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EVOLUTION DESIGN

Protein complexes and protein-
protein interactions 

Protein oligomers

Multi-domain proteins

LUCA domains: thermostable 
domains with biological 

functions

Dayhoff domains:
First proteins from primordial 

peptides

Ring-like peptides with simple 
functions

Short peptides and RNA duplexes

Expansion of the codon usage and 
amino acid diversity

Miller mixture of amino acids and 
nucleotides

Directed evolution
Design from fragments

De novo design

Biological:
Gene fusion

Recombination
Mutations

Prebiotic:
Chemistry

Polymer Physics

ABIOGENESIS

Evolution-based protein design

Curr Opin Struct Biol 58, 159 (2019) 

Outreach1: Highly acclaimed web-server AlloSigMA
and web-database AlloMAPS

Allostery
Paving the way to design of allosteric drugs and 

precision medicine

PLOS Comp Biol 12, e1004678 (2016)
Biochemistry 56, 228 (2017)
Trends Pharm Sci 39, 49 (2018)
PLOS Comp Biol 14, e1006228 (2018)

Structure 27, 866 (2019)
J Mol Biol 431, 3933 (2019)
Biophys J 119, 1833 (2020)

AlloSigMA server
http://allosigma.bii.a-star.edu.sg

Bioinformatics 33, 3996 (2017)
NAR 48, W116 (2020)
AlloMAPS database

http://allomaps.bii.a-star.edu.sg
NAR 47, D265 (2019)

Outreach2: A*STAR Research Support Center
Allostery Platform allows:
1. Search/predict latent/new allosteric sites
2. Using allosteric regulation in protein design
3. Allosteric drug development
4. Exploring allosteric effect of mutations

Collaboration: 
BII: Peter Bond, Chandra Verma
Penn State University, USA, Prof. Anand, 
SBS/NTU, Prof. Pervushin

Chromatin
Whole-genome effective interactions 

and epigenetic regulation

3D reconstruction and genome dynamics towards 
precision medicine approaches

PLOS Comp Biol 14, e1006686 (2018)

Collaboration:
SBS/NTU, Prof. Nordenskiöld; Prof. Sanyal

PNAS USA 115, E11943 (2018)
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Emergence and evolution of protein function

De novo design of the phosphate-loop protein

Deriving and using descriptors of elementary 
functions in rational protein design

Frontiers in Bioinformatics 1, 657529 (2021)

10

75

20

25

1610

26

17

147

19

10

75

20

25

1610

26

17

147

19

10

75

20

25

1610

26

17

147

19

10

75

20

25

1610

26

17

147

19

Collaboration:
Weizmann Institute, IL, Prof. Dan Tawfik

Structure, https://doi.org/10.1016/j.str.2021.01.008 (2021)

https://doi.org/10.1016/j.str.2021.01.008


Protein design: learning form protein physics and evolution

Curr Opin Struct Biol 58, 159 (2019) 

Polymer nature of polypeptide 
chains: CLOSED LOOPS

Sequence and functional signature:
ELEMENTARY FUNCTIONAL LOOPS

PNAS USA 115, E11943 (2018)
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.

E11944 | www.pnas.org/cgi/doi/10.1073/pnas.1812400115 Romero Romero et al.

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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Fig. 3. Polynucleotide and ATP binding properties of A- to D-PLoops. (A) Binding to 287-nt ssDNA and the corresponding dsDNA, determined by ELISA. Black
circles mark the 2N3Z control that showed no binding. (B) ELISA at 0.2 μM (plain bars) and 1 μM (striated bars) protein concentrations with immobilized
homomeric ssDNA (black circles mark the 2N3Z control). (C) MST profiles with fluorescently labeled dC15. The lines designate a fit to a sigmoidal binding curve.
(D) SPR sensograms at 5-μM protein concentration on ssDNA, RNA, and ATP. (Right) Maximal RU values at different protein concentrations. (E) Effect of the
His-tag on C-PLoop’s binding properties. The His-tag may trigger formation of high oligomeric forms upon binding causing a slow and variable association
phase (SI Appendix, Fig. S6). SPR sensograms at 5-μM protein concentration over several immobilized biotinylated ligands. (Right) Maximal RU values at
different protein concentration.
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Fig. 2. Structural characteristics of C-PLoop. (A) CD spectra demonstrate
high thermostability. (B) Native MS analysis indicating monomers alongside
a minor fraction of dimers. Noted are the measured MWs (the expected MW
is 12,474 Da). (C) Two-dimensional 1H15N-HSQC spectra at 25 °C. (D) Struc-
tural models derived from NMR data. (Upper) The observed major C-PLoop
conformation. (Lower) Alignment of the β-(P-loop)-α elements of the two
identified conformations (major in blue, PDB ID code 6C2U, and minor in
orange, PDB ID code 6C2V). RMSD values: 1.48 Å between the observed
major conformation and the designed model, and 2.1 Å for the minor
conformation.

E11946 | www.pnas.org/cgi/doi/10.1073/pnas.1812400115 Romero Romero et al.

Evolutionary connections between folds and functions De novo design of the “phosphate-loop” protein 

NBDB database; NAR 44, D301 (2016): http://nbdb.bii.a-star.edu.sg

http://nbdb.bii.a-star.edu.sg/


Protein design

Curr Opin Struct Biol 58, 159 (2019) 

DEFINED-PROTEINS (Descriptor of Function IN Engineering and Design - PROTEINS) software package: 
1. Derives the descriptor of elementary function 2. Provides the objective function for protein engineering and design

Frontiers in Bioinformatics 1, 657529 (2021)
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Realization of descriptors in the cross-grafting experiment between phosphate-binding signatures in the nucleotide- and 
dinucleotide-containing ligands
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Allosteric effect of nsSNPs and allosteric polymorphism

J Mol Biol 431, 3933 (2019)
Curr Opin Struct Biol 62, 149 (2020)

+-

 —

 +

Galactose 1-phosphate 
uridyltransferase

Allosteric polymorphism Existence of protein positions, mutations of 
which will originate allosteric signals similar to those observed for known SNPs







Chromatin structure, dynamics, and epigenetic regulation 

PLOS Comp Biol 14, e1006686 (2018) 
Structure (2021)
https://doi.org/10.1016/j.str.2021.01.008

https://doi.org/10.1016/j.str.2021.01.008


3D Whole-Genome Reconstruction from the Hi-C Data 

Structure (2021)
https://doi.org/10.1016/j.str.2021.01.008

https://doi.org/10.1016/j.str.2021.01.008


3D Whole-Genome Reconstruction
GM12878 IMR90

Chromosomal territories and intermingling

Structure (2021)
https://doi.org/10.1016/j.str.2021.01.008

https://doi.org/10.1016/j.str.2021.01.008


Current and future work: spatial distribution of epigenetic 
markers; chromatin dynamics and epigenetic regulation

Structure (2021)
https://doi.org/10.1016/j.str.2021.01.008

H3K9ac H3K9me3 ATAC-Seq

GM12878

K562

https://doi.org/10.1016/j.str.2021.01.008


Thank you
AlloSigMA server

http://allosigma.bii.a-star.edu.sg

AlloMAPS database
http://allomaps.bii.a-star.edu.sg

NBDB database
http://nbdb.bii.a-star.edu.sg

Allostery Platform at the Research Support Center
https://www.rsc.a-star.edu.sg/technologyplatforms/scientific-side-

menu/scientific-information/bioinformatics/allostery-platform
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