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Abundant and essential motifs, such as phosphate-binding loops
(P-loops), are presumed to be the seeds of modern enzymes. The
Walker-A P-loop is absolutely essential in modern NTPase enzymes,
in mediating binding, and transfer of the terminal phosphate groups
of NTPs. However, NTPase function depends on many additional
active-site residues placed throughout the protein’s scaffold. Can mo-
tifs such as P-loops confer function in a simpler context? We applied a
phylogenetic analysis that yielded a sequence logo of the putative
ancestral Walker-A P-loop element: a β-strand connected to an α-helix
via the P-loop. Computational design incorporated this element into de
novo designed β-α repeat proteins with relatively few sequence mod-
ifications. We obtained soluble, stable proteins that unlike modern
P-loop NTPases bound ATP in a magnesium-independent manner. Fore-
most, these simple P-loop proteins avidly bound polynucleotides, RNA,
and single-strand DNA, and mutations in the P-loop’s key residues
abolished binding. Binding appears to be facilitated by the structural
plasticity of these proteins, including quaternary structure polymor-
phism that promotes a combined action of multiple P-loops. Accord-
ingly, oligomerization enabled a 55-aa protein carrying a single P-loop
to confer avid polynucleotide binding. Overall, our results show that
the P-loop Walker-A motif can be implemented in small and simple
β-α repeat proteins, primarily as a polynucleotide binding motif.

de novo protein design | protein evolution | Walker-A | RNA binding
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Although large and highly complex in structure and catalytic
mechanism, modern proteins are thought to have evolved by

duplication, fusion, and diversification of shorter polypeptides
(1–4). The most conserved motifs in contemporary proteins are
presumed to be relics of these simple, ancient beginnings.
However, although the most archaic and functionally essential
motifs may not have changed much, the structure and sequence
context in which they currently reside fundamentally differs from
the state in which they first emerged. Consequently, while in
modern proteins these motifs are absolutely necessary, their
function depends on a consortium of residues from the protein’s
scaffold and its active-site pocket (5). How large the earliest
proteins were, let alone what their composition, structure, or
function was, are all unknown. Thus, reconstruction of histori-
cally relevant early protein forms is currently beyond reach. One
can, however, attempt to obtain prototypes: proteins in which the
presumed ancient motifs are implemented in a relatively rudi-
mentary context, whereby biochemical function is mediated by
these motifs on their own, in the absence of other functional
motifs or an active-site pocket, and yet, the sequence, structure,
and function of these prototypes relates to modern proteins
(6–14). The ability to graft key functional motifs would also ad-
vance protein engineering. Protein scaffolds are routinely designed
de novo, sometimes with no relation to existing structures. How-
ever, implementation of function, such as ligand binding, in a de
novo-designed scaffold remains a challenge (15–19). To address
these challenges, we have designed functional proteins harboring

the P-loop Walker-A motif, arguably the most omnipresent and
ancient function-mediating protein motif.
Systematic analyses of contemporary proteins have provided

catalogs of ancient motifs, and the so-called Walker-A P-loop
is consistently noted in these catalogs (20, 21), as are other
widely present phosphate-binding loops, including the Rossmann
fold’s P-loop (22, 23). P-loop–containing proteins were also un-
ambiguously assigned to the last universal common ancestor (24–
26). The Walker-A motif GxxGxGK[T/S] (27) typically binds the
phosphate groups of phosphorylated ribonucleosides (NXPs)
and catalyzes phosphoryl transfer. Beyond the Walker-A se-
quence, the P-loop motif also includes the flanking β-strand and
α-helix (21, 22). This extended motif [hereinafter β-(P-loop)-α] is
a key element of P-loop NTPases, the most abundant and di-
verse protein superfamily (28) constituting ≥10% of the predicted
ORFs (29) (Fig. 1A). Structurally, the P-loop NTPases fold com-
prises a tandem repeat of βαβ elements arranged in a three-
layered α/β/α sandwich architecture with the β-(P-loop)-α motif
comprising the first β-α element. A key element of the P-loop is
the backbone NH group, and in particular its second and third
glycines, that forms a phosphate-binding nest, as demonstrated by
the peptide SGAGKT weakly binding inorganic phosphate (30).
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However, beyond the P-loop, additional functionally critical
residues are located throughout the polypeptide chains of
modern P-loop NTPases, including the Walker-B motif (27) and
the residues that, together with the canonical T/S of the Walker-
A motif, chelate the essential magnesium ion (31). An active-site
pocket that excludes bulk water is also considered critical to
function. Past studies tantalizingly indicated that ∼50-aa seg-
ments of P-loop NTPases exert ATP binding (6–8). However, an
early attempt to graft the Walker-A P-loop onto a natural pro-
tein scaffold resembling the P-loop NTPase fold failed to yield
NTP binding, let alone phosphoryl transfer (5). Here, by com-
bining phylogenetic analysis and sequence-pattern recognition
with computational protein design, we have generated de novo
small and simple P-loop–containing β-α repeat proteins that
confer binding of a range of phosphate-containing ligands, NTPs,
as well as polynucleotides, in a context far simpler than con-
temporary P-loop NTPases.

Inference of a β-(P-Loop)-α Sequence Prototype
In contemporary P-loop NTPases, the β-(P-loop)-α motif is found
in extremely diverse protein families. Its sequence is highly vari-
able, even in the canonical Walker-A positions. Nonetheless, a
structural alignment of the β-(P-loop)-α motif identifies remark-
able similarities (Fig. 1A). To derive a sequence profile that would
represent a prototype of the last common ancestor of this motif,
we extended several analyses that identified the β-(P-loop)-α as a
primordial motif (20, 21, 32). Starting with five sequences origi-
nally identified by Walker et al. (27), we generated a sequence
profile and systematically searched the National Center for Bio-
technology Information Conserved Domain Database. Matching
segments with known structure were used to identify the β-(P-
loop)-α segment at a length of 27 residues. After filtering, an
alignment of 3,775 segments was obtained (SI Appendix, Fig. S1A).
A consensus prototype could be extracted from this alignment;
however, sequence representation in databases is highly biased.
We therefore applied ancestral inference, taking the phylogenetic
relationship between protein families into consideration and

minimizing biases. Although the aligned segment was short, the
phylogenetic tree was largely monophyletic with respect to
the known P-loop NTPase families (SI Appendix, Fig. S1B). The
most probable ancestral amino acid was inferred in each position
by maximum likelihood (33). To assess the robustness of in-
ference, a sequence profile was built from multiple parallel in-
ferences (SI Appendix, Fig. S1C).
The resulting profile logo is shown in Fig. 1B. The Walker-A

sequence was unambiguously assigned, including in positions that
are highly diverged in modern proteins (annotated as x, GxxGxGK
[T/S]). The three residues following the Walker-A motif were also
robustly assigned (positions 15–17 in Fig. 1B). In the remaining
positions, several amino acids were predicted, yet mostly with a
common physicochemical nature (e.g., at position 9 in Fig. 1B; N
and S are both polar amino acids). Although not intended, the
profile sequence is dominated by prebiotic amino acids [those
obtained in spontaneous chemical reactions (34)], with the solely
abiotic amino acid being the lysine of the Walker-A motif. The
absence of aromatic amino acids, cysteines, and histidines is no-
table even in contemporary sequences (SI Appendix, Fig. S1D).

Engineering Simple Proteins Harboring the β-(P-Loop)-α
Motif
Can the P-loop motif yield simple yet functional proteins? We
first examined peptides whose sequences represented the most
probable amino acids in the profile. These formed amyloid-like
fibrils that changed in morphology upon ATP addition (SI Ap-
pendix, Fig. S2). However, we observed differences among
preparations (35), and fibril formation is notoriously irrepro-
ducible. We further attempted to construct simple repeat proteins
comprising two to four tandem repeats of the most probable
β-(P-loop)-α ancestral sequence. However, these tandem repeat
proteins were insoluble. We therefore turned to computational
protein design that has also been applied for the reconstruction
of ancient enzyme prototypes (11), including short, functional
segments (12, 13). We used Rosetta folding simulations to in-
tegrate the sequences of the inferred β-(P-loop)-α segment into

A B

C

D

Fig. 1. (A) Structural alignment of β-(P-loop)-αmotifs of different P-loop NTPase (the canonical Walker-A residues: G1, G2, and G3 are in pink, K4 in black, and
[T/S]5in white; G1-XX-G2-X-G3-K4-(S/T)5). (B) Sequence logo representing the inferred ancestral β-(P-loop)-α profile. (C) Sequence alignment of the most
probable ancestral β-(P-loop)-α sequence and of the N-terminal segments of the PLoop designs. (D) Schematic representation of the secondary structure and
topology of the PLoop designs. Helices are represented by rectangles or circles, strands by arrows or triangles, and the P-loops by pink segments. The flanking
strand of the β-(P-loop)-α segment is in blue and the helix in red.
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a suitable structural context provided by “ideal folds”: simple pro-
teins that were de novo-designed based on set of rules relating
secondary structure patterns to tertiary packing (15). These in-
cluded two designs comprising four tandem β-α repeats with a
three-layered α/β/α sandwich architecture: fold II, whose β-strands
topology is symmetric (2-1-3-4; Flavodoxin/Rossmann-like fold;
PDB ID code 2N3Z) and fold IV, with swapped β-strands topology
(2-3-1-4; P-loop NTPases-like fold; PDB ID code 2LVB). These
proteins were designed solely by packing criteria and, although they
recapitulate architectures abundant in natural proteins, they show
no detectable sequence homology to natural proteins (15).
The β-(P-loop)-α inferred sequence was readily incorporated

into fold II by replacing the first and third β-α segments, and
converged to stable structures with relatively few iterations and
minimal sequence changes in the β-(P-loop)-α motif (Fig. 1 C
and D). The remaining β-α repeats (second and fourth) were
largely borrowed from the original de novo design fold. Overall,
six predictions with the best Rosetta energy values were experi-
mentally tested: five based on fold II (A-PLoop to E-PLoop) and
only one based on fold IV (F-PLoop) (Table 1 and SI Appendix,
Figs. S1 and S3 A–D). The simulations indicated that fold IV
designs tended to switch topology toward fold II. The compu-
tation only optimized packing stability, whereas functional con-
strains, such as phosphate binding, were not modeled. Nonetheless,
at least one characteristic of the P-loop was captured: the last two
amino acids of the Walker-A motif, K[T/S], integrated into the
flanking helix. In A–E designs, the P-loop’s backbone adopted a
“double bent” configuration that is reminiscent of the natural loop
conformation, while in design F the P-loop was modeled in a dif-
ferent configuration (SI Appendix, Fig. S3 A and B).

Structural Characterization Reveals Folded and Stable yet
Polymorphic Structures
All six designs were expressed in soluble form and readily puri-
fied (SI Appendix, Material and Methods) but copurified with
nucleic acids, which were removed by treatment with DNase or
by additional chromatography steps. By circular dichroism (CD),
A- to E-PLoops displayed characteristics of β-α proteins, as
designed. However, the F-PLoop exhibited random coil features,
in agreement with the difficulties to integrate two β-(P-loop)-α
segments into fold IV (Fig. 2A and SI Appendix, Fig. S3E). De-
signs A–D exhibited no significant spectral changes at the highest
temperature tested (85 °C), while design E exhibited partial yet
reversible denaturation. Although designed as monomers, like
the designed ideal folds (15), the A- to D-PLoop designs tended
to oligomerize. Dimers were the dominating species in SDS/

PAGE (SI Appendix, Fig. S3H); however, dimerization could be
the outcome of the denaturing conditions. Native mass spec-
trometry (native MS) indicated monomer–dimer coexistence for
designs A and B. Design C showed weaker dimerization pro-
pensity, and D–F were observed as monomers only (Fig. 2B,
Table 1, and SI Appendix, Fig. S3F). The higher level of sym-
metry in the sequence of the PLoop designs compared with the
original ideal folds (Table 1) likely promotes dimerization (36–
38). Although not intended, dimer formation results in each
molecule having four P-loops, enabling avidity to enhance po-
tentially weak interactions (39). As shown below, these designs
avidly bind polyvalent phosphate-containing ligands.
All attempts to obtain diffracting crystals of these designed

proteins failed. NMR (2D 1H-15N-heteronuclear single quantum
coherence, HSQC) indicated structural polymorphism and par-
tial order for all designs (SI Appendix, Fig. S3G), with the ex-
ception of the C-PLoop (Fig. 2C). It appears that although
folded and stable, both the tertiary and quaternary structures of
the PLoop designs are polymorphic. Native MS also indicated
the presence of partially folded species (highly ionized species)
compared with the better-packed C-PLoop (Fig. 2B and SI Ap-
pendix, Fig. S3F). The well-converged structures of C-PLoop,
determined by NMR (Fig. 2D), indicated that C-PLoop’s sec-
ondary structure and α/β/α sandwich topology were largely as
designed. However, two discrete coexisting conformations were
identified in the NMR analysis in slow exchange with each other
(PDB ID code of the major conformation, 6C2U, and of the
minor, 6C2V), one of which significantly deviates from the de-
sign. In particular, the glycine-rich P-loops exhibited high flexi-
bility, as anticipated by their solvent exposure and absence of
interactions with scaffold. High flexibility was observed in other
NTP-binding prototypes of ancient enzymes (7, 9, 40). The high
conformational diversity was also reflected in the significantly
higher backbone RMSD value of 1.61 Å among the populated
conformations for the C-PLoop, compared with 0.53 Å for the
ideal fold scaffold 3N3Z on which the C-PLoop was based.

The Designed PLoop Proteins Bind Phosphorylated
Nucleoside Ligands
The functional diversity of P-loop NTPases is significant and
includes kinases, chaperones, helicases, transporters, and other
motor proteins. Nonetheless, conversion of NTP to NDP or
NMP is common to all these enzymes (41, 42). Numerous
Escherichia coli proteins can hydrolyze NTPs via phosphatase
activity. We thus focused on the ligand-binding potential of the
designed PLoop proteins, because binding is a stoichiometric

Table 1. Summary of the properties of the designed PLoop proteins

General properties Structural properties
Binding

properties

PLoop Ideal fold MW (kDa) Symmetry (%) pI Oligomerization CD
Well-resolved

NMR ELISA SPR MST

A-PLoop II 11.12 50.9 9.5 d/m β/α − + + +
B-PLoop II 11.24 43.4 8.0 d/m β/α − + + +
C-PLoop II 11.13 38.2 9.7 d/m β/α + − + ND
D-PLoop II 11.22 42.9 9.7 d/m β/α − + + ND
E-PLoop II 10.82 50.0 4.4 m β/α − + + ND
F-PLoop IV 12.35 30.4 4.6 m β/α + random coil − − ND ND
3N3Z (15) II 10.23 28.3 9.2 m β/α + − − −
2LVB (15) IV 11.58 17.5 6.6 m β/α + − ND ND

The second column shows the ideal fold used as a scaffold (15); the third, fourth, and fifth columns indicate the MW (excluding the
His-tag), internal sequence symmetry, and the theoretical isoelectric point. The oligomerization state was determined by native MS and
SDS/PAGE (d, dimer; m, monomer). Binding properties: ELISA detected binding of the PLoop designs to immobilized ssDNA via anti–His-
tag antibodies; MST, microscale thermofluoresis with soluble fluorescently labeled ssDNA; ND, not determined; SPR, surface plasmon
resonance detection of binding to immobilized ssDNA or RNA oligos.
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event that can be unambiguously assigned to the designed pro-
tein without concerns for contaminating activities. Binding of
phosphate and phosphate-containing ligands is a widespread
feature of modern proteins (43–45) and presumably one of the

elementary functions that linked RNA and ribunucleoside co-
factors to the earliest proteins (10, 46–50). Furthermore, during
purification, it became apparent that the PLoop designs bind
nucleic acids and interact with triphosphate and hexameta-
phosphate (SI Appendix, Fig. S3I). We thus tested RNA, DNA,
and ATP binding by applying different assays with immobilized
and soluble ligands.
An ELISA was applied using immobilized single-strand DNA

(ssDNA) and double-strand DNA (dsDNA) and detection via
the designs’His-tag. PLoops A, B, D, and E, exhibited binding to
DNA at protein concentrations as low as 0.2 μM, while the ideal
folds’ scaffolds showed no binding up to 5 μM protein. Binding
to ssDNA was much stronger than to dsDNA (Fig. 3A and SI
Appendix, Fig. S4A). Using ssDNA homo-oligomers, we observed
the strongest binding to dG15, followed by dC15 and dT15, with no
binding to dA15 (Fig. 3B and SI Appendix, Fig. S4B). Designs C
and F failed to bind any of the tested ligands. In the case of the
C-PLoop, the His-tag is likely sequestered (discussed below)
while for the F-PLoop, the high degree of disorder is the
likely reason.
Similar binding patterns were observed by surface plasmon

resonance (SPR), thus eliminating the need for antibody binding
to the His-tag epitopes and also demonstrating binding to RNA
(Fig. 3D and SI Appendix, Fig. S4C). The C-PLoop exhibited
binding by SPR (Fig. 3D and SI Appendix, Fig. S4C), suggesting
that inaccessibility of the His-tag hindered its ELISA signal.
Binding to ATP was also detected by SPR using a biotinylated
analog (Fig. 3D and SI Appendix, Fig. S4C). The SPR binding
kinetics were highly complex with multiple association phases
and partial dissociation within the experimental time-scale,
suggestive of multiple conformations with different affinities,
and structural rearrangements induced upon binding (supported
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by fitting of individual phases) (SI Appendix, Fig. S4D–N and Tables
S2–S5). In most likelihood, initial fast binding of monomeric and
dimeric forms is followed by conformational rearrangements and
oligomerization, resulting in very slow dissociation.
Immobilization of ligands, as applied for ELISA and SPR,

probably increases affinity due to polyvalency, especially given
the designs’ oligomerization tendency. Binding to soluble ATP
by the C-PLoop was therefore tested by 1H-NMR titrations (SI
Appendix, Fig. S5). Additionally, binding of the A- and B-PLoop
was established with soluble fluorescently labeled dC15 oligonu-
cleotide using microscale thermofluoresis (MST), indicating
binding of the PLoop designs with micromolar affinity and no
detectable binding by the ideal fold itself (PBD ID code 2N3Z)
(Fig. 3C). We also tested a tag-free version of the C-PLoop. This
construct exhibited binding and, as indicated by SPR, with dis-
tinctly faster dissociation rates (Fig. 3E), suggesting that the His-
tag promotes higher oligomeric forms. A lower occurrence of
dimers was also observed by native MS; nonetheless, when
mixing the tagged and untagged variants at a 1:1 ratio, mixed
dimers were observed implying similar structures for both con-
structs (SI Appendix, Fig. S6). Taking these data together, we
find that while the His-tag might promote higher-order quater-
nary structures, phosponucleoside binding occurs independently
of its presence.

Binding Is Magnesium-Ion Independent and Does Not
Require Overall Positive Charge
In contemporary NTPases, the P-loop binds the β- and γ-phosphate
of the bound NTP (27, 42). However, the phosphate group is also
coordinated to a divalent cation, typically magnesium, that is es-
sential for enzymatic function (exceptions are known; e.g., ref. 51).
The magnesium ion is coordinated by the hydroxyl of Ser/Thr of the
Walker-A motif, and by one or more residues from other parts of
the protein (31). None of these additional auxiliary residues are
present in our PLoop proteins. Accordingly, EDTA was routinely
used in all SPR binding experiments, including when ATP binding
was tested, and neither magnesium ions nor EDTA affected the
ELISA signal (SI Appendix, Fig. S7A). Magnesium-independent
binding of ATP was observed in segments taken from extant P-
loop NTPases (6, 7) and in other NTP-binding prototypes (9);
however, binding occurred at pH 4, where the phosphate’s negative
charge is reduced by protonation. In contrast, we observed ATP
binding at pH 7.4.
Overall, the data from ELISA, SPR, and MST indicate Kd

values for phosponucleoside ligands in the low micromolar
range, while no binding was observed with 2N3Z, the designed
ideal scaffold that does not contain the P-loop motif. Notably,
binding of the PLoop designs occurred despite negative surface
charge. Designs A-, C-, and D-PLoop had a high positive pI (9.5–
9.7). However, design B was closer to neutrality (pI = 8) and
design E-PLoop was acidic (pI = 4.4). Binding of the latter two
was distinctly weaker in ELISA tests; however, the SPR signals
were well above background (no protein or 2N3Z) and only few-
fold weaker than for A- and D-PLoops (Table 1 and SI Appendix,
Fig. S4). This suggests that binding was not primarily driven by
nonspecific electrostatic interactions.

Binding Involves the Key P-Loop Residues
Next we sought to confirm that the P-loop is the key mediator of
binding. A set of mutants of the P-loop’s most conserved residues
was generated. Mutations of the P-loop’s glycines to alanine were
examined (mutated residues numbered as G1xxG2xG3K4[S/T])
(Fig. 4A). However, alanine mutants can retain function in P-loop
NTPases (52), so the potentially more perturbing mutations to
glutamic acid were also examined. The lysine was mutated to both
glutamate and glutamine, as the latter was also reported to di-
minish ATPase activity (53). Finally, a double mutant of the third
glycine and the lysine (G3E/K4Q) was tested. All these mutants

expressed well and their CD spectra suggested unperturbed sec-
ondary structure (SI Appendix, Fig. S7B). However, nearly all
mutations significantly reduced binding, both in SPR and ELISA;
as expected, mutations to Glu had a generally larger impact
compared with Ala mutations (Fig. 4B and SI Appendix, Fig. S7C).
Notably, binding did not decrease when the first glycine was
mutated, not even to glutamic acid. Indeed, the second and third
glycines are considered the primary requisite for the P-loop’s
phosphate nest binding mode (30), and in modern P-loop
NTPases, the first glycine rarely plays a direct role in phosphate
binding (SI Appendix, Fig. S1D). A marked decrease in binding of
the double G3E/K4Q mutant to soluble ssDNA was also observed
(Fig. 4C). However, some P-loop mutants retained considerable
poly-dG and poly-G binding (Fig. 4B). This suggests that in ad-
dition to the phosphate groups, the bases, especially guanine, may
contribute to binding. However, what makes poly-G a preferred
ligand remains unclear at this point; guanine is the most hydro-
philic base, and the stacking potential of adenine (weakest bind-
ing) is higher (54).

The C-PLoop Design Appears to Promote ATP Hydrolysis
We observed binding to a variety of phosphate-containing ligands,
not only ATP but also RNA and ssDNA, and sought to verify that
the phosphate group of these ligands is directly involved in
binding. To this end, we monitored changes in the 31P-NMR
spectrum of ATP upon addition of the C-PLoop (for 1H-NMR
titrations, see SI Appendix, Fig. S10). Upon addition of the C-
PLoop, ATP’s γ- and β-phosphates exhibited only minor shifts.
However, over time a peak corresponding to free phosphate
and two peaks corresponding to ADP appeared in the spectra.
Furthermore, when ATP was incubated with the C-PLoop–
G3E/K4Q mutant, ATP remained stable (Fig. 5A). The C-
PLoop’s detected activity, although faster than the spontane-
ous ATP hydrolysis (55), was extremely slow—approximately
one ATP hydrolyzed per protein molecule per 30 min—and
even a minuscule contamination of an E. coli enzyme could
account for such low activity. However, the same level of ATP
hydrolysis was retained upon two further purification steps,
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while the C-PLoop–G3E/K4Q expressed and purified using the
very same protocol still showed no hydrolysis (Fig. 5A).
ATP hydrolysis in the presence of the C-PLoop showed dis-

tinct characteristics. The nucleoside had no significant effect, as
different NTPs and dNTPs were hydrolyzed at very similar rates
(SI Appendix, Fig. S8A). Furthermore, the C-PLoop also hy-
drolyzed ADP and AMP, yet at increasingly slower rates (Fig.
5B). The most distinctive characteristic was the lack of de-
pendence on magnesium or other divalent ions. Addition of either
Mg2+ or EDTA had no effect on ATP hydrolysis by the C-PLoop
(Fig. 5C). This result matches the observed Mg2+ independency of
binding of ATP and other phosphate ligands (see above).
Upon multiple repeated attempts to reproduce the ATP hy-

drolysis activity, we noticed that, in general, the C-PLoop prep-
arations at the University of Washington consistently showed
ATP hydrolysis at the same magnitude (including when pro-
duced there by M.L.R.R.) while at the Weizmann Institute,
preparations exhibited low or no activity. We suspected that this
variability could relate to structural polymorphism, including the
variability in oligomerization states. Indeed, the ATP hydrolyzing
C-PLoop samples were predominantly monomeric, as indicated
by 2D 1H15N-HSQC spectra (Fig. 2), and showed a profoundly
different ssDNA binding profile (very fast dissociation with
overall weak binding). In contrast, samples that exhibited weak
or no ATP hydrolysis exhibited very slow dissociation and high-
affinity ssDNA binding (SI Appendix, Fig. S9 A and B). Fur-
thermore, mutating the key P-loop residues resulted in a parallel
loss of ssDNA binding (Fig. 5D) and of the ATPase activity (SI
Appendix, Fig. S9A). By native MS, alongside monomers, dimers
and a subpopulation of partially unfolded states (as can be seen
by the broad distribution of charge states at the lower m/z) could
be observed in the C-PLoop preparation that failed to hydrolyze
ATP, while in the active sample the C-PLoop sample appeared
solely as monomers (SI Appendix, Fig. S9C). Overall, the C-
PLoop can be trapped in different structural forms that exhibit

distinctly different binding and ATP hydrolysis patterns. How-
ever, their structure’s characteristic and what triggers one from
the other remains unknown to us. Similarly, the presence of a
contaminating enzyme, although unlikely, cannot be completely
ruled out at this stage (we ordered, for example, a synthetic
protein but obtained a heterogeneous sample from which we
could not purify a peptide corresponding to the C-PLoop).
Nonetheless, taken together, our results unambiguously in-
dicate magnesium-independent NTP binding, and also suggest
that the P-loop Walker-A motif grafted in a simple context may
also promote NTP hydrolysis.

The β-(P-Loop)-α Segment: A Simpler Precursor
The PLoop prototypes described herein exhibit rudimentary
features, foremost simplicity of sequence and structure, and high
internal symmetry. The latter suggests the emergence from a shorter
peptide via duplication and fusion (1, 37, 56). We thus sought to
identify fragments of the PLoop proteins that might be folded and
functional via self-assembly. To this end, we examined the N-
terminal halves of the B- and C-PLoop: the ancestral β-(P-loop)-α
segment followed by just one structural β-α segment borrowed from
the designed ideal fold (55 aa in total) (Fig. 6A). The N-terminal
half of the initial scaffold, 2N3Z, was constructed as control.
The half–B- and half–C-PLoop were likely isolated as tetra-

mers as judged by SDS/PAGE, while half-2N3Z remained a
monomer (Fig. 6B) [molecular weights (MWs) were confirmed by
MALDI-TOFF mass spectrometry] (SI Appendix, Fig. S10 A–G).
Although the half–B- and half–C-PLoop expressed as soluble pro-
teins, they precipitated following purification and had to be stored
in 1 M arginine. Upon dilution from these storage solutions, the
half–B-PLoop showed the same binding pattern as the intact B-
PLoop: stronger binding to dG15, followed by dC15 and dT15, and
no binding to dA15 (Figs. 5D and 6C). Furthermore, as observed in
the intact B-PLoop (Fig. 4), binding was significantly reduced in the
single (G3E) and double P-loop mutant (G3E/K4Q) (Fig. 6 C and
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D) and no binding was detected with the control half-2N3Z.
However, the half–C-PLoop exhibited weak, nonspecific binding
ssDNA (SI Appendix, Fig. S10H).

Concluding Remarks
Our results indicate that the P-loop Walker-A motif can exhibit
distinct and potentially beneficial biochemical function on its
own with no auxiliary residues and in a structural context far
simpler than today’s P-loop NTPases. Whether these P-loop
prototypes bear resemblance to the historical prelast universal
common ancestor P-loop NTPase ancestors is a scientifically ir-
relevant question because there is currently no way of addressing
it. However, our results confirm that the P-loop Walker-A motif
can confer relevant biochemical functions in a context much
simpler than todays’ proteins: in proteins comprising 55 residues
and composed almost exclusively of abiotic amino acids, and in
the absence of other functional motifs and an active-site pocket.
Our work follows previous descriptions of relatively short

segments that recapitulate functional elements of modern pro-
teins (6–12). We observed two notable differences between our
P-loop prototype proteins and modern P-loop NTPases. First, as
observed with other prototypes (6, 7, 9), while in modern NTPases
magnesium ions are essential, our PLoop prototypes avidly bind
phosphate-containing ligands, including ATP, without magnesium.
Second, while binding and hydrolysis of phosphorylated nucleo-
sides (NTPs) is the hallmark of modern P-loop NTPases, we have
uniquely observed that the P-loop prototypes not only interact
with NTPs, but also and foremost, avidly bind RNA and ssDNA.
This raises the tantalizing possibility that early P-loop proteins
emerged in a context of polynucleotide binding, and RNA in
particular (57). Although some potential to hydrolyze NTP might

be attributed to our P-loop prototypes, the far more efficient en-
zymatic NTPase functions we see today were likely acquired at a
later stage when higher sequence and structural complexity evolved,
including the acquisition of a magnesium-binding site and an active-
site cavity. In accordance with the functional differences and lack of
magnesium coordination, the C-PLoop’s NMR structure indicates a
conformation that differs from the P-loop of today’s NTPases.
However, ligand binding is likely inducing structural rearrangements
of the P-loops themselves as well as of the scaffold (58). The back-
bone differences between the two coexisting C-PLoop conformations
and the observation of dimers in native MS both indicate structural
polymorphism. The complex binding kinetics with polyvalent
ligands also suggest conformational changes, including oligo-
merization, upon binding. Finally, we observed two C-PLoop
forms that, although soluble, do not readily interchange and
exhibit distinctly different ssDNA binding and ATP hydrolysis.
Structural polymorphism and self-assembly may enable the P-

loop prototypes to exert avid phosphor ligands binding despite
their simplicity, in the absence of magnesium, and despite a
configuration that differs from contemporary enzymes. Emer-
gence of large, complex enzymes from a simple beginning is also
supported by the observation of a 55-aa fragment that comprises
the β-(P-loop)-α segment followed by just one additional β-α
segment. Self-assembly, possibly also via hetero-oligomerization
(4), and the resulting avidity because of multiple P-loops, could
enable polyphosphate-ligand binding in this rudimentary context.
The bases seem to provide additional weak interactions that
jointly result in avid binding to polynucleotides. Further research
may reveal how these simple P-loop prototypes exert function, and
whether more complex forms with higher binding affinity and
specificity, and higher ATPase activity, could be constructed.
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Materials and Methods
The β-(P-loop)-α inferred sequence was incorporated into ideal folds II or IV,
by replacing the original first and third β-α segments, and the sequence of
the resulting chimeric proteins was optimized with RosettaRemodel. The
designed proteins were expressed in E. coli, purified via a C-terminal 6His-
tag, followed by ion-exchange chromatography (exceptions are specified)
and structurally characterized by NMR, CD, and native MS. Their function-
ality was examined with a range of binding assays, including ELISA and SPR
(using biotinylated ligands such as ssDNA, RNA, or ATP, immobilized to
streptavidin-coated surfaces), MST (with fluorescently labeled ssDNA),
and proton NMR (with intact ATP), and enzymatic assays using thin-layer
chromatography (detection by UV absorbance of NTPs and their hydrolysis
products) and P31 NMR. The N-terminal halves of the B- and C-PLoop were

expressed and purified as above, and characterized by MALDI-TOFF MS,
ELISA, and SPR. Further details are provided in SI Appendix, Material
and Methods.
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