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Abstract

Understanding how proteins evolved not only resolves mysteries of the past, but also helps address chal-
lenges of the future, particularly those relating to the design and engineering of new protein functions.
Here we review the work of Dan S. Tawfik, one of the pioneers of this area, highlighting his seminal con-
tributions in diverse fields such as protein design, high throughput screening, protein stability, fundamental
enzyme-catalyzed reactions and promiscuity, that underpin biology and the origins of life. We discuss the
influence of his work on how our models of enzyme and protein function have developed and how the
main driving forces of molecular evolution were elucidated. The discovery of the rugged routes of evolu-
tion has enabled many practical applications, some which are now widely used.

� 2022 Elsevier Ltd. All rights reserved.
Introduction

“How do proteins evolve?” This fundamental
question in the life sciences has long fascinated
many scientists. Proteins and enzymes are central
td. All rights reserved.
pieces of biological systems, and the study of the
evolutionary principles of proteins requires a broad
knowledge in chemistry, biochemistry, evolution
and ecology. In the early days, researchers in the
area of biochemistry and chemistry largely
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focused on understanding the function of extant
proteins and enzymes using traditional biochemical
and biophysical approaches. However, key
technological developments (high throughput
screening methodologies, next-generation
sequencing, diverse approaches for directed
evolution, etc.) in the last decades have generated
a renaissance of “evolutionary biochemistry”, not
only by enabling researchers to generate novel
proteins and enzymes for diverse applications, but
also by allowing researchers to probe models on
evolutionary dynamics and theories in the
laboratory. In other words, supplementing the
study of proteins for what they are with the ability to
understand how they came to be through natural
evolution and can be manipulated in the future
through directed evolution. Moreover, the
accumulation of massive amounts of sequence
data over recent years has enabled us to explore
and infer evolutionary relationships between genes
and organisms that have been separated for
billions of years. Finally, the development of
diverse biochemical and molecular biology
approaches (e.g., genome editing, transcriptomics
and proteomics) has aided the study of the
evolution of proteins in the context of real
organisms and environmental selection pressures.
Dan S. Tawfik (1955–2021) was one of the

pioneers of evolutionary biochemistry and led
many of the key technological and conceptual
innovations that have deepened our
understanding of the evolution of proteins and
enzymes. His own evolution as a scientist,
constantly exploring new topics, technologies, and
disciplines, mirrored this topic that he was so
intrigued by. In this review, we follow his scientific
trajectory across rugged evolutionary landscapes,
by highlighting a series of his contributions to the
seemingly disparate, but connected, fields in
which he became involved (Figure 1).
Creating new enzymes – catalytic
antibodies to designer enzymes

Although well-known for his work in
understanding the molecular evolution of proteins
and enzymes, it is a less well-known fact that Dan
was a physical organic chemist by training, and it
was this foundation in physical organic chemistry
that underpinned his molecular-level view of
proteins, especially enzymes. Dan was fascinated
by enzymes and their ability to efficiently catalyze
remarkably diverse chemical reactions. He
pursued his PhD under the supervision of Profs.
Zelig Eshhar and Michael Sela. For a fascinating
and personal recent reflection from Dan on this
time in his career and the influence of his training
under Eshhar and Sela, we recommend a
wonderful article he wrote in the Israeli Journal of
Chemistry in 2019.1 Dan’s PhD work focused on
2

the identification and characterization of catalytic
antibodies as mimics for enzymes,2–5 working at
an interface between physical organic chemistry
and immunology.6 This tendency to take techniques
and expertise from one field and apply them to sys-
tems in another apparently unrelated field would
repeat throughout his career. While the results were
interesting and novel, he was quick to understand
the limitations of antibodies as efficient catalysts.7

Rate accelerations increased linearly with the effec-
tive binding energies (KM/Ki

TSA) but rarely beyond,8

suggesting the lack of reactive groups, catalytically
beneficial conformational dynamics, multi-step
pathways or other mechanistic complexity. When
‘strategic use of haptenic charge’9 was proffered
as a way out of this dilemma, the discovery of “off-
the-shelf proteins” (such as serum albumins) that
could compete with the best catalytic antibody
described at the time (for the catalysis of the Kemp
elimination, a prominent model reaction) suggested
that medium effects rather than perfect positioning
of the catalytic base may be responsible for cataly-
sis.10 For a carboxylate base (as in the antibody), an
enormous medium effect of 108-fold (by non-
specific desolvation) has to be considered, and
potentially obscures the positioning effect (while
the reactivity of an amine base in serum albumins
would be paradoxically less dependent on being in
a hydrophobic site). Benkovic commented “the
key is in the pocket’.11 Taking a lead from this per-
spective, subsequent work on combinatorially mod-
ified “synzymes”, i.e. water-soluble polymers
containing amine groups, were shown to act as
highly efficient catalysts of Kemp elimination,12

chemically anticipating the combinatorial approach
that was later used to explore enzyme libraries in
later work.
His work on catalytic antibodies paved the way for

his subsequent participation in a number of
landmark de novo enzyme design studies, through
fruitful collaborations with, among others, David
Baker and Ken Houk.13,14 This work involved taking
minimal models of an active site, grafting them onto
pre-existing protein scaffolds (using Rosetta ato-
mistic design calculations), and then optimizing
the activity further by directed evolution. He was
also among the earliest researchers to appreciate
the potential of loop grafting and exploiting confor-
mational dynamics for protein engineering,15 some-
thing that is only more recently becoming
appreciated by the broader community.16,17

Contrary to conventional enzymology at the time,
which was predominantly focused on the
characterization of extant natural enzymes, his
approach to study enzymes involved something of
a reverse engineering approach in which enzymes
were evolved in the laboratory and the changes
investigated in detail, allowing the key traits and
mechanisms underlying efficient catalysts to be
revealed.18,19



Figure 1. Dan S. Tawfik (1955–2021), a physical organic chemist, who became a protein engineer and later turned
into an evolutionist. He has led many of the key technological and conceptual innovations that have deepened our
understanding of the evolution of proteins and enzymes. Understanding the fundamental rules of how modern
proteins evolve enabled innovations in protein engineering and design. The breadth of his work covered not only the
evolution of modern proteins but also primordial proteins and prebiotic chemistry, the chemistry of life. Highlighted are
some of what might have been his favorite proteins that he studied and engineered during his career (from left: P-loop
design (PDB: 6c2u), tachylectin-2 (PDB: 5c2m), phosphotriesterase (PDB: 4gy1), TEM-1 (PDB: 4ibr), PON (PDB:
4hho), Kemp-eliminase (PDB: 3iio) ).
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High-throughput screening systems
for enzymes – in vitro
compartmentalization technology

Through his work on catalytic antibodies, Dan
realized the necessity for the technological
development of high-throughput directed evolution
and protein engineering tools. At the time, several
high-throughput technologies had been developed
for the selection of protein binders, e.g., phage
display and ribosome display, but there were no
effective high-throughput methodologies
available for screening of enzyme variants
3

(selection/survival was possible but came with its
own limitation).
Together with Andrew Griffith, then a fellow in the

MRC Laboratory for Molecular Biology, Dan set out
to develop an ultrahigh-throughput screening
system to allow for the screening of libraries and
directly monitor for catalytic turnover. The key idea
was to miniaturize test tubes and liquid handling
systems into self-assembled reaction vessels,
following early work of emulsion droplets
technologies.20–22 The droplet boundary would con-
stitute a link between the genotype and phenotype
and constitute an evolutionary unit with mm dimen-
sions and pL volume of which >109 could fit in a test
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tube.23 The first experiments were entirely cell-free,
using single genes that were encapsulated in poly-
disperse droplets, from which in vitro expression
systems produced enzyme directly in each com-
partment.23 In some ways the emulsion droplets
were reminiscent of cells, in terms of size as well
as the fact that they contained genetic information
and a selectable trait, thereby anticipating minimal-
ist synthetic biology. As applied to directed evolu-
tion, this approach allowed selection for DNA self-
modification enzymes24,25 (inspiring Holliger’s poly-
merase evolution in the same format,26 hydrolases
(using one of the first in vitro bead display sys-
tems)27 or protein–protein interactions.28 Dan’s
group further developed a double emulsion format
which made polydisperse droplets amenable to
screening for fluorescent reaction products in flow
cytometers.29 Pim Stemmer predicted that “one
day all enzymes will be evolved like this”.30 This
day has not quite come, but the subsequent
automation of the droplet generation processes in
microfluidic devices has provided an avenue to pro-
duction (at >kHz rates) of monodisperse droplets
that are uniform screening compartments for direc-
ted evolution31 or metagenomic enzyme discov-
ery,32 with assays for more than 20 reaction types
available.33 The impact of in vitro compartmental-
ization reaches beyond enzyme screening: emul-
sion PCR,34 digital PCR,35 transcriptomic analysis
(e.g. in the 10x Chromium system36 ) have taken
advantage of emulsion droplets as viable experi-
mental formats. Yet, just when the impact of
in vitro compartmentalization started to resonate,
Dan left this fledgling field – quite literally – to its
own devices. While screening large numbers of
variants may always be better, even the most effi-
cient technology must be combined with a strategy
for the exploration of sequence space if the number
of clones that can be screened remains lower than
the total possible diversity.

Catalytic promiscuity – An
evolutionary springboard for new
functions

The study of the bovine serum albumin (BSA)-
catalyzed reaction and catalytic antibodies led
Dan to realize that many proteins and enzymes
likely can perform functions that they have never
been selected for. The Kemp elimination reaction
is not a naturally occurring reaction, thus no
protein (including BSA) has ever been under
selective pressure to evolve the ability to catalyze
Kemp elimination. This observation came as his
interest was piqued in the obscured side of
enzyme specificity - “catalytic promiscuity” or
versatility, i.e., ability of enzymes that catalyze
secondary and unselected chemical reactions.37

Enzymes have evolved under selective pressure
to catalyze chemical reactions with specific sub-
strate(s) via certain chemical reactions in the active
4

site. However, while characteristically specific,
enzyme active sites cannot (in general) absolutely
exclude all other potential substrates, especially
those that have not previously existed in natural
environments (synthetic chemicals) for which there
has been no selective pressure against. Conse-
quently, catalytic promiscuity is likely an inherent
property of most, if not all, enzymes in Nature. After
Dan moved back to the Weizmann Institute of
Science as a principal investigator, his group
demonstrated that catalytic promiscuity is indeed
a ubiquitous feature of many enzymes by exploring
diverse enzymes38 including mammalian paraox-
onases (PONs),39–41 carbonic anhydrase II
(CAII),42 and microbial lactonases and phosphotri-
esterases.43,44 Moreover, Dan built upon previous
inspiration from Jensen,37 and molecular conceptu-
alisation by Herschlag,45 that catalytic promiscuity
has played a significant role in evolution of diverse
chemistry and substrate specificity in natural
enzymes.46,47 His groups contribution to the field
in “playing out” how catalytic promiscuity can affect
evolution, through directed evolution, was a major
contribution to the area and allowed the hypothesis
to be rigorously tested. This demonstrated an exist-
ing, albeit low-level, promiscuous activity can pro-
vide a springboard for evolution, which bridges
different chemical reactions and enzymes. Numer-
ous subsequent studies further demonstrated that
indeed the diversity of natural enzyme specificity
has been underpinned by the expansion of pre-
existing promiscuous activities of ancestral
enzymes.46–51
The link between enzyme promiscuity,
protein dynamics and evolvability

Dan also explored the molecular basis of
functional promiscuity, or multi-functionality, and
the evolutionary mechanisms of protein functions.
His pioneering work with Leo James
demonstrated that multi-specific antibodies
sample alternative conformations, facilitating the
recognition of unrelated antigens.52–54 The kinetic
data of these binding studies were compatible with
a model that included an induced fit isomerisation
step between two alternative conformers upon bind-
ing to a hapten. However, structural diversity may
also permit a wider substrate spectrum than
required (cross-reactivity), leading to unwanted
side-effects, like autoimmunity. These results are
consistent with the model55 that sequences of pro-
teins may encode multiple structures and multiple
functions including functional promiscuity, in con-
trast to the deterministic structure–function
paradigm.56,57 His subsequent studies provided
experimental evidence for the link between confor-
mational dynamics, multi-functionality and catalytic
promiscuity in many enzyme systems.58–63

Along with exploring catalytic promiscuity in many
enzymes, Dan’s group performed a number of



Figure 2. An example of a “long” in vitro evolutionary trajectory from Tokuriki et al.61 In this example, a
phosphotriesterase was evolved to hydrolase aryl esters (a). This exemplifies many of the concepts of molecular
evolution that were developed by Dan and colleagues. For example, (b) we observe the mutations begin within the
active site, then become progressively more remote throughout the trajectory, as the conformational dynamics of the
protein are changed. (c) Catalytic promiscuity is seen as the two activities overlap and very gradually change in terms
of the relative activities across the trajectory. (d) Stability and activity interact epistatically, as function-changing but
destabilizing mutations were incorporated with the use of chaperones (e.g. R2-5), while other generations (e.g. R8)
involved incorporation of stabilizing mutations had no benefit to the catalytic activity but increased whole cell activity
(c) by increasing soluble expression. (e) Finally, we observe what are now characteristic evolutionary trajectories
marked by a weak-negative trade-off, where the new activity is gained without commensurate loss of the original
activity in the early stages, followed by diminishing returns in the improvement over the final generations of
optimization. This figure was adapted from Ref. 61, and is published under a CC-BY 4.0 license.
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directed evolution experiments that enhanced
existing promiscuous activities28,38,41,42,61,62,64–66

(for a comprehensive review, see ref.46). These pro-
vided evidence for a scenario characterised by
weak trade-offs44 (Figure 2(e)): promiscuous func-
tions can easily improve with a handful of mutations,
yet those mutations tend to exhibit negligible impact
on the original function. He equated tolerant molec-
ular recognition with protein ‘evolvability’39: if a
native activity can tolerate mutations leading to a
second activity,67 the emerging generalist enzymes
will support both original and new catalytic reac-
tions.61 This scenario illustrated how gene duplica-
tion during the divergence of enzymes can rapidly
lead to a head start for the new function, providing
molecular recognition contingency for a rapid
5

response to a new selection pressure for the
promiscuous function.
Eventually, Dan integrated concepts of functional

promiscuity, conformational dynamics, and protein
evolvability, and developed an integrated ’New
View’ of protein evolution.57 In this model, confor-
mational diversity promotes functional promiscuity.
Protein conformational space can be conceptual-
ized as an ensemble of multiple distinct conforma-
tional states. Some dominant conformational
states may exclusively perform the native and phys-
iological function while other minor conformers may
fit to other, promiscuous substrates.56 Evolution to
improve promiscuous functions may occur by shift-
ing the population balance between distinct confor-
mational and functional substates. Subsequent
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directed evolution studies supported the model that
conformational variability and functional diversity
are linked in proteins, expanding the biological
repertoire of the same sequence.68 This proposal
was consistent with earlier results suggesting that
robustness of cellular processes may confer evolu-
tionary benefits with precise structural
requirements.
As previously discussed, Dan’s group

demonstrated that alternative conformations can
be further facilitated by increased dynamics or
local disorder, which can promote reorganization
of active sites and otherwise destabilizing
function-related mutations.59 At the same time,
excessive disorder can also lead to non-
productive conformations, via perturbing the inter-
action network required for a given enzymatic activ-
ity.60 Moreover, functional variability may not only
come from changes in protein structures.69 Indeed,
there are a wide range of other components, such
as errors in gene expression that result in pheno-
typic mutations,70 including frameshifts,71,72 and
changes in expression levels or patterns of post-
translational modifications, which contribute to
alteration of phenotypes.70,73 In a broader cellular
context, the protein–protein interaction network,
local concentrations of metabolites or signaling
molecules, and the higher-order organization of cel-
lular components can also contribute to phenotypic
noise.74 In an intriguing commentary, Dan proposed
that such messiness could be a source, or even the
origin, of many biological innovations.69
Stability constraints in protein
evolution

Through a series of directed evolution studies,
Dan also noticed that the laboratory evolution of
many proteins stagnated and that it quickly
became impossible improve their functions further
after several rounds of directed evolution, while for
some proteins it was not possible to improve their
function at all through directed evolution.75 By care-
fully tracing evolutionary trajectories generated in
the lab, Dan realized that protein stability was a
major bottleneck for functional evolution. As pro-
teins are often marginally stable, any mutations that
lower protein stability will be purged out even if the
mutation is functionally beneficial.76 To probe this,
his group conducted a systematic survey for the
effect of mutations on protein stability and function
by characterizing mutations obtained from a num-
ber of directed evolution studies,77–79 demonstrat-
ing that function-altering mutations are
destabilizing on average, and that the accumulation
of multiple mutations leads to unstable protein vari-
ants that cannot tolerate further mutations. Such
function-stability trade-offs,76 and the often epistatic
relationship between them,80,81 is now recognised
as one of the major evolutionary dynamics in most
proteins and enzymes.
6

The question then naturally became: How have
proteins circumvented this evolutionary stability
bottleneck and continuously expanded their
functional repertoire in Nature? This question has
both fundamental82 and applied implications: while
Dan sought to understand how proteins overcome
stability constraints in protein evolution, the solu-
tions and strategies that his group discovered could
be implemented in protein engineering. One
approach is to simply incorporate stabilizing muta-
tions to compensate for the destabilizing effect of
function-altering mutations.80 His group has
explored and developed various methods to identify
stabilizing mutations, such as incorporation of
ancestral and consensus mutations,83,84 and per-
forming neutral drift to increase diversity prior to
selection.67 Another way is to utilize chaperones,
such as GroEL/ES, to buffer the destabilizing effect
of function-altering mutations.65 Overexpression of
chaperones can increase the capacity of the cell
to assist the folding of diverse proteins, including
partially destabilized enzyme mutants that carry
potential function-improving mutations, and thus
chaperones can increase evolvability of proteins.
With the combination of those stability modulating
strategies, it is now possible to perform long-term
enzyme engineering to generate new enzymes with
native-like efficiency in the laboratory61,85

(Figure 2).
Protein innovability

The in-depth study of several key dynamics in
protein evolution led Dan to further develop an
integrated view of protein evolvability; specifically,
that protein evolvability includes two conflicting
elements - robustness or neutrality i.e., mutations
having no or little effect on fitness, and innovability
i.e., mutations readily inducing new functions, or
innovations. He was intrigued by how these two
conflicting demands are bridged79,86,87; how has
Nature circumvented stability-innovability trade-
offs and generated diverse functions? What are
the key molecular elements in the protein architec-
ture to support innovability?
Dan’s group performed a large-scale

bioinformatics analysis and observed that the
functional diversity within each protein fold, and
therefore its innovability, differ substantially
depending on the scaffold.86 Certain folds, such
as TIM barrels and Rossman folds, accommodate
hundreds of diverse functions with no sequence
similarity, whereas other folds, such as dihydrofo-
late reductase evolved only one enzymatic function
despite existing for billions of years since the last
universal common ancestor (LUCA). His group fur-
ther explored themolecular basis for enzyme innov-
ability.86,87 They have proposed that fold polarity is
a key factor, which is high if the active site is com-
posed of flexible, loosely packed loops that are
well-separated from the highly ordered scaffold.
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Folds with high polarity tend to exhibit high innov-
ability. For example, the TIM barrel fold shows high
scaffold–active-site polarity (�20% of the active site
comprises scaffold residues) and >2-fold higher
rates of sequence divergence at active-site posi-
tions. Similarly, antibodies that Dan studied early
in his career exhibit high polarity and represent an
optimal fold for engineering,2,3 readily allowing, for
example, loop grafting15; an endeavour that is lar-
gely unattainable in other proteins. On the contrary,
folds in which the active site is embedded within the
scaffold, e.g. DHFR, tend to exhibit narrower spec-
trum of functional diversity.86 In non-polar folds, the
active-site residues cannot diverge unless the scaf-
fold does, and vice versa. In general, correlation
between residues, or epistasis, dramatically slows
down the rate of evolution because a change in
one residue is dependent on a change in other resi-
dues.88–91

Taken together, modularity contributes to both
robustness and innovability, for example in the
assembly of multi-domain proteins92 or in case of
folds, where a high fraction of active-site residues
are weakly connected to the scaffold.87

Understanding the chemistry of life

Dan was an avid reader of scientific papers and a
true scientist, and he loved to test hypotheses, both
his own and of others. His interest in natural
evolution, which deepened into a fascination with
primordial chemistry and the origin of life was, to a
degree, sparked by the controversial study that
suggested the GFAJ-1 microbe from Mono Lake
in California could incorporate arsenic in place of
phosphorus in DNA,93 and later studies that refuted
this finding.94,95 He rapidly began studying the
physicochemical properties of arsenic and phos-
phorus and how they can be enzymatically substi-
tuted for each other.96 Again, his background in
physical organic chemistry came to the fore, as well
as his interest in the PhD work of a postdoc in the
laboratory at the time, Mikael Elias, on phosphate
binding proteins.97 With Mikael, Dan quickly used
this system to test the hypothesis of whether arsen-
ate is incorporated into the biology of GFAJ-1
through transport across the membrane by solute
binding proteins. Using a combination of biophysical
approaches, including protein crystallography, they
showed that binding of arsenate was strongly disfa-
vored by all the putative solute binding transporter
systems, elegantly demonstrating that, despite their
superficial similarity, a network of dipole-anion and
repulsive interactions results in arsenate distorting
a very short hydrogen bond.98 This means that even
though the thermochemical radii of phosphate and
arsenate differ by only 4%, the binding proteins
have evolved to discriminate against incorporation
of arsenate by many orders of magnitude even in
the presence of excess arsenate. Thus, this work
stands as another example where Dan used his
7

vast experience and knowledge of chemistry
address an outstanding problem in biology.
Following from this, he turned his interest to other

examples of natural evolution. For instance, the
question of where the vast amount of dimethyl
sulfide in the oceans comes from. This work was
a long collaboration with the group of Assaf Vardi,
an expert in marine algae. Together, their labs first
identified and characterized an enzyme called
DddD, demonstrating that
dimethylsulfoniopropionate is its native
substrate.99 This fundamental work was then
quickly followed by a series of influential papers that
have dramatically changed our understanding of
this compound and its role in biology and even our
atmosphere. From the discovery of the alma1
DMS lyase gene family in phytoplankton,100 to
developing specific alma lyase inhibitors to allow
identification of DMS sources101, and finally eluci-
dating its role in signalling and how it can mediate
prey-predator dynamics in the aquatic ecosystem
in work that was published posthumously only this
year.102

His fascination with the chemistry of life and
evolution is also illustrated in his work on chalcone
isomerase103; a plant enzyme that catalyzes the
stereospecific isomerization of chalcones in the
biosynthesis of anthocyanins. This was a nice coin-
cidence of interests from the chemistry of life to a
longstanding question in enzymology: how powerful
catalysts can arise from non-catalytic scaffolds. Fol-
lowing the discovery that chalcone isomerase could
have plausibly evolved from a fatty acid binding pro-
tein by the group of Joseph Noel,104 Dan’s group
collaborated with Joseph, to show that seemingly
dramatic changes in function, such as the acquisi-
tion of catalytic activity, can be achieved through
gradual stepwise reshaping of the active site of a
binding protein and repositioning of a key catalytic
arginine side chain in the active site.58 Furthermore,
curiously, this arginine appears to play an important
dual role as both a Brønsted and a Lewis acid in the
chalcone-isomerase catalyzed reaction
(Figure 3).105

Most recently, Dan derived a timeline of
biosphere oxygenation from occurrence patterns
of oxygen-utilizing enzymes.106 Typically, geologi-
cal data was used for this, placing the Great Oxida-
tion Event, when oxygen became a permanent
feature of the atmosphere, at �2.4 billion years
ago.107,108 In a very different approach, he mapped
the emergence of O2 enzyme families to significant
events in the species tree: the LUCA-node (Last
Universal Common Ancestor – the separation of
archaea and bacteria), the LUOA (Last Universal
Oxygen Ancestor)-node (separating terrestrial and
marine bacteria), or later.106 Because these are
very ancient events, they carefully focused on fam-
ilies that were not involved in early horizontal gene
transfer (HGT) and compared the expansion rates
to baseline rates derived from other enzyme fami-



Figure 3. (A) Comparison of the active site architectures of Type I and Type II chalcone isomerases, in complex
with 60-hydroxychalcone and 60-deoxychalcone, respectively, highlighting the position of the catalytic arginine side
chain. (B) Examination of enzyme-product interactions in the MtCH1 active site (in complex with product (2S)-
naringenin) highlight how the Arg37 side chain activates the substrate through both hydrogen bonding (dotted yellow
lines) and a Lewis acid (dotted red line) interaction, thus facilitating ring opening. (C) Exploration of the conformational
space of the Arg37 side chain in molecular dynamics interactions (distance definitions highlighted in the figure in the
inset), showing the sampling of stable and catalytically favorable enzyme substrate interactions between the Arg37
side chain and the substrate 4,20,40,60-tetrahydroxychalone. This figure was adapted from Ref. 105, and is reproduced
with permission. Copyright 2019, American Chemical Society.
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lies. Observing that most oxygen-utilizing enzymes
emerged at the LUOA, an evolutionary event dated
to �3.1 billion years ago, they concluded that oxy-
gen was widely available far earlier than proposed.
The origin of life: Primordial peptides
and ancestral proteins

Following his work understanding the chemistry
of our contemporary world, Dan became
increasingly interested in deciphering ancient
protein history, including that before domains
emerged. He appreciated the elegant and seminal
work of Dayhoff,109 and in a paper celebrating her
achievements he also outlined work he set out to
do.110 It was postulated that ancient proteins were
likely shorter peptides, possibly from only a subset
of amino acids. One can therefore search for “fos-
sils” of such ancient polypeptides in internally sym-
metric proteins or in omnipresent proteins that
originated in the LUCA. Short polypeptides, not
embedded in globular proteins, may also function
via self-assembly. His group used theoretical and
8

experimental approaches to study these questions.
Their theoretical analyses carefully reasoned about
the ancient world based on patterns in current day
proteins, while ruling out alternative scenarios that
could have led to these patterns.106,111–114 Experi-
mentally, his group used protein engineering to
study ancient and feasible evolutionary
trajectories.74,115,116

A repeated thread in his theoretical analyses was
differentiating between divergent and convergent
evolution. He considered both explanations: of
similar present-day versions that diverged from a
pre-LUCA common ancestor, or proteins that
evolved independently under shared functional
demands and chemical-physical constraints and
converged to similar molecular traits. In cases of
ancient, shared ancestry, where the sequence
similarity is diminished, he studied alternative
meaningful molecular traits. For example, he
argued that Rossmann enzymes diverged from a
common b2-Asp/Glu motif in a pre-LUCA
ancestor.114 His group further studied the preva-
lence of phospho-ligand binding within defined fam-
ilies and in different evolutionary lineages111; when



Figure 4. A bridging theme shared between the P-loop (ECOD 2004.1.2.1) and Rossmann fold proteins (ECOD
2003.1.1.{417.332,410,11} is shown: (A–B) The sequence alignment of the shared themes found in a segment of a
single P-loop NTPase, Hpr kinase (top line, ECOD domain e1ko7A1), and multiple Rossmann fold proteins in four
different F-groups, along with the consensus sequence of each F-group is shaded according to the degree of
conservation. (C–D) The structure of the shared theme encompasses the b1-PBL-a1-b2-Asp element in both the P-
loop protein (panel C; Hpr kinase, ECOD domain e1ko7A1) and the theme-related Rossmann fold proteins (panel D;
ECOD domains e3gedA1, e1kvtA1, e3ondA1, and e3tjrA1; the ligand is bound by domain e3tjrA1). (E) An overlay of
the b1-PBL-a1-b2-Asp element of the Hpr Kinase (cyan; ECOD domain e1ko7A1) and one of the theme-related
Rossmann dehydrogenases (yellow; ECOD domain e3tjrA1). This figure was adapted from Ref. 111, and is published
under a CC-BY 4.0 license.
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widespread within families, he concluded it was a
founding function of that lineage, and vice versa
for later-added niche function to only some families.
Indeed, in the most ancient lineages, including P-
loops and the Rossmann fold, Rossmann structures
with crossover, TIM-barrels, HUP domains, the
flavodoxin fold, and HAD domains, phospho-
ligand binding appears to be a founding function.
Analyzing the binding mode within these ancient lin-
eages revealed that the mode of N-helix binding,
where a b-strand is followed by a phosphate-
binding loop and then a flanking a-helix, predates
other modes. He argued that this bindingmode sup-
ports divergent evolution. However, because the
evidence was not conclusive, he put forward
another, complementary explanation for this shared
molecular trait: that the preference for a-helical
binding sites in the ancient phosphate binders
reflects the constraints acting on the earliest short
and prebiotic-sequence proteins.
9

In search of pre-LUCA ancestral segments, Dan’s
group studied proteins, which share a significant
segment despite belonging to distinct evolutionary
lineages, also termed bridge proteins.113 Unlike pre-
vious studies,117 structural similarity between
shared segments was not required, and indeed, in
approximately half of the cases found, the struc-
tures differ. Dan argued that this structural variation
is consistent with sequence homology being the
outcome of common ancestry, rather than conver-
gence due to structural constraints. It may also be
that the capacity of a peptide to adapt its structure
to different environments is evolutionarily advanta-
geous.56 The set of bridging pairs that were studied
included tangible links between some of the most
ancient enzyme classes: flavodoxin-like, TIM-
barrel, P-loop NTPase and Rossmann-like.
Dan considered the P-loop and Rossmann motifs

to be prime suspects in the search for ancestral
segments,110 which prompted his studies of their
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evolution114,116 and of the emergence of their
phospho-ligand binding sites.112 Thus, he was
excited to find a link among the bridging proteins
connecting P-loops and the Rossmann motif (Fig-
ure 4).111 The two folds have an overall similar
architectures and in both, the phosphate binding
motif uses the tip of the first helix (a1), even though
this is not a biophysical necessity, as evidenced by
a few Rossmann families that use another helix
(a4).111 It may appear that the two folds differ signif-
icantly due to their different strand order leading to
binding in the Rossmann that uses the b2 strand
(and an aspartic acid therein), while in P-loops it is
typically served by the b3 or b4 strand. Dan argued
however, that this difference is reconciled by the
bridging P-loop domain (PDB ID:1KO7) which binds
like several Rossmann domains to the tip of b2.
While carefully cautioning the reader against ruling
out convergent evolution, the paper offers new sup-
port to the hypothesis that these folds diverged from
a common ancestor.111

Using protein engineering, Dan’s group studied
how self-assembly enables short ancient
polypeptides to function. He predicted an
ancestral P-loop segment by phylogenetic
analysis of the Walker-A motif (b-strand followed
by a phosphate-binding loop and then a flanking
a-helix).116 Embedding this segment in a short, de
novo designed (55 residues) protein scaffold cre-
ated soluble, stable proteins. For these proteins,
oligomerization improves binding to polynu-
cleotides, RNA, and single-stranded DNA. In a ser-
ies of similar studies, his group explored how
structurally diverse folds emerge de novo, with a
particular emphasis on proteins with high internal
structural symmetry, using beta-propellers as a
model system. He established that these folds likely
evolved from short, functional gene segments that,
at later stages, duplicated, fused, and rearranged,
to yield the folds we see today.118 The reconstruc-
tion of such putative evolutionary pathways after
many millions of years of evolutionary drift is diffi-
cult. However, his group demonstrated that a 100
residue long segment could assemble into active
homo-pentamers.119 Later, his group identified
even shorter sequence modules taken from
tachylectin-2 that comprise three strands of one
blade plus one strand of the next blade, thus
enabling the closure of the propeller’s ring via
strand-strand velcro-like interactions.120 Finally,
his group phylogenetically reconstructed a 47-
residue ancestral motif that forms five-bladed lectin
propellers via oligomeric assembly.115 In addition to
expanding our fundamental understanding of pro-
tein evolution, this work also provides an important
baseline for modular design of new enzymes, an
area which has witnessed substantial advances in
recent years.
In one of his last experimental studies, Dan

constructed a feasible trajectory from a simple
polypeptide of abiotic amino acids to a modern
10
protein that binds nucleic acids.74 A challenge in this
study was to engineer a polypeptide that binds
nucleic acids, but only with spontaneously synthe-
sized amino acids (as these are assumed to be
ancient ones). This subset of amino acids does
not include the basic Lys, Arg, and His, which are
critical for binding nucleic acids. To solve this, they
synthesized a polypeptide that uses ornithine, a
basic abiotic amino acid that exists in today’s cells,
but not in today’s proteins. Starting from this initial
polypeptide, which had only the assumed-ancient
function of forming coacervates with RNA, they
demonstrated a plausible evolutionary trajectory
that changes it to an avid and selective dsDNA
binder.

Conclusions and perspectives

Dan’s passion for studying proteins and enzymes
was formulated in his early career. Then, he, a
physical organic chemist, became a protein
engineer and later turned into an evolutionist as
he has gradually evolved his research subjects
and approaches. Throughout his career, Dan used
his broad knowledge to combine different scientific
areas, ceaseless curiosity and love of science to
continuously explore new technologies, new
concepts and even new fields. One principle he
extolled was to not let previous work or data
constrain your thinking or ideas – to think forward
and conceptualise new ideas first, rather than
incrementally following the latest trend. He was
also passionate about making each paper
worthwhile, especially reviews and perspectives,
into which he generously poured new ideas and
thoughts about various fields. He has bridged
traditionally distinct disciplines and developed
several key technologies and concepts that have
been widely used in the field. His legacy will
remain with us and keep inspiring us to challenge
ourselves to explore new science.
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