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Abstract

How do proteins evolve? How do changes in sequence mediate changes in pro-
tein structure, and in turn in function? This question has multiple angles,
ranging from biochemistry and biophysics to evolutionary biology. This review
provides a brief integrated view of some key mechanistic aspects of protein
evolution. First, we explain how protein evolution is primarily driven by ran-
domly acquired genetic mutations and selection for function, and how these
mutations can even give rise to completely new folds. Then, we also comment
on how phenotypic protein variability, including promiscuity, transcriptional
and translational errors, may also accelerate this process, possibly via “plastic-
ity-first” mechanisms. Finally, we highlight open questions in the field of pro-
tein evolution, with respect to the emergence of more sophisticated protein
systems such as protein complexes, pathways, and the emergence of pre-LUCA
enzymes.

Protein evolution encompasses a large variety of phe-
nomena addressed by multiple disciplines including bio-
physics, biochemistry, and evolutionary biology. The
mechanistic aspects of protein evolution may be broadly
phrased as: how do changes in protein sequence occur
and how do they mediate changes in protein structure,
and in turn in function? Each discipline has its own angle
with respect to these questions. Here, we present an
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BOX 1 Concepts and mechanisms in
protein evolution—a very brief guide

The text focuses on a few less explored aspects of
protein evolution, while more established aspects
are covered in this box that lists key concepts and
guiding references (reviews and recent papers
describing specific case studies). Scientific con-
cepts and mechanisms are inevitably schematic
(if not dogmatic). Alternative scenarios or mecha-
nisms are denoted here side-by-side in blue
(noted as “versus,” “alternatively,” etc.). In real-
ity, these are not mutually exclusive and may be
even complementary. Many concepts are also
interrelated as indicated in our cross-referencing.

1. Transitions in protein evolution can be cat-
egorized to:

Microtransitions - Divergence of new func-
tions while maintaining the original architecture
(fold) and key active-site features (divergence
within protein families and superfamilies).

Macrotransitions - Transitions between dif-
ferent folds including the emergence of the earli-
est protein folds.

2. Protein sequences diverge with time (this is
what evolution means). Schematically, these
changes may relate to drift or adaptation:

Drift - Sequence changes occurring due to
random sampling while preserving the protein's
structure and function (see purifying selection).

Adaptation - Changes in protein properties
including the acquisition of new biochemical
activities (see positive selection).

Selection may drive a reduction in the fre-
quency of certain mutations (alleles) within a
given population (purging, purifying selection)
and/or the enrichment of other mutations (posi-
tive selection). Selection shapes protein traits
including their biochemical activity (binding,
catalysis, etc.) and biophysical properties (fold-
ing, stability, etc.). Traits such as enzyme selectiv-
ity relate to positive selection, that is, not only by
enrichment of mutations that increase binding or
catalytic efficiency with the target ligand/
substrate but also by mutations that reduce activ-
ity with undesirable, non-cognate substrates'*'*!
(see also trade-offs). The latter is often addressed
as “negative selection” (although in population
genetics this term is used in relation to purifying
selection).

3. Gene duplication provides the raw mate-
rial for new proteins. Several different mecha-
nisms may underline the emergence of new
genes via duplication.**"'®* Briefly, duplicated
genes may evolve toward a novel function that
had not been present in the ancestral, pre-
duplicated gene (neo-functionalization). Alterna-
tively, a bifunctional ancestor (generalist) may
split to two specialist genes (sub-functionalization,
or divergence before duplication). Duplication
may also provide an adaptive advantage per se,
by increasing protein dose and thereby augment-
ing a weak, pre-existing promiscuous function.''’

4. Promiscuity relates to the coincidental
pre-existence of functions that may serve as the
starting point for new functions.” ™ If such
latent, promiscuous functions come under selec-
tion, they give rise to bi-functional, generalist
intermediates. Upon gene duplication, generalist
intermediates split, giving rise to two specialists,
each performing one function (sub-functionaliza-
tion)."*'®?! Although duplication and going from
generalists to specialists is a general trend, the
opposing process of gene loss and/or specialist to
generalist also occurs.'®?

5. Epistasis - The effects of mutations not
only in different genes, but also within the same
gene/protein can be non-additive, that is, epi-
static. Epistasis has a profound impact on evolu-
tion in general, and protein evolution in
particular.'8418

6. Enabling/compensatory mutations -
The dominance of epistasis also means that many
(probably most) mutations that eventually get
fixed in evolving proteins are deleterious on their
own (during drift, and certainly during adapta-
tion). Their acceptance may therefore occur via
two alternative mechanisms: A deleterious muta-
tion transiently accumulates and is later followed
by a compensatory mutation.*’ Alternatively,
mutations that accumulate initially as neutral
enable deleterious mutations to fix at a later stage
(enabling, permissive mutations).*>'57-188

Enabling and compensation (and hence epis-
tasis) can be local or specific'®* —that is, the dele-
terious and enabling/compensatory mutations
occur in a specific pair of residues (typically, in
two contacting residues, for example, within
active-sites) or global, nonspecific —a given muta-
tion may enable/compensate a range of different
deleterious mutations (e.g., stabilizing mutations
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that may compensate many different destabiliz-
ing mutations).

7. Neutrality, robustness relates to the abil-
ity of proteins to accumulate mutations with no
change of structure, stability, or function. Evol-
vability or innovability relate to the ability of
one or a few mutations to introduce a new struc-
ture and/or function.

While seemingly contradictory, these proper-
ties are actually complementary'®>'*° —this is
primarily because mutations may be neutral in
one context (function, environment) yet benefi-
cial in another (e.g., neutral mutations with
respect to a protein's native, physiological func-
tion may augment a latent, promiscuous activity;
see also original-new function tradeoff).

8. Trade-offs in protein evolution - Muta-
tions almost always affect more than one protein
trait (pleiotropy) and often in contradictory ways.
Epistasis and trade-offs are the key elements
shaping the trajectories of protein evolution.*
Several types of evolutionary trade-offs are
known with respect to proteins:

Original vs New-function trade-off - A muta-
tion improving a new, evolving function is likely
to decrease the original one. A strong trade-off
enforces neo-functionalization, that is, duplica-
tion must occur to complete divergence and spe-
cialization (escape from adaptive conflict).* In
many cases, this trade-off is initially weak, thus
enabling divergence toward a bifunctional, gener-
alist intermediate (see sub-functionalization
above). The magnitude of original-new trade-offs
tends to vary along adaptive trajectories, starting
from weak trade-offs that give rise to generalist
intermediates and shifting to strong trade-offs as
selection progresses, thus yielding a new special-
ist (typically after duplication).*>*>

Stability-activity trade-off — Most mutations
decrease protein stability and thereby lead to
misfolding, aggregation, and/or proteolysis. New-
function mutations are even more so, thus mak-
ing their accumulation dependent on enabling/
compensatory mutations.'*'%?

Folding-stability trade-off — Beyond the ther-
modynamic and kinetic stability of the native,
folded state, the folding process itself imposes
severe constrains. Trade-offs between monomer
folding and assembly of oligomers or between
the ability of a protein to fold and the stability of
its final, folded state, may underline the birth of
new proteins.”®
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Rate-accuracy trade-off - A mutation that
improves the catalytic efficiency of an enzyme
may reduce its selectivity. Similarly, improve-
ment in the affinity toward the cognate ligand
may also increase cross-reactivity with noncog-
nate ligands (see also positive versus negative
selection).*®*

9. Diminishing returns - Evolutionary opti-
mizations, including protein optimizations, are
subject to strong diminishing returns—early
mutations confer large advantages per mutation
but as the new, evolving trait improves, the
improvement per mutations decreases.’®%’
Trade-offs, diminishing returns, and other factors
result in many proteins being suboptimal with
respect to individual traits such as catalytic effi-
ciency, selectivity, and stability.'®"'*

10. Phenotypic variation — Variation that
exists in a genetically identical population due to
the noise associated with various biological pro-
cesses like transcription, translation, splicing and
so forth.

integrated view, through the eyes of protein scientists.
We attempted to portray how multi-faceted the research
of protein evolution is and discuss relatively unexplored
aspects and fundamental questions that remain unan-
swered. However, breadth inevitably trades off with
depth. Thus, we apologise if significant achievements of
specific fields are not thoroughly cited.

A fundamental paradox in protein evolution is that:
“nothing evolves unless it already exists,” or in other
words as stated by DeVries: “Natural selection may
explain the survival of the fittest, but it cannot explain
the arrival of the fittest.”! Mutations, insertions/dele-
tions, and recombination mostly induce minor changes
in protein structure (micro-transitions) that are sufficient
for the rise of new functions, although in rare cases, these
can generate completely new protein folds (macro-transi-
tions) (Boxes 1,1). Our review revolves around this clas-
sic, “Darwinian model,” and covers cases where the pre-
existing sequence diversity in a population give rise to
new functions.

Further, we describe various mechanisms that may
expedite this process. For instance, it is possible that the
genomic mutations needed for conferring a novel func-
tion might not be present in a population, they can how-
ever, rise by non-genetic mechanisms mediated by errors
in replication, transcription, and translation (phenotypic
mutations).”* Thus, the upcoming new function is

5UB0 17 SUOWILD dAIR1D) 3 |geal|dde auyy Ag pautenob ale sapie YO ‘8sn Jo Sa|ni 1oy Akelq 1T auluQ A8|IAA UO (SUOTIPUOD-pUB-SWLBI WO A3 |IM Aelq 1)U uo//:Sdiy) SUOIpUOD pue swid | auy) 88s *[7202/TT/2T] uo Aiqi7auluo AjIM ‘weesner JO AlseAiun maigeH Aq Zogi 01d/200T 0T/10p/wod A8 Im Afeiq 1juluo//sdiy wouy papeojumoq ‘L ‘220g ‘X968691T



JAYARAMAN ET AL.

4of18 PROTEIN
Wi LEY—@ SOCIETY

(a) (b) d
PO £ )] ‘
o, > \ S2)
P .‘ 0 Selection Fixation Py ..' % ¢ %,/ ii P k%
L C 3 _J — ),
o\ 2 a% N = (o g G\ OQ/ 2R
=)= - N ey LS ¥ Point
ol VSN o o INe, o = mutations
.-‘lol-, -‘.‘ ol= >
A N =2 L1271 F271 Ros4
LY = -?. S ey o. P F306 1306
J g 254 d
L V’ l T —JL H *J
Pre-existing random genetic The mutant with desired The mutant with desired - D233 N £233
mutations in a population property survives selection  property goes to fixation (C

Helix rotation

w/ ‘ —'ﬁ\ \ R303

F2960 ‘

(C) R302

DnrK-Ser

FIGURE 1

A s \
Y s
Y e Yas
- \ A SA%
InDel
Blocked
chanel

@
S| E conien

&

| Domain insertions
|

< : 3 40

U S\
Ny

Calcium ATPase

3, £
5
] A/"

Phosphatase Haloacid dehalogenase

Darwinian evolution driven by pre-existing genetic changes, ranging from single amino acid mutations to gene

rearrangements. (a) Schematic representation of Darwinian selection: selection purges most of the variations in the population, leading to

survival of the fittest mutant, eventually undergoing fixation. (b) The outcome of a laboratory evolutionary trajectory of 18 consecutive point

mutations (PDB codes: 1DPM, 2R1N, 4E3T).*® The original and evolved active sites are depicted with their corresponding reaction

intermediates (a phosphotriesterase [left] and aryl-esterase [right]). The mutated positions are denoted in red. The overall structure (cartoon)

and the key catalytic residues remained unchanged (the catalytic metals are presented as grey spheres). (c) A switch between two

fundamentally different activities, methyltransferase (left) and monooxygenase (right) may be triggered by an insertion of a single amino

acid. An inserted serine at position 297 (red) induces a flip of the adjacent side-chain of Phe296 (blue sticks) that reshapes the active-site

(surface) and triggers the activity change (PDB codes: 4WXH and 5EEG).*” (d) Domain insertions into an existing enzyme drive the

divergence of new functions,*®*°

as exemplified here for three different enzymes that share a Rossmman-fold core domain: a Haloacid

dehalogenase (PDB 1ZRN), a phosphatase (1N9K), and a calcium pump-driving ATPase (1SU4). The canonical Rossmann fold is represented

by a dehydrogenase (5KKA). For other examples of microtransitions see the study done by McKeown et al.; Coyle, Flores, and Lim;Bar-

Rogovsky, Hugenmatter, and Tawfik; and Coelho et al.'**

already present, as fortuitous, latent variation at the phe-
notypic level within identical genotypes (phenotypic vari-
ability).>® These changes are observed at all biological
levels of organization, from single proteins to entire
organisms.”® Indeed, the pre-existence of protein activi-
ties as latent promiscuous functions, is by now, a well-
established hypothesis understood in atomic detail.”**
We also highlight additional aspects of phenotypic vari-
ability that underlie the arrival of the fitter. A seemingly
attractive, yet controversial hypothesis, is that phenotypic
variability (and possibly also genetic changes) is directly
induced by environmental challenges. These so-called
“Baldwin-effects”'>'® may apply to protein evolution,
and are presented here under a general model, coined
“plasticity-first.”

Much of the current work revolves around the evolution
of individual biochemical activities such as ligand binding
(DNA, RNA, small molecules, or proteins) or enzymatic
functions (for recent examples see'*>*). However, beyond
biochemical activity per se, other protein features are also
shaped by evolution, such as the regulation of the protein
expression, folding, stability, and oligomerization®**" or
avoiding undesired interactions with other metabolites or
proteins.”® Further, proteins also co-evolve with other pro-
teins and biomolecules with whom they interact, and with
the cellular components responsible for protein synthesis,
maintenance, and clearance.”®>° Here, we discuss some
open questions related to these aspects.

As proteins have been evolving for ca. 3.7 billion
years, the mechanisms underlying the divergence of
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recently evolved enzymes'"*!

cable to the emergence of the very first protein(s
There are, however, some unifying themes that we
describe here alongside differences and unknowns. We
conclude by discussing how short and functional protein
fragments may have been recruited prior to the appear-
ance of last universal common ancestor (LUCA's) prote-
ome to give rise to primitive metabolic systems.

may appear largely inappli-

).32

2 | MICROTRANSITIONSIN
PROTEIN EVOLUTION

Protein evolution is driven by mutations that can occur
biasedly®*** or at random and with no relation to selec-
tion.”® Deleterious mutations are purged, whereas new
challenges drive the fixation of mutations that give rise to
proteins with modified or new functions (Boxes 1, 2, and
Figure 1).

As exemplified in Figure 1, most, if not all, of the
extant protein repertoire emerged by small structural
modifications while maintaining their basic fold. Such
changes, dubbed microtransitions (Boxes 1, I), have been
demonstrated in the laboratory, largely via point muta-
tions, insertions/deletions (InDels), homologous or non-
homologous recombination,” and domain fusions.*
While the effects of point mutations have been widely
explored (e.g., Figure 1b), we know less about how other
types of genetic changes lead to new proteins. InDels, for
example, have high adaptive potential. For instance, a sin-
gle InDel can induce functional transitions®”*
(e.g., Figure 1c). Additionally, domains frequently mix and
match (gene fusion or fission) to yield new proteins.>****
The addition of a single relatively small domain allows
Rossmann fold enzymes to catalyze different reactions, for
example, calcium ATPase, phosphatase, and haloacid
dehalogenase (Figure 1d). InDels or larger genetic rearran-
gements are on average, even more deleterious than point
mutations and therefore intensely purged.*>*® Acceptance
of mutations in general, and InDels or larger genetic rear-
rangements especially, typically demands compensation
by other mutations (Boxes 1, 6).**

In contrast to the divergence of functions in existing
domains, the birth of new protein topology and architec-
ture is driven primarily by duplication and fusion of short
segments, as discussed in the following section.

3 | MACROTRANSITIONS IN
PROTEIN EVOLUTION

Protein domains whose secondary structural elements
adopt similar orientation in space are classified under the
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same architecture. If in addition, these elements display
identical topological connections, they are further sorted
under the same fold. Substantiated cases of homology
between different folds are rare. Only recently, the
development of sensitive homology prediction tools
has allowed drawing evolutionary bridges between
folds that were previously thought unrelated.** >
Despite these efforts, most of the evolutionary relation-
ships between distant homologs remain a mystery.
How did the first protein folds emerge? Did transitions
between these architectures occur at any stage; and if
so, how?

Studies of metamorphic proteins have provided some
hints,”*"%* which demonstrate that the topology and
architecture of protein domains can be altered, herein
called macrotransitions, by introducing a few or even one
single amino acid substitution®® (Boxes 1,1). Such is the
case of the G, protein, a serum binding domain that is
converted into Gg, an IgG-binding domain upon a L45Y
substitution (Figure 2a). This type of structural transition
suggests the existence of critical residues that stabilize
certain tertiary interactions while abolishing others. Like-
wise, a single protein sequence can fold into more than
one structure. These sequences have more than one ener-
getically favored minimum (scaffold plasticity) that
allows the interconversion between different structures
upon changes in the environment such as pH; lipid or
buffer composition.®®> De novo emergence of proteins by
overprinting is another example of a macrotransition,
where alternative frames of coding sequences from short
segments of existing proteins are translated. This phe-
nomenon can give rise to new amino acid sequences, and
ultimately to new protein architectures.**"°® For instance,
by incorporating an alternative start codon within the
nucleocapsid protein N, an additional reading frame is
created, giving rise to open-reading frames (ORF)-9b pro-
tein, which adopts a new fold (Figure 2b).”” This process
is not to be confused with the de novo emergence of pro-
teins from non-coding DNA (see open questions), where
arbitrary transcripts occasionally overlap with randomly
attained ORF and become translated.®’””® Further archi-
tectural rearrangements can emerge through trading of
structurally similar regions (segment-swaps) between two
or more domains, which can be found in around 13% of
the PDB structures.”" This type of macrotransition can
also be induced by InDels within a protein sequence™ as
exemplified by the flavodoxin-like fold, which upon
insertion, duplication, and fusion gave rise to a new func-
tionality, adopting the bi-lobular hemD-like architecture
(Figure 2c). Duplication and fusion of short segments can
also lead to open-ended (solenoid) structures as indicated
by the internal symmetry that underlines many protein
folds,,”>”> for example, ao-hairpin repeats generate
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to a fold change as exemplified by protein GA95 (PDB 2KDL): the all-alpha structure protein acquires alpha and beta secondary elements in
GB95 (PDB 2KDM). (b) Mutations at the DNA level can lead to alternative reading frames. Such is the case for the Nucleocapsid protein N
gene that gives rise to the nucleocapsid N ORF-9b protein (PDB 2CME).”® The new protein adopts an all-beta fold, in contrast to the alpha
and beta elements of the original protein.’” (c) An insertion (red) within the flavodoxin-like fold (PDB 1REQ), results in an additional beta
element that segment-swaps the original fold in two. This structural rearrangement creates a protein interface that is now able to associate

with another monomer, inducing the topological changes, resulting in the hemD-like fold (PDB 1jr2).>* (d) Short fragments within proteins

can act as building blocks to create novel architectures. A fragment from a non-propeller precursor (PDB 3WHI) upon oligomerization,

duplication, and fusion rearrange in a monomeric propeller fold (PDB 5C2N) ORF, open-reading frames.*®

transient receptor potential (TRP), HEAT, Armadillo,
and Ankyrin structures, whereas Pof units generate
leucine-rich repeats. In other instances, repeating units
create globular structures, such is the case for the triose-
phosphate isomerase (TIM) barrels’*”> and beta-
propellers (Figure 2d).”®*’®”7 Overall, the above-
mentioned examples highlight how novel protein archi-
tectures can emerge from structurally unrelated scaffolds
through relatively small changes, illustrating their plas-
ticity and resilience potential.

While it is well known that mutations, gene rear-
rangements, and InDels can cause functional and
structural changes in proteins, not all these mutations
go to fixation. In the next section, we discuss how
selection and fixation occur, based on results of vari-
ous directed evolution experiments on individual
proteins.

4 | SELECTION AND FIXATION OF
MUTATIONS

Following their appearance, most mutations are purged
while some are fixed not only by selection, but also by
chance (Boxes 1, 2). This leads to the critical question:
out of all possible mutations in a protein, which fraction
of these is neutral versus what fraction is deleterious and
to what degree. Equally crucial is the frequency of poten-
tially beneficial mutations and their effects on the pro-
tein's original function and stability as this dictate
whether they might be fixed or rapidly purged.

The answer to these is embedded in the distribution
of fitness effects (DFE) of mutations—a subject of exten-
sive research. Systematic mappings of the effects of all
possible single amino acid mutations in a given protein
have become routine.”*®' These mutational scans yield

85U8017 SUOWILLIOD @A 111D 3ol dde 8Ly Aq peuseob ae Seppie YO ‘8sn JO Sa|nJ 10} AIq1T8UIUQ AB]IM UO (SUORIPUOD-PUR-SWRIAL0D" A3 1M A0 1 BU1 [UO//SdNL) SUORIPUOD pue SWis 1 8y &8s *[1Z0z/TT/2T] uo AriqiTauliuo A8|iM ‘Weesnier JO AISeAIUN MeiceH Ad Z9gt 01d/Z00T 0T/I0p/W0D A8 | ARe.q 1 jeul[UO//:SANY Wou) pepeojumod ‘. ‘220z X96869T



JAYARAMAN ET AL.

distributions of the effects of mutations in individual pro-
teins, and also insights regarding the structural and bio-
chemical parameters that dictate them.*>®> The
cumulative knowledge of protein DFEs indicates that the
vast majority of mutations, probably >80%, are
deleterious,* with the primary reason being impaired
folding and/or decreased stability.** Mutations that alter
biochemical function are rare and also purged more
intensely.®*>®* The effects of mutations on folding and sta-
bility are complex, as they also relate to how the cellular
machinery deals with impaired mutants (see below).
Indeed, in the short-term, mildly deleterious mutations
may be tolerated owing to various cellular buffering
mechanisms, thus facilitating protein evolution.®>%7

The evolutionary interpretation of deep mutational
scans is problematic, not the least because the measured
“fitness” wvalues rarely relate to organismal fitness.
Accordingly, most experiments indicate higher muta-
tional tolerance than what is observed in nature among
homologous proteins, suggesting that most mutations, in
laboratory conditions, do not affect structure and/or
function.®® It appears that the deleterious effects of muta-
tions are masked in most laboratory experiments,*’ ren-
dering the results more relevant to the understanding of
short-term genetic diversity (e.g., population polymor-
phism), as opposed to long-term evolutionary pro-
cesses.**®®  Similarly, when it comes to adaptation
(acquiring new or modified protein properties), labora-
tory selections may typically be too stringent, thus
funnelling adaptations toward one trajectory in a limited
and defined environment (a single growth medium, tem-
perature, etc.). The gradual selection pressures and
diverse environments that underlie natural evolution
may shape protein adaptation in ways that differ from
what has been observed in most laboratory
experiments.*>%

5 | EVOLUTIONARY RATES OF
PROTEINS

When it comes to long-term evolution, the rates by which
proteins evolve vary dramatically. Even when comparing
proteins of the same species or orthologues only
(i.e., assuming minor changes in protein function), evolu-
tionary rates (substitutions per site, per generation) typi-
cally span over two orders of magnitude among the
proteins in the same genomes. The factors that dictate
the rate of protein evolution is of major interest.”’ One
key determinant is epistasis, namely, interdependency
between different positions of the same gene/protein
(intragenic epistasis; Boxes 1, 5). Globular proteins in
general exhibit negative epistasis (deleterious effects of
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two different mutations is greater than the sum of indi-
vidual ones).92 As proteins evolve, deleterious mutations
can still be fixed. However, their acceptance depends on
the pre-existence of other mutations (permissive,
enabling mutations) or on the subsequent accumulation
of compensatory mutations (Boxes 1, 6). This context
dependency of mutations dictates a slower rate of evolu-
tion. Biophysical and functional constraints also affect
rates of protein evolution. These include high expression
levels that make proteins more prone to aggregation and
promiscuous associations and multi-functionality,
thereby engage a large fraction of the protein's surfa-
ce.”%The latter two constraints act primarily on the pro-
tein surface, namely, surface residues that mutate four-
fold faster than the core residues. Interestingly, the sur-
face constraints slow down the divergence of other resi-
dues, in particular core residues, resulting in an overall
very slow evolutionary rate.”

Finally, the acquisition of new functions is the
strongest driving force to protein sequence changes.
Accordingly, mutational trajectories that lead to new
protein functions have been extensively studied,
revealing in atomic detail the effects of mutations on
protein structure and function (Boxes 1, 3-9).”° We
note that nearly every long adaptive trajectory beyond
few mutations, includes multiple mutations at posi-
tions distal to the active site. Despite the importance of
these so-called third shell mutations their contribution
to the emergence of new protein function remains
poorly understood.”®*’

6 | MUTAGENIC HOTSPOTS

Mutations that confer modified or new protein functions
(adaptive mutations) may pre-exist in the population
when a new challenge appears or may arise within subse-
quent generations —for example, both pre-existing and
arising mutations have been identified in insect esterases
that evolved toward insecticide resistance.”® ' Muta-
tions that are neutral or nearly neutral, with respect to
the protein's existing function, and are therefore not
purged, may become beneficial upon the emergence of a
new challenge (Boxes 1, 7). Still, the occurrence of point
mutations is rare (107 per site, per generation, on aver-
age). Thus, the genetic diversity available at any given
moment is limited, especially in organisms with small
population size. In cases where mutation(s) with adaptive
potential do not pre-exist in a population, the initial
response to a new challenge is critical. In this context, we
review and discuss several mechanisms that may hence
expedite adaptation in the absence of pre-existing genetic
diversity.
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Cellular stresses correlate with higher mutation
rates.'®’ Also, the rate and type of mutations vary dra-
matically, depending on local DNA context, for exam-
ple, short sequence repeats'®? and in a global one for
example, highly transcribed regions.’>'°> These so-
called adaptive mutations arise due to high mutability
of single-stranded DNA in active transcription bubbles
and from replication-transcription collisions.'**'%> Simi-
larly, highly transcribed genes may be duplicated via
cDNA intermediates (retro-genes).'°® Duplications can
vary from gene segments to whole genomes and may
also be considered as “adaptive mutations,” whenever
they are stress-induced and auto-amplified.'®” Under
strong selection, multiple copies of a gene mediating
survival may emerge within a strikingly small number
of generations and disappear immediately after selection
is removed.' %1%

Given high replication fidelity, the above-discussed
mechanisms may be crucial in shortening the time gap
between new challenges and the arrival of mutations that
promote survival.''® It is not trivial to establish direct
causality between stress, the induction of genetic
changes, and adaptation.’”" Nonetheless, their relevance
is highlighted by the existence of explicitly evolved “hot-
spots” regions in specific genes which encode rapid heri-
table genetic switches, such as in surface antigen proteins
of pathogenic bacteria.'>'"!

7 | PROTEIN NOISE AND
PHENOTYPIC MUTATIONS

In most cases, mutations conferring new function are
pre-existing in a population. Alternatively, the yet-to-
become new function could be already present, as latent,
coincidental phenotypic variation whereby a single geno-
type (a given gene sequence) may give rise to a range of
protein sequences, structures, and functions, and thereby
to multiple phenotypes. If phenotypic protein variability
is neutral in the environment(s) under which a protein
evolved—this variability comprises “molecular noise.”
Nonetheless, upon appearance of a new challenge, phe-
notypic variability may provide an immediate survival
advantage and increase the adaptive potential. In pro-
teins, phenotypic variation can be displayed in multiple
ways including: (a) variable protein levels in a population
of cells due to expression noise; (b) latent, promiscuous
protein conformations and activities due to drift; and
(c) alternative protein sequences due to transcriptional,
splicing, and/or translational errors.

Here, we focus on transcriptional and translational
errors. For the adaptive potential of (a) see the studies
done by Rotem et al. and Garcia-Bernardo and

Dunlop,"'*'"? regarding (b), see Boxes 1, 4. Translational

and transcriptional errors are ~10° times more frequent
than genetic mutations."'*'"> As a representative exam-
ple, it was shown that in yeast ADH1 gene, transcrip-
tional errors alone can affect almost every aspect of
enzymes function including oligomerization, substrate
binding, cofactor binding, metal binding, and post-
translational modification site (Figure 3b).''® Like genetic
mutations, phenotypic mutations are not limited to single
amino acid exchanges—frameshifts, alternative starts
and/or stops codons, and larger rearrangements (e.g., via
alternative splicing) are also common (Figure 3b-d).
Overall, given the wealth of noise associated with tran-
scription, mRNA processing and protein synthesis, pro-
tein copies that deviate from the expected translated gene
sequence are abundant.''*''”!'® These so-called pheno-
typic mutations have a role in the evolutionary shaping
of proteins,>*'® and may also provide starting points for
emergence of new proteins or functions.'*>'** Short pep-
tide segments that result from “illegitimate” translation
small ORFs (smORFs) are also prevalent due to alterna-
tive start/stop codons, off-frame translation of coding
sequences, or translation of complementary strands or
even of noncoding regions.®>'*!*** Such segments might
also comprise the starting material for novel proteins
(Figure 3c, d)."**'*

It is important to highlight the fact that, although
phenotypic mutations are not heritable as such, the
potential to make them can be.''®'?°"'*° For example,
the frequency of transcriptional/translational errors is
highly variable and sequence dependent. Codon usage
strongly affects the rate of mistranslation.*® The fre-
quency of slippage to yield phenotypic frameshifts is
directly proportional to repeat length, eight consecutive
A's being an example of programed slippage.’*'™'*
Therefore, selection may favor gene sequences that
increase the frequency of alternative protein variants
while retaining the original wild-type protein sequence.
In this manner, errors that occur largely at random can
be amplified at specific sites and can also be heritable.

Although phenotypic mutations occur at higher fre-
quency and are shown to be important for the adaptation
of organisms,"**"*” the experimental evidence for their
adaptive role in protein evolution is only recently emerg-
ing. Direct evidence for the evolutionary role of pheno-
typic mutations came from the emergence of a new yeast
enzyme paralogue (Figure 3d)."*° The ancestral gene of
isocitrate dehydrogenase (IDP) encodes two enzyme
forms (isozymes)—a major cytosolic form by intact trans-
lation and a minor form that possess a C-terminal peroxi-
somal signal peptide due to a translational frameshift.
Following duplication, a single nucleotide genetic dele-
tion gave rise to a new, legitimate peroxisomal paralogue,
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Plasticity-first mechanisms driving protein evolution (a) A schematic representation of selection that follows the plasticity-

first mechanism. A new environmental challenge selects a subset of phenotypically variable isogenic cells. The phenotype permits the

survival of cells, providing time for the occurrence of a mutation which confers an adaptive advantage. The mutant cells take over the entire

population (fixation). (b) Transcriptional errors in yeast ADH1 mRNA mapped on to the structure. The residues with errors are highlighted

in red. The scheme at the bottom shows that the mutations can affect several aspects of the enzyme: oligomerization, substrate binding,

cofactor binding, metal binding, and post-translational modification sites.'*® The figure panel is reprinted from the reference (116). (c) An

Escherichia coli mutant exhibiting higher mistranslation rates (phenotypic plasticity) displays higher frequency of genetic mutations that

confer antibiotic resistance (adaptation). This panel is reprinted from the reference (138). The right panel shows the structure of DNA gyrase

with the mutations conferring ciprofloxacin resistance highlighted in red. (d) Translational errors may provide the raw material to new

proteins.'?® In the depicted example, a coincidental translational slippage at a TCTTTT site produces an alternative protein form with a C-

terminal peroxisomal signal. In the second step, a mutation of C-to-T, that is silent with respect to the original frame, increases slippage rate,

thus generating two alternative protein forms from one gene: the original cytosolic form and a minor peroxisomal form (the AKL

peroxisomal signal peptide, denoted in green). Finally, following gene duplication, a single base deletion gives rise to a new, legitimate
peroxisomal paralogue, whereas the original, cytosolic gene loses the cryptic peroxisomal signal.

whereas the cytosolic paralogue lost the translational
frameshift that leads to a peroxisomal signal.

8 | GENETIC ACCOMMODATION
OF PHENOTYPIC MUTATIONS

Phenotypic mutations may bridge the time gap between
the appearance of a new challenge and the emergence of
a mutation that resolves it (a gap that can be much longer
than intuitively assumed). If a challenge persists, what
initially comprises coincidental noise often becomes a

“legitimate” function via the fixation of mutations at the
genomic level that refine this function. For example, typi-
cally following gene duplication a weak promiscuous
enzymatic activity may increase in both rate and selectiv-
ity to become the primary function. This was demon-
strated recently in a study employing Escherchia coli
strains with varying levels of translation error rates. The
authors show that the E. coli mutants with higher error
rates show higher frequency of ciprofloxacin resistant
colonies compared to WT strains (Figure 3c)."** Accord-
ingly, lowering the mistranslation rates, reduced the fre-
quency of resistant colonies as well. It is worth noting
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that the genotypic mutation is often different from the
phenotypic mutation.

Promiscuous protein activities seem to have a unique
evolutionary advantage—mutations that increase them
usually have either weak or no deleterious effects on the
protein’'s primary activity (Boxes 1, 4, 7, 8). Phenotypic
mutations may also have a unique advantage in how they
are genetically accommodated. In the yeast IDP case
described above, single base deletions that accommodate
the new trait at the DNA level (i.e., in-frame translation
of the peroxisomal signal to direct all protein molecules
to the peroxisome) occur at the very same mRNA site at
which translational slippage occurs.'?® Overlaps between
sites of genetic and phenotypic mutations have also been
observed in an in vitro study.*' Thus, selection of geno-
types exhibiting a higher rate of a specific phenotypic
mutation also gives rise to a hotspot for genetic mutations
that accommodate the very same trait."**'** Similarly,
ambiguous decoding (translation of a given codon to two
different amino acids) was genetically accommodated in
certain organisms via divergence of a dedicated tRNA.""”
More recently, it was also shown that phenotypic muta-
tion can reduce the mutational load in a population by
efficiently purging deleterious mutation. Accordingly,
phenotypic mutation exhibits negative epistasis with
DNA or genotypic mutation."*’

9 | PLASTICITY-FIRST: AN
EMERGING MODEL FOR PROTEIN
EVOLUTION

The so-called Baldwin-effect'” or in its more modern
form, the “plasticity-first” model'® refers to the phenom-
ena when non-hereditary molecular variability induced
by an environmental change enables initial survival. This
buys time for the emergence and accommodation of
genetic mutations, ensuring long-term survival of the
population in the new environment. Both phenotypic
plasticity and the ensuing genetic accommodation of
mutations have been extensively examined and debated
in the context of developmental plasticity and evolution-
ary adaptations.® Here, we adapted the Baldwin effect'?
and following a recent and insightful review,"’ present
the key criteria for such a mechanism to be applied to
protein evolution (Figure 3a).

The most critical criterion for proving the “plasticity-
first” model for protein evolution is that the yet-to-evolve
trait becomes more variable in response to the physiologi-
cal stress that accompanies the new challenge. For exam-
ple, the magnitude of certain promiscuous activities or
the frequency of translational errors may increase due to
changes in metabolite concentrations or pH. Similarly, if

some pre-existing, cryptic genetic variation happens to
increase the magnitude of trait variability, this would of
course promote the “plasticity-first” mechanism. This cri-
terion is not trivial to establish, and to the best of our
knowledge, has not been directly examined in relation to
a proven case of protein evolution.

Indeed, in many cases where the history of acquisi-
tion of new protein functions were tracked down; pre-
existing promiscuous functions**'*' or phenotypic
mutations''>'*° were found to have been starting points
and even provide initial survival of the population.'**'*?
However, such trajectories may be perfectly accounted by
a Darwinian mutation-selection model, since the pre-
existence of mutants with an optimal activity in the pop-
ulation was not examined. Therefore, a key challenge
remains to show that the latent activity was present at a
sufficient level to provide a selective advantage before
genetic accommodation of mutations.

Increased molecular noise is inevitably associated
with reduced fitness. The cost of increased rate of transla-
tional errors, may be tolerable in short-term,"'* but in the
long-term, high error rates rarely persist.'”" Overall,
while the “plasticity-first” model presents an elegant
shortcut to the “arrival of the fitter,” direct evidence for
its role in protein functional evolution is yet to be
provided.

10 | PROTEIN EVOLUTION—
BEYOND BIOCHEMICAL ACTIVITY

Biochemical activity—be it ligand binding or catalysis—
is the primary driving force of evolutionary innovation.
However, within their natural context, proteins are
shaped by additional needs and forces that are complex
(see Boxes 1, 8). Following their translation, proteins fold
into their native state, and must be sufficiently stable to
avoid misfolding, aggregation, and/or proteolysis. The
interactions of proteins with the cellular machineries that
control protein quality are therefore crucial. Chaperones
and also proteases, therefore impacts the type and num-
ber of mutations tolerated and thus impacts protein
evolution,®>8%144

Regulation of protein expression is another key prop-
erty shaping evolutionary trajectory. As indicated by their
faster sequence divergence, non-coding elements are
more evolvable than the proteins they regulate.'* Often,
the initial steps, and even the driving force for divergence
may involve a new mode of transcriptional regulation.
Further, the divergence of a new biochemical function is
often initiated by increase in expression of an existing
protein with a latent, promiscuous function.'"*® This
divergence may occur via mutations in the gene's own
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promoter, in genes encoding other regulatory elements or
via gene duplication (Boxes 1, 3). By the current view,
most new genes and paralogues especially, diverged in
their transcriptional regulation and not in their biochem-
ical function.'”**® A classic example is the divergence by
duplication of yeast Gall/3. The ancestral, pre-duplicated
gene, Gall, encoded an enzyme, b-galactosidase that also
acts as transcriptional co-inducer. Upon duplication, the
new paralogue, Gal3, specialized as co-inducer, primarily
via changes in the promoter that enabled faster triggering
of Gall's transcription upon appearance of lactose.'*

Changes in the regulation of protein expression can
also affect the evolvability of proteins. In fact, expression
levels and protein concentration correlate with evolution-
ary rates—the higher the protein amount in the cell, the
slower the rate,”" although to our knowledge, direct cau-
sality has not been established. In the case of Gal3
although the key adaptive step was due to the changes in
the promoter,'* protein activity was also changed. Spe-
cialized as a co-inducer, Gal3 lost its enzymatic activity,
but gain the ability to bind to Gal80 (the transcriptional
repressor) with >10-fold higher affinity compared to
Gall, thus providing a distinct advantage upon switching
to lactose as carbon source.'*’ The divergence of new
genes therefore involves changes in gene expression, that
in turn enable changes in protein activity, and vice
versa—in other words, noncoding and coding regions
coevolve.'*'*° Beyond transcription, levels of translation
are regulated, as are cellular protein levels (via changes
in protein turnover rates). The mechanisms and dynam-
ics behind the coevolution of protein expression, turn-
over, and function remain to be elucidated.

Proteins seldom work as independent subunits, and
often self-assemble (homomers) or associated with other
proteins (heteromers). About 60% of proteins are known
to form complexes.'>’ How these multimeric assemblies
emerge and if there is adaptive value for these complexes
is not clear. Recent experimental’>®> and theoretical
work'®' suggest that these complexes can emerge by neu-
tral drift just like in the case of catalytic promiscuity.
Often, as little as one or two mutations are enough to
form new homomeric complexes.">*> Though it is tempt-
ing to associate an adaptive value for these assemblies,
this remains to be investigated. Finally, protein evolution
is also constrained by its cellular location. A new localiza-
tion imposes new challenges. Approximately, 30% of the
yeast paralogues and ~15% of Arabidopsis paralogues
diverged in localization."**'*> Beyond retargeting, typi-
cally by the acquisition of a signal peptide,'** a change in
localization enforces adaptation toward export (that may
involve unfolding and refolding), different pH and/or
redox state, and new protein partners. Overall, protein
adaptation is a comprehensive process involving multiple
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parameters in addition to biochemical activity. Foremost,
it is a process of coevolution involving the protein itself,
its transcriptional and translational regulatory elements,
the cellular protein-handling machineries, and other pro-
teins and biomolecules that interact with the evolving
protein.

11 | OPEN QUESTIONS

Beyond the series of questions mentioned above, there
are, in our view, three key aspects in protein evolution
that remain largely unanswered.

Multiple, interlocked protein components. Proteins
rarely confer physiological advantage on their own. Typi-
cally, they are part of a system—a pathway or whole net-
work involving several proteins—whereby loss of any
one of these proteins results in loss of function of the
entire system. For example, biosynthetic pathways com-
prise several enzymes, and loss of any of which of these
enzymes typically results in no product. How did these
multiple interlocked protein systems (MIPSs) emerge in
the first instance?

Many MIPSs can be unlocked—suffice to say that
free-living natural bacteria with <1,400 genes are known,
and even these genomes can probably be reduced.'*®
Thus, the current state of a MIPS does not reflect its ini-
tial, emergent state. Relatively simple scenarios for the
emergence of MIPSs have been hypothesized.>* With
respect to metabolic pathways, bifunctional enzymes are
commonly found, suggesting that certain pathways may
have a priori evolved to catabolize more than one nutri-
ent, or produce more than one product, and at later
stages diverged and specialized (Box 1).">’""*° Nonethe-
less, the emergence of the first MIPSs, and specifically of
the core biosynthetic pathways, remains enigmatic. Spon-
taneous occurrence of reactions, alongside a few multi-
functional enzymes, may have enabled the formation of
key metabolites, thus seeding the future pathways.'®'%

Pre-LUCA recruitment of the first enzymes. In the pre-
LUCA world, modern enzymes did not exist. Rather,
ribozymes, metals, and H* and OH™ ions'®* may have
been the principal catalysts. In this scenario, it has been
postulated that the first peptides could have emerged to
assist these early catalysts.'®>'% In fact, the exceptional
abilities of peptides to chelate metals, catalyze reaction
by themselves, and concentrate in condensate to enhance
their activity, make them ideal seeds for the emergence
of complex enzymes.'®”'®® An alternative scenario
includes amyloids as plausible catalytic unit at the origin
of life.'”*!”! Not only they show an extraordinary stabil-
ity against UV radiation, different pH, and high salt con-
centrations, but they also catalyze diverse reactions,
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including their own formation and correction while
being replicated. For these reasons, the catalytic role of
prototype peptides and/or amyloids prior to the putative
pre-LUCA world cannot be excluded.'® An early form of
metabolism could have started via the recruitment of
small peptides with catalytic properties. These units can
be seen as minimalistic representations of enzymes."’**"*
Sequence and structural studies on protein domains sug-
gest that the first proteins may have emerged by repeti-
tion, fusion, recombination, and augmentation of
primordial peptides.'” These peptide units can be found
in modern protein domains with distinct global architec-
ture®>>'7®'7” and were probably catalytically active as
stand-alone, even if less efficient than their contemporary
descendants, as well as stable enough to survive. Many
questions remain unanswered on how these minimal and
functional structures were recruited to replace pre-biotic
catalysts and eventually lead to modern protein world.

De novo emergence of proteins. So far, we have
addressed a large body of evidence related to transitions
(micro- and macro-) in proteins that have a pre-existing
globular 3D-structure (and function), but how does struc-
ture and function evolve in de novo proteins? De novo
proteins are encoded in genes that emerge from non-
coding segments of the DNA sequence.'”®* These new
proteins are highly disordered and represent an excellent
model system to study how globular proteins evolved
from a disordered precursor. The foldability of a de novo
protein was examined in detail, showing that it adopts a
rudimentary fold, exhibits amyloid-like propertiesm, and
could act as a precursor for the emergence of fully folded
proteins.'”® The study of de novo proteins might provide
in the future new general principles for the evolution of
folded proteins.

Overall, the evolution of MIPSs, the recruitment of
first enzymes, and de novo emergence of proteins are
aspects where our knowledge is still at infancy. As our
understanding of how proteins evolve advances, new
insights will emerge that address these and other key
questions.
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