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Dan Tawfik
In Memoriam

Anthony Futerman

Dan tawfik passed away in early May 2021 while 
on a climbing trip in Croatia. He was sixty-five 
and yet at the height of his powers. Dan was a 

faculty member at the Weizmann Institute of Science, and 
for the last twenty years or so, we were colleagues in the 
Department of Biomolecular Sciences. I knew him well 
and I admired his work. Dan was a second-generation 
Israeli, the son of Iraqi Jewish immigrants. As a young 
man, he served in the Israeli air force, reaching the rank of 
major before studying chemistry and biochemistry at the 
Hebrew University of Jerusalem. Dan completed his bach-
elor of science in 1988 and his master of science in 1990. 
He then enrolled in the PhD program at the Weizmann 
Institute, joining a research project supervised by Michael 
Sela and Zelig Eshhar, two of the Institute’s most distin-
guished faculty members. Working in the new field of 
catalytic antibodies, Dan became fascinated by enzymes. 
After completing his doctorate, Dan joined Sir Alan Fer-
sht’s laboratory at Cambridge, where he effectively ran an 
independent research program. It was during this period 
that Dan developed an interest in directed evolution, and 
it was directed evolution that became the primary focus of 
his own research laboratory at the Weizmann Institute. He 
played such an important role in the development of the 
field that Frances Arnold made a point of mentioning his 
contributions as part of her 2018 Nobel Prize acceptance 
lecture. Dan received a number of awards for his work: the 
Weizmann Prize, the Teva Prize, and the EMET Prize, as 
well as the Enzyme Engineering Award from Engineering 
Conferences International.

Weizmann Institute faculty members, students, and 
colleagues gathered on Sunday, May 9 to remember Dan’s 
life. All of the mourners commented on Dan’s creativity 
and originality. We recalled his almost childlike joy in the 
day-to-day pursuit of his research and the great care he 
took of all the students and fellows who passed through 
his laboratory. One of his close colleagues mentioned 
Dan’s love for hummus: he was, in words that he might 
well have appreciated, a great hummus-fresser; and he 
could often be found eating lunch with students and col-
leagues in one of the hummus restaurants near Rehovot. 

I remember sneaking out one lunchtime to a well-known 
restaurant with some of my students and finding Dan 
regaling his colleagues at the next table, a great hummus 
mound shrinking on his plate.1

On May 9, we all knew that we would miss him, and we 
were right.

Dan’s scientific research focused on proteins and, in 
particular, on enzyme evolution. The majority of his work 
was concerned with how new protein functions evolved 
from existing functional proteins. More recently he had 
begun working on the most difficult challenge in biochem-
ical evolution: reconstructing the metabolic pathways that 
may have led to the emergence of the first functional pro-
teins. While he made great progress in the first area, the 
extent of his progress in the second was more limited. The 
problem is very difficult; it may be intractable.

I heard Dan lecture twice during the past year or so. The 
first lecture was part of a departmental seminar series that 
was held during October 2020. The second was delivered 
in April 2021 at a conference organized by the Israel Soci-
ety for Astrobiology and the Study of the Origin of Life. 
Dan’s presentation was entitled “From So Simple a Begin-
ning—How Did the First Proteins Evolve?” I can think of 
no better way to honor Dan’s memory than by reviewing 
the ideas that he discussed in these lectures, and by high-
lighting not only the progress made, but also the open 
questions that remained.

Dan’s work on the evolution of new functions in 
existing enzymes is both well established and relatively 
uncontroversial. The fundamental experimental basis of 
this approach, known as directed evolution, is to take a 
preexisting gene, subject it to iterative rounds of mutagen-
esis, and then select and isolate proteins with the desired 
or unexpected new function. With this classical approach, 
Arnold was able to convert an enzyme that normally only 
cleaves peptide bonds in water to one that cleaves pep-
tide bonds in organic solvents. Similarly, Dan was able 
to increase the catalytic efficiency of an existing enzyme, 
serum paraoxonase 1, by 105-fold, and to evolve a protein 
that became able to use substrates to which the parental 
protein showed no detectable activity. In a 2012 paper, 
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he suggested that “new functions evolve by augmenting 
weak, promiscuous functions in existing proteins.”2 There 
can be no doubt that random mutagenesis in the laboratory 
can lead to the generation of better enzymes or enzymes 
with novel functions. As Dan remarked in a recent lecture, 
“Teaching old dogs new tricks is actually not so difficult.” 
Far more challenging is the question of how the first dog 
learned his trick—that is, how to explain the emergence of 
functional proteins or protein domains in abiotic scenar-
ios. Dan was focused on this question during the last years 
of his life.

Dan was well aware that determining how the first func-
tional proteins were generated would be far from easy. In 
a 2013 article entitled “Close to a Miracle,” he was quoted 
as saying that,

What we lack is a hypothesis for the earlier stages, where 
you don’t have this spectrum of enzymatic activities, active 
sites and folds from which selection can identify starting 
points. Evolution has this catch-22: nothing evolves unless 
it already exists.3

Dan’s approach to this “daunting challenge,” as he 
described it,4 can be gleaned from the topics raised in these 
two lectures and from some of the recent publications from 
his laboratory.5 In one of these papers, he discussed three 
critical issues concerning the pathways of de novo pro-
tein evolution in some detail. First, “de novo emergence 
demands a transition from disordered polypeptides into 
structured proteins with well-defined functions.”6 Under 
abiotic conditions, polypeptides must have been gener-
ated randomly and thereafter “happen[ed] to provide 
some benefit,” although the precise benefit is never clearly 
defined in the paper. Second, such polypeptides must have 
exhibited functions of “evolutionary relevance,” with such 
polypeptides evolving into modern proteins, perhaps by 
a “series of duplications and fusions and mergings with 
other peptide fragments.” Finally, “the earliest proteins … 
were likely based on abiotic, spontaneously synthesized 
amino acids.” As a result, the amino-acid composition of 
prebiotic proteins was unlikely to be similar to the amino 
acids found in modern proteins.

Dan postulated that the binding of nucleic acids by pep-
tides was likely a critical event in the emergence of life. 
For this reason he focused on peptides that might exhibit 
nucleic acid–binding activity. Based on this assumption, 
he attempted to determine a putative gradual evolution-
ary trajectory leading from a polypeptide to a ubiquitous 
nucleic acid–binding protein. Dan proposed that the 
first primordial enzymes bound and utilized ligands that 
contain a phosphate moiety.7 Such proteins, known as 
phosphate-binding loop (P-loop) NTPases, apparently 
comprise up to 40% of all domains with known struc-
ture in bacteria. Dan and colleagues were able to generate 
small functional P-loop proteins that emerged via exten-

sions of the same seed element. This putative ancestral 
P-loop was also able to bind ATP/GTP and ssDNA/RNA. 
These early nucleic acid–binding proteins may have con-
tained ornithine, a basic amino acid that can directly bind 
nucleic acids. Although ornithine is not found in today’s 
proteins, Dan suggested that an abiotic chemical reac-
tion was able to convert ornithine into arginine, which 
improves both the structure and function of the P-loops. 
This led him to conclude that, “[F]unctional proteins 
may arise from short and simple sequences that included  
ornithine.”8

I greatly admire scientists engaged in a good-faith 
effort to understand the pathways that may have led to 
the emergence of life on earth. Studying some of the pos-
sible pathways is better by far than not studying any of 
them. But what is possible and what is real are two dif-
ferent matters, and if certain pathways are possible, there 
remains the question whether they work in the real world. 
Is there a statistically viable chance that random processes 
could have led to the emergence of a relatively simply 
peptide, such as small, functional phosphate-loop pro-
teins containing about forty amino acid residues? Modern 
proteins are made up from twenty amino acids. But more 
than eighty amino acids, including ornithine, have been 
generated in abiotic scenarios, and around 1,000 can be 
generated by natural pathways. If ornithine is indeed 
involved in abiotic synthetic reactions, then it would be 
disingenuous to exclude the possibility that other abiotic 
amino acids might also have been involved in the genera-
tion of the first simple peptides. If each residue added to a 
putative ancestral P-loop is randomly selected from a pool 
of approximately one hundred candidate amino acids, 
the probability of randomly inserting any one particular 
amino acid is 1 in 100. The abiotic probability of randomly 
generating a single 40-residue polypeptide sequence is 1 in 
10040, or 1 in 1080. Although each amino acid can exist in D 
or L stereoconformations, only the latter is incorporated 
into modern proteins. The probability of randomly insert-
ing a D-amino acid or an L-amino acid is 1 in 2. Since this 
probability is the same for every amino acid in the poly-
peptide, the probability of randomly assembling an all-L 
40-residue polypeptide is 1 in 240, or 1 in 1012. In a 40-res-
idue peptide, 39 peptide bonds need to be formed, with 
the probability of any one peptide bond forming along the 
backbone, rather than between amino acid side chains, 
being 1 in 2. Assuming a pool of about 100 abiotic amino 
acids, the probability of randomly generating one specific 
40-residue, all-L, putative ancestral P-loop peptide is 1 in 
10040 × 240 × 239 = 1 in 1080 × 1012 × 1011 = 1 in 10103. In principle, 
anything is possible, but the probability of such a scenario 
occurring randomly appears to be unlikely. And this is 
before evolution needs to convert such simple beginnings 
into more complex proteins.

No less intractable is the question of how evolution 
chose which amino acids to use in modern proteins from 
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among the large set that can be generated by abiotic syn-
thesis. In one of the two lectures I mentioned, Dan was 
asked a similar question: Why is ornithine not used in 
today’s proteins? It is instructive to consider his reply:

[I]n general this question is hard to answer because we 
forget that chance plays a huge role in evolution … but the 
reason traditionally noted is that ornithine is less stable 
[when] incorporated into tRNAs.

This argument presupposes the existence of tRNAs 
(transfer RNAs) and in the end appeals to the existence 
of proteins (acting as enzymes) that it was designed to 
explain.

To Dan’s credit, he was always mindful of the open 
questions and ambiguities in the study of de novo protein 
generation. I remember asking him a question at one of 
his lectures about how nature selected for L- rather than 
D-amino acids. Dan was gracious enough to acknowledge 
that he had no good answer. Open questions drive sci-
ence forward, but surely there must be a point when our 
understanding of the complexity of living systems prompts 
researchers to seek alternative theories to explain the ori-
gins and evolution of proteins, and the origins of life in 
general. Has this time already come? Was Darwin correct 
when he suggested that, “[F]rom so simple a beginning, 
endless forms most beautiful and most wonderful have 
been, and are being evolved”?9 Although Darwin was fully 
aware of the “endless forms,” he could not have known 
anything about their molecular details. Dan may have 
thought that only a “small” shopping list would be needed 
to account for those molecular details: a self-containing 
functional motif N-helix phosphate binding site; a minimal, 
abiotic amino-acid alphabet, including nonproteogenic 
amino acids such as ornithine; the oligomerization of 
simpler forms of self-assembly; multifunctionality, the 
binding of ssDNA, ATP, and polyphosphate. A detailed 
understanding of the pathways needed to generate such 
molecules suggests, at least to me, that random events 
were unlikely to have been the sole cause behind their  
generation.

Dan was a giant in his field. Only time will tell whether 
his research actually supports the notion that random 

abiotic pathways can lead to the de novo generation of pro-
teins, or whether an entirely different approach is needed.

May Dan’s memory be blessed.
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