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ABSTRACT: With a pressing need for sustainable chemistries,
radical enzymes from anaerobes offer a shortcut for many chemical
transformations and deliver highly sought-after functionalizations
such as late-stage C−H functionalization, C−C bond formation,
and carbon-skeleton rearrangements, among others. The challenges
in handling these oxygen-sensitive enzymes are reflected in their
limited industrial exploitation, despite what they may deliver. With
an influx of structures and mechanistic understanding, the scope
for designed radical enzymes to deliver wanted processes becomes
ever closer. Combined with new advances in computational
methods and workflows for these complex systems, the outlook for
an increased use of radical enzymes in future processes is exciting.

■ WHY RADICAL ENZYMES?
There is a recognized need within the pharmaceutical industry
for efficient functionalization reactions,1,2 including late-stage
C−H functionalization and C−C bond formation,3,4 that can be
cleanly delivered by radical chemistry.5 Radical enzymes, in
particular, offer a mechanism by which such transformations can
potentially be sustainably embedded into synthetic industrial
processes through a biotechnological approach. An added
benefit is that these enzymes often already act on molecules of
biochemical/medical interest, such as sugars, peptides, and
nucleotides. Many of these components are precursors to a
variety of antimicrobials, antineoplastics, and herbicides6−11 or
are involved in the key metabolism of both pathogenic12−15 and
potentially beneficial organisms,16−18 where analogues could be
important in controlling disease.19 More significant is the ability
of these enzymes to enact transformations that are otherwise
unachievable by standard chemical routes, offering a broader
range of chemistries for industrial processes (Table 1).20 Despite
this, radical enzymes, especially those from anaerobes, are
underrepresented in the protein engineering literature.

Radical enzymes from anaerobes use a variety of mechanisms
to generate radical intermediates (Table 2, Figure 1). Many
utilize iron−sulfur clusters, or other metallocofactors, including
coenzyme B12,

21−23 to generate the radical. An especially
important radical initiator is S-adenosylmethionine (SAM) that
works with an [4Fe-4S]2+ iron−sulfur cluster. These “radical
SAM” or AdoMet radical enzymes form a superfamily catalyzing
over 85 different reactions with the potential to be
exploited.24−26 Alternatively, metalloenzymes can generate a

stable protein-based radical, as in the case of the glycyl radical
enzymes (GREs).27−29

Both B12-dependent and AdoMet radical enzymes generate an
adenosyl radical intermediate (Table 2).21,30 In B12-dependent
enzymes, the homolytic cleavage of the adenosyl unit from the
cobalt of the corrin ring is induced by changes in enzyme
structure. In contrast, the adenosyl radical in AdoMet radical
enzymes must be generated through initial reduction and
cleavage of the AdoMet-[4Fe-4S]2+ iron−sulfur cluster, often
induced by flavodoxin.30 In GREs, the protein radical is post-
translationally generated by an AdoMet enzyme activase, with
the substrate radical formed by transfer of the backbone glycyl
radical to an active site cysteine, which then reacts with the
substrate.28 This latter transfer is mediated by substrate-specific
enzyme contacts, on binding of the substrate.

Radical generation on a substrate, by a process of single
electron transfer, can also be directly carried out through
inorganic species, such as iron−sulfur clusters (ferredoxin or
flavodoxin), sometimes with cofactors such as FAD or with
activation by ATP to generate the needed low reduction
potentials. Examples here particularly include those processes
generating ketyl radical intermediates.31
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Table 1. Highlighted Radical Conversions Accessible viaEnzymes That AreDifficult or Impossible to Replicate with the Standard
Polar Chemistriesa
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■ WHAT ARE THE CHALLENGES?
The high reactivity of radicals has presented challenges to the
development of these enzymes for industrial purposes. For
aerobically sensitive enzymes, specialist equipment and
techniques are often required to both characterize the enzyme

mechanisms or generate the appropriate crystal structures
needed to fully enable rational engineering approaches. This
oxygen sensitivity and enzyme cofactor/cosubstrate require-
ments are also seen as potential limitations to industrial use by
some, although in vivo use of some radical enzymes has been

Table 1. continued

aThe table provides selected examples by way of illustration, which are not exhaustive. The initiating radical can arise from a range of different
enzymes, such as those using coenzyme B12, S-adenosyl methionine (radical SAM), glycyl radicals (GRE), iron−sulfur clusters (ketyl radical), or a
combination thereof.

Table 2. Summary of Enzymes Highlighted in This Perspective, alongside Radical Enzyme Class, Engineered Modifications

Enzyme class Radical generation Enzyme examples Modification

B12-dependent enzyme See Figure 1(a) B12-dependent diol dehydratase (DDH) K. pneumoniae S301A, Q336A, and Q336A/
S301A

K. oxytoca S301A, Q336A, S301A/Q336A, and
Q336A/S301A/V300M

AdoMet radical enzyme
(radical SAM)

See Figure 1(b) Spore-photoproduct lyase (SPL) Bacillus subtilis C141A
Nosiheptide synthases NosL, NocL, NosN Streptomyces actuosus NosL R323K, Y90A,

S340A
Lysine 2,3-aminomutases (LAM) to alanine 2,3-
aminomutases (AAM)

Bacillus subtilis D331G and Porphyromonas
gingivalis D339H

Glycine radical enzyme
(GRE)

See Figure 1(c) Pyruvate formate lyase (PFL) Fusion protein formation

Other classes
B12-AdoMet enzymes Primarily as per AdoMet radical

enzymes
e.g., OxsB involved in oxetanocin A biosynthesis

Ketyl radical enzymes One electron transfer ([4Fe-4S]
or [4Fe-4S]/FAD)

e.g., (R)-2-Hydroxyacyl CoA dehydratases
(“archerase”), benzoyl-CoA reductase
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shown to be practical.20,32 The slow rates of radical enzymes,
such as biotin synthase (BioB) and lipoic acid synthase (LipA),

Figure 1. Initiation mechanisms for some classes of radical enzyme: (a) Coenzyme B12 undergoes homolysis of the organometallic Co−C bond to
generate an adenosyl radical that reacts with the substrate; (b) S-adenosylmethionine-[4Fe-4S]2+ cleaves in canonical radical SAM enzymes to afford
methionine bound to the iron sulfur cluster and the active adenosyl radical. Noncanonical cleavage has been reported for the enzyme Dph2. (c) Glycyl
radical enzymes first have the backbone glycyl radical installed by a complementary activating enzyme. Once present, reaction is achieved through a
relay of the backbone radical to an active site cysteine, which interacts with the substrate.

Figure 2. (a) Generic reaction scheme for diol and glycerol dehydratases, which are important in the industrial production of TMG. (b) Outline
mechanism for glycerol dehydration via the B12-dependent diol dehydratase (DDH). Binding in the pro-(R) form favors hydrogen abstraction from
C1 to generate the product aldehyde. In contrast, when binding in the pro-(S) form, competitive abstraction from either C1 or C3 can occur, with C3
abstraction leading to a dead-end, stable intermediate radical, and subsequent inactivation.39 (c) The active site of DDH from crystal structure 3AUJ,
showing bound glycerol with a hydrogen bond to S301, alongside complexation to Ca2+ and cyanocobalamin (B12) in place of the cofactor adenosyl
cobalamin. Mutants explored for improved activity, S301, Q336, and V300, are shown. When adenosyl cobalamin is bound, D335 preferentially (but
not exclusively) replaces S301 in hydrogen bonding and orienting the C3 OH.38
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could also pose a bottleneck for scale-up; however, this argues a
case more strongly for exploring these limits through protein
engineering methods.

At the molecular scale, many of these enzymes carefully limit
access to the active site and/or bind the substrates in a very
specific orientation. These control mechanisms are needed to
direct the reactions in the face of what can otherwise be an
unspecific reaction, driven by the high energy of the initiating
radical. Active site access thus either needs to be preserved to
prevent side reactions and cofactor inactivation or selectively
engineered to leverage this as an opportunity to incorporate
additional functionality, but often at the expense of the
reversibility of any radical process. Similarly, when undertaking
an engineering process to generate an intermediate radical at
either a different position on the natural substrate or on an
entirely new substrate, binding interactions and the flexibility of
the substrate in the active site need to be carefully considered to
ensure the desired product is obtained. Any specific substrate−
protein interactions triggering radical initiation upon substrate
binding will still also be needed. Finally, the substructures that
bind and stabilize the metallocofactors, cosubstrates, and/or
radical units need to be approached with care to retain and not
destroy the key functionality, limiting changes that might be
made. The scope of changes accessible here can be informed by
the extensive bioinformatic information available now for radical
enzymes.

More broadly, many radical enzymes need to be either
activated, reactivated, or have auxiliary units replaced as part of
the unusual reactions catalyzed (e.g., sulfur insertions). This
adds a further level of complexity to maintain the protein−
protein recognition elements needed for repair, which are not
yet understood in detail. Nevertheless, some progress has been
made to successfully engineer radical enzymes despite these
challenges and point the way to future approaches.

■ DIRECT MANIPULATION OF SPECIFIC RESIDUES
Mutational studies have primarily been carried out to elucidate
key mechanistic points33 but can also be seen as entries into
expanding and exploiting the substrate scope for many radical
enzymes. Because of the industrial relevance of the B12-
dependent diol dehydratase in the production of the major
polymer precursor trimethylene glycol (TMG, 1,3-PDO, Figure
2a),34 there have been various attempts at engineering both this
protein and the bacterial chassis producing it.32,35,36 A key
challenge has been the glycerol-induced inactivation of the B12-
cofactor (Figure 2b), and mechanistic information, alongside X-
ray crystal data (Figure 2c), has been fundamental to redesign.
Glycerol, a prochiral molecule, is able to bind in two forms: one
that reacts to form product (pro-R) and the other (pro-S) that
results in an irreversible cleavage of the cofactor C−Co
bond.37−39

Replacing S301 in the Klebsiella pneumoniae diol dehydratase,
a residue potentially making a critical hydrogen bond with the 3-
OH of glycerol, with alanine afforded a mutant that was ∼2.7
fold less prone to deactivation by glycerol than was observed for
the wild-type enzyme (Figure 3a).35 In addition, both this and a
mutant that disrupted the nearby protein backbone hydrogen-
bonding network, Q336A, gave improved selectivity to 1,2-
propanediol (1,2-PD) over the longer-chained 1,2-butanediol
and 1,2-hexanediol (Figure 3b). In contrast, combining these
two mutants resulted in much better activity against the longer-
chain diols (Figure 3c), which was also reflected in the crystal

structure by a larger space to accommodate the larger alkyl
groups.

Similarly, the Klebsiella oxytoca diol dehydratase has been
rationally engineered to process 1,2,4-butanetriol (1,2,4-BTO)
as a substrate, with 5-fold higher activity than the corresponding
wild-type enzyme.36 In combination with engineered improve-
ments to E. coli xylose catabolism, the industrially important 1,4-
butanediol (1,4-BDO) could be produced in yields of up to 209
mg/L. Here a fusion dehydratase linking the three subunits was
selected as the starting point, which had already shown
improved activity toward the native substrates for the
production of 1,3-PD and 1-propanol.40 When feeding studies
of 1,2,4-BTO did not result in production of 1,4-BDO, a rational
design approach was used to engineer the appropriate activity.
The same S301A and Q336Amutants as previously reported for
K. pneumonia35 resulted in decreased inhibition and increased
production of 1,3-PD, with the double mutant S301A/Q336A
showing ∼4.4 fold improvement in 1,4-BDO producing activity.
By considering the key interaction of the diol with coordinating
potassium in the active site, three candidate residues were
identified for mutagenesis where this coordination might
become more favorable, specifically T222, V300, and F374. In
silico screening via substrate docking and subsequent testing in
vitro provided maximum activity from a combined S301A/
Q336A/V300Mmutant, with ∼5-fold overall improvement over
wild-type activity against 1,2,4-BTO as substrate.

Dehydratases with improved reaction kinetics have also been
engineered using error-prone PCR and high-throughput screen-
ing, showing that these methods can be effective for radical
enzymes.41 There is still more scope in dehydratase engineering,
and this is being coupled with extensive metabolic engineering
to achieve ever more effective production of industrially
important chemicals.32 The higher atom economies and lower
production costs establish these bioprocesses as effective
alternatives to fossil-fuel conversions.

One important role of the scaffolding in radical enzymes is not
only to prevent cofactor inactivation, as outlined above, but to
prevent reaction of the highly reactive intermediates with

Figure 3. Impact of bacterial dehydratase mutations on product
formation. (a) The prochiral center (circled) has an impact on
dehydratase inactivation, which can be reduced with the S301A mutant
of the K. pneumoniae diol dehydratase. (b) Selectivity for 1,2-PD vs 1,2-
BD and 1,2-HD is increased for the Q336A mutant, whereas the
Q336A/S301A mutant shows improved selectivity for longer-chain
species. (c) The double mutant Q336A/S301A accepts 1,2,4-
butanetriol as a substrate, with further improved activity for the
Q336A/S301A/V300M triple mutant.
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anything other than the substrate. In engineering terms,
modifications that disrupt the control enabled by this scaffolding
can be exploited to generate new products. The single site-
specific mutation of C141A in the AdoMet radical enzyme
Bacillus subtilis spore-photoproduct lyase (SPL) highlights the
ease of access to divergent products within radical reactions
(Figure 4).42 By removing the hydrogen atom donor for the last
step in the mechanism (Figure 4b),43−45 a >90% yield of
sulfinated thymine derivative could be obtained.43 This outcome
suggests that release of the tight control that radical enzymes
have over their reactions could be exploited in creating
alternative products.

The high reactivity of radicals means more direct active site
modifications can lead to a range of different reactions,
complementing the substrate promiscuity already seen in
some radical enzymes. The nosiheptide (and analogous)
synthetic pathways are part of the class of ribosomally
synthesized and post-translationally modified peptide (RiPP)
pathways.8 These pathways show significant scope for the
creation of new antibiotic variants46 and integrate AdoMet
radical enzymes NosL, NocL, and NosN. NosL has been heavily
characterized and catalyzes the reaction of tryptophan to afford
3-methyl-2-indolic acid, formaldehyde, and ammonia (Figure
5a). Substrate analogues revealed cryptic reaction modes for
NosL46−48 and suggest that engineering efforts to constrain the
substrate into specific orientations may be effective for directing
specific reaction outcomes. Similarly, reaction of NosL with an
olefin substrate analogue and SAM nucleoside analogues
(Figure 5b), where the adenosine is replaced by guanine and
cytosine, highlights scope in generating nucleoside products
more effectively by engineering the adenosine recognition
sequence.49 Although these broad substrate scopes were the
result of natural enzyme promiscuity,50 synthesis of indole-3-
pyruvic acid (Figure 5c) instead of 3-methyl-2-indolic acid
(Figure 5a) could be induced by the R323K mutant of
Streptomyces actuosusNosL, albeit at lower activity than wildtype
reactions.48 The same product was also observed in reactions of

the Y90A variant.51 The corresponding S340A mutant was able
to accept the non-wild-type accessible substrate N1-methyl-L-
tryptophan to afford a mixture of 1,3-dimethyl-1H-indole and
1,3-dimethyl-1H-indole (Figure 5d).48 Modified nucleosides
were also accessed through the R323K mutant through reaction
with indole-3-pyruvic acid.51

A similar broadening of substrate scope can be accessed
through library-based approaches. Amino mutases for various
transformations are extremely valuable, and their products
provide routes to desirable chemicals, such as 3-hydroxypro-
pionic acid, acrylic acid, malonic acid, 1,3-propanediol, and
many others (Figure 6a). Cargill patented enzymes possessing
alanine 2,3-aminomutase activity that had been derived from a
mutagenized library of Bacillus subtilis and Porphyromonas
gingivalis lysine 2,3-aminomutases, both AdoMet radical
enzymes.53 The key and common mutation identified was
D331G (B. subtilis) and D339H (P. gingivalis), although a
number of mutations were generated through the library
approach. Homology modeling54 and structure prediction55,56

(Figure 6b) locate this change as an aspartate in the active site
between PLP (pyridoxal phosphate) and SAM (Figure 6c). In
addition to a direct role, mutation may result in altered
alignment of the Ado· radical or possibly changes in reactivity
induced by modified electrostatics, similar to the proposed
impact of residues in B12-dependent enzymes.57

The examples presented above demonstrate how single site-
specific mutations can be harnessed to change reaction
outcomes of radical-bearing enzymes, often through disruption
of single hydrogen bonds or hydrogen bond networks. The
examples show changes in substrate scope and product
specificity and already offer opportunities for new antibiotics
and enhancements to industrial production. Importantly, they
indicate that a judicious and rational selection of even single
residues can make a difference that does not necessarily destroy
the careful control that radical enzymes have over their
substrates and that these changes are within range for

Figure 4. (a) Structure of the spore photoproduct dimer model system. (b) Proposed mechanism of the B. subtilis spore photoproduct lyase (SPL).43

Hydrogen abstraction is followed by dispropotionation to separate the thiamine dimer motif. Under normal circumstances, it is proposed that Cys141
donates a hydrogen atom, with a subsequent radical cascade to reactivate AdoH. In contrast, the mutant C141A cannot quench the product in this way
and in the presence of sodium dithionite affords the corresponding sulfinated product.42

Biochemistry pubs.acs.org/biochemistry Perspective

https://doi.org/10.1021/acs.biochem.2c00376
Biochemistry XXXX, XXX, XXX−XXX

F

https://pubs.acs.org/doi/10.1021/acs.biochem.2c00376?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00376?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00376?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biochem.2c00376?fig=fig4&ref=pdf
pubs.acs.org/biochemistry?ref=pdf
https://doi.org/10.1021/acs.biochem.2c00376?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


immediate, calculated improvements to existing characterized
enzymes.

Figure 5. (a) The outline mechanistic proposal for the reaction of tryptophan with NosL to generate 3-methyl-2-indolic acid, formaldehyde, and
ammonia.46,48,52 (b) Olefins can react to trap the intermediate Ado· radicals (or Gua/Cyt radicals from the corresponding derivatives) and generate
nucleoside-based products. (c) The S. actuosusNosLmutants R323K and Y90A are both able to form indole-3-pyruvic acid. (d) The alternate substrate
N1-methyl-L-tryptophan generates a mixture of 1,3-dimethyl-1H-indole and 1,3-dimethyl-1H-indole in the presence of the S. actuosus NosL mutant
S340A.

Figure 6. (a) Reaction catalyzed by alanine 2,3-aminomutase, created frommutants of either B. subtilis or P. gingivalis lysine 2,3-aminomutase, leading
to a range of industrially useful downstream products. (b) Tetramer of 2A5H (Clostridia subterminale, gray) overlaid with the single subunit B. subtilis
lysine 2,3-aminomutase (uniprot: O34676, rainbow) created by Alphafold2.55,56 (c) The active site of B. subtilis lysine 2,3-aminomutase. The key
residue D331 is indicated as orange spheres with red oxygen atoms between the cofactor PLP (left) and [4Fe-4S]2+·SAM (below, right).
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■ PROTEIN−PROTEIN INTERACTIONS
Given the challenges of developing efficient bioprocesses,
creative and multifaceted enzyme engineering approaches are
needed. Such approaches are exemplified by the recent
development of a pyruvate-production system with modified
pyruvate-formate lyase (PFL).58 PFL is a glycyl radical enzyme
(GRE) that catalyzes the formation of formate and acetate from
pyruvate (Figure 7)59−62 but can be used in the reverse direction

to generate the useful biosynthetic precursor pyruvate from
assimilation of the readily accessible C1 molecule formate.
Compartmentalization, which has been shown to help protect
anaerobically functioning systems from oxygen,63,64 has been
exploited to achieve this production system. Protein engineering
featured to achieve appropriate functionality.58 A fusion protein
of PFL with a phosphotransacetylase (EutD) was formed with a
glycine/serine linker. This fusion ensured that the PFL substrate
acetyl CoA (formed from CoA and acetyl phosphate by EutD
catalysis) could be produced in the close vicinity of PFL to
reduce mass transfer limitations. Tags (SpyCatcher) were added
to the PFL-EutD fusion protein as well as PFL, via either one of
the internal loop regions or the C/N-terminal regions. These
tags allowed integration into a protein-based supramolecular
protective shell (based on bacterial microcompartments
(BMCs)) by complementary binding to a “SpyTag” motif.
Results showed that the PFL-EutD fusion had low expression,
and theN-terminal and insertion fusions of the SpyTag with PFL
were insufficiently functional. Thus, a C-terminal SpyCatcher-
adapted PFL was selected for synthetic BMC binding, and mass
transfer to EutD was instead enhanced through an orthogonal
SnoopCatcher/SnoopTag system to integrate this enzyme also
within the synthetic BMC. The fully assembled BMC “wiffleball”
demonstrated a PFL kcat of ∼1.2 s−1 and an estimated 1000

turnovers per enzyme until activity was lost, showing that the
anaerobic chemistry was able to proceed under aerobic
conditions once protected.

The broader interactome network has been shown to have a
significant impact on especially iron−sulfur cluster enzymes, and
thus, engineering of these related enzymes impacts the success of
these processes in in vivo systems. Mutants of the repair protein
IscR have exhibited significantly improved biosynthetic activity
for a number of pathways involving radical enzymes,65 primarily
through mitigating the depletion of FeS clusters caused by
radical enzyme overexpression. As a result, either incorporation
of these mutants or, alternatively, complete deletion of the IscR
gene is now becoming a standard technique for in vivo
production improvement.65−69

■ COMPUTATIONAL APPROACHES TO SCREENING
One way to interrogate and circumvent the rapid reactivity of
radical intermediates when carrying out experiments, and to
account for the all-important aspect of protein dynamics, is to
consider these species in silico�i.e., through computational
modeling.70 Such approaches lend themselves to screening, with
a rapid set of modifications being enabled and tested (Figure 8).
An important factor is how to and what to screen these systems
for. The detail of radical chemistry is best captured by the
computationally expensive quantum mechanical (QM) meth-
ods because they treat the electronic interactions. Indeed, model
systems for many radical enzymes have been used with success
to understand mechanistic elements. Calculations on radical
systems, however, are not always straightforward and require
particular care, due to the nature of the unpaired spin.

The role of the enzyme superstructure in influencing the
active site chemistry is increasingly recognized as being able to
significantly influence the outcome, not least through a steric
and an electronic perspective. Where this more complete picture
is needed, the large size of proteins usually requires molecular
dynamics (MD) to be employed. With better access to a
computational resource, combined QM-MM methods have
been successful in establishing the details of some radical
mechanisms.71−80 Such studies are important in establishing the

Figure 7. Pyruvate formate lyase (PFL) catalyzes the reversible
conversion of pyruvate to formate.

Figure 8. Example workflow for integrating thermodynamic and electric-field screening to identify and validate efficient mutants of radical enzymes.
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core residues and enzyme features important for controlling
radical reactivity and selectivity and thus identifying targets for
later protein engineering efforts.

Alternatively, less computationally expensive approaches can
be more rapidly exploited across a broader range of substrates or
mutant proteins for engineering efforts. One area where this
approach has been usefully exploited has been by calculating
radical stabilities. Radical stabilities can be significantly modified
by the encapsulating protein environment.81−83 An initial
assessment of the influence of structural variation can be made
through minimal active site models. Selected ab initio and/or
DFT calculations are then carried out on a subset of key residues
supported by crystallographic studies, and an assessment of
accessible and tractable substrates and intermediates can be
made. This approach was exemplified for B. multivoransQueE, a
radical SAM enzyme,81 and laid the groundwork for
benchmarking of a rapid and transferrable semiempirical-based
workflow that could be applied across a broad range of substrate
and protein-structural modifications.82 A thermodynamic
reaction profile can be extracted from statistical analysis of
computationally accessible MD simulations, followed by a triage
of relevant substrate structures with semiempirical approaches.
Subsequent QM single-point calculations provide the radical
stabilization energies (RSEs) that inform the reaction profile and
account for the impact of both protein structure and
intermolecular interactions.

The electrostatic environment created by the protein also
provides a key role in mediating cofactor/cosubstrate reactivity.
The impact of changing the electrostatic environment on the
reactivity of biologically relevant iron−sulfur clusters has been
demonstrated with systematic quantum chemical assessment of
a rotating static electric field represented by point-charges.84

Similarly, glycyl radical stabilization, important for the catalytic
activity of PFL,85 responds to changes in electric-field
orientation.86 Thus, modification of protein-induced electric
fields through creating specific mutants, which may avoid
changes to the coordination sphere of an active or cofactor site,
offers future engineering routes for improved and designed
reaction outcomes of radical reactions.

Taking the above summarized variables together, a trans-
ferable simulation and in silico screening workflow, including all
those aspects and as presented in Figure 8, offers promising
applicability for future rational radical enzyme design strategies.
Starting by including the available diversity information of the
specific enzyme target by bioinformatic approaches, the
workflow could pass enzyme variants into a combined MD,
QM/MM assessment pipeline to select promising mutagenesis
suggestions that are then passed onto experimental assessment
and validation. Within the pipeline, the strategy would include
alternative substrate screening with rapid thermodynamic
reaction profile assessment, which screens mutants for their
effect on the thermodynamic stability of key radical
intermediates and assesses the effect of internal electric fields
on reaction kinetics. The outcomes here would again be able to
inform on new potential variants with a maximal effect on either
reactivity or substrate specificity, which may be supported by
machine-learning.

Such a workflow approach should be ideally an experimental−
computational collaboration. Current computational limitations
might include the time to generate models, although this is
rapidly decreasing with new iterations of structure prediction
software.87 Model accuracy is often a concern but is rapidly
improving to be in line with experimental structure-determi-

nation accuracy and tends to be less impactful within the active
site regions. Failures in prediction, identified through the
experimental validation, simply point to the need to support
with additional good-quality experiments and possibly reveal
more challenging and exciting systems to understand.

■ MANIPULATING THE ARCHITECTURE
A structural view reveals that many radical enzymes can be
comprised of “modules”;21,26,88 this offers an interesting avenue
for future engineering efforts with the construction of radically
initiated “Frankenzymes” (enzymes built of different parts, as
per Frankenstein’s monster89) to carry out desired trans-
formations once the underpinning catalytic features are
understood in detail. Nature has already demonstrated this
modular construction with some of the newly structurally
characterized B12-AdoMet radical enzymes, which have discrete
but integratedmotifs to carry out dual chemistries.10,11 Similarly,
RiPP enzymes possess a recognition element that can be used to
guide a defined leader sequence to different active sites for
transformation.90 Driven by the high reactivity of the initial Ado·
radicals and subsequent substrate promiscuity that this can
entail,91 a huge range of possibilities for new types of
transformation is opened up if different active sites can be
paired with different recognition elements in a modular fashion.

An alternative to working from larger, pre-existing modules is
to start from the ground up, defining minimal sequences to carry
out the chemistry required and incorporating these motifs as
functional units in larger proteins. Minimal peptide motifs (in
the form of maquettes), required to facilitate specific elements of
some radical chemistries, have been successfully created.
Protein-based radicals have been explored as potential radical
chemistry initiators, in de novo designed maquettes, generating
tyrosine and tryptophan radicals.92 In motifs corresponding to
those found in ferrodoxin and radical SAM proteins,93

reconstitution of redox-active iron−sulfur clusters was shown
to be in the range of 80−100%, although the conversion to the
active form to initiate radical formation was lower, around 7−
17% measured by EPR. De novo design tools, such as Rosetta94

and Omegafold,87 now allow structured peptides to be rapidly
prototyped in silico, which can help to locate radical generating
elements in 3D space for maximum effect, provide protective
scaffolding for the radical, and enable integration into broader
structures for future designs.

Combining the details available both from experimental work
and bioinformatic studies, there are now real possibilities to
design in radical chemistry to new proteins, retaining key
features for specific chemistries/binding and using predictive
approaches and rapid structural information provided by, e.g.,
Alphafold and Alphafill,55,56,95 and other advanced machine-
learning methods to derive the remainder of the protein.87,96−99

This has the potential to open up a huge new variety in the
potential targets for chemical reaction and a better under-
standing of the key details of how these enzymes so carefully
control these reactive intermediates.

■ FUTURE OUTLOOK
There are a number of emerging radical enzyme candidates of
potential industrial interest for which the mechanistic data
required for rational design is now available. Such enzymes
include phenylacetate decarboxylase (PhdB), a glycyl-radical
enzyme that is able to produce toluene from renewable
resources;100 the huge range of AdoMet radical enzymes
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involved in ribosomally synthesized and post-translationally
modified peptide (RiPP) biosynthesis pathways, which offer
scope for new antimicrobials among other interesting
activities;7,8,101 AdoMet enzymes such as the sulfatase AtsB,
which can be utilized to create labeled peptides;102 and many
others that may be involved in, for example, environmental
detoxification.67,103

A critical combination of high-quality structural data,
insightful kinetic experiments, and computational approaches
is essential to bring these enzymes into new niches in the
industrial domain. Although challenging because of both the
reactivity and open-shell nature of the intermediates for these
enzymes, inroads are being made, with the unique chemistries
catalyzed being an attractive proposition. The bringing together
of high-throughput approaches signifies an opening to rapidly
realizing new, designed modifications,98 provided they are
integrated with the lessons already learned for these amazing
radical enzymes.
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