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Abstract

Natural proteins represent a minuscule fraction of possible

sequence space. These very rare sequences display

remarkable properties: They fold into many different stable

structures, and perform a wide range of complex biological

functions. These two considerations — rarity and

functionality — may suggest that natural proteins are somehow

special. Is this true? We address this question by exploring

attempts to recapitulate the special structures and functions

of natural proteins into sequences designed de novo.
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Introduction
When we ask whether something is ‘special’ we are

implicitly asking two questions: Is it rare? (‘she is one

in a million’); and Is it easy/hard to replicate (‘I can do

that!’). Are natural proteins rare? Can we replicate their

structures and properties?

For a relatively short protein of 100 amino acids, there are

20100 possible sequences. It has been estimated that a

collection containing one molecule of all these sequences

would fill a volume larger than a mole of universes [1]

(Figure 1). While the exact number of existent natural

sequences is unknown, it is dwarfed by this number of

possible sequences. By this criterion, natural proteins — a

miniscule fraction of possible proteins — are rare; far

more unusual than your friend who is one in a million.

This unusual collection of natural proteins arose in

response to selective pressures. The surviving sequences

enhanced the fitness of their hosts, while an almost
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unimaginable number of alternative sequences were lost

to extinction. This may lead one to speculate that the

survivors of life-or-death selections that operated over

billions of years in myriad cells and organisms must surely

be special. But are they? Can we do that?

Recent advances in genome sequencing, proteomics,

protein design, and synthetic biology enable us to address

these questions with more data and (hopefully!) more

insight than ever before. It is now possible to assess

whether we can create entirely novel proteins that reca-

pitulate the key features of naturally evolved proteins.

Can we produce non-natural sequences? Will they fold?

Will they bind, assemble, and catalyze? Can we create

novel proteins that sustain life? Can we do that?

Early steps toward protein design
Since the seminal experiments in the 1960s by Anfinsen

[2] and Merrifield [3], it has been clear that natural

proteins can fold without assistance from any ‘life force’

provided by living organisms. A quarter of a century later,

scientists began to ask whether non-natural sequences

could also fold spontaneously. The initial goals were

rather modest: Can one devise sequences that are unre-

lated to natural sequences, but nonetheless fold into

simple 4-helix bundles? Early successes in the late

1980s and early 1990s included a-4, designed by Regan

and DeGrado [4], and Felix, designed by Hecht, Ogden

and the Richardsons [5]. These early studies showed that

folding per se is not a special property of natural sequences.

Artificial sequences fold too. So at least we can do that.

Novel proteins fold into stable structures:
both natural and unnatural
While early work on protein design focused on simple

structures, the field progressed rapidly, and protein

designers soon tackled more challenging problems. Less

than a decade after publication of the first 4-helix bun-

dles, Dahiyat and Mayo demonstrated that it is possible to

design novel sequences that fold into zinc finger domains,

containing alpha structure, beta structure, and a bound

metal [6]. Their novel sequence was chosen by a fully

automated computational algorithm, and the resulting

protein (FSD-1) folded into a structure that closely

matched the design target. Importantly, in contrast to

the previous designs (a-4 and Felix), FSD-1 formed a

well-ordered — rather than dynamic — structure.

While FSD-1 showed that natural sequences are not special

in their ability to fold into native-like structures, a
www.sciencedirect.com
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Figure 1
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A universe of natural and novel proteins. The central image shows the cosmic background radiation of the early universe [13] superimposed on

the symbol of infinity. Natural sequences are a miniscule fraction of the astronomical size of possible sequence space. Ribbon diagrams show a

natural protein that binds a cofactor (myoglobin, 1MBN); a natural enzyme (ribonuclease, 1FS3): a de novo protein from a combinatorial library that

folds into a native-like structure (S-824, 1P68); and a computationally designed sequence that folds into a novel structure (TOP7, 1QYS). Space

filling models show a natural protein assembly (BFDV capsid protein, 5J37), and a fully designed assembly (03-33, 4DDF).
question remained: Are the natural structures that were

selected by evolution somehow special? Are other

structures and topologies possible? This question was

answered by Kuhlman, Baker, and colleagues, when

they designed TOP7, a protein with a non-natural

sequence that folds into a structure not previously seen

in nature [7] (Figure 1).

In the intervening years, a wide range of novel sequences

and novel structures have been designed de novo. These

include idealized a-helical structures, and a range of a/b
topologies [8,9�]. Fully b-sheet proteins have also been

designed [10]; however, because b-strands are prone to

aggregate [11], progress in this area has been slower.

Nonetheless, it is clear that both natural and unnatural

sequences can fold into a wide range of natural and

unnatural structures [12��].

A hallmark of natural proteins is their tendency to

fold cooperatively. Although this is not universally true,
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most natural proteins fold and unfold by a two state

mechanism without stable intermediates. In the early

days of protein design, this feature seemed special.

Designing novel sequences that folded cooperatively

was challenging [4,5] and became a gold standard for

early workers in the field. However, as the field of

protein design matured, many (although not all) novel

sequences were shown to fold cooperatively [6–8,14–16].

Thus, it appears that cooperativity per se is not a special

property of natural proteins. We too can produce coop-

erative systems.

Novel proteins by the millions and trillions
The preceding sections highlight achievements in the

design of individual proteins. Natural proteins, however,

were selected from feedstocks containing myriad

sequences. Are vast collections of protein sequences a

special property of natural ecosystems? Can such collec-

tions be generated de novo?
Current Opinion in Structural Biology 2018, 48:124–132
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A combinatorial library of entirely novel proteins was first

described in the early 1990s by Kamtekar et al. [17]. A

collection of synthetic genes was constructed and cloned

into E. coli for protein expression. The library was based

on a ‘binary code’ strategy, in which the sequence loca-

tions of polar and nonpolar amino acids were specified

explicitly, but the precise identities of the side chains

were allowed to vary [17]. The combinatorial diversity of

the binary pattern was consistent with 5 � 1041 different

amino acid sequences. Of course, far fewer genes were

actually synthesized, and ultimately, the number of

expressed proteins was limited by the efficiency

of DNA transformation into E. coli, typically

�106. Biophysical studies showed that finding a-helical
proteins in these libraries of semi-random sequences was

not difficult at all. They were not special; indeed most of

the purified proteins formed a-helical bundles. Subse-

quent libraries of binary patterned sequences showed that

highly stable and well-ordered structures could readily be

found in collections of non-natural proteins [14–16] (Fig-

ure 1). Thus, folding into natural-like structures does not

require natural-like sequences. Moreover — at least in

some cases — folding into natural-like structures does not

require unnatural sequences to be designed atom-by-

atom by rational or computational methods.

While binary patterned libraries showed that large collec-

tions of unevolved sequences can fold (and function — see
below), isolation of these proteins still depends on expres-

sion in natural bacterial cells. This limitation was circum-

vented in seminal work by Keefe and Szostak, who

showed that enormous libraries of novel sequences can

be generated without cells [18]. By using in vitro RNA

display technology developed in the Szostak laboratory

[19], they produced 6 � 1012 novel 80-residue sequences.

Next they selected — also in a cell free system — indi-

vidual proteins that bound ATP. More recent advances

show that even larger libraries can be generated and

subjected to selections without any requirement for living

cells [20].

Assembly into nanostructures and molecular
machines
Natural proteins do not merely fold intramolecularly; they

also assemble intermolecularly. Assembly into oligomers

and molecular machines requires proteins to recognize

sites on other proteins (or other copies of the same

protein). The recognition sites on surfaces of natural

proteins were honed by eons of evolutionary selection.

Is natural selection necessary to achieve the finely tuned

affinities and specificities required for correct assembly?

This question was probed by DeLano et al., who com-

pared binding by natural and de novo sequences to a patch

on the hinge region of the Fc fragment of immunoglobu-

lin G [21]. At least four different natural protein structures

recognize this patch as the preferred binding site on the
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Fc fragment. Is the ability to recognize this patch a special
feature of the natural proteins that co-evolved with it? Or

would sequences that did not arise in nature also prefer

this patch relative to other loci on the Fc fragment?

DeLano et al. answered this question using phage display

to probe collections of novel sequences for their ability to

bind the Fc fragment. Biophysical studies and crystal

structures showed that the de novo sequence that bound

the Fc fragment recognized the exact same patch; more-

over, it bound using interactions that mimicked those

used by the natural binding partners. Thus, not only is

protein assembly possible for non-natural sequences, but

even the specific binding used by natural proteins can be

recapitulated by non-natural sequences.

The experiment described above probed the ability of

non-natural sequences to recognize a binding patch on a

natural protein. More recent studies have created assem-

blies in which the entire recognition process (on both
sides) is mediated by sequences that did not benefit from

natural selection. For example, Kobayashi et al. created

self-assembling nano-architectures using domain-

swapped dimers of novel 4-helix bundles [22]. The inter-

molecular interactions at the dimer interface were medi-

ated entirely by helix/helix contacts contributed by non-

natural sequences.

In some designed systems, the interactions mediated by

de novo sequences look familiar — i.e. they resemble the

types of protein/protein interactions seen in natural

assemblies. In others, however, the contacts designed

into the non-natural sequences are very different from

those found in nature. For example, Tezcan and

coworkers harnessed the specific and well-understood

coordination geometry of transition metals to construct

numerous metal-directed protein assemblies that differ

significantly from naturally occurring assemblies [23–26].

In another example of non-natural recognition, Boyken

et al. designed homo-oligomers of a-helices in which the

inter-helical contacts are formed by arrays of hydrogen-

bonded networks [27�]. This contrasts with most natural

protein/protein interfaces, which are typically mediated

by hydrophobic packing with some nearby polar interac-

tions. Boyken et al. note that ‘even with the tremendous

diversity observed in nature, there are fundamentally new

modes of interaction to be discovered in proteins’ [27�].
Perhaps, it is the non-natural proteins that are special!

The possibility of systematically building very large and

sophisticated protein assemblies using non-natural bind-

ing interfaces has been brought to fruition by several

recent studies. Woolfson and coworkers designed inter-

faces into a series of novel a-helices, ultimately leading to

self-assembling barrels and cages [28,29�]. More recently,

collaborative work from the Yeates and Baker groups

reported the computational design of icosahedral assem-

blies with molecular weights exceeding 106 Daltons and
www.sciencedirect.com
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diameters up to 40 nanometers [30�,31,32��]. The geom-

etries and dimensions of these assemblies resemble those

of viral capsids, suggesting that even structures selected

by evolution to carry hereditary information between

organisms can be devised de novo in the laboratory

(Figure 1).

Is binding special?
Most natural proteins bind small molecules and/or metals

[33,34]. Indeed, without binding, catalysis would not be

possible. Are non-natural sequences also capable of

binding?

Skolnick et al. addressed this question using a computa-

tional approach [35]. They generated an in silico library of

compact artificial proteins with lengths ranging from 40 to

250 residues. Next, they asked whether binding sites for

small molecules, proteins, or DNA could be found in this

collection of hypothetical proteins. Remarkably, they

found many native-like binding sites in this collection

of sequences designed in silico solely for structure, but not

for function. Based on these findings, they suggested the

biochemical function of natural proteins may not be

special, and may be ‘an intrinsic feature of proteins which

nature has significantly optimized during evolution’ [35].

Experimental attempts to install binding sites into novel

proteins initially focused on transition metals and heme

cofactors, and pioneering studies showed that rational and

computational methods could yield novel proteins that

bind metals and/or heme [36–40]. It turns out that binding

metals or heme is not difficult, and >25% of unselected

binary patterned proteins (see above) are capable of bind-

ing [39,41]. Although these sequences from semi-random

libraries do not bind with high affinity or specificity, they

suggest that some level of binding in ancestral natural

proteins may have been rather common.

More recent studies used rational and computational

methods to design tight and specific binding to metals

and/or small molecules. For example, as noted above,

Tezcan and coworkers engineered proteins to bind metals

at precise and specific loci [23–26]. In addition, Dutton

and coworkers designed a series of a-helical protein

maquettes that bind a range of biologically significant

metals and cofactors [42–44]. With the goal of achieving

very high affinity and specificity, Tinberg et al. used

Rosetta to redesign natural protein scaffolds to bind

digoxigenin with preordered shape complementarity

[45�]. Most recently, DeGrado and coworkers used a

mathematically parameterized de novo backbone rather

than a natural protein scaffold to design a protein ligand

complex with sub-Angstrom accuracy [46��]. The ligand

chosen for their design was a non-natural porphyrin,

thereby demonstrating the possibility of constructing

novel holo-proteins in which the sequence, structure,

and cofactor are all artificial and not natural. These and
www.sciencedirect.com 
other studies show that specific binding to small mole-

cules is not a special feature that arises only in response to

eons of natural selection; rational and computational

methods can do that too.

These results and related studies led Cherny et al. to ask,

“Is the ability to bind small molecules a property that

arises only in response to biological selection or compu-

tational design? Or . . . is small molecule binding a

property of folded proteins that occurs readily amidst

collections of unevolved sequences?” [47]. The availabil-

ity of large collections of de novo proteins presented a new

opportunity to answer this question. Cherny et al. used

small molecule microarrays to test whether proteins from

a combinatorial library of novel sequences would bind

any of 10 000 different molecules displayed on the array.

They found that several of the de novo proteins bound

several of the small molecules with moderate affinities

and specificities. This is particularly surprising since

the binary patterned sequences had been designed only

for structure, and not for function. Apparently, the ability

to bind small molecules is not a special feature, and

requires neither millennia of evolution, nor days of

CPU time.

In addition to binding small molecules and metals, natural

proteins bind macromolecules with high levels of affinity

and discrimination. The remarkable ability of the mam-

malian immune system to generate antibodies in response

to virtually any macromolecular challenge seems rather

special. However, antibodies are also ‘special’ in a nega-

tive way: They are large multi-chained proteins that are

difficult to express. Moreover once expressed, they are

not stable to extreme conditions, and have short shelf

lives. These properties challenged protein designers to

devise novel sequences and structures that possess the

favorable properties (affinity and specificity), but not

the unfavorable properties (large size, difficult expression

and low stability) of natural antibodies. Using Rosetta

computational design, Baker and coworkers have made

dramatic progress toward this goal. In an initial foray into

this area, Fleischmann et al. designed “disembodied

amino acid residues” to form binding patches that recog-

nized a conserved stem region on influenza hemaggluti-

nin [48]. Then they searched the database of natural

protein structures to find scaffolds upon which these

disembodied residues could be grafted. This approach

led to novel proteins (on natural scaffolds) that bound the

target with low nanomolar affinities using structural inter-

faces nearly identical to those in the designed model [48].

More recently, Chevalier et al. brought the design of

binding interfaces to a new level. By building on recent

developments in gene synthesis, computational design,

high throughput screening, and next-generation sequenc-

ing, they synthesized >22 000 de novo mini-proteins

designed to fold into a range of different topologies.

Next, they tested the novel sequences for binding to
Current Opinion in Structural Biology 2018, 48:124–132
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hemagglutinin or botulinum toxin [49��]. Ultimately,

they isolated many novel sequences and structures that

bound these targets with high affinity. Moreover, the

novel mini-proteins protected mice from influenza virus.

These results, which would have been unimaginable just

a few years ago, suggest that even the remarkable binding

capabilities of the mammalian immune system may not

be so special after all.

Are natural enzymes special?
Catalysis is one of the core concerns of modern chemistry,

and synthetic chemists take great pride in discovering

potent catalysts for important reactions. The best cata-

lysts, however, were not designed by chemists; they were

evolved by nature. Indeed, some natural enzymes are so

effective, they have been described as ‘perfect’ catalysts

[50]. Is this level of catalytic proficiency special? Can

biochemists devise non-natural enzymes capable of cata-

lyzing difficult chemical transformations?

Several approaches have been used to construct novel

enzymes. A simple and appealing strategy is to engineer

binding sites for metals and/or cofactors into the struc-

tures of natural protein scaffolds. Cofactors often possess

some level of intrinsic activity, and sequestration into a

protein can both enhance activity, and impart substrate

specificity. Nature pioneered this strategy, and a rela-

tively small number of metals and cofactors have been

used as ‘pre-organized activity modules’ [51] to generate

an enormous variety of natural enzymes. By following

nature’s lead, chemists and biochemists have developed

new generations of biocatalysts, in which cofactors are

engineered into natural proteins to produce catalytic

activities that differ substantially from those in nature

[52�,53��,54,55,56�,57,58].

A more challenging goal is to use metals and cofactors to

impart activity into novel sequences that did not arise in

nature. By designing cofactor-binding sites into their

a-helical maquettes (see above), the Dutton group suc-

ceeded in producing novel enzymes that catalyze a range

of oxidoreductase activities [42,43,59�]. Other groups

have also bound metals and cofactors into novel

sequences to generate novel cofactor-dependent enzy-

matic activities [51,60–62].

Perhaps the most challenging goal in creating non-natural

enzymes is to design a novel active site without using

cofactors. This is considerably more difficult than design-

ing the structures and assemblies summarized in the

preceding sections. While designing structure requires

precision at Angstrom resolution, producing efficient

catalysts may require precision at fractions of an Angstrom

[63��]. Pioneering studies aimed at this goal were

reported over the past decade [64–66]. At first glance

these successes seemed spectacular. However, closer

inspection revealed they had rather modest turnovers,
Current Opinion in Structural Biology 2018, 48:124–132 
nowhere near the special catalytic rates enabled by natu-

rally evolved enzymes [67,68].

Recently, however, several groups, most notably Hilvert

and colleagues, subjected these computationally

designed enzymes to laboratory-based evolution. After

many rounds of mutagenesis and selection, they evolved

some of these novel catalysts to the point where they rival

the activities of natural enzymes [63��,65,66,68,69��].
These results led Obexer et al. to suggest “there is

nothing magical about the catalytic activities or mecha-

nisms of naturally occurring enzymes, or the evolutionary

process that gave rise to them” [69��]. Not magical.

Perhaps not even special.

It is difficult to create novel enzymes with high levels of

activity. Yet it is important to realize that nature did not

start with perfect enzymes. Ancestral enzymes, presum-

ably, had very low levels of activity [70]. This leads us to

ask whether weakly catalytic proteins — as compared to

proficient enzymes — occur in collections of novel

sequences that have neither been subjected to evolution

nor to computational design. Several studies addressed

this question, both in vitro and in vivo. For example,

Haehnel and coworkers used solid phase synthesis to

produce hundreds of 4-helix bundles affixed to a solid

template [71]. Screening these libraries for various cata-

lytic activities led to the discovery of low levels of heme

oxygenase activity [71]. An alternative approach using

expression in vivo found that binary patterned 4-helix

bundles (see above) had low levels of esterase and lipase

activity. Moreover, in the presence of heme, a number of

them have moderate levels of peroxidase activity [41,51].

However, further design and/or laboratory-based evolu-

tion [72] will be required before any of these protein

catalysts approach the special proficiency of enzymes.

Special proteins sustain life
Evolution does not explicitly select for folding, assembly,

binding, or catalysis. Evolution selects for survival; and

the properties listed above arose collaterally as a conse-

quence of nature’s selection for sequences that sustain

life. Therefore, when we ask “Are Natural Proteins

Special? Can We Do That?” perhaps we should ask

whether we can construct non-natural proteins that sus-

tain the growth of living cells.

While this sounds like a tall order, experiments addres-

sing this question are straightforward. One simply needs

to knock out a conditionally essential gene (a gene

essential for life under a certain set of conditions) in a

simple model organism such as E. coli, and ask whether

addition of sequences from a library of genes encoding

novel proteins can rescue the deletion, and sustain cell

growth under those conditions. Our lab has performed

this experiment using several knockouts in E. coli, and a

library of a million binary patterned proteins. In four
www.sciencedirect.com
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cases, we found novel proteins that rescued these knock-

outs. The natural proteins deleted in the knockout strains

had different activities, including phosphoserine phos-

phatase, citrate synthase, threonine deaminase, and

enterobactin esterase [73]. Rescuing deletions of these

enzymes suggests that a novel protein is enzymatically

active in vivo. However, this is not necessarily the case; it

is also possible to rescue deletions by altering the regula-

tion or activity of endogenous proteins. Further experi-

ments showed that in some cases the novel proteins

rescue by altering the regulation of natural E. coli proteins

with promiscuous activities [74��,75�]. In other cases, a

novel protein sustains life by functioning in vivo as a de
novo enzyme. It is not as active as the natural protein, but

it is special enough to sustain life [76��].

Evolution of specialists
This volume is entitled “Proteins: An Evolutionary

Perspective”, and the current chapter asks “Are Natural

Proteins Special?” In this last section, we combine these

concepts and ask whether the evolutionary processes that

occur in nature are themselves special. While the previous

sections argued that the structures and properties of

natural proteins may not be special, and can be recapitu-

lated by non-natural sequences, here we ask whether the

very process that gave rise to natural proteins — Darwin-

ian evolution — is special. Can this process be recreated

in the laboratory and applied to de novo sequences that did

not arise in nature?

Many studies have subjected natural sequences to labo-

ratory evolution with the goal of selecting altered proper-

ties [57,58,77–79]. Those projects start with sequences

that themselves are products of evolutionary history in the

wild. Hence, they are biased by remnants of evolutionary

baggage, which arose over eons of natural selection in

organisms that evolved in environments that may not be

relevant to the traits under selection in the laboratory.

It would be interesting to apply evolutionary strategies to

sequences created entirely de novo, which by definition,

are not encumbered by historical baggage. A particularly

compelling experiment would be to test a fundamental

premise in evolutionary theory pertaining to the evolution

of specialists from generalists. Such a premise was put forth

by Jensen, who proposed that although ancestral proteins

were not very active, they “possessed a very broad speci-

ficity, permitting them to react with a wide range of

related substrates.” According to Jensen, this was impor-

tant early in evolution to “maximize the catalytic versa-

tility of an ancestral cell that functioned with limited

enzyme resources” [70]. As evolution selected for greater

levels of activity, proteins would have evolved from

poorly active generalists to highly active specialists. Is

this true? It is difficult to test this hypothesis with natural

proteins because their ancestral sequences are lost to

time. However, we can test these ideas with novel
www.sciencedirect.com 
proteins. In one example, a binary patterned sequence

that rescued two different auxotrophs of E. coli was

evolved in the laboratory — in two separate experi-

ments — for better rescue of each auxotroph indepen-

dently. Sure enough, as activity increased, promiscuity

decreased [80�]. Thus, even evolutionary processes per-

formed on non-natural proteins in non-natural laboratory

settings can lead a promiscuous activity that is general to

evolve into a non-promiscuous activity that is special.

In summary, the results reviewed here suggest that natu-

ral proteins may not be so special after all. We can
replicate their structures and properties using both de
novo design, and “An Evolutionary Perspective.”
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