, 1E1Q B, . 4: Uncertain
RecA_F1 S‘;bumt 1375 ~ NH2-03G  NHI weak: CKL, 2XOK C, IEIRB, 1EFRB, M C}Etances - T-AAS, group -
mito::;’n @ (2.58) B,C,K,U375. 30E7BCKLU,  1HSEB,10HHBC, ¢ o8¢ T-N_SUG(@3)  position
. 30EH BCKL, 30FN  1W(J B, 2CK3 B,
fal BKT, 6BSH CX.  2JDI B, 2JIZ BI, 2Jj1
ONLY GAMMA: BI, 2J]2 B, 2XND B,
30FN V, 30EH U. 2WSS K);
PARDP:
NH1 weak
(5DN6 C);
ONLY GAMMA
(5DN6 F)
ATP-
dependent A873 Uncertain
SF1_SF2 helicase/nuc A479 NH2-O3G - NH1 weak: 4CE] B. - - NR - group -
lease (2.81) position
subunit A
ATP-
dependent ;
heli}::ase/deo 1: Uncertain
SFLSE2  Jribonucle 5283 - - - - - NR O INssug B -
. position
ase subunit
B
SF1_SF2 ATP- A479 A873 - - - NH2: - 4: Uncertain -
dependent NH2-03G 02A 3.70, O3G T-N_bridgN group
helicase/nuc (3.13) 3.26; ), position
lease NH1 SideCh-AAS

Notes on rarity of Y-pattern of stimulatory Arg interaction
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NUCLEOTIDE-BINDING POCKETS IN OTHER STRUCTURES OF THE STRUCTURE QUALITY,
ARG FINGER
SAME PROTEIN DIFFERENCES wwPDB
RESIDUE ~ ADDITIONAL OTHER SUBUNIT/ STRUCTURES STRUCTURES, (PDB-REDO) SIDE INTERATOMIC
ID ARG copY*** [ DIFFERENT CHAIN*  CLASHES **
SAME ORGANISM ot
ORGANISMS*** #
. additional
subunit A 03G 3.16 2)
NH2 weak:
syrl?t{};se (4TT3, 4Z1M)
bunit ONLY GAMMA ECOLL NH2 with
5:1 ‘}112‘ (2J]2 EL, 2V7Q) NH2 wonk NH2 - 02A no density,
mit(l)gcho,n- ONLY GAMMA ONLY GAMMA 30AA cEMU shortene:d to by density:
RecA_F1 . 4TSF 3.2 ATP-B600 E356 - WEAK: F; WEAK 4.04 A - same atom -
drial ONLY GAMMA . .
NONEweak: D. (1E1Q, 1EIR, WEAK (prev1ollsly bonding
(see section 1INBM, 2CK3, 2JD], 30AA bDALT 5.10 A) both alpha
Lon EM 2J1Z EL, 2JJ1 EL, and gamma
structures) 2WSS EN, 2XND,
4TT3, 4YXW)
DENA4T:
NH1 weak
(2LJR, 2LJV AB),
HCVCO:
NH2
Zika virus A459 NED (SE4F B) g::rlte;gdltco 1: Uncertain l‘zzi‘eog
SF1_SF2 NS3 5GJC 2.2 ATP-A702 A462 NH2-01G (5K8I, 5KST, 5Y47) NH2 weak 3.81 A from - SideCh- group 01G (239
helicase (3.52) ! ! (5E4F A,3KQL 441 A N_SUG position A)
AB,3KQN,3KQU
ABCDE)
9HEPC:
NH2 weak:
(308D AB, 308R)
Pre-mRNA-
splicing
factor ATP- A427 2:
SF1_SF2  dependent 518Q 4.2 ANP-A802 A430 NH1-01G - - - - - T-N_bridgN, No density -
RNA (3.20) T-AAS
helicase
PRP43
Pre-mRNA- B427 2: .
SF1_SF2 splicing 518Q 4.2 ANP-B802 B430 NHILOIG - - - - T-N_bridgN, No density -




NUCLEOTIDE-BINDING POCKETS IN OTHER STRUCTURES OF THE STRUCTURE QUALITY,
ARG FINGER WwPDB

SAME PROTEIN DIFFERENCES
RESIDUE ~ ADDITIONAL OTHER SUBUNIT/ STRUCTURES STRUCTURES, (PDB-REDO) SIDE INTERATOMIC
1D ARG COPY*** " DIFFERENT CHAIN* CLASHES **
SAME ORGANISM ot
ORGANISMS*** #
factor ATP-
dependent
RNA (2.91) T-AAS
helicase
PRP43
Ultra-
DENA4T: short
NH1 weak: 2LJR, distance to
2LJV AB; bond F3(2.22 A);
A459 HCVCO: angle O3Aisa
Zika virus ADP:AlF;- NH2- NH2: 5K8I, 5K8T, NH2: 5E4F B; outlier bridging
SFLSEZ ) clicase 5Y6M 2 A702 Ad62 F3 h 5Y4Z. NH2 weak: 5E4F h (NE- - h atom,
(2.96) A,3KQL AB, 3KQN, CZ- shortest
3KQU ABCDE; NH2) distance to
9HEPC: NH2 weak non-
308D AB, 308R. bridging is
4A

*NR — non-rotameric
** Types of interatomic clashes:
*  Internal: contacts within Arg side chain
Clashes of terminal atoms:
*  T-AAS: contacts of Arg guanidinium group with side chain of other amino acid residue
*  T-N_SUG: contacts of Arg guanidinium group with ribose group of nucleotide
*  T-N_bridgN: contact of one of the terminal amino groups with NH group replacing ester O3B atom in non-hydrolazable analogs ANP and GNP
Clashes of atoms other than NH1, NH2 and corresponding H atoms:
®  SideCh-AAB: contacts of Arg side chain with backbone atoms of other amino acid residue
®  SideCh-AAS: contacts of Arg side chain with side chain of other amino acid residue
*  SideCh-N_SUG: contacts of Arg side chain with ribose group of nucleotide
“** only for corresponding Arg residues

# Organism names given as Uniprot organism mnemonics: BOVIN - Bos taurus, ECOLI - Escherichia coli (strain K12), PARDP - Paracoccus denitrificans (strain Pd 1222), DEN4T - Dengue virus

type 4 (strain Thailand/0348/1991), HCVCO - Hepatitis C virus genotype 1b (isolate Con1), 9HEPC - Hepacivirus C (unspecified), MOUSE - Mus musculus.

Notes on rarity of Y-pattern of stimulatory Arg interaction

149



150

APPENDIX

G. Evidence from IR spectroscopy

3

A ABSORBANCE

1750

Frequency, cm™

Figure G.1: Difference infrared spectra of caged
nucleotide photolysis in the presence of monastrol and
Eg5, modified from Fig. 3 in [320].

Shown is the 1800-1600 cm-1 region. A. Caged ATP
photolysis in the presence of Eg5. Monastrol was either
preincubated with the sample (solid line), prior to
photolysis, or absent (dashed line). B. Caged ADP
photolysis in the presence of Eg5. Monastrol was either
preincubated with the sample (solid line), prior to
photolysis, or absent (dashed line). C. Eg5-monastrol
difference spectrum upon photolytic cleavage of caged
ATP. These data (s) is a double-difference spectrum of
Eg-monastrol-caged ATP minus Eg5-caged ATP. The
control double-difference spectrum is shown as a dotted
line. D. Eg5-monastrol difference spectrum upon
photolytic cleavage of caged ADP. These data (s) is a
double-difference spectrum of Egb-monastrol-caged
ADP minus Eg5-caged ADP. The control double-
difference spectrum is shown as a dotted line.

In PRC and BR shown in Fig. 4.3, the
protonation of Asp/Glu residues was directly
followed in the infrared (IR) spectral range
[273,292-294,296,363,364]. In general, Asp and
Glu residues are unique because the v(C=0)
vibration of their protonated carboxyl groups
absorbs in the 1710-1760 cm™ spectral region
that is free from overlap with absorption of
other protein components [365]. Specifically,
the protonated Asp-96 of BR has an absorption
maximum at 1741 cm™ [294], whereas the
protonated GluL212-Aspl213-Ser223 complex
of PRC absorbs at 1728-1725 cm™ [292,293].

Application of the IR-spectroscopy to P-loop
NTPases is complicated by the transient nature of
Asp™® protonation — proton passes through Asp"”
on the time scale of the NTPase turnover.
Nevertheless, IR measurements in this spectral
range were performed by Kim and colleagues who
studied human Eg5, a kinesin-like motor protein of
TRAFAC class, where Asp265wB and Thr112%" are
connected by a short H-bond of 2.59 A (PDB ID
3HQD [366]). Kinesin Eg5, as TRAFAC class
ATPase, a We
carboxylic residue, which simplifies the attribution

lacks -coordinating catalytic
of the signal in the “carboxylic” spectral region.

In their steady state experiments [320], Kim and
colleagues investigated the action of monastrol, an
allosteric inhibitor that binds some 12 A away from
the catalytic site [367] and increases the reversals in
this enzyme by hampering the release of H,PO,*
[368]. In the presence of monastrol, but not in its
absence, an absorption maximum at 1726-1722 cm™
was recorded and attributed to the protonation of a
carboxylic group [320], see Fig. G.1. These data are
consistent with proton trapping at Asp265"" when
the overall equilibrium of ATP hydrolysis shifts to

the left, as it happens in the presence of monastrol [368].
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In kinetic experiments, the FTIR spectra of human Eg5 were monitored in real time and in
response to the photorelease of caged ATP [321], see Fig. G.2. In the absence of microtubules,
the hydrolysis by Egb proceeded at a time scale of seconds, which facilitated the IR
measurements. A sharp absorption maximum at 1743 cm™ appeared at approx. 3 s and then
decayed, whereas H,PO,”, as measured at 1049 cm™, appeared at approximately 5 s and reached

its maximum at 10 s (see Fig. G.2, modified from Fig. 1in [321]).

%1655 |

1686% %1655

*1643

Figure G.2: Time-resolved IR spectroscopy of Eg5 catalysis in solution, modified from Fig. 1in [321].

A,B, the amide I region (A) and the phosphate regions (B) of the time-resolved hydrolytic spectra. Alterations in absorbance
are visualized by color, in which blue is the greatest amplitude and red is the lowest negative amplitude. The bar represents
0.5x10* absorbance units. All spectral data have 12-cm™ resolution.

It is tempting to suggest that the well-defined, sharp transient maximum at 1743 cm™ was due
to the transient protonation of the carboxylic residue closest to the ATP molecule, namely
Asp265"", that forms a H-bond with Asp265"" next to Thr112*" in human Eg5 (cf with the
maximum at 1741 cm™ of the Thr46-bound, protonated Asp96 in BR [294]).
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H. Software availability

All software and scripts developed for this project are available at https://github.com/servalli/pyploop.


https://github.com/servalli/pyploop
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