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Transition state analogs and energetics of P-loop NTPases

The observation of the shortest H-bonds within the catalytic sites in the presence of NDP:AlF4
(see Fig. 8, Table S1 and S2) helps to clarify why these complexes are most potent functional
TS-mimics in P-loop NTPases [1-19]. Beginning in 1987, that is, even before the first GDP:AlF4
-containing structures were resolved in 1994 [11,12], 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 [1-3,6-10,18-21]. Crystal
structures of P-loop NTPases with NDP:AlF4~ or NDP:AIF3/NDP:MgFs~ complexes bound [4-
8,11-13,17] show that metal-fluorides have planar (AlF4 and MgF3") or almost planar (NDP: AlF3)
structures with Weat in the apical attack position, see respective panels in Fig. 1-6 and the
companion paper [22]. While the shape and electric charge of MgF3™ is the same as that of y-
phosphate in the anticipated TS (see Fig. S1 of the main text), the shape of AlFs differs
significantly, it is tetragonal instead of trigonal. Nevertheless, NDP:AlF4~ complexes are more
potent functional analogs of the TS than NDP:MgFs™ or NDP:AlF3, as follows from their
superiority in promoting binding of P-loop NTPases to their activators [1-3,6-10,18-21]. In
addition, the distances between Weat and the metal atom are shorter (2.0-2.1 A) in the case of
NDP:AIF4 complexes than NDP:MgF3™ (approx. 2.5 A) or NDP:AIF3 complexes (approx. 3.0
A) see the companion article [22] and [6,7]. The reason why NDP:AlFs performs better than
other substrate and TS analogs in all these cases has remained obscure, see e.g. [19].

The reason could be, however, understood by considering the energetics of P-loop NTPases.
Our earlier MD simulations 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"* [23,24]. 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 [23,24]. 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. [25,26].



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 [27]. 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 B- and y-phosphates [28-30]. 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 [31,32]. While increasing the rate of NTP hydrolysis as compared to that in water
(by five orders of magnitude in the case of Ras GTPase [33,34]), 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. SA of the main text and [35,36]), helicases
(see Fig. 5B-C of the main text and [37,38]), or rotary ATPases/synthases of the RecA/F1 class
(see Fig. 6A of the main text and [39-41]). 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 Fi-ATPases,
Paul Boyer called this kind of coupling "binding change mechanism" [41].

The same reasoning can be applied to ABC transporters (Fig. 5D in the main text), where ATP-
hydrolysis appears to be coupled to the binding of the translocated molecule. Also, the
activation of kinases (Fig. 4C-D in the main text) 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 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 [42-45], 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:AlF4 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:AlF4-containing separately
crystallized dimer of GTPase domains of the MnmE protein (Fig. 1F in the companion paper
[22]) or SIMIBI NTPases (Fig. 4A-B in the main text). 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 [1-3,6-10,18-21].

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. 8
of the main text and Fig. 3 of the companion paper {Kozlova, 2022 #3498}, 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:AlIF4 complexes are superior to NDP:MgF3™ complexes (Fig. 8
of the main textand Fig. 2 of the companion paper [22]) because, as documented in Table S2,
they enter into more bonds. Not surprisingly, NDP:AlFs complexes, which “raise” more
binding energy despite their “unphysiological” geometry, are the most efficient in assembling
activated complexes in vitro.

In sum, the extent of H-bonding of TS analogs within catalytic sites of P-loop NTPases (Fig. 8
of the main text, Tables S1, S2 and Fig. 3 of the companion paper [22]) appear to correlate with
their ability to induce self-assembly of activated complexes [1-3,6-10,18-21], which implies that
these H-bonds stabilize the TS upon hydrolysis of ATP or GTP.

The abundance and variety of such auxiliary interactions around the y-phosphate and WM-crest,
as described in the main text and the companion article {Kozlova, 2022 #3498}, could be
related to the energetics of P-loop NTPases. Many of H-bonding interactions between
oppositely charged moieties of the P-loop domain and its activator, which often invoke residues
of WB-crest, may provide the free energy needed for catalysis. If so, elimination — for example
through mutations — of such interactions, even if they are not involved in the chemistry of
catalysis, would still slow the enzyme reaction, which is consistent with some experimental
observations [18,42,45]. Therefore, a case-by-case analysis is needed to understand whether
specific auxiliary residues contribute directly to catalysis or only to the exergonic interaction

of the NTPase domain with its activator.
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