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ABSTRACT: Reactions involving the transfer of a phosphoryl Proto-enzymes
(—=PO;*") group are fundamental to cellular metabolism. These
reactions are catalyzed by enzymes, often large and complex,
belonging to the phosphate-binding loop (P-loop) nucleoside
triphosphatase (NTPase) superfamily. Due to their critical
importance in life, it is reasonable to assume that phosphoryl-
transfer reactions were also crucial in the pre-LUCA (last universal
common ancestor) world and mediated by precursors that were
simpler, in terms of their sequence and structure, relative to their
modern-day enzyme counterparts. Here, we demonstrate that short
phosphate-binding polypeptides (~S0 residues) comprising a single, ancestrally inferred, P-loop or Walker A motif mediate the
reversible transfer of a phosphoryl group between two adenosine diphosphate molecules to synthesize adenosine triphosphate and
adenosine monophosphate. This activity, although rudimentary, bears resemblance to that of adenylate kinase (a P-loop NTPase
enzyme). The polypeptides, dubbed as “P-loop prototypes”, thus relate to contemporary P-loop NTPases in terms of their sequence
and function, and yet, given their simplicity, serve as plausible representatives of the early “founder enzymes” involved in proto-
metabolic pathways.
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B INTRODUCTION progenitors that were nonetheless able to carry out the core
catalytic phosphoryl-transfer reaction. Our goal is to identify,
experimentally reconstruct, and functionally validate the so-
called “seed” peptides to understand how complex proteins, and

In phosphoryl-transfer reactions, a phosphoryl group (—PO,*")
is transferred from a phosphate ester or an anhydride to a
nucleophile. These reactions have some of the slowest

uncatalyzed rates in biology and therefore demand significant their function, emerged and evolved.

rate acceleration from biological catalysts.l’2 In living cells, Although present-day proteins have undergone significant
phosphoryl-transfer reactions are primarily catalyzed by sequence and structural alterations throughout evolution, the
enzymes such as kinases, adenosine triphosphate (ATP)/ seed fragments have remained unchanged owing to their
guanosine triphosphatases (GTPases), and phosphatases that functional importance.’ A classical instance is the Walker A

belong to the phosphate-binding loop (P-loop) nucleoside (P-loop) motif, a glycine-rich loop, defined as GxoxGK(T/S)
triphosphatase (NTPase) superfamily.’~® The P-loop NTPases or GxxGxGK, that underlies all the proteins belonging to the P-

are one of the most abundant, functionally diverse, superfamilies loop NTPase superfamily.’ Structurally, the core NTPase
and implicated in essential life processes such as protein domain is composed of repeating f—a elements connected by
synthesis and maintenance, RNA/DNA modelin% ATP syn- short “bottom” loops and long and flexible “top” loops that
thesis, and cellular signaling and metabolism. ~>7 These harbor active site residues.”® The P-loop motif is nestled,
enzymes are often large and complex, and their precise invariably, in the first f—loop-a element and, accordingly, is
functioning depends on a finely tunec}; coordination among dubbed as the “f1—P-loop-al” motif or more generally as the
their subunits and cellular architecture.”” ATP synthases, for “B-P-loop-a” motif. In present-day P-loop NTPases, the P-loop

instance, are multi-subunit, 600 kDa molecular turbines that
utilize the proton-motive force across a cellular membrane,
generated by oxidation of a reductant, to drive ATP synthesis.”
However, in contrast to the structural and functional complexity
is the postulate that modern proteins emerged by duplication,
fusion, and self-assembly of “seed” (ancient) peptide frag-
ments'”'" and by random polymerization of prebiotic amino
acids.'"® Therefore, it is reasonable that complex machines
such ATP synthases and other enzymes involved in phosphoryl
transfer must have emerged and evolved from simpler, seeding,

binds phosphorylated ribonucleosides and catalyzes the transfer
of the phosphoryl group with the help of other auxiliary
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Figure 1. P-loop prototypes and luciferase assay to detect ATP synthesis. (A)Representative P-loop prototypes used for this study. The “intact”
prototype contains two copies of the S-(P-loop)-a motif connected by scaffolding f-(loop)-a elements [topology: f1-(P-loop)-al—p2-(loop)-
a2—P3-(P-loop)-a3—p4-(loop)-a4.>® Short prototypes “N-half’ and “N-afa” were constructed from the “intact” prototype by truncation and circular
permutation.”® The structural models depict the ancestrally inferred 1 strand and @1 helix in green and the connecting P-loop in red. The scaffolding 8
strands, @ helices, and connecting loops are shown in cyan. The descriptor below each prototype indicates the strand topology and the order of
secondary structural elements. The prototypes have a propensity to oligomerize;26 therefore, the monomeric models shown here are only schematic
descriptions. The models of P-loop prototypes are adapted using PyMOL (pymol.org) with permission from ref 26. Copyright 2021, Proceedings of
the National Academy of Sciences of the United States of America. Sequences of prototypes are listed in Supporting Information Table S2. (B) ATP-
synthesis activity of P-loop prototypes. Luciferase assay showing a linear increase in ATP synthesis (expressed as uM of ATP synthesized per second)
with the increasing concentration of prototypes. N-half with ADP (turquoise triangles); N-afa with ADP (black circles); N-half with ADP and PolyP
(violet triangles); and N-afia with ADP and PolyP (pink squares). The black dotted line indicates the background luminescence from 1 mM ADP
(generally equivalent to 0.2—0.3 M ATP). The red circle on the x-axis indicates background luminescence from S uM prototypes. Reactions were
carried out in the presence of 1 mM ADP and 0.5 mM MgCl, with and without 0.5 mM PolyP at 37 °C for 1 h (see the “Materials and Methods”
section). Error bars represent the standard error of mean (SEM) from four to eight independent experiments.

residues.”' ¥ In addition to the P-loop, nucleotide binding is Considering the ability to bind various phosphorylated
also conferred by a short stretch of abiotic amino acids, via ligands, we were encouraged to investigate if these short, yet
backbone amides and side-chain interactions, connecting the P- functional, prototypes could mediate the transfer of a
loop to the adjoining helix in the “f-P-loop-a” motif.'>"” This phosphoryl group between the former. We were further guided
observation is also in line with the widely accepted notion that P- by the observation that enzymes such as phosphotransferases,
loop NTPases emerged at early stages of protein evolution, adenylate kinases, and other nucleotide kinases are widely
possibly at the interface of the RNA and RNA-—protein represented in the last universal common ancestor’ and thus,
worlds'"'® and that binding to phosphate ligands, such as phosphoryl-transfer reactions were also likely to be crucial in the
nucleotides and nucleotide cofactors, is a critical ancient primordial world. While the largest prototype, ie., “intact”
function.>! 18722 Accordingly, the f-(P-loop)-a motif has prototype (~110 residues), appears to mediate phosphoryl
been proposed to be the “seed segment” from which extant P- transfer by weakly hydrolyzing ATP, ADP, and AMP under
loop NTPases have emerged.”"**~> specific conditions,” hydrolysis is of little evolutionary utility

Our group has previously described S proteins, dubbed as without a parallel ability to synthesize NTPs. Therefore, to
“P-loop prototypes”, composed of the ancestrally inferred /3-(P- explore the biotic origins of metabolic energy sources, we asked

loop)-a motif grafted onto a rudimentary scaffold that mimics if P-loop polypeptides could synthesize NTPs.
the P-loop NTPase core.””*® The largest “intact” prototype
(110 residues) contains two copies of the ff-(P-loop)-a motif B RESULTS AND DISCUSSION

connected by scaffolding f-(loop)-a elements [intact prototype: P-Loop Prototypes Mediate Phosphoryl Transfer to
B1-(P-loop)-a1—f2-(loop)-a2—f3-(P-loop)-a3—f4-(loop)- Synthesize ATP. As representatives to test for phosphoryl-
a4)] (Figure 1A).”>”* In a succeeding study, we were able to transfer activity, we used two short prototypes from our previous
shorten the structural context of the intact prototype down to report:*® (1) N-half: the N-terminal half of the intact prototype
40—60 residues.”® These short prototypes have low complexity, and (2) N-afia: a circular permutation construct consisting of
i.e., they do not contain any of the active sites and auxiliary only the ancestral -(P-loop)-a motif and an additional helix
residues of contemporary P-loop NTPases’”*° and are that promotes solubility (Figure 1A). While most of the short
composed mostly of abiotic amino acids.” Despite their prototypes described in our previous report were functional for
simplicity, these polypeptides retain the ability to bind binding to phosphate ligands, the prototypes for this study were
phosphorylated ligands such as ATP/GTP/adenosine diphos- chosen primarily for their better expression yields and purity.*®
phate (ADP)/adenosine monophosphate (AMP)***° and bind Guided by the observation that P-loop prototypes bind avidly
most avidly to inorganic phosphoanhydrides, such as tri- or poly- to inorganic polyphosphates,”® we asked if the prototypes could
phosphates™® (the proposed primordial energy precursors of transfer a phosphoryl group from inorganic polyphosphates to
dNTPs”’). In addition, the shorter prototypes even show ADP and synthesize ATP. This activity resembles that of
elaborate nucleic acid remodeling functions such as DNA polyphosphate kinases, an ancient class of bacterial enzymes,
unwinding and strand exchange.”® that reversibly transfer the terminal phosphate group from
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inorganic polyphosphate to -phosphate of ADP to synthesize
ATP.”® To assay for ATP synthesis, we used a conventional
bioluminescence assay that employs firefly luciferase to generate
light in the presence of its substrate (luciferin), oxygen, Mg*?,
and ATP.” A typical experimental setup involved incubating the
prototypes with inorganic polyphosphate (PolyP; 25-mer) and
ADP. ATP, if generated in the reaction, was detected by
measuring luminescence upon the addition of a luciferase
premix (containing luciferase, luciferin, and MgCl,) and
quantified using a standard curve calculated by measuring, in
parallel, luminescence from “ATP-only” controls (see the
“Materials and Methods” section; Supporting Information
Figure S1). To begin with, prototypes (0 to S uM) were
incubated with presumed saturating concentrations of ADP (1
mM) and PolyP (0.5 mM) for 1 h under optimized reaction
conditions: in tricine buffer (pH 7.6) containing 0.5 mM MgCl,
at 37 °C (see the “Supporting Information Materials and
Methods” section for details on the optimization of the reaction
conditions). Figure 1B shows that P-loop prototypes synthesize
ATP from ADP itself (without PolyP; turquoise and black lines)
and this activity, expressed as uM of ATP produced per second,
increases linearly with increasing concentrations of the
prototypes. The larger, “intact”, prototype also mediates ATP-
synthesis activity (Supporting Information Figure S2) that is
comparable to that of shorter prototypes. The shorter
prototypes, however, are simpler relative to the “intact”
construct (in terms of sequence complexity and number of
residues) and, thus, more plausible representatives of early
enzymes. Therefore, we chose to characterize the phosphoryl-
transfer (used interchangeably with ATP-synthesis) activity of
the shorter constructs.

Inorganic Polyphosphates Appear to Inhibit ATP-
Synthesis Activity. For the reactions containing ADP and
PolyP (25-mer), the ATP levels are barely above the background
luminescence from the 1 mM ADP control (black dotted line;
Figure 1B). Further, we do not observe any increase in activity
with the increasing concentration of prototypes (Figure 1B).
Previously, we showed that P-loop prototypes demonstrate avid
binding to inorganic polyphosphates.*® This avidity is likely due
to multiple phosphate groups contributed by long-chain
inorganic polyphosphates and due to the overall positive charge
on the prototypes, especially in the P-loop region (Supporting
Information Table S2 and Figure S3). Consequently, PolyP (25-
mer) inhibits the reactions even at 1 uM concentration (despite
having 1 mM ADP in the reaction) (Supporting Information
Figure S4). It is also possible that 25-mer PolyP outcompetes
ADP for all available binding sites on the prototypes. Therefore,
we tested if the prototypes can mediate phosphoryl transfer from
inorganic triphosphates to ADP. Inorganic triphosphates also
appear to inhibit the reaction at high concentrations (100—500
uM; Supporting Information Figure S4). In the reactions with
low triphosphate concentrations (1—10 yM), ATP synthesized
is, at best, comparable to the reactions without triphosphates
(Supporting Information Figure S4). We cannot entirely rule
out the possibility that a fraction of ATP synthesized in the
reaction may be a consequence of phosphoryl transfer from
triphosphate to ADP. However, this is only possible at very low
triphosphate concentrations that do not show significant
inhibition. Crucially, the presence of ADP in the reactions
makes such an analysis extremely challenging, given that the
prototypes can synthesize ATP from ADP alone. Nonetheless,
the ability of the prototypes to mediate the transfer of a
phosphoryl group, be it from inorganic polyphosphates or ADP,
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is significant in the context of the primordial world (see the
“General Discussion” section) and was characterized further.

ATP-Synthesis Activity Is Dependent on Divalent
Metal lons. Next, we tested the effect of various metal ions
on the ATP-synthesis activity of P-loop polypeptides. The
presence of divalent cations such as Mg*z, Mn™?, and, to a lesser
degree, Ca'™ is essential for the activity of prototypes
(Supporting Information Figure SS). This dependency is
unsurprising as divalent metal ions, foremost magnesium
cations, are an obligatory requirement in catalyzing phosphor-
yl-transfer activity in contemporary P-loop NTPases'"*"*!
(with notable exceptions; ref 32). Titrating with varying
concentrations of MgCl,, at constant ADP (1 mM) and
prototype (10 uM) concentrations, showed that the activity
plateaued around 0.5 mM MgCl, (Supporting Information
Figure SS).

To deduce the reactive species for ATP-synthesis activity, we
calculated the fraction of bound (Mg-ADP) and free ADP in the
reaction, using the known dissociation constant of the Mg-ADP
complex (see the “Supporting Information Materials and
Methods” section). The prototypes demonstrate the maximal
activity when the reaction concentrations of Mg-ADP and ADP
are approximately equal (ie, at ~0.5—-1 mM MgCl,)
(Supporting Information Materials and Methods), allowing us
to speculate that both Mg*>-bound and unbound ADP are
required for ATP synthesis. Presumably, for phosphoryl transfer
to occur, both Mg-ADP and ADP should bind to two different
sites in the ternary complex, in the correct geometry, with their
phosphates pointing toward each other. In line with our data,
previous reports with similar kinetic trends (optimal activity at
equal concentrations of Mg**-bound and unbound ADP) have
suggested that both Mg-ADP and ADP are the substrates for
phosphoryl transfer enzymes.****

As more Mg-ADP is formed, with the increase in MgCl,
concentrations, there is progressive depletion of free ADP, and
accordingly, we observe a decrease in activity (Supporting
Information Materials and Methods and Figure SS). Yet, one
may argue that activity is largely consistent despite depleted
ADP levels. We note that the depletion of ADP is concomitant
with the increase in free MgCl, in the reaction that, in turn, may
influence the activity. While one Mg"* ion is sufficient for
phosphoryl-transfer activity, at high concentrations of free
MgCl, (generally higher than 1 mM), kinases can accommodate
a second Mg*? ion in the active site and mediate phosphoryl
transfer via “two-metal catalysis”.”" The presence of additional
Mg*?ion can affect the structural and kinetic parameters of many
kinases.”>*~*' Molecular dynamics calculations have shown
that activation energy for phosphoryl transfer is lower for kinases
when two Mg"? ions are bound in the active site (ref 41 and
other references therein). Further, the presence of an additional
Mg*? ion in the active site has been shown to lower the K, of
nucleotide substrates of kinases.’' Finally, the binding of two
Mg*? ions may also promote structural changes to the active sites
of the prototypes, resulting in a rigid, closed conformation of the
P-loop, facilitating better exclusion of water molecules, thereby
improving catalytic properties, as has been demonstrated for
other phosphoryl transfer enzymes.” Overall, magnesium ions
are crucial for ATP synthesis and the prototypes mediate
optimal activity at a ~1:1 ratio of Mg-ADP and ADP—the true
substrates of the reaction.

Next, we assessed the effect of temperature and pH on the
ATP-synthesis activity. The prototypes demonstrate compara-
ble, maximal, activities at 37, 42, and 45 °C; whereas the pH
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Figure 2. LC—MS analysis of phosphoryl-transfer activity of P-loop prototypes. (A) Representative extracted mass chromatograms depicting the
intensity of ATP ([M — H]~, m/z = 505.9885) and AMP ([M — H]~, m/z = 347.06363) for test reactions containing 20 #M N-half and N-afia
prototypes, 1 mM ADP, and 0.5 mM MgCl,. “ADP control” reactions contain 1 mM ADP and 0.5 mM MgCl,. (B) Relative abundance corresponding
to ATP and AMP (from A) analyzed by LC—MS*. Shown are bar plots for control (“ADP only”) and test samples (S and 20 M of prototypes with 1
mM ADP and 0.5 mM MgCl,). Error bars represent the standard deviation from three independent measurements. (C) Representative extracted mass
chromatograms depicting the intensity of ADP ([M — H]~, m/z = 426.0221) for test reactions containing S and 20 M N-afa prototype, equimolar
concentrations of ATP and AMP ([ATP] = [AMP] = 0.5 mM), and 0.5 mM MgCl,. ATP + AMP control reactions contain equimolar concentrations
of ATP and AMP ([ATP] = [AMP] = 0.5 mM) and 0.5 mM MgCl,. (D) Relative abundance corresponding to ADP (from C) analyzed by LC—MS.
Shown are bar plots for control (“ATP + AMP only”) and test samples [S and 20 uM of N-afia prototype incubated with varying equimolar
concentrations of ATP and AMP: 50 uM (black bar); 100 uM (pink bar); and 500 uM (turquoise bar)]. Error bars represent the standard deviation
from three independent measurements. All reactions were performed in S0 mM tricine buffer (pH 7.6) and incubated at 37 °C for 1 h. *The relative
abundance values of charged species of ATP and AMP depicted in Figure 2B should not be compared to each other. These values should also not be
considered as a proxy for the amount of the product produced in the reaction as they can vary for different ligands depending on their ionization
differences.

were performed under optimized conditions: 0.5 mM MgCl,, 37
°C, and pH 7.6.
To validate that the luminescence signal measured in the

titrations revealed that the activity is stable over a pH range of 6
to 9 (Supporting Information Figure S6A, B). Henceforth, the
experiments shown in Figure 1B and all subsequent experiments luciferase assays is due to ATP formation, the reaction mixes
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Figure 3. Kinetic parameters of ATP-synthesis activity. (A) Initial velocity of ATP synthesis as a function of ADP concentration. 4 #M prototypes (N-
half, black curve and N-afia, pink curve) were titrated with varying concentrations of ADP (50 to S000 #M). Reactions were incubated for 1 hat 37 °C
in tricine buffer (pH 7.6) with 0.5 mM MgCl, Shown here are the initial velocities (expressed as yM ATP synthesized per second) for N-half and N-
afa prototypes at varying ADP concentrations. Data were fit to the standard Michaelis-Menton equation in GraphPad Prism 8.3.0. Error bars
represent the SEM from four to eight independent measurements. (B) Time course analysis of ATP-synthesis activity. The N-half prototype (4 uM;
black circles and 1 #M; pink circles) was incubated in the presence of saturating ADP concentrations (1 mM) in tricine buffer (pH 7.6) with 0.5 mM
MgCl,. Luminescence was measured at varying time points, and ATP synthesized in the reaction was calculated using standard curves (see the
“Materials and Methods” section). Error bars represent the SEM from three independent measurements. (C) ATP-synthesis activity of prototypes and
P-loop mutants. Shown here are steady-state (1 h) values of ATP synthesis at varying concentrations of “wild-type” (N-half and N-afla) and mutant
prototypes. Reactions were carried out in the presence of 1 mM ADP and 0.5 mM MgCl,. Samples were incubated at 37 °C for 1 h. The “0 uM”
(purple) bar indicates background luminescence from the ADP control sample (1 mM ADP + 0.5 mM MgCl,). The structural models of the N-half
[topology: S1-(P-loop)-al—f2-a2] and N-afia prototypes [topology: a2—p1-(P-loop)-al] are shown next to the bar diagram. The P-loop
(GxxGxG;KT) connecting the f1 strand to a1 helix is colored red, and the mutated regions are shown as yellow sticks. Error bars represent the SEM
from three to six independent measurements. The models of P-loop prototypes are adapted using PYMOL (pymol.org) with permission from ref 26.
Copyright 2021, Proceedings of the National Academy of Sciences of the United States of America.

Table 1. Kinetic Parameters of ATP-Synthesis Activity of P-Loop Prototypes®

N-half prototype N-afia prototype
Kytapp 130 (20) uM Kitapp 67 (18) uM
Vinax,yy 1.04 (0.01) X 1073 uM ATP 57! (ie. 3.7 (0.3) uM ATP h™') Vinax 0.9 (0.1) x 107 yuM ATP s~* (i.e. 3.2 (0.4) uM ATP h-")
Keat,, 2.6 (02) x 107*s7" (ie. 0.9 (0.1) h™") ke, 2.0 (0.3) X 10* 57" (i.e. 0.8 (0.1) h™")
Keat,,/ Kntapp 2.5(03) x 1076 yM 17! Kot/ Kitapp 2.9 (0.3) x 1076 yM~' 57!

“Reactions were carried out with 4 4M prototypes in the presence of 0.5 mM MgCl, at 37 °C with varying concentrations of ADP (50 to 5000
¢M) in 50 mM tricine buffer (pH 7.6). Samples were incubated for 1 h, and luminescence was measured as described in the Materials and Methods
section. Values in parentheses represent the SEM from four to eight independent measurements.

(prototypes + ADP + MgCl,) were analyzed qualitatively by with the prototypes. The relatively high AMP background in the
liquid chromatography—mass spectrometry (LC—MS). The ADP-only samples could be due to the dissociation of a fraction

presence of ATP was detected in the reaction mixes of both N- of ADP to AMP and/or due to contaminant nucleotides in the
half and N-affa prototypes (Figure 2A). In line with the protein commercial ADP batches (98% purity). Nonetheless, the AMP
concentration-dependent increase in activity (Figure 1B), we abundance for the “20 M N-half” sample is significantly higher

observed a higher abundance of ATP with 20 yM N-half (p < 0.0001) than that for the “ADP-only” samples. This activity
prototype, as compared to that with S uM (Figure 2B). In of P-loop prototypes resembles the activity of adenylate kinase
addition to ATP, we also detected AMP in the reaction mixes enzymes (belonging to the P-loop NTPase class) that catalyze
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Figure 4. Evolutionary implications of P-loop prototypes and their phosphate-binding activity. The $1-(P-loop)-a1 seed motif self-assembles to form
multiple higher-order oligomers that provide the structural volume necessary for bindin§ and catalytic functions.”® Within these heterogeneous
oligomeric forms, the 8-(P-loop)-a motif may arrange in various conformational states,”>° facilitating binding to various phosphorylated substrates
and/or conferring the ability to bind to a given phosphate ligand using multiple binding modes. (A) Multifunctional phosphate binders. Oligomeric
forms of -(P-loop)-a demonstrate a multitude of phosphate-binding functions that are crucial in the RNA/RNA—protein world, such as binding to
RNA/ssDNA and clsDNA,B’26 DNA-remodeling functions such as strand separation and exchange,26 binding to nucleotides,zs’26 and, foremost, avid
binding to inorganic polyphosphates,* the presumed precursors of NTPs.>” (B) Phosphoryl-transfer activity of P-loop prototypes. The phosphoryl-
transfer activity of P-loop polypeptides, which is a function of nucleotide binding, enables synthesis and recycling of nucleotides (red curved arrows),
thereby diverting the reaction from its eventual fate, i.e., nucleosides plus phosphates (black curved arrows). This activity would have been crucial for
maintaining the adenylate charge®' of a primordial organism and in fueling proto-metabolic pathways.®>~** (C) From the seed f3-(P-loop)-a motif to
extant enzymes. A hypothetical evolutionary trajectory (black dotted arrows) depicting the transition from seed peptides to adenylate kinase, a
representative modern-day P-loop NTPase enzyme. A plausible trajectory comprises fusions with “fa” motifs such as the a2 helical segment (shown in
yellow) that confers AMP binding capabilities to adenylate kinase enzymes. In line with this, we anticipate the binding to AMP or the second ADP to
the a2 helix of the prototypes (Figures 1 and 3). Fusions with additional fa motifs, such as the 33 strand harboring the catalytic aspartate/glutamate
(Walker B) residue and the “lid” domain (a4 helix), confer catalytic and rate-enhancement properties.*®

the reversible conversion of ADP to ATP and AMP.* In line concentrations. The apparent Ky of the N-half prototype
with this, the N-affa prototype also mediates the conversion of (I{Mapp) for ADP was 130 (£20) uM (Figure 3A pink fit curve
ATP and AMP to ADP (Figure 2C, D). Thus, the LC—MS and Table 1), whereas the N-afa prototype demonstrated a
experiments provided independent verification of ATP-syn- lower ADP K,, of 67 (+18) uM (Figure 3A turquoise fit curve

thesis activity observed in the lucif .
esl_st(;lF;nthrgt(s)i;V; e; nAree Vl\;(;laekra'fg:::;?zits" The experi- and Table 1). For both prototypes, however, we observed similar
initial velocities: 0.001 uM ATP s~' (N-half) and 0.0009 yM

ments described so far were performed under a presumed h
saturating concentration of ADP (1 mM). Next, we measured ATP s™' (N-afia) for 4 uM prototype (Table 1). By extension,
steady-state kinetics of ATP synthesis at varying ADP both prototypes demonstrate comparable turnover numbers,
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i.e, apparent k., (ke ) values: 0.00026 s~! (N-half) and 0.0002

s”' (N-afja), translating to approximately one turnover per hour
(Table 1). For the end-point (one-hour incubation) measure-
ments, ATP synthesis plateaus beyond 1 mM ADP concen-
tration (Figure 3A). Next, a time course analysis revealed two
peculiar observations. First, although the ATP formation
increases beyond the hour mark, the reaction rates progressively
decreased (Supporting Information Table S3), and second, the
total product formation appears to plateau around the 7000 s
(~2 h) mark despite the presence of excess unused substrate
(Figure 3B).

To test if the rate of ATP synthesis slows down due to
accumulating products, the reactions shown in Figure 3A were
preincubated with varying concentrations of APPcP (a non-
hydrolyzable analogue of ATP) and AMP. APPcP inhibits ATP
synthesis with an apparent inhibitor constant (Kiapp) of 80 (20)
UM however, the inhibitory effect is stronger with AMP (K_iapp =
10 (1) uM) (Supporting Information Figure S7). As observed in
present-day adenylate kinases,”> AMP (and the second ADP
molecule) is expected to bind to the prototypes at a secondary
binding site (other than the P-loop). Thus, the progressively
weaker reaction rates are could be due to AMP outcompeting
the second ADP molecule due to stronger binding to the
prototype. Nonetheless, a stoichiometric starting concentration
of the N-afa prototype (500 M) demonstrates faster reaction
rates and almost complete conversion of the substrate into the
product (Supporting Information Figure S8) within the one-
hour experimental time scale.

To assess if the product formation can be increased further
(for the experiment shown in Figure 3B), we added an aliquot of
the prototype to the reaction once it reaches a plateau. Injection
of “fresh” protein increases ATP formation further until it
plateaus again after two hours, necessitating the injection of an
additional protein aliquot (Supporting Information Figure S9).
Thus, the increase in product formation upon the addition of
“fresh” protein suggests that “product inhibition” is unlikely to
be the cause of loss in activity around the two hour mark.

In natural enzymes, H-bonding interactions via strategically
positioned second-shell and third-shell residues, as well as long-
range interactions, evolved over billions of years of evolution,
restrain active sites in an optimally aligned rigid state, promoting
substrate specificity and efficient catalysis.**~** Such stabilizing
interactions are likely to be absent in P-loop prototypes (or
primordial enzymes) that have not been subjected to computa-
tional or directed evolution-based optimization for efficient
phosphoryl transfer. Nuclear magnetic resonance analysis has
shown that the f-(P-loop)-a region of the “intact” prototype
exists in at least two conformations in its unliganded form.**
Therefore, it is reasonable that the “truncated”/shorter
prototypes, lacking a stable core, may demonstrate even higher
structural flexibility of the P-loop region. Conformational
isomerism of the active site, involving a tryptophan rotamer
flip, has been shown to limit the catalytic efficiency of the
catalytic antibody 34E4.*

Structural plasticity also manifests as oligomeric hetero-
geneity of P-loop polypeptides. For instance, the N-apfa
prototype can self-assemble to form higher-order oligomers
(10 to 30-mers™®) that can change upon ligand binding.26
Foremost, oligomerization is fundamental to the functioning of
P-loop prototypes”>*® (see the “General Discussion” section).
Given this tendency to exist in multiple interchangeable states
and the aforementioned lack of stabilizing interactions, it is
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plausible that during the reaction time course, the prototypes
adopt an alternate “sub-state” (i.e., conformations, oligomers,
rotamers, tautomers, or even single-atom changes such as
protonation states) that is not productive for catalysis. To this
end, we monitored changes, if any, in the oligomeric forms of
prototypes using the mass photometry method.”® During the
two-hour reaction time frame, the N-afa prototype in its
unliganded form retains the larger oligomeric forms (corre-
sponding to a 10-mer species), in line with our previous results
from native mass spectrometry.”® However, in the presence of
ADP and Mg*z, the prototype adopts a smaller oligomeric form
(Supporting Information Figure S10). This change in the
oligomeric state may result in either loss of binding or binding of
ADP in an incorrect orientation (ie. a “futile encounter”),
relative to the active site residues, which does not result in
phosphoryl transfer. Non-productive (futile) encounters, where-
in the enzyme adopts a sub-state that is not conducive for
catalysis, have been reported for enzymes with weak and
promiscuous activities.*”"’

High-resolution structural data may reveal the exact molecular
details underlying the change in the oligomeric form and how
this change translates to the apparent loss in activity. However,
our attempts to this end using various approaches have not
yielded convincing results, perhaps due to the “floppy” nature of
prototypes. Overall, the structural plasticity of the 5-(P-loop)-a
region facilitates binding to multiple phosphorylated liganc1526’52
(see the “General Discussion” section and Figure 4, panel A);
however, this promiscuity comes at the expense of catalytic
efficiency (Figure 3B). Nonetheless, this “floppiness” provides a
basis for evolution to remodel primordial active sites with weak
and promiscuous activities into efficient and specific enzyme
functions.

P-Loop Motif Mediates Phosphoryl-Transfer Activity.
Our previous studies have shown that binding to phosphory-
lated ligands, be it ATP or DNA, is compromised when key
residues of the P-loop (GxxG,xG;KT) are altered.”* In the
same vein, to confirm that the P-loop residues govern the ATP
synthesis, we generated a set of prototype constructs with
mutations to the conserved glycines and lysine of the P-loop
(Figure 3C cartoon models). The alanine mutants (Gj to A and
K to A), although weakened, retained some activity. It is
noteworthy that alanine mutants have been reported to retain
function in extant P-loop NTPases.”” Therefore, we tested
potentially disruptive, glycine to glutamic acid, substitutions in
the P-loop that were also used in our previous studies.”>*
Mutating the third glycine (G; to E) and all glycines of the P-
loop to glutamic acid (all G to E) abrogated the ATP-synthesis
activity (Figure 3C). The loss of activity for G to E mutants was
consistent, whereas the wild-type prototypes demonstrated ATP
synthesis over multiple batches of expression and purification
(Figures 1, 2, and 3A, B, and Supporting Information Figure
S11). Overall, mutagenesis experiments confirm our previous
finding that binding to phosphorylated ligands”**® and, by
extension, ATP synthesis is mediated by P-loop residues.

B GENERAL DISCUSSION

That evolutionary relevant functions can emerge in seeding
polypeptides is not obvious, and only a few e)?)erimental
reconstructions to this end have been reported.””**~° Here, we
demonstrate that polypeptides comprising a single, ancestrally
inferred, -(Ploop)-a motif mediates the reversible transfer of a
phosphoryl group between ADP nucleotides to synthesize ATP
and AMP.
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The key to function in P-loop prototypes, or any primordial
enzyme, is the aforementioned conformational and oligomeric
heterogeneity.”****” The propensity to oligomerize via self-
assembly”® enables P-loop polypeptides to form a structural
“framework” and an active-site pocket, by solvent exclusion,
which is an essential requisite for binding and catalysis.
Accordingly, a change in the oligomeric state, specifically a
shift toward a smaller species, may result in a loss of activity
(Supporting Information Figure S10). The conformational
(including oligomeric) dynamism of the -(P-loop)-a motif also
allows the prototypes to employ more than one ligand binding
mode, explaining why certain mutant prototypes (Figure 3; G,
to A and K, to A mutants) retain some activity.

Described below are the evolutionary implications of
phosphoryl-transfer activity of P-loop prototypes.

P-Loop Prototypes and Primordial Metabolism. What
evolutionary advantage would primordial peptides with a low
turnover number provide? Although rate acceleration is a
hallmark of enzymes, the role of enzymes also manifests in
diverting the outcome of the reaction to yield a product different
from that of a spontaneous reaction. Such diversions from the
immediate thermodynamic and kinetic fates are critical for life
and seen throughout the metabolism, certainly in biochemical
pathways. While numerous reports have proven the possibility of
prebiotic synthesis of nucleotides (ref S8 and the references
therein, refs 59 and 60), the eventual fate of these prebiotic
nucleotides, in the absence of a primordial catalyst or a binder
that stabilizes the ground states, would be nucleosides plus
phosphates (black curved arrows in Figure 4, panel B). In such a
scenario, primordial phosphate-binding polypeptides could
channel ADP molecules to be converted into ATP and AMP
(Figure 3A, B; red curved arrows in Figure 4, panel B), thus
diverting the reaction’s eventual outcome (adenosines and
phosphates). The AMP produced (along with ATP) could then
be reconverted into ADP (red curved arrows in Figure 4, panel
B). This recycling of adenine nucleotides would have been
critical in maintaining the cellular energetic state—dubbed as
“adenylate energy charge”®'—of a primordial organism.
Another consequence of phosphoryl-transfer activity of
primordial peptides would be the enrichment of phosphorylated
nucleosides or metabolites that could be readily accepted by
other pre-existing primordial enzymes or peptides, thus fueling
protometabolic networks.>”%*

From Multifunctional Phosphate Binders to Speci-
alized Enzymes. Given the ubiquity of phosphate moieties in
natural metabolites,*® Jproteins that bind phosphorylated ligands
are highly abundant.’® Further, a systematic analysis has shown
that phosphate binding, via short stretches of abiotic amino
acids, is the earliest function of P-loop NTPases and other
ancient protein lineages.A"m’17 Therefore, it is plausible that in a
primordial world, new enzymes were recruited from an initial set
of pre-existing, founding polypeptides that bound multiple
forms of phosphates”>” (Figure 4, panel A). These multifunc-
tional polypeptides, demonstrating weak and diverse enzyme-
like activities (refs 23 and 26 and this study), provide a basis for
evolutionary fine-tuning and diversification into specialized
functions. Along the evolutionary trajectory, fusion with
additional domains would have conferred these seed poly-
peptides with enhanced functional and catalytic capabilities
(Figure 4, black dotted arrows, panel C). For instance, present-
day adenylate kinases possess “lid domains” that provide
“closed” and “open” conformations for efficient phosphoryl
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transfer and the subsequent release of the products®® (Figure 4,
panel C).

From Nucleic Acid Remodelers to ATPases. Previously,
we showed that P-loop prototypes have helicase-like functions
such as strand separation and strand exchange.”® That these
nucleic acid-remodeling prototypes also mediate phosphoryl
transfer is consistent with the notion that F- and V-type ATPases
evolved from ancestral RNA/DNA helicases.”®’ Therefore, in a
primordial biotic world, substrate-level phosphorylation medi-
ated by phosphate-binding polypeptides may have predated
oxidative phosphorylation, which requires more advanced
machineries such as a cellular membrane.” In line with the
DayhofPs hypothesis,'’ such proto-peptides would have
duplicated and fused to form repeats of S-(P-loop)-a motifs.
The repeating units would have then diverged, wherein one -
(P-loop)-a retains nucleic acid binding function whereas the
other binds to nucleotides and mediates phosphoryl transfer. A
remnant of such duality is seen in an extant XPD helicase,
wherein an ssDNA binding helicase C_2 domain is fused to the
ATPase (DEAD) domain (ECOD domain ID: e6fwrA2).>

B CONCLUSIONS

In summary, despite their simplicity, the prototypes relate to
modern-day enzymes involved in phosphoryl-transfer reactions
and provide snapshots of how rudimentary enzymatic functions
may have emerged in seeding polypeptides.

B MATERIALS AND METHODS

DNA and Cloning. Synthetic gene fragments coding P-loop
prototypes were obtained from Twist Biosciences and were cloned
into a pET29(+)b expression vector as described previously.”®
Mutagenesis primers were obtained from IDT. Standard site-directed
mutagenesis via restriction free cloning was used to generate mutant
prototypes as described previously.>*

Protein Expression and Purification. P-loop prototypes have a
C-terminal tag that is composed of a Trp residue for concentration
determination by measuring absorbance at 280 nm (the prototypes are
devoid of aromatic residues) followed by 6xHis for purification (DNA
and amino acid sequences are provided in Supporting Information
Tables S1 and S2). Following purification, the yield and purity of
purified proteins was assessed by sodium dodecyl sulfate polyacryla-
mide gel electrophoresis (Supporting Information Figure SI11).
Typically, four peak elution fractions (total 7.5 mL) were pooled
together and subjected to two rounds of dialysis (2 h at room
temperature plus overnight at 4 °C) in a buffer containing S0 mM Tris
and 100 mM NaCl (pH 8) to dialyze out the imidazole. The proteins
generally precipitated during the dialysis step and required an osmolyte
such as L-arginine to resolubilize the proteins. The samples were
centrifuged; the protein pellet was collected and dissolved in a buffer
containing SO mM Tris (pH 8), 100 mM NaCl, and 1 M L-arginine
(osmolyte to resolubilize the proteins). Purified prototypes, stored in
this buffer at 4 °C at 100 to 200 M concentrations, remained soluble
and active for periods of 10—14 days.

Luciferase Assay to Detect ATP Synthesis. The standardization
of reaction conditions to determine the correct metal salt, temperature,
and pH for activity is described in the Supporting Information Materials
and Methods section. To test the potential of P-loop prototypes to
synthesize ATP (Figure 1B), P-loop prototypes (0.5 to S uM) were
incubated with 1 mM ADP in SO mM tricine buffer (pH 7.6) with or
without 0.5 mM PolyP. For ADP K,, measurements (Figure 3A),
prototypes at a fixed concentration (4 M), within the linear
concentration range in Figure 1B, were incubated with varying ADP
concentrations (50 to 5000 M). All reactions were set up in 100 uL
volumes in 96-well plates. Reactions were “initiated” by adding 0.5 mM
MgCl, and then incubated at 37 °C for 1 h. After 1 h incubation, 30 uL
of the test reaction was transferred to 96-well flat white plates (Nunc),
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to which 30 uL of the luciferase premix (3.2 uM luciferase, 370 uM
luciferin, and 10 mM MgCl, in S0 mM tricine, pH 7.6) was added using
a multi-channel pipette. Luminescence was measured in duplicates
using a Tecan Infinite M-Plex plate reader with the “automatic
attenuation” setting and 100 ms integration time. Background
luminescence from “ADP only” control reactions (1 mM ADP + 0.5
mM MgCl,) and “protein only” reactions (S uM prototypes without
ADP and MgCl,) are shown in Figure 1B. Background luminescence
corresponding to each “ADP only” sample (50 to 5000 yM) was
measured and subtracted from luminescence from the respective test
reactions. In parallel, luminescence from ATP controls (0.3 to 20 uM
ATP with 1 mM ADP and 0.5 mM MgCl,) was measured using the
same luciferase premix that was used for test reactions. Accordingly, an
ATP standard curve was generated for each experiment (Supporting
Information Figure S1) to quantify the ATP produced in the test
reaction.

For time course analysis of ATP synthesis (Figure 3B), the N-half
prototype (4 M) was incubated with 1 mM ADP (or 0.25 mM ADP)
in 800 uL reaction volume. The test reaction was incubated on a block
thermostat to allow the reaction temperature to reach 37 °C.
Meanwhile, luminescence from ATP dilutions (containing 1 mM
ADP and 0.5 mM MgCl,) was measured, and a standard curve was
generated (as described above). Once the reaction temperature for test
reactions reached 37 °C (usually after 5S—7 minutes), 30 uL of the test
reaction was transferred to a 96-well white plate, and “time-zero” (i.e.,
without MgCl,) luminescence was measured by adding 30 uL of the
luciferase premix. To “initiate” the reaction, MgCl, was added to the
reaction at a final concentration of 0.5 mM, and the reaction was mixed
twice (by pipetting). 30 uL of the test reaction was transferred
immediately to a 96-well plate, and luminescence was measured by
adding 30 uL of the luciferase premix. The time lag between the
addition of MgCl, and the first measurement was 30 s. Likewise,
luminescence was measured at varying time points for three hours. The
luciferase premix, kept in dark (on ice), remained stable during the
course of the experiment (Supporting Information Figure S12).

LC—MS Analysis. For detection of ATP, P-loop prototypes (S and
20 uM) were incubated with 1 mM ADP and 0.5 mM MgCl, in tricine
buffer (pH 7.6) in S00 uL reaction volumes, at 37 °C for 1 h. For
detection of ADP, the N-afia prototype (S and 20 uM) was incubated
with equimolar ratios (50:50, 100:100, and 500:500 M) of ATP and
AMP with 0.5 mM MgCl, in tricine buffer (pH 7.6) in 500 yL reaction
volumes, at 37 °C for 1 h. Proteins were filtered out using centrifugal
filters with 3.5 kDa cutoff, and the flow-through was lyophilized.

a. Metabolite extraction: the lyophilized samples were reconsti-
tuted with 120 uL of a pre-cooled (—20 °C) homogeneous
methanol (hypergrade, Merck): DDW (50:50, v/v) mixture.
The tubes were vortexed for 15 s and then sonicated for 30 min
in an ice-cold sonication bath (briefly vortexed every 10 min)
and centrifuged at max speed at 4 °C. The supernatant was
moved to a new Eppendorf tube and centrifuged again. Finally,
70 uL of the supernatant was transferred to the injection vials.

. LC—MS polar metabolite analysis: metabolic profiling of
samples was done as described by Zheng et al.”* with minor
modifications described below. Briefly, analysis was performed
using an Acquity I class UPLC system combined with a mass
spectrometer Q Exactive Plus Orbitrap (Thermo Fisher
Scientific), which was operated in a negative ionization mode.
The LC separation was done using the SeQuant Zic-pHilic (150
mm X 2.1 mm) with the SeQuant guard column (20 mm X 2.1
mm) (Merck). Mobile phase B was acetonitrile (hypergrade,
Merck) and mobile phase A was 20 mM ammonium carbonate
with 0.1% ammonia hydroxide in DDW: acetonitrile (hyper-
grade, Merck) (80:20, v/v). The flow rate was set to 200 uL
min~, and the gradient was set as follows: 0—2 min 75% of B, 14
min 25% of B, 18 min 25% of B, 19 min 75% of B, for 4, and 23
min 75% of B.

c. Polar metabolites data analysis: the data processing was done
using TraceFinder (Thermo Fisher Scientific), and when
detected, compounds were identified by the accurate mass,
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retention time, isotope pattern, and fragments and verified using
the in-house-generated mass spectral library.
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