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The road to fully programmable protein 
catalysis

Sarah L. Lovelock1, Rebecca Crawshaw1, Sophie Basler2, Colin Levy1, David Baker3,4,5 ✉, 
Donald Hilvert2 ✉ & Anthony P. Green1 ✉

The ability to design efficient enzymes from scratch would have a profound effect on 
chemistry, biotechnology and medicine. Rapid progress in protein engineering over 
the past decade makes us optimistic that this ambition is within reach. The 
development of artificial enzymes containing metal cofactors and noncanonical 
organocatalytic groups shows how protein structure can be optimized to harness the 
reactivity of nonproteinogenic elements. In parallel, computational methods have 
been used to design protein catalysts for diverse reactions on the basis of 
fundamental principles of transition state stabilization. Although the activities of 
designed catalysts have been quite low, extensive laboratory evolution has been used 
to generate efficient enzymes. Structural analysis of these systems has revealed the 
high degree of precision that will be needed to design catalysts with greater activity. 
To this end, emerging protein design methods, including deep learning, hold 
particular promise for improving model accuracy. Here we take stock of key 
developments in the field and highlight new opportunities for innovation that should 
allow us to transition beyond the current state of the art and enable the robust design 
of biocatalysts to address societal needs.

Enzymes are exceptionally powerful catalysts that use sophisticated 
active sites to process chemical transformations. The enormous rate 
accelerations and unrivalled selectivities achievable with enzymes 
make them attractive catalysts for use in sustainable manufacturing 
processes1–3. The field of biocatalysis has advanced to the stage where 
it is now viewed as a key enabling technology for the development 
of a greener and more efficient chemical industry4,5. Rapid progress 
has been underpinned by several major methodological innovations, 
including: the availability of rapid, accurate and low cost DNA synthesis 
and sequencing services; the development of advanced bioinformat-
ics tools and computational modelling methods; and increasingly 
sophisticated experimental workflows for high-throughput structural 
and biochemical enzyme characterization6. These advances have led to 
the availability of an increasingly diverse portfolio of natural enzymes 
with interesting catalytic functions, which can in principle be exploited 
by synthetic chemists when devising routes to target molecules. How-
ever, natural enzymes are seldom suitable for direct use in chemical 
processes, and protein engineering is typically required to optimize 
their properties for practical applications. Recent years have seen the 
emergence of high-throughput protein engineering strategies, most 
notably directed evolution, for developing biocatalysts that process 
non-native substrates with high efficiency and selectivity, and that 
operate effectively under commercially viable process conditions5,7–9 
(Fig. 1a).

Although powerful, directed evolution is costly and time consuming 
and this restricts the potential impact of biocatalysis on many industrial 

processes. Furthermore, for many desirable chemical transforma-
tions there are no known enzymes that can serve as starting tem-
plates for evolutionary optimization. To address these limitations, 
ultrahigh-throughput screening methods10–13 and continuous evolu-
tion platforms have been developed, which offer exciting avenues to 
accelerate protein engineering14–16, and the discovery of mechanisti-
cally promiscuous enzymes provides a gateway to catalytic functions 
not found naturally17–20. However, these strategies are only amenable 
to a handful of chemical transformations and so do not offer general 
solutions.

In light of these limitations it is timely to consider how we as a field 
will deliver a step change to allow rapid, reliable and cost-effective 
development of biocatalysts for a broad range of applications. 
Although top-down engineering of natural enzymes undoubt-
edly remains the gold standard for biocatalyst development, this 
approach can only take us so far. In our view, bottom-up or de novo 
enzyme design, in which entirely new catalytic centres are created 
within protein hosts, could offer a general solution to both the speed 
and scope of biocatalyst delivery in the future21–23 (Fig. 1b). Here we 
will review key developments to illustrate recent progress in this 
nascent field, including the development of artificial metalloen-
zymes, enzymes with noncanonical organocatalytic groups and the 
computational design of de novo enzymes from first principles. This 
analysis serves as a platform to discuss the limitations of current 
design approaches, and how these challenges may be addressed 
moving forward.
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Artificial metalloenzymes
The functional capabilities of natural enzymes are greatly expanded by 
the recruitment of metal ion cofactors that facilitate redox chemistry, 
radical processes and challenging functional group conversions. These 
metalloenzymes benefit from the synergistic action of the metal cofac-
tor and protein scaffold to accelerate some of the most challenging 
naturally occurring transformations. The enviable catalytic properties 
of these systems have inspired the development of complementary 
approaches to design artificial metalloenzymes. A strategy that has 
proven particularly versatile involves anchoring pre-assembled transi-
tion metal complexes into selected protein scaffolds. This approach has 
given rise to active catalysts for a wide range of nonbiological transfor-
mations, including alkene metathesis and transfer hydrogenations24–26. 
However, in general designing productive interactions between pro-
tein, substrate and transition metal complex has proven challenging, 
and consequently the catalytic efficiencies achieved by these hybrid 
systems are often lower than the isolated small-molecule complex.  
A notable exception involved the design of an enantioselective ben-
zannulase comprising a biotinylated rhodium(III) complex bound to a 
streptavidin scaffold27 (Fig. 2a). This artificial metalloenzyme acceler-
ates the coupling of benzamides and alkenes by approximately 100-fold 
over the isolated complex to generate dihydroisoquinolone products 
with enantiomeric ratios as high as 93:7. This rate acceleration can be 
attributed to a designed aspartate or glutamate which serves as a cata-
lytic base and works in tandem with the rhodium cofactor to promote 
the key C–H activation/orthometallation process.

An alternative approach to metalloenzyme design that has proven 
particularly effective involves reengineering natural metalloproteins 
to install new functional elements that work in concert with the native 
cofactor. Key examples include the development of functional mimics 
of haem copper oxidases and nitric oxide reductases by engineering 

copper (CuB) and non-haem iron (FeB) binding sites, respectively, into 
the distal pocket of the haem protein myoglobin28,29. In contrast to the 
native enzymes, the heteronuclear centres of these de novo metalloen-
zymes are built into a small and robust protein scaffold that can be easily 
produced, engineered and crystallized for high-resolution structural 
characterization. Such systems provide an ideal basis for elucidating 
key structural and mechanistic features giving rise to the high efficien-
cies and selectivities achieved by natural metalloenzymes. The power 
of this approach was recently exemplified through the design of an 
artificial enzyme that catalyses sulfite reduction, a transformation that 
has thus far eluded synthetic catalysts30 (Fig. 2b). Rosetta Matcher and 
Enzyme Design algorithms were used to design an iron sulfur cluster 
into the proximal pocket of cytochrome c peroxidase, along with a 
bridging cysteine ligand that coordinates the native haem cofactor 
and the designed [4Fe–4S] cluster. The sulfite reductase activity of 
the initial design improved more than 60-fold through the targeted 
introduction of positively charged Arg and Lys residues in the substrate 
binding pocket and a Cys235 residue close to the [4Fe–4S] cluster. 
The activity of this optimized variant is only about 5-fold lower than 
the native sulfite reductase from Mycobacterium tuberculosis, with 
approximately 10% of the products formed arising from complete (six 
electron and seven proton) reduction to hydrogen sulfide.

Creating metalloenzymes ‘from scratch’, where new protein scaffolds 
are designed to bind metal cofactors and modulate catalysis, offers the 
prospect of complete control over metalloprotein sequence, struc-
ture and function. Most research in this area has focused on introduc-
ing binding sites for metal ions and metalloporphyrin cofactors into 
designed α-helical bundles, giving rise to protein catalysts for hydro-
lytic reactions, redox processes and carbene transfers31–36. The intro-
duction of complex dinuclear cofactors such as carboxylate-bridged 
diiron centres has led to a family of Due Ferri proteins with various 
O2-dependent activities, including the substrate-gated four-electron 
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Fig. 1 | Top-down enzyme engineering versus bottom-up design.  
a, Workflow for the development of practically useful biocatalysts. Natural 
enzymes with desired catalytic activities are identified and their properties 
optimized via directed evolution. b, Ambition of de novo enzyme design. 
Following selection of a target transformation, computational methods can be 

used to predict protein sequences with desired catalytic function. Both natural 
and de novo proteins can serve as host scaffolds for new catalytic sites. 
Canonical and noncanonical amino acid side chains and metal ion cofactors 
can serve as key functional components in de novo active sites.
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reduction of oxygen to water33,37–39. Interestingly, the catalytic function 
of these Due Ferri proteins can be altered through rational reprogram-
ming of the metal coordination environment (Fig. 2c). Specifically, 
G4DFsc was successfully transformed from a hydroquinone oxidase 
to an arylamine N-hydroxylase by introducing a third His ligand to the 
metal binding cavity39.

Metal binding sites have also been designed at the interface of poly-
peptides or protein subunits to direct the assembly of higher-order 
structures40. In one instance, a designed homodimeric peptide con-
taining two interfacial zinc binding sites was found to display seren-
dipitous activity for ester bond hydrolysis resulting from a vacant 
metal coordination site adjacent to a hydrophobic pocket41,42. Fusion 
of the N and C termini of the dimer subunits and removal of one of 
the two zinc binding sites afforded a single chain variant, which was 
subjected to extensive laboratory evolution to deliver a highly efficient 
(kcat/KM ≈ 106 M−1 s−1) and enantioselective zinc hydrolase43 (Fig. 2d).  

A high-resolution crystal structure of the evolved enzyme complexed 
with a transition state analogue sheds light on the catalytic mechanism, 
revealing that the catalytic zinc ion is coordinated by three histidine 
ligands and activates the nucleophilic water as a metal hydroxide, while 
an active-site Arg64 stabilizes the anionic transition states through 
bidentate hydrogen bonding. This simple helical bundle scaffold was 
subsequently transformed into a proficient catalyst for a bimolecu-
lar hetero-Diels–Alder reaction44. Evolution afforded the chemo- and 
stereoselective metalloenzyme DA7, which uses Lewis acid catalysis 
and a strategically positioned hydrogen bond network for effective 
transition state stabilization.

Adding noncanonical amino acids
Enzyme design strategies are typically reliant on twenty canonical amino 
acids, which contain a narrow set of functional groups. This limited 
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Fig. 2 | Approaches to de novo metalloenzymes. a, Supramolecular 
anchoring of pre-assembled transition metal complexes into host scaffolds. 
This approach was used for the development of an enantioselective 
benzannulase comprising a biotinylated rhodium(III) complex bound to 
streptavidin. A designed aspartate or glutamate serves as a catalytic base and 
works in tandem with the rhodium cofactor to promote the key C–H activation/
orthometallation process. b, Introduction of new functional components into 
existing metalloenzymes can lead to new functions. For example, the design of 
a [4Fe–4S] cluster into an engineered myoglobin gave rise to an artificial sulfite 

reductase. c, New protein scaffolds have been designed from scratch to bind 
metal cofactors and modulate catalysis. The Due Ferri protein G4DFsc (gold) is 
a hydroquinone oxidase that employs a carboxylate bridged diiron cofactor as 
a catalytic centre. Introduction of a third histidine ligand (green) into the metal 
binding cavity transforms G4DFsc from a hydroquinone oxidase to an 
arylamine N-hydroxylase. d, A designed homodimeric peptide (MID1) 
containing two interfacial zinc binding sites served as a starting point for 
evolutionary optimization to afford an efficient and enantioselective zinc 
hydrolase MID1sc10.
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functionality restricts the catalytic mechanisms that can be installed into 
de novo active sites. However, a wider range of functional components 
can now be accessed using genetic code expansion methods that allow 
the selective incorporation of structurally diverse noncanonical amino 
acids (ncAAs) into proteins45,46. These methods typically employ an 
orthogonal aminoacyl-tRNA synthetase–tRNA pair to direct the incor-
poration of an ncAA in response to an unassigned codon (most com-
monly UAG) introduced into the gene of interest (Fig. 3a). Genetically 
encoded ncAAs provide new avenues to explore how enzymes operate 
at the molecular level47–51, and have been used to improve biocatalyst 
activity and stability52,53. The availability of an expanded set of amino 
acid building blocks also provides exciting opportunities to design 
enzymes with new catalytic mechanisms that do not occur naturally54.

This approach was recently showcased through the design of a 
de novo hydrolase (OE1) that employs Nδ-methyl histidine (Me-His) 
as a noncanonical catalytic nucleophile with a similar mode of 
reactivity to the widely employed nucleophilic catalyst DMAP55 
(4-dimethylaminopyridine; Fig. 3b). Histidine methylation was essential 
for catalytic function, as it prevented the accumulation of unreactive 
acyl-enzyme intermediates that compromised the catalytic activity of 
earlier de novo hydrolases equipped with canonical nucleophiles56–60. 
Optimization of OE1 was achieved over iterative rounds of evolution 
using workflows adapted to an expanded genetic code to afford a 
variant OE1.3, which is four orders of magnitude more efficient than 
equivalent small molecule catalysts in promoting ester hydrolysis, 
and OE1.4, which is able to promote enantioselective transformations.

A related approach was used to generate de novo enzymes 
to promote the synthesis of oximes and hydrazones (Fig.  3c).  
A p-azidophenylalanine residue introduced into the transcriptional 
regulator protein LmrR was reduced with tris(2-carboxyethyl)phos-
phine to unmask a p-aminophenylalanine residue containing a reactive 
aniline side chain61. Although the initial LmrR_pAF variant gave mod-
est activity improvements over the parent protein LmrR, subsequent 
optimization through targeted rounds of directed evolution afforded a 
quadruple mutant with a 55-fold improvement in kcat and a 26,000-fold 
increased efficiency over aniline in solution62. Combined, these studies 
suggest that the introduction of ‘organocatalytic’ motifs into evolvable 
protein scaffolds can offer a general strategy to deliver enzymes that 
are orders of magnitude more efficient than small organic catalysts 
used in isolation.

Stabilizing key transition states
If we are to capitalize on our ability to install new functional compo-
nents into proteins, we must learn how to reliably design enzymes on 
the basis of the fundamental principles of transition state stabilization 
that underpin catalysis. To this end, early efforts exploited the mamma-
lian immune system to raise antibodies towards stable transition state 
analogues63–68. This approach has delivered catalytic antibodies for a 
wide range of chemical transformations. However, in general antibodies 
fail to achieve the efficiencies of natural enzymes and many energeti-
cally demanding reactions have proved intractable to this approach.
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Fig. 3 | Enzymes with an expanded amino acid alphabet. a, An orthogonal 
aminoacyl-tRNA synthetase aminoacylates its cognate tRNA with a 
noncanonical amino acid (ncAA). The aminoacylated tRNA is decoded on the 
ribosome in response to a UAG codon in the mRNA during translational 
elongation, leading to the addition of an ncAA to the growing polymer.  
b, Genetically encoded Nδ-methyl histidine (Me-His) residues can serve as 
noncanonical catalytic nucleophiles to promote enantioselective ester 
hydrolysis in de novo active sites. Histidine methylation is essential for 

catalytic function as it prevents the formation of unreactive acyl-enzyme 
intermediates derived from canonical histidine nucleophiles. The bar chart 
shows the approximately 9,000-fold rate acceleration achieved by OE1.3 
compared with free Nδ-methyl histidine in solution. c, Post-translational 
chemical reduction of a p-azidophenylalanine (pAzF) residue installed into an 
engineered LmrR unmasks a p-aminophenylalanine (pAF) catalytic nucleophile 
designed to promote hydrazone formation.
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More recently, computational enzyme design has emerged as a 
powerful and more flexible approach that does not depend on the 
availability of imperfect transition state analogues and is not restricted 
to the antibody fold21–23 (Fig. 4). The design process involves the follow-
ing general steps. (1) Design and generation of a ‘theozyme’—an ideal-
ized active-site model comprising a quantum mechanically calculated 
transition state and key functional groups from amino acid side chains 
required for transition state stabilization. (2) Docking of the theozyme 
into structurally characterized proteins to identify sterically comple-
mentary scaffolds that can accommodate the key catalytic groups as 
amino acid side chains linked to the protein backbone. (3) Redesign of 
residues in and around the active site to optimize packing of the the-
ozyme. So far, this process has enabled the design of protein catalysts 
for a handful of model transformations56,69–72. Although the activities of 
the starting designs are typically low, they can be optimized through 
laboratory evolution73–76. In favourable cases, this combination of com-
putational design and directed evolution has afforded biocatalysts with 
efficiencies comparable to natural enzymes. A comprehensive under-
standing of the molecular changes giving rise to improved activity can 
then be used to inform the development of improved design protocols.

The Kemp elimination, involving the conversion of benzisoxazoles 
into salicylonitriles, has been a popular target transformation for 
enzyme designers and provides a valuable model system for studying 
proton transfers from carbon69,70 (Fig. 5a). The evolved enzyme HG3.17 
is the most efficient Kemp eliminase reported so far and catalyses the 
deprotonation of 5-nitrobenzisoxazole with a kcat ≈ 700 s−1, which 
represents a 1,000-fold improvement over the parent design (HG3) 
and is in the range of proton transfer rates observed in many naturally 
occurring enzymes73. This extraordinary activity can be attributed to 
highly effective bifunctional catalysis, involving the designed catalytic 
base Asp127 and Gln50, which emerged during evolution to stabilize 
developing negative charge on the phenoxide leaving group, within 
an active site that is perfectly tuned to accommodate the substrate in 

a productive pose for catalysis. Subsequent characterization of HG3, 
HG3.17 and the intermediate variant HG3.7 using a combination of 
cryo- and high-temperature crystallography, and nuclear magnetic 
resonance (NMR) spectroscopy reveals that the conformational ensem-
ble of the protein backbone is altered during evolution, to minimize 
unproductive conformers observed in the HG3 design in favour of a 
highly active conformational substate77,78. Interestingly, this active 
conformer is not present in the original xylanase scaffold used as the 
template for design. This analysis suggests that more efficient catalyst 
sequences could be predicted using improved design protocols that 
explicitly sample energetically accessible backbone conformers.

Beyond simple proton transfer reactions, the interplay of compu-
tational design and directed evolution has afforded highly efficient 
catalysts for bimolecular aldol71,75,79,80 and Diels–Alder reactions72,74,81. 
The most active aldolase so far, RA95.5-8F, was generated following 
extensive evolution of the RA95 design (Fig. 5b). It cleaves the fluoro-
genic substrate (R)-methodol with a kcat of 10.5 s−1, which is in the range 
of natural type-I aldolases75. Here the discovery of highly efficient 
enzymes was facilitated by ultrahigh-throughput screening of vari-
ant libraries by fluorescence-activated droplet sorting, enabling the 
evaluation of approximately 2,000 sequences per second. Interestingly, 
the originally designed catalytic Lys210, which operates via the forma-
tion of Schiff-base intermediates along the reaction coordinate, was 
abandoned during the course of evolution in favour of Lys83, which is a 
more reactive catalytic nucleophile. Structural and biochemical charac-
terization of RA95.5-8F reveals that Lys83 forms part of a sophisticated 
catalytic centre comprising a Lys-Tyr-Asn-Tyr tetrad that emerged adja-
cent to a designed hydrophobic pocket during laboratory evolution.

In contrast to extensive active-site changes observed during 
optimization of RA95 and HG3, the structure of the most highly 
evolved Diels–Alderase CE20, which promotes selective cycload-
dition of 4-carboxybenzyl-trans-1,3-butadiene-1-carbamate and 
N,N-dimethylacrylamide, shows good overall agreement to DA20_00, 
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calculation. The resulting ensemble, which represents an idealized model of a 
minimal active site, is then docked into structurally characterized protein 
scaffolds using programmes such as RosettaMatch. The selected binding 
pockets are then computationally repacked, for example with RosettaDesign, 
to optimize interactions between the substrate and the transition state. The 
designs are subsequently ranked and tested experimentally. Promising designs 
can be optimized experimentally using directed evolution.
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the original design model74 (Fig. 5c). In particular, the orientation of 
the bound product and the conformations of the catalytic side chains 
of Gln208 and Tyr134—which form hydrogen bonding interactions 
with the diene and dienophile to reduce the energy gap between 
the highest-occupied molecular orbital (HOMO) of the former and 
the lowest-occupied molecular orbital (LUMO) of the latter—closely 
match the design model and changed minimally over the entire evo-
lutionary trajectory. Instead, molecular changes introduced during 
enzyme optimization gradually reshaped the active-site pocket to 
achieve more effective preorganization of the reactants into produc-
tive conformations for the bimolecular reaction. Notably, substantial 
activity gains were achieved through the introduction of a 24-residue 
helix–turn–helix motif, which was designed in a crowdsourcing experi-
ment using the problem solving skills of online game players and serves 
as a lid element to close off the solvent-exposed active site81.

Given the conceptual similarities between computational enzyme 
design and catalytic antibody technology, early computational 

design efforts targeted chemical transformations that were previ-
ously achieved with antibodies. If we are to establish design as a 
useful source of biocatalysts for practical applications, we must 
move beyond the functional capabilities of antibodies and develop 
enzymes for more complex chemical processes for which no effective 
protein catalysts are known. To this end, an efficient and enantiose-
lective enzyme (BH32.14) for bimolecular Morita–Baylis–Hillman 
(MBH) reactions was recently developed following extensive evolu-
tionary optimization of an initial computational design76,82 (Fig. 5d). 
Crystallographic, biochemical and computational studies reveal that 
selective catalysis by BH32.14 is achieved through a sophisticated 
active-site arrangement comprising a designed His23 paired with a 
judiciously positioned Arg124 that emerged during evolution. This 
catalytic arginine shuttles between conformational states to provide 
a highly economical means of stabilizing multiple oxyanion inter-
mediates and transition states along the complex reaction coordi-
nate. Arg124 serves as a genetically encoded surrogate of bidentate 
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hydrogen bonding catalysts commonly used in organic synthesis to 
promote a wealth of chemical transformations, including the MBH 
reaction.

A roadmap to designer enzymes
The examples presented in this Review illustrate great progress made 
in the field of enzyme design and engineering over the past decade 
and offer a glimpse of the exciting opportunities that lie ahead (Fig. 6). 
If design is to achieve, or even surpass, the level of practical utility 
achieved by more established top-down approaches to biocatalyst 
development there are two central challenges that the community 
must now address.

First, we must learn how to design highly active enzymes with effi-
ciencies more akin to natural systems. At present, even for relatively 
simple transformations many designs must be produced and experi-
mentally tested to identify a few that display desired activity, and exten-
sive evolutionary optimization is required to bridge the efficiency 
gap to natural enzymes. The development of ultrahigh-throughput 
enzyme design and screening protocols would facilitate the search 
for more potent catalysts and could offer a practical route to highly 
active designs in the medium term. However, if we are to overcome 
our reliance on high-throughput experimentation, we must consider 
the factors that make enzyme design so challenging. Efficient protein 
catalysis requires an extremely high degree of precision to achieve 
effective discrimination of the transition state from the ground state, 
and even angstrom level inaccuracies in side-chain positioning can 
have a catastrophic impact on catalysis. The design challenge is ampli-
fied when targeting multistep reactions, where carefully orchestrated 
conformational adjustments are needed for precise recognition of 
multiple chemical states. Striking the balance between active-site pre-
organization and conformational dynamics will be critical to the future 
success of enzyme design.

The low success rates and modest activities achieved thus far can, in 
part, be attributed to limitations in conformational sampling methods 
and energy functions used by existing design algorithms. Although 
these design methods allow for rapid exploration of protein sequence 
space, this increased speed inevitably comes at the expense of accuracy. 

Structural characterization of designed enzymes reveals that key cata-
lytic elements are often not positioned as intended57,71,73,82. Accurate 
placement of polar side chains and the generation of hydrogen bonding 
networks have proven especially challenging. To address these limita-
tions, more sophisticated molecular force fields, which allow accurate 
treatment of electrostatics and interactions with solvent, are needed 
to increase model accuracy. Likewise, more intensive calculations, 
including hybrid quantum mechanics/molecular mechanics (QM/MM) 
methods and molecular dynamics simulations with explicit solvent, 
can have an important role in evaluating and refining computational 
designs to enable more effective discrimination of the transition state 
relative to the ground state83–85. Although too slow for routine screen-
ing of hundreds of designs, as computational power increases we can 
expect these methods to be more widely integrated into enzyme design 
processes in the future.

More efficient designs could also be generated through the use of 
more sophisticated theozyme arrangements. So far, designs have been 
generated based on simple theozymes containing a small number of 
functional side chains. In all cases, evolutionary optimization of these 
designs led to complex arrangements of secondary and tertiary interac-
tions to orientate and fine-tune the reactivity of key catalytic residues, 
underscoring the importance of extended networks of active-site resi-
dues73–76,86. Although the transition to more complex theozymes could 
provide a gateway to more active designs, it will be more challenging 
to identify protein scaffolds with suitable backbone geometries to 
accommodate the increased number of functional components. New 
ensemble-based design methods that account for backbone flexibility 
along with methods for sculpting protein backbones could facilitate 
this search87,88. More ambitious is the design of new protein folds with 
backbone geometries specifically tailored to accommodate complex 
theozyme arrangements89. Although yet to be applied to catalysis, the 
recent design of a fluorescence-activating beta-barrel with a backbone 
custom built to bind a small fluorescent cofactor90, and the design 
of proteins that undergo conformational exchanges reminiscent of 
those observed in natural enzymes87,91, hints at the future potential 
of this approach.

The emergence of deep learning algorithms that allow accurate pre-
diction of protein structure directly from primary sequence provides 
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Fig. 6 | A roadmap to better designer enzymes. An illustration of anticipated methodological innovations that will facilitate the design of protein catalysts with 
enzyme-like efficiencies for a broad range of chemical transformations.
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exciting new opportunities to design such customized scaffolds92–96. 
Beyond the prediction of protein structure, machine learning has been 
used to more intelligently navigate sequence space during directed 
evolution of protein function97–100, and to produce proteins from scratch 
that satisfy sets of constraints associated with binding interfaces101.  
A data-driven strategy using evolutionary sequence information was 
also recently employed to generate active mutases that convert choris-
mate to prephenate102. Interestingly, this transformation has thus far 
proved intractable to energy-based computational approaches. A cru-
cial next step is to understand how these ‘big data’ approaches can be 
adapted to tackle new chemical transformations where extensive evo-
lutionary sequence information is lacking. To this end, deep learning 
methods are now being extended to design proteins containing active 
sites defined by a collection of residues and their relative geometries. 
Given a description of such a site and a structure prediction method 
such as RoseTTAFold94 or AlphaFold92,95, sequences that fold to proteins 
harbouring the site can be generated by explicitly optimizing a loss 
function assessing the extent to which the active site is recapitulated, 
or by filling in the missing sequence and structure information in a 
forward pass through versions of the networks optimized to recover 
both sequence and structure information103. Moving forward, we antici-
pate that hybrid design strategies that combine beneficial aspects of 
deep learning and fundamental biophysical understanding will prove 
a fruitful avenue for exploration. Irrespective of the particular design 
method employed, directed evolution will likely continue to have a 
central role in refining the catalytic sites of de novo enzymes for the 
foreseeable future.

Second, we must expand the range of chemistries achievable with 
de novo enzymes, and develop catalysts for valuable chemical pro-
cesses that can be implemented at scale. To maximize synthetic utility, 
particular emphasis should be placed on nonbiological classes of 
reaction for which no natural enzymes are known. In these instances, 
mechanistic strategies employed in small molecule catalysis can be 
used to inspire theozyme design. Here, broader collaboration between 
organic chemists and protein designers will prove especially valuable 
to identify suitable active-site arrangements for new target transfor-
mations. The range of accessible chemistries can be greatly extended 
by engineering cellular translation to introduce new functional amino 
acids into proteins, that can be used to modulate catalysis by metal 
ion cofactors or that serve as genetically encoded surrogates of small 
molecule organic catalysts50,55,61,62,104,105. In the field of organocatalysis, 
large numbers of chemical transformations can be accelerated using a 
handful of generic activation modes106–110. Consequently, the addition 
of a few key amino acids to the genetic code could lead to an explosion 
of new activities in designed active sites. In the future, enzyme design-
ers and engineers will continue to push the boundaries of the field by 
developing catalysts for increasingly complex transformations. Here 
it is probable that existing design protocols that use a single transition 
structure to approximate all species along the reaction coordinate and 
generate a static model of the protein–transition state complex will 
become progressively less effective. Instead, more comprehensive 
design methods that model multiple chemical states along the reac-
tion coordinate will be needed to tackle complex reactions involving 
multiple high-energy transition states111,112.

In summary, although there remain considerable challenges to over-
come, we are cautiously optimistic that fully programmable catalysis—
in which new protein sequences can be predicted from scratch to deliver 
efficient biocatalysts with desired functions—will become a reality in 
the future. In our view, this ambitious goal can only be achieved through 
a collaborative and multidisciplinary effort drawing on expertise in 
computational chemistry and biology, organic chemistry, enzymol-
ogy, structural biology, protein design, directed evolution and beyond.
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