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Summary 1 

 2 

The life diversity relies on a handful chemical elements (carbon, oxygen, hydrogen, nitrogen, sulphur and 3 

phosphorus) as part of essential building blocks, whereas other atoms are needed to a lesser extent and 4 

most of the remaining elements are excluded from biology. This circumstance limits the scope of 5 

biochemical reactions in extant metabolism — yet it offers a phenomenal playground for synthetic biology. 6 

Xenobiology aims at bringing novel bricks to life that could be exploited towards (xeno)metabolite 7 

synthesis. In particular, the assembly of novel pathways engineered to handle non-biological elements 8 

(neo-metabolism) will broaden the chemical space beyond the reach of natural evolution. In this review, 9 

xeno-elements that could be blended into Nature’s biosynthetic portfolio are discussed together with their 10 

physicochemical properties and tools and strategies to incorporate them into biochemistry. We argue that 11 

current bioproduction methods can be revolutionized by intersecting xenobiology with neo-metabolism 12 

for the synthesis of new-to-Nature molecules, e.g. organohalides.  13 
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1. Introduction 1 

 2 

There is little doubt that the XXI century has come to be the age of biology, in the same way as the XX 3 

century has been a prime time for physics and chemistry. Biotechnology and synthetic biology aim at 4 

developing sustainable alternatives for a number of crucial areas, e.g. energy supply[1], synthesis of 5 

chemicals,[2] food production,[3] biomaterials,[4] bioremediation,[5] therapies[6] or diagnostics.[7] This 6 

overarching goal faces the challenge of alleviating our dependence on fossil fuels, non-renewable 7 

resources and conventional synthetic chemistry. As such, the biological realm is being increasingly mined 8 

by adopting core engineering principles to unleash the untapped potential of life diversity. Life is the main 9 

resource of biology, and its rich diversity on the Earth’s biosphere has surpassed all expectations. From 10 

the first classifications by Linnaeus in the XVIII century to the latest estimations nowadays, the figures 11 

have grown from originally spanning 11,000 different animals and plants to currently cover more than 8 12 

million eukaryotic organisms[8] and as many as 1012 microbial species.[9] The ability of life to expand and 13 

prosper even in extreme environments (e.g. hot springs, deep sea, Antarctic ice or industrial chemical 14 

wastes) is only possible due to the existence of versatile biochemical adaptations to harsh and often 15 

adverse conditions. The relatively new era of microbial «omics» approaches[10] paved the way towards 16 

identifying genetic parts and pieces encoding the rich biochemical machinery underlying adaptation to 17 

such conditions, enabling their use for engineering purposes. However, at the very fundamental level, 18 

this extreme biochemical versatility is based on just a small number of chemical elements.[11] Specifically, 19 

carbon (C), oxygen (O), hydrogen (H), nitrogen (N), sulphur (S) and phosphorous (P) are the main 20 

components of virtually every known lifeform. A myriad of other elements are, to a greater or lesser extent, 21 

necessary for life — but none of them is essential for the synthesis of the basic biomolecules of the cell 22 

(i.e. proteins, lipids, sugars and nucleic acids). This state of affairs means that, beyond the outstanding 23 

adaptability of life, the development of bio-based alternatives to production is confronted with the limited 24 

panoply of building blocks naturally used in biological processes. 25 

 26 

Xenobiology is a specific sub-field of synthetic biology that deals with non-conventional forms of life 27 

differing from the canonical dogma of biology[12] (which is based in DNA, RNA and the 20 natural amino 28 

acids — although the very concept has been since challenged by bringing forward the prominent role of 29 

metabolism in orchestrating the functional relationship between nucleic acids and proteins[13]). From a 30 

wide and fundamental perspective, xenobiology seeks to answer one simple but key question: is life as 31 
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we know it the only possible one? During the past decades, scientists have largely speculated about this 1 

matter, and the question also reached the general public (mostly through science fiction — the extremely 2 

corrosive blood from the xenomorph in the Alien movie or the mineral body of the Crystalline Entity from 3 

Star Trek series are just a few noted examples on how alternative life chemistries have been imagined 4 

in popular culture). Most of the work done in the field of xenobiology has focused on incorporating new 5 

«letters» in both the genetic and protein alphabets.[14] Apart from these fundamental aspects, the core 6 

tenets of xenobiology can be also applied to overcome limitations of natural metabolism by developing 7 

artificial routes (i.e. synthetic or neo-metabolism)[15] to introduce new-to-Nature molecules and 8 

intermediates in the chemical diversity of cells. As such, neo-metabolism can be defined as a set of 9 

(novel) biochemical reactions and routes purposely assembled to integrate substrates, intermediates, 10 

products and chemical reactions unprecedented (or very rare) in Nature. The intersection of neo-11 

metabolism with xenobiology embodies the efforts of blending abiotic atoms into the native biochemistry 12 

of the cells — not only by incorporating completely alien- (or seldom associated-) to-life chemical 13 

elements but also by rewriting their role to display central functions instead of being restricted to few 14 

specific routes in the secondary metabolism. On this background, this review focuses on biological 15 

mechanisms, both natural and engineered, for bringing novel elements from the inorganic realm into 16 

biology. Specifically, we present and discuss available information on enzymes and pathways towards 17 

re-defining the role of fluorine (F), chlorine (Cl), bromine (Br), iodine (I), silicon (Si) and arsenic (As) in 18 

the chemistry of life, with a focus on microbial hosts. A more comprehensive description is reserved to F 19 

owing to its differences with other halogens. On this background, we will separately address how these 20 

features are relevant for F incorporation into microbial biochemistry, and the present and future of 21 

biocatalysts and pathways towards organofluorine biosynthesis will be reviewed. 22 

 23 

From a broader perspective, the choice of the chemical elements covered herein is not accidental: each 24 

one of them can be considered as the dark twin of atoms usually found in life, closely related in terms of 25 

physicochemical properties yet apparently rejected by the forces of natural evolution. In this regard, F 26 

and, to a lesser extent, Cl, Br and I, are chemical equivalents of H in C–H bonds, whereas Si mirrors C 27 

and As is a potential analogue of P. When present in biological molecules, the role of these atoms remains 28 

relegated to secondary metabolic pathways. Fig. 1 displays a summary of the most relevant features of 29 

selected biological chemical elements and their xeno-analogues, including their abundance in the Earth 30 

crust and physicochemical properties. We argue that neo-metabolism can be deployed to handle abiotic 31 
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elements for the sake of whole-cell and cell-free biocatalysis by exploiting chemical similarities between 1 

these atoms. Finally, and based on these scenarios, we discuss the potential outcomes and benefits of 2 

incorporating novel chemical elements into biomolecules and synthetic pathways. 3 

 4 

2. Chlorine, bromine and iodine 5 

 6 

Cl, Br and I, together with F, are the main members of the group of elements called halogens. Halogens 7 

were firstly recognized for their ability to readily form salts with metals (halo-, derived from the Greek ἅλς, 8 

salt), although organohalides, compounds containing at least one C–X bond (were X represents a 9 

halogen atom), are referred to in scientific literature dating back to at least the XIX century.[16] In fact, 10 

organohalides occupy a central position in modern organic chemistry, and innovative synthetic 11 

approaches for their preparation are continuously reported.[17] However, not every halogenated 12 

compound possesses an artificial origin: in a recent review, the number of natural organohalides was 13 

established to be represented by more than 5,000 different compounds,[18] most of them from marine 14 

organisms.[19] In 2017, a fascinating report by Fayolle and co-workers[20] revealed the existence of 15 

extraterrestrial organohalides, likely formed during a pre-planetary process. 16 

 17 

Physicochemical features of each halogen determine the properties of the C–X bond. In particular, bond 18 

polarity depends on the halogen electronegativity, which follows the order F > Cl > Br > I (Fig. 1). 19 

Therefore, the C–F bond shows the highest polarity and the C–I bond the lowest one.[21] Reactivity is a 20 

direct result of bond strength, which displays an order equivalent to the polarity and, as such, C–F has 21 

the greatest strength and the least reactivity.[21] Organohalides are valuable starting points for the 22 

synthesis of important molecules in well-known chemical reactions, e.g. the widely-used Grignard 23 

reagent,[22] the Gilman reagent[23] or the Simmons-Smith reagent.[24] In Nature, halogenation seems to 24 

operate as a general mechanism to modify the physicochemical properties of certain (halo)metabolites.[25] 25 

Neumann and co-workers[26] went a step further and stated that the halogenation of natural product 26 

scaffolds allows the organisms that produce them to optimize the bioactivity of small molecules thus 27 

conferring an evolutionary advantage. Indeed, there are several reports on organohalides that lose or 28 

decrease their bioactivity in their dehalogenated form.[27] Considering these aspects, the present section 29 

of the article will be focused on the available biological mechanisms and tools for the incorporation of Cl, 30 

Br and I into organic molecules and the relevance of halometabolites for xenobiology. Due to its 31 
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importance in countless industrial applications and its unique particularities, F will be considered in a 1 

separate section.  2 

 3 

2.1. Mechanisms of enzymatic halogenation involving Cl, Br and I 4 

 5 

Four classes of halogenating enzymes are known to catalyze the formation of C–Cl, C–B and C–I bonds: 6 

haem haloperoxidases, vanadium (V) haloperoxidases, non-haem iron halogenases and non-metallo-7 

haloperoxidases,[28] with the latest group forming a category that includes flavin-dependent halogenases 8 

and S-adenosyl-L-methionine (SAM)-dependent halogenases.[29] Both haem haloperoxidases and 9 

vanadium haloperoxidases contain a metal catalyst coordinated to their active site (Fe or V, respectively). 10 

The catalytic mechanisms rely on the oxidation of the metal by hydrogen peroxide (H2O2), which 11 

subsequently oxidizes the halide atom to the highly reactive OX– form. This species rapidly reacts with 12 

an appropriate organic substrate forming the halogenated organic product. Non-haem iron halogenases 13 

or -ketoglutarate-dependent, non-haem iron (FeNH) halogenases receive their name because Fe is 14 

coordinated to -ketoglutarate (which also acts as co-substrate of the reaction) instead of being attached 15 

to a porphyrin group. In this case, the reaction mechanism is more complex than that of haloperoxidases, 16 

and requires dioxygen (O2) instead of H2O2 as the oxidizing agent. The organic substrate is converted 17 

into a radical because of the abstraction of a hydrogen atom in the active site, and reacts with a halogen 18 

atom bound to the Fe center to form the halogenated product. Flavin-dependent halogenases, in turn, 19 

catalyze the reaction of FADH2 with O2 to yield a peroxide-linked isoalloxazine ring, which then oxidizes 20 

the halide and generates OX–. This compound reacts with the organic substrate, leading to the synthesis 21 

of the organohalogen molecule. Yet another mechanism of halogenation relies on SAM as the organic 22 

substrate. Methyl halide transferases are the most studied class among the group of enzymes collectively 23 

known as SAM-dependent halogenases. These biocatalysts use the universal methyl donor SAM to 24 

methylate halides (thus yielding Me–X), and the catalytic mechanism of this type of enzyme involves the 25 

nucleophilic attack of SAM by the halide anion (X–) to form Me–X and releasing S-adenosyl-L-26 

homocysteine (SAH) in the process. Another class of SAM-dependent halogenases executes a different 27 

(and distinct) reaction mechanism, and the so-called fluorinases have aroused the greatest attention 28 

among them (despite the fact that this group of enzymes includes some examples that are active on Cl–29 

, Br– and I–).[29b,30] As such, fluorinase enzymes will be described in more detail in the section dealing with 30 

the incorporation of F into organic molecules. The enumeration of the diverse mechanisms mediating the 31 
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addition of halogens into organic molecules would point to the existence of a considerable portfolio of 1 

organohalides formed thereby, as elaborated below. 2 

 3 

2.2. Natural and synthetic occurrence of organohalides 4 

 5 

The biocatalysts described in the previous section mediate the incorporation of halogens in Nature, and 6 

Cl and Br are the atoms more frequently incorporated into organic structures, while iodination seems to 7 

be rarer occurrence.[26] Halogenated natural compounds with known biological effects include molecules 8 

displaying antibacterial, antifungal, antiparasitic, antiviral, antitumor, antioxidant and antiinflammatory 9 

activities.[31] Many of these properties rely on the capacity of halogenated compounds to inhibit key 10 

enzymes involved in the cognate biological processes, e.g. as kinases, phosphatases or proteases.[19] A 11 

detailed description of the nature and characteristics of organohalides is beyond the purpose of this 12 

review, but several articles enumerate naturally-occurrences of these molecules, and the list is 13 

continuously expanding.[32] Intriguingly enough, despite of the variety of effects and molecular targets 14 

they exhibit, naturally-occurring halogenated metabolites are largely restricted to secondary microbial 15 

metabolism and they are essentially absent in macromolecules. Natural halogenated polysaccharides 16 

have not been reported and, in general, halogenated carbohydrates are rare,[33] although a few have 17 

been identified, e.g. two 4'-fluoro-3'-O--glucosylated metabolites isolated from Streptomyces calvus[34] 18 

and a chloro-glycosylated antitumoral molecule synthesized by Pseudomonas sp. strain 2663.[35] Natural 19 

halogenated polypeptides are scarce, although peroxidase-mediated chlorination and bromination of 20 

proteins have been reported in eosinophils[36] and the thyroid gland of vertebrates contains natural 21 

iodinated proteins, of which thyroglobulin is the most extensively studied.[37] Interestingly, a recent report 22 

suggests that the de-iodination of the thyroid hormone, a process catalyzed by a selenium (Se)-containing 23 

enzyme, might occur through a cooperative Se···I bond, which would be a noteworthy example of 24 

biochemical interaction between two xeno-elements.[38] Additionally, small amounts of I and, to a lesser 25 

extent, Br, have been found in scleroproteins from different invertebrates. There are more examples of 26 

naturally-occurring halogenated fatty acids,[19,39] the halogen atoms of which are incorporated mainly 27 

through the action of haloperoxidases after the core polymeric substrate of the lipid has been already 28 

synthesized.[40] 29 

 30 
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In contrast to the scarcity of halogens in large proteins, there are several occurrences of natural 1 

halogenated amino acids (HAAs) (Fig. 2) and a few naturally-occurring peptides incorporating different 2 

halogen atoms.[41] Interestingly, and in spite of the (apparent) rarity of natural pathways for iodination, 3 

one of the first identified HAA has been 3,5-diiodotyrosine (used as a precursor in the production of the 4 

thyroid hormone), isolated from a coral in the XIX century. Over time, a number of reports indicated that 5 

aromatic amino acids seem to be the preferred structures subjected to natural halogenation. Thus, the 6 

classic work of Hager and co-workers[42] reported on the synthesis of Cl, Br and I derivatives of tyrosine 7 

using a chloroperoxidase as the biocatalyst for halogen incorporation. Tryptophan is a preferred target 8 

molecule of biohalogenation pathways, and halogen substituents in different positions in the aromatic 9 

ring of this amino acid have been described in the primary literature.[43] 10 

 11 

From a different perspective, and complementary to the natural spectrum of HAAs, chemical synthesis 12 

offers access to a wide repertoire of these molecules, both aromatic and aliphatic (non-polar, polar and 13 

charged).[44] Furthermore, in an attempt to overcome natural synthetic limitations, sophisticated 14 

approaches for engineering the translational machinery of certain yeast and bacterial hosts have been 15 

developed during the two last decades. These strategies allowed the site-specific incorporation of 16 

different unnatural amino acids (including HAAs[45]) into peptides and proteins. The most remarkable 17 

methods of this sort will be discussed in the section dealing with fluorination, which, as indicated before, 18 

displays potential to be introduced in the cellular proteome without compromising viability because of its 19 

distinct physicochemical properties. We note that an outstanding attempt to engineer a microbial host to 20 

incorporate a halogenated compound as a primary building block was not related to the proteome but 21 

with the genome. Philippe Marlière and co-workers[46] evolved an Escherichia coli strain unable to 22 

synthesize thymine to replace these residues across the genome by the synthetic variant 5‐chlorouracil 23 

(Fig. 2), thereby reducing the genomic content of thymine below 2% — a strain dubbed Escherichia 24 

chlori. Interestingly, the evolved E. chlori strain was shown to display a phenotype similar to that observed 25 

in its wild-type counterpart, highlighting the flexibility of the biochemical machinery to recognize and 26 

incorporate a halogenated nucleotide analogue. Yet, the bulkiness of Cl, Br and I may hinder broad 27 

applications in engineering synthetic metabolism (or, for that matter, incorporation into the core 28 

components of living cells) — a feature that sets F aside and highlights its potential applications as 29 

disclosed in the next section. 30 

 31 
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3. Fluorine 1 

 2 

The combination of a small size (close to that of H) and the high electronegativity of the F atom not only 3 

sets this element apart from the other halogens,[47] but they also make it an essential element in the 4 

pharmaceutical, material and agrochemical industry.[48] F can easily replace H in organic compounds 5 

causing minimal distortion of the molecular geometry,[49] and incorporation of F into biomolecules 6 

considerably increases their hydrophobicity, exerting a positive impact on bioavailability.[50] Such 7 

properties have been increasingly exploited in the pharma industry over the years, and approximately 8 

25% of the licensed pharmaceuticals nowadays contain at least one F atom[51] — ranking second only 9 

after N as the favorite heteroatom in drug discovery and development.[52] F is also present in more 10 

complex molecules of industrial interest, widely distributed in daily applications. Fluoropolymers, for 11 

instance, have been successfully commercialized for more than 70 years because of their outstanding 12 

material properties (including TEFLONTM, among many other examples of this sort).[53] Low-molecular-13 

weight fluorinated compounds, e.g. 3-fluoropyruvate (Pyr-3-F), serve as F donors for the synthesis of a 14 

wide variety of added-value products (as indicated in Fig. 2, showing the main F-containing organic 15 

compounds discussed in this review). In particular, Pyr-3-F is the key precursor for the enzymatic 16 

synthesis of fluorosugars,[54] fluorinated amino acids[55] and -fluoro--hydroxy carboxylic esters.[56] 17 

Although all these organofluorine molecules are essential building blocks in a number of practical 18 

applications, their chemical synthesis is still quite challenging and often requires the use of hazardous 19 

reagents (i.e. HF or F2). The production of Pyr-3-F itself relies entirely on traditional chemistry,[57] with no 20 

bio-based alternatives for fluorochemical production known to date. Yet, all applications of F-containing 21 

molecules continue pushing market requirements.[58] Unfortunately, nature has barely evolved 22 

biochemical reactions involving F, and fluorinated compounds are still synthetized exclusively by 23 

chemical approaches nowadays. The isolation of the fluorinase from the actinomycete soil bacterium 24 

Streptomyces cattleya, the first enzyme identified to catalyze the formation of a C–F bond,[59] constituted 25 

a breakthrough and a major step towards the development of a bio-based production of fluorochemicals 26 

as elaborated in the next section. The other know biological mechanism of (transient) bonding between 27 

C and F is catalyzed by mutant variants of a -glucosidase from Agrobacterium sp. and a -mannosidase 28 

from Cellulomonas fimi through nucleophilic halogenation of 2,4-dinitrophenyl--glucoside.[60] 29 

 30 
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3.1. The fluorinase enzyme: challenges and opportunities for establishing neo-metabolism for 1 

fluorochemicals 2 

 3 

At a first glance, it may seem surprising that only a few naturally-occurring fluorometabolites have been 4 

identified so far. F is the 13th element of the continental crust in terms of mass abundance, a value close 5 

to Cl and much higher than Br or I (Fig. 1). However, inorganic halogens are bioavailable mainly as 6 

anions in aqueous solutions, and the abundance of F− in the oceans is 1.3 ppm — far below from Cl− 7 

(20,058 ppm) and Br− (70 ppm).[61] Yet, this difference in abundance and bioavailability is not large 8 

enough to explain why F is almost excluded from the native biochemistry of many organisms, since I− 9 

(0.03-0.001 ppm in sea water)[62] is linked to a relatively high number of natural iodinated metabolites.[63] 10 

Therefore, the extreme rarity of F in life seems to be associated to its physicochemical properties rather 11 

than its abundance. 12 

 13 

There are two major reasons explaining why the oldest demonstration of enzymatic chlorination was 14 

reported in 1959[64] whereas the first fluorinase was not isolated until 2002 by David O’Hagan and co-15 

workers.[65] On the one hand, F possesses an elevated redox potential (F−/F2 = −2.87 eV), considerably 16 

higher than that of hydrogen peroxide (H2O/H2O2 = −1.78 eV) and therefore its direct oxidation by 17 

haloperoxidases (i.e. the most common route to form C–X bonds in the case of Cl, Br, and I)[29a] is largely 18 

precluded. On the other hand, F shows the highest hydration enthalpy among halogens (Hhyd = −506 kJ 19 

mol–1), rendering the enzymatic mechanism of desolvation a critical step prior to accomplish nucleophilic 20 

catalysis in an aqueous environment. The fluorinase enzyme was found to be able to overcome these 21 

barriers by catalyzing the transfer of F from inorganic salts to the universal methyl donor SAM through 22 

an SN2 substitution reaction.[66] According to the currently accepted catalytic mechanism,[67] the fluoride 23 

ion (F−) is desolvated by replacing water molecules for hydrogen bonding contacts within the active site 24 

of the fluorinase. The reaction then proceeds by establishing a C–F bond between the fluoride anion and 25 

the electropositive 5′-C of the ribose ring from a SAM molecule — thereby forming 5′-fluoro-5′-26 

deoxyadenosine (5′-FDA) and simultaneously releasing L-methionine.[68] The canonical biofluorination 27 

pathway in S. cattleya further uses 5′-FDA as the key fluorinated precursor to synthesize fluoroacetate 28 

or 4-fluorothreonine (Fig. 3). 29 

 30 
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Our current knowledge on the mechanistic insights of fluorinase are supported by structural,[65] kinetic[69] 1 

and quantum mechanics/molecular mechanics theoretical data,[70] but some questions and catalysis 2 

details of the fluorination reaction remain open. For example, the underlying reasons for the preference 3 

of the enzyme for F− over other halides are still to be unraveled and may be attributed to the presence of 4 

a specific pocket for the fluoromethyl group in 5′-FDA or other physicochemical factors, e.g. specific 5 

hydrogen-bonding patterns and the electrostatic environment of the active site.[70] At the structural level, 6 

it would appear that adopting a trimeric structure is essential for the activity of fluorinase, since SAM 7 

binds at the interface of this trimer.[65] However, the native quaternary structure of the enzyme has 8 

determined to be not a trimer but actually a dimer of trimers; whether this hexameric conformation is also 9 

required (or at all relevant) for activity is still unknown. Crystallization studies showed that adenosine 10 

binds tightly the active site and treatment with deaminase is necessary to obtain the apoenzyme.[71] Thus, 11 

most of the available structures of the fluorinase depict the enzyme bound to either the organic substrate 12 

(SAM) or the products (i.e. 5′-FDA and L-methionine). Structural data indicate that SAM is buried in a 13 

closed conformation of the fluorinase, and no evidence has been gathered to indicate the presence of 14 

appropriate channels facilitating the entrance of substrates or the release of products. This feature led to 15 

the prediction of an alternative open conformation of the enzyme that has not been crystalized as of 16 

yet.[65] Three molecules of SAM have been found per trimer, and each SAM molecule is bound by a 17 

combination of hydrogen bonds and van der Waals contacts with the N- and C-terminal domains of two 18 

different monomers. It has been suggested that these interactions are relevant to keep the trimer 19 

assembled. Along this line, insights on the buried SAM structure will be particularly useful to unravel 20 

mechanistic details of the fluorinase, since the conformation of the bound molecule has been defined as 21 

exceedingly rare.[70] Recently, the catalytic mechanism proposed for the fluorinase has been challenged, 22 

questioning the role of anion solvation/desolvation by adopting a SAM-dependent chlorinase (supposed 23 

to operate through a mechanism to form C–Cl bonds analogous to that of the fluorinase) as the model.[72] 24 

The authors reported theoretical calculations indicating that the solvation of the Cl− anion is even higher 25 

in the protein environment than in the aqueous solution. Thus, the enhancement of Cl− reactivity due to 26 

the desolvation effect is largely questioned by these figures. Reproducing and discussing these 27 

calculations for the specific case of F− and the fluorinase enzyme would be of great interest towards its 28 

functional implementation as a source of fluorometabolites. 29 

 30 
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As it will be discussed later, fluoroacetate and 4-fluorothreonine are promising fluorometabolites towards 1 

the implementation of neo-metabolism. However, despite the huge step forward that the chemical 2 

mechanism brought about by the fluorinase represents for green synthesis of fluorochemicals, the 3 

potential of the native enzyme is constrained by some intrinsic limitations. On the one hand, the affinity 4 

of the enzyme for fluorine was determined to be very low, with a Km about 8.5 mM, a value above the 5 

maximum concentration of fluorine salts tolerated by most of the traditional microbial hosts used for 6 

metabolic engineering. On the other hand, the intracellular concentration of SAM, determined to be in the 7 

M range in E. coli cells,[73] appears to be too low to sustain biosynthesis of fluorometabolites. Therefore, 8 

efforts are currently being targeted to surpass these constraints, including the identification of novel, more 9 

efficient fluorinase orthologues, deep protein engineering of the enzyme and manipulation of intracellular 10 

SAM levels via SAM transporter systems as disclosed below. 11 

 12 

To date, only four different fluorinases have been isolated and fully characterized in vitro;[74] all of them 13 

showing similar kinetic properties (Table 1) — thus displaying similar catalytic limitations. Directed 14 

evolution has been applied to enhance the properties of the archetypal fluorinase, and engineered 15 

versions of the enzyme have been isolated, displaying improved specificity towards 5′-chloro-5′-16 

deoxyadenosine[17c] and SAM analogues[75] as alternative substrates. Despite advances in substrate 17 

diversification, further improvements, needed to reach catalytic efficiency high enough to be compatible 18 

with bioproduction of fluorochemicals, will face significant challenges. For instance, elegant approaches 19 

developed for in vitro SAM recycling[76] are not appropriate to boost biofluorination, since these strategies 20 

only consider the typical role of SAM as methyl donor — whereas it functions as a nucleoside (5′-21 

deoxyadenosyl) donor for the fluorinase, releasing L-methionine during the reaction (Fig. 3). Separate 22 

efforts have focused on enhancing the intracellular SAM content in vivo, e.g. by pathway engineering[77] 23 

or by increasing ATP formation and cycling.[73,78] SAM availability may be also increased by combining 24 

external addition of the cofactor with the expression of genes encoding the rare SAM transporters known 25 

to date.[79] A related challenge towards efficient biofluorination is the presence of SAH, since this 26 

metabolite acts as a strong competitive inhibitor of the fluorinase.[59] SAH is a product resulting from 27 

reactions where the methyl group of SAM is transferred to an acceptor,[76a] therefore any strategy towards 28 

increasing SAM levels in a given microbial host should consider the enzymes that use the cofactor as 29 

methyl donor and how a SAM increase affects the intracellular SAH levels. 30 

 31 
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A complementary approach would be to boost the intracellular levels of fluoride to overcome the barrier 1 

imposed by the large Km of the fluorinase, although this strategy is in obvious conflict with the well-known 2 

toxicity of fluoride for both bacteria and eukaryotic cells.[80] Fluoride channels specialized in exporting any 3 

excess of this anion are widespread across bacteria, archaea and eukaryotes.[81] Suppressing these 4 

systems and studying fluoride tolerance and toxicity mechanisms in the absence of secretion processes 5 

is thus of prime importance. The work by Baker and co-workers[82] in E. coli showed that once the crcB 6 

transporter is removed, which encodes a putative fluoride exporter, the tolerance to the chemical dropped 7 

from a minimum inhibitory concentration of 200 mM to approximately 1 mM NaF. Unfortunately, 8 

mechanisms underlying fluoride tolerance in microorganisms are not well-understood and the secretion 9 

of the intracellular anion is the only one unequivocally established.[82-83] Another major discovery in the 10 

overall bacterial response to the presence of fluoride are riboswitches, RNA molecules that sense 11 

fluoride, present in three branches of the tree of life. These sensors have been revealed to act as triggers 12 

of the expression of genes encoding either fluoride exporters or some enzymes inhibited by F−. 13 

Riboswitches have been also associated with stress response genes and DNA repair genes.[84] Liao and 14 

co-workers[85] published several studies on the resistance of the cariogenic bacterial species 15 

Streptococcus mutans to fluoride, a typical additive in toothpaste to prevent cavities.[86] Besides the 16 

presence of specific exporters, the research published by these authors also suggests single point 17 

mutations in two key enzymes of the glycolytic pathway, pyruvate kinase and enolase, to be potentially 18 

involved in fluoride tolerance.[87]  19 

 20 

Two cases of metabolic engineering approaches involving the fluorinase have been reported in the 21 

literature. Eustáquio and co-workers took advantage of the fact that Salinispora sp.[88] encodes a SAM-22 

dependent chlorinase, which operates through a mechanism analogue to the one of the fluorinase, as 23 

the first step in synthetic pathway of the anticancer agent salinosporamide A. Replacing the gene 24 

encoding this chlorinase by the fluorinase gene from S. cattleya led to biosynthesis of 25 

fluorosalinosporamide. More recently, the expression of the fluorinase gene in an E. coli strain resulted 26 

in the production of 5′-FDA, but this approach towards in vivo fluorination required the implementation of 27 

some of the strategies mentioned above. Specifically, removing the CrcB transporter and externally 28 

feeding the cells with SAM (upon expression of the gene encoding a SAM transporter from Rickettsia 29 

prowazekii) were essential manipulations to enable 5′-FDA synthesis.[89] Further efforts are thus 30 

necessary to substantially increase the intracellular concentrations of SAM and fluoride and to improve 31 
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the catalytic properties of fluorinase enzymes towards establishing neo-metabolism for biosynthesis of 1 

fluorochemicals. While de novo biofluorination may be a challenging endeavor, several fluorometabolites 2 

and fluorinated compounds, discussed in the next section, could become attractive nodes to engineer 3 

novel pathways using them as substrates and intermediates. 4 

 5 

3.2. Naturally-occurring and synthetic fluorochemicals as a starting point for neo-metabolism 6 

 7 

Fluoroacetate and 4-fluorothreonine are the known end products of the canonical biofluorination route of 8 

S. cattleya (Fig. 3). Both compounds show potential to be starting points of synthetic pathways that 9 

override central metabolism towards production of added-value fluorinated products. On this premise, 10 

hypothetical and demonstrated applications for these fluorochemicals (and related molecules) are 11 

likewise discussed in the next two sections below. 12 

 13 

3.2.1. Fluoroacetate and other low-molecular-weight fluorometabolites 14 

 15 

Fluoroacetate is a promising low-molecular-weight organofluorine to be used as a substrate for neo-16 

metabolism. As mentioned above, the small size of F atoms allow them to replace hydrogen in C–H 17 

bonds without distorting molecular structure and many enzymes are still able to recognize the fluorinated 18 

counterpart of their natural substrates (although the catalytic efficiency usually decreases).[90] A recent 19 

report illustrates this fact, indicating how fluorinated derivatives of anthranilic acids can be accepted as 20 

substrates for the biosynthesis of aurachin, whereas the chlorinated versions decrease product formation 21 

to negligible levels.[91] On this background, routes that recognize acetate as the native substrate are likely 22 

to accept the fluorinated version of the acid. Indeed, fluoroacetate is easily and rapidly activated to 23 

fluoroacetyl-coenzyme A (CoA) by acetyl-CoA synthetase. The toxicity of fluoroacetate is connected to 24 

its conversion to the CoA-activated form; this metabolite enters the tricarboxylic acid (TCA) cycle (since 25 

it is recognized by citrate synthase) and further metabolized into 2-fluorocitrate. In turn, 2-fluorocitrate 26 

strongly inhibits aconitase, interrupting the TCA cycle and causing acute toxicity in a variety of 27 

organisms.[92] Natural resistance to fluoroacetate is known to rely on the absence of enzymes from the 28 

glyoxylate cycle,[93] acetyl-CoA synthetase variants endowed with different specificities[94] or the presence 29 

of specific fluoroacetate dehalogenases.[5,95] Strategies for assembling biosynthetic pathways from 30 

fluoroacetate in vivo would thus require the activation of the substrate while avoiding defluorination and 31 
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creation of metabolic dead-ends. Besides by-passing the entrance of fluoroacetyl-CoA into the TCA cycle, 1 

another interesting possibility would be to engineer an aconitase insensitive to the inhibition exerted by 2 

2-fluorocitrate or a citrate synthase variant unable to fit fluoroacetyl-CoA in its active site. Indeed, a recent 3 

report highlights the value of rationally designing fluorometabolites that bind to citrate synthase with 4 

different degrees of affinity.[96] The number of applications of fluoroacetyl-CoA as starting point for neo-5 

metabolism will increase once the toxicity of fluoroacetate is avoided (or, at least, attenuated). According 6 

to the KEGG database,[97] acetate participates directly in 139 biological reactions, and the figures reach 7 

a staggering 215 reactions when acetyl-CoA is considered. The group of Michelle Chang reported an 8 

elegant proof of concept on the incorporation of F into biomolecules starting from fluoroacetate.[98] The 9 

approach consisted on assembling a simple pathway to convert fluoroacetate into fluoromalonate via 10 

activation into fluoroacetyl-CoA followed by a carboxylation step. Then, fluoromalonate was used by an 11 

engineered polyketide synthase as the extender unit for the synthesis of fluorinated polyketides. In a 12 

more recent work from the same group,[99] the accumulation of fluorinated poly(3-hydroxybutyrate) was 13 

achieved by feeding fluoromalonate to an engineered E. coli strain expressing the PHA biosynthesis 14 

machinery.[100] This strategy required assembling an heterologous pathway composed by malonate:CoA 15 

ligase, acetoacetyl-CoA synthase, acetoacetyl-CoA reductase and PhaC polymerase, together with the 16 

expression of a transporter to uptake the externally added fluoromalonate. While the field of 17 

fluorometabolite biosynthesis is benefiting from sophisticated synthetic biology and metabolic 18 

engineering strategies towards new-to-Nature compounds,[101] the incorporation of F into proteins has 19 

been reported since long ago as discussed in the next section.  20 
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3.2.2. Synthesis of fluoro-amino acids and their incorporation into peptides 1 

 2 

Fluoro-amino acids (FAAs) are non-canonical HAAs containing one or more F atoms. As indicated 3 

previously, the only known naturally-produced FAA is 4-fluorothreonine (including not only the formation 4 

of this fluorometabolite by Streptomyces species, but also the assembly of a synthetic route in vitro[102]), 5 

although many different synthetic FAAs have been chemically synthetized.[103] These unnatural amino 6 

acids are particularly interesting for the purpose of xenobiology and the design of neo-metabolism. 7 

Besides, their use provides valuable hints on how information-based process allowed for the genetic 8 

information to emerge and propagate.[104] Many FAAs can be directly incorporated into polypeptides by 9 

the native translational machinery of cells instead of their natural proteinogenic counterparts. On this 10 

background, biosynthesis of fluorinated proteins has been demonstrated in vivo, and the integration of 11 

FAAs into polypeptides can be accomplished by means of two different approaches: residue-specific 12 

incorporation and site-specific incorporation.  13 

 14 

Residue-specific incorporation (Fig. 4) is based on the addition of the FAA to the culture medium of a 15 

yeast or bacterial strain rendered auxotrophic for the canonical, non-halogenated counterpart. When 16 

grown in a minimal medium (i.e. where the auxotrophic strain cannot synthesize the corresponding amino 17 

acid), the cells undergo a global replacement of the natural amino acid in the microbial proteome by its 18 

fluorinated analogue. A usually adopted variant of the technique consists of growing the auxotroph with 19 

a limited concentration of the natural amino acid and, when the residue is totally consumed, the FAA is 20 

added and the production of the protein of interest is concomitantly induced. By using this strategy, the 21 

effects of fluorination in a recombinant protein can be evaluated while minimizing the negative effects on 22 

cell viability due to misincorporation. The list of FAAs assimilated following this strategy is surprisingly 23 

long and not only includes monofluorinated residues (e.g. fluoroproline,[105] fluorohistidine,[106] 24 

fluoroleucine,[107] fluorotyrosine,[108] fluorophenylalanine[109] and fluorotryptophan[110]), but also 25 

polyfluorinated amino acids (e.g. trifluoroleucine,[111] hexafluoroleucine,[112] trifluoroisoleucine,[113] and 26 

trifluorovaline[114]). In fact, one of the first successful reports on the in vivo production of fluorinated 27 

proteins was achieved by Rennert and Anker[115] by feeding trifluoroleucine to cultures of an E. coli strain 28 

auxotrophic for L-leucine. Most of the studies listed above have been developed in different E. coli strains; 29 

the adaptability of this bacterial host to FAA even allowed for the production of a recombinant lipase with 30 

simultaneous replacement of three canonical amino acids by their monofluorinated equivalents. In this 31 
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case, proline, phenylalanine and tryptophan were substituted by their synthetic counterparts 4-(S)-1 

fluoroproline, 4-fluorophenylalanine and 6-fluorotryptophan. The fluorinated version of the lipase was 2 

subsequently purified and characterized, and the variant was shown to keep its enzymatic activity — 3 

although the triple-fluorinated enzyme was produced at a remarkably low levels when compared with the 4 

mono-substituted version.[116] 5 

 6 

Site-specific incorporation (Fig. 4) enables total control on the position where the FAA will be inserted, 7 

but it also requires engineering the translation machinery of the host by expressing an exogenous pair of 8 

aminoacyl-tRNA synthetase (aaRS) and tRNA. This pair should be completely orthogonal to the host 9 

machinery, unambiguously recognizing the FAA without showing (ideally, any) cross-reactivity with the 10 

canonical amino acids. This requirement dictates a major difference with the residue-specific approach; 11 

the former strategy relied on the similarity between the fluorinated and the canonical residue, but certain 12 

structural differences may prove beneficial to achieve orthogonality.[117] To date, most of site-specific 13 

systems have been adapted to recognize the UAG amber codon, which is recorded in the desired 14 

positions of the target protein.[118] This system is limited by the fact that it only allows for the incorporation 15 

of a single FAA species (or, for that matter, any single, non-canonical version of the residue). To 16 

overcome the disadvantage, more blank codons are necessary and new strategies have been developed 17 

based on quadruplet codons[119] — that, despite of being functional, still require considerable 18 

improvement in their efficiency.[120] The first FAA subjected to site-specific incorporation was p-19 

fluorophenylalanine by expressing a tRNAPhe(Amber)/phenylalanyl-tRNA synthetase pair from yeast in E. 20 

coli, as described in the pioneer work of Furter.[121] Improved orthogonality was later achieved by Young 21 

and co-workers[122] by applying an evolved Methanococcus jannaschii aaRS-tRNA pair that suppresses 22 

the amber stop codon, and enables the incorporation of p-fluorophenylalanine (among other unnatural 23 

amino acids) into peptides. Similarly, another evolved aaRS-tRNA pair from M. jannaschii was 24 

engineered for the site-specific incorporation of Fn-tyrosine.[123] Such strategy has been also applied to 25 

the incorporation of multifluorinated FAAs (e.g. trifluoromethyl-phenylalanine[124]) and even more heavily 26 

fluorinated phenylalanine derivatives.[125] As indicated for the residue-specific strategies, most of the 27 

former studies were developed in engineered E. coli strains. Thus far, most of the site-specific 28 

developments for FAAs have been focused on derivatives of phenylalanine and tyrosine with different 29 

degrees of fluorination and other substituents.[126] Nevertheless, site-specific incorporation has been also 30 

achieved for aliphatic FAAs (e.g. Nε-acetyl-L-lysine), and trifluoroacetyl-L-lysine has been demonstrated 31 
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to be incorporated in proteins produced by Saccharomyces cerevisiae using the pyrrolysyl-tRNA 1 

synthetase/tRNA pair from Methanosarcina barkeri.[127] 2 

 3 

The incorporation of FAAs into enzymes is often performed to gain insight into mechanistic[128] or 4 

structural[129] details. However, from the perspective of xenobiology, the idea of adapting a living form to 5 

include a FAA as one of their fundamental building blocks is highly suggestive. In this regard, the early 6 

work of Wong[130] on mutational adaptation to fluorotryptophan has been groundbreaking. In these 7 

experiments, Bacillus subtilis strain QB928, a tryptophan auxotroph, was subjected to a sequential 8 

mutagenic and selection process to identify mutants efficiently growing in 4-fluorotryptophan. In the 9 

parental QB928 strain, 4-fluorotryptophan is incorporated to a much lesser extent than its natural 10 

analogue. A major achievement in these experiments was the isolation of a strain (termed HR23) that not 11 

only showed an enhanced fitness for the FAA, but also preferred the fluorinated variant over the natural 12 

counterpart. The growth of the evolved strain HR23 was even inhibited by tryptophan in an agar plate 13 

assay, and new mutants from QB928 were selected to grow in the presence of 5- and 6-14 

fluorotryptophan.[131] However, the 20 canonical amino acids still constitute the core list of bricks for the 15 

natural proteome (and they have been playing such a role for approximately 3 billion years), which 16 

provides an idea of how tight should the adjustment of the cellular machinery be in order to recognize 17 

and use orthogonal building blocks. Replacing a canonical amino acid by its FAA counterpart is thus 18 

expected to be accompanied by some degree of loss in biological fitness. In the case of B. subtilis strains 19 

adapted to grow in the presence of 4-fluorotryptophan, Mat and co-workers[131] reported the detection of 20 

a derived mutant restoring the initial preference for non-halogenated tryptophan. Thus, the global 21 

replacement of a canonical amino acid by a FAA probably introduces a strong evolutionary stimulus to 22 

recover the natural residue. 23 

 24 

An attractive alternative to generate life forms stably integrating FAAs may proceed through a site-specific 25 

approach. Instead of replacing one of the canonical amino acids, the idea here is expanding the natural 26 

portfolio of building blocks by including a 21st (and beyond) FAA residue. Engineering specific targets of 27 

the host proteome to integrate FAAs might have a beneficial effect sufficient to turn the course of the 28 

evolutionary stream towards fixing F atoms in (neo)metabolism. Fig. 5 schematizes this overall approach 29 

and shows the possibilities of a potential future generation of F-containing enzymes. The strategy has 30 

some precedents beyond the incorporation of this specific element, e.g. the results reported by Ma and 31 
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co-workers.[132] In this proof-of-concept study, a single host was engineered to incorporate both a pathway 1 

for the biosynthesis of an unnatural amino acid and the site-specific machinery for its addition to a target 2 

enzyme, although no biocatalytic advantage was described for the emergent protein. Although the 3 

evidence reported thus far is relatively scarce, some studies dealing with fluorinated enzymes indicate 4 

that F addition results in enhanced catalytic properties. About four decades ago, Ring and co-workers[133] 5 

studied the role of a tyrosine residue in the active site of the archetypal -galactosidase enzyme of E. 6 

coli by globally replacing tyrosine residues by m-fluorotyrosine. Interestingly, the resulting 7 

«fluoroenzyme» showed a several-fold activity enhancement on phenyl--D-galactopyranoside and p-8 

nitrophenyl--D-galactopyranoside as compared to the non-fluorinated version. Similarly, the 9 

replacement of the catalytic tyrosine of a ∆5-3-ketosteroid isomerase of Comamonas (Pseudomonas) 10 

testosteroni by 2-fluorotyrosine and the incorporation of 3-fluorophenylalanine into the PvuII 11 

endonuclease (both heterologously produced in E. coli), led to 2-fold increase in their specific 12 

activities.[134] More recently, all phenylalanine residues in the S5 phosphotriesterase were replaced by p-13 

fluorophenylalanine by expressing the gene encoding the esterase in a phenylalanine-auxotroph 14 

derivative of E. coli, resulting in a substantial improvement in catalytic efficiency against two different 15 

substrates.[135] 16 

 17 

As interesting as catalytic improvements in fluorinated proteins are, they are also hardly predictable, 18 

requiring detailed knowledge on structure and mechanism of the target enzyme. In contrast, the «fluorous 19 

effect», i.e. fluorophilicity towards highly fluorinated organic molecules, has been proposed by Budisa 20 

and co-workers[136] as a robust way to enhance enzyme stability. The approach consists in replacing the 21 

hydrophobic core of a certain protein by a fluorous core formed by perfluorinated amino acids. The 22 

trifluoromethyl group (–CF3) is almost twice as hydrophobic as the methyl group (–CH3), suggesting that 23 

a protein with a fluorous core would be subjected to hydrophobic collapse and therefore to proper folding 24 

driven by exclusion from both aqueous and organic phases.[136] Enhancements in stability associated to 25 

this rationale have been confirmed by multiple studies that explored the effects of including FAAs on 26 

proteins. Some of the reported improvements affected refoldability and thermoactivity,[135] thermostability 27 

and organic solvent tolerance,[137] thermal and chemical stability,[111] folding efficiency[138] and global 28 

stability.[139] Indeed, Buer and co-workers[140] expanded on the molecular basis of the stabilization effect 29 

of a perfluorinated protein core and found an upgraded packing efficiency of side chains that increases 30 

the buried hydrophobic surface area. The same study lists cases where FAAs incorporation had no 31 
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positive effect on protein stability — i.e. when F atoms have no impact on the relation between the volume 1 

occupied by the peptide chains and the total volume of the core. 2 

 3 

Despite the potential benefits brought about by the presence of F on protein properties, the bioproduction 4 

of fluorinated polypeptides is severely hampered by the dearth of FAAs stemming from biological routes. 5 

Currently, the broad repertoire of FAAs mostly encompasses amino acids exclusively produced by 6 

chemical synthesis.[141] As indicated above, FAAs should be externally added to the culture to force their 7 

incorporation into the proteome, which is considered a disadvantage in terms of cost and 8 

sustainability.[142] Deciphering regulatory details of the 4-fluorothreonine biosynthetic pathway in S. 9 

cattleya could be a major breakthrough to overcome this limitation, but this is not the only route towards 10 

in vivo production of FAA via neo-metabolism. In this sense, the use of tyrosine phenol-lyases is 11 

remarkable because of its simplicity. Fluorinated tyrosine can be synthetized in a single step from a 12 

fluorophenol derivative, pyruvate and NH3. VonTersch and co-workers[143] described the synthesis of 13 

different mono-, di- and tri-fluorinated derivatives of L-tyrosine using a tyrosine phenol-lyase from 14 

Citrobacter freundii, although the yields ranged between 10%-42% in comparison to the synthesis of the 15 

natural amino acid. Interestingly, in a later work, the same tyrosine phenol-lyase mediated 99% 16 

conversion of 2-fluorophenol into 3-fluorotyrosine, whereas the yield of tyrosine on phenol was limited to 17 

40%.[144] 18 

 19 

The canonical reaction of phenylalanine dehydrogenases is the interconversion between phenylpyruvate 20 

with NH3 and phenylalanine with NADH as cofactor. However, protein engineering has proven to be an 21 

effective strategy to expand the promiscuity of these enzymes to accept different 2-oxoacids as 22 

substrates.[145] Based on this potential, Busca and co-workers[146] used three different mutant versions of 23 

phenylalanine dehydrogenase from Bacillus sphaericus to synthetize 2-, 3- and 4-fluorophenylalanine 24 

from the corresponding fluorophenylpyruvate derivatives and NH3. Another engineered version of the 25 

enzyme from B. sphaericus displayed the ability to synthetize 4-fluorophenylalanine together with 26 

enhanced stability against organic solvents.[147] Paradisi and co-workers[148] established a more 27 

sophisticated system, combining mutant versions of the orthologue from B. sphaericus with an alcohol 28 

dehydrogenase to oxidize ethanol to acetaldehyde — a cost-effective NADH regeneration strategy that 29 

enabled millimole-scale synthesis of p-fluorophenylalanine and p-CF3-phenylalanine.  30 

 31 
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Fluorotryptophan can be also synthetized in a one-pot reaction from serine and a fluoroindole derivative 1 

using a tryptophan synthase as the biocatalyst. Goss and co-workers[149] developed a method to produce 2 

fluorotryptophan using a cell lysate of E. coli expressing the gene encoding a tryptophan synthase from 3 

Salmonella enterica. By following this strategy, production of 5-, 6- and 7-L-fluorotryptophan was scaled 4 

up to gram quantities with yields on indole ranging from 40 to 80%. Biosynthesis of 5-fluorotryptophan by 5 

the tryptophan synthase from S. enterica has been also performed using immobilized enzyme and in 6 

catalytic biofilms,[150] the latter with high conversion yields above 90%.[151] In another recent and very 7 

suggestive study, Fang and co-workers[152] discussed the potential of type II aldolases for the synthesis 8 

of valuable fluorinated compounds. The approach proposed by the authors relies on the ability of 9 

aldolases to form C–C bonds, coupling Pyr-3-F to different aldehydes with very high selectivity. Two 10 

different -fluoroamino acids (among other fluorinated structures that can be obtained by adopting this 11 

approach) were synthesized by combining the activities of an aldolase from E. coli or Sphingomonas 12 

wittichi with a transaminase from Vibrio fluvialis. -Amino acids, with or without F, cannot be directly used 13 

for the synthesis of natural polypeptides, but -fluoroamino acids are endowed with physicochemical 14 

properties that make them attractive for medical applications.[153] 15 

 16 

Pyr-3-F is also a key substrate for the synthesis of fluoroalanine. Early works showed that (R)-3-17 

fluoroalanine can be easily produced from Pyr-3-F and NH3 in a one-pot reaction using alanine 18 

dehydrogenase, although this method consumes the expensive cofactor NADH in stoichiometric 19 

quantities. Ohshima and co-workers[154] overcame this drawback by coupling the synthesis of (R)-3-20 

fluoroalanine with enzymatic oxidation of formate to CO2, a process catalyzed by a NAD+-dependent 21 

formate dehydrogenase. The system was successfully transferred to a continuous reactor using alanine 22 

dehydrogenase from B. sphaericus and a formate dehydrogenase from yeast. More recently, a different 23 

scheme was developed to completely circumvent redox cofactor requirements. In this one-step reaction, 24 

the synthesis of (R)-3-fluoroalanine was catalyzed by the ω-transaminase from V. fluvialis using Pyr-3-F 25 

and (S)--methylbenzylamine as substrates.[55] Interestingly, the synthesis of (S)-3-fluoroalanine is more 26 

challenging and it is performed through a chemoenzymatic approach. The first step consists of reductive 27 

amination of Pyr-3-F to form rac-fluoroalanine, a mixture of the R- and S-isomers. (R)-3-fluoralanine is 28 

then converted into Pyr-3-F and NH3 by alanine dehydrogenase — now catalyzing the reverse reaction 29 

and reducing (rather than oxidizing) NAD+. The last step is catalyzed by L-lactate dehydrogenase, forming 30 

(R)-3-fluorolactic acid and oxidizing NADH.[155] Unlike (R)-3-fluoroalanine, the (S)-isomer cannot replace 31 
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L-alanine in biosynthesized polypeptides, but this chemical species is considered as an antibiotic because 1 

of its capacity to irreversibly inactivate bacterial racemases.[156] 2 

 3 

Despite using different biocatalysts and substrates, one essential aspect of in vitro biosynthetic 4 

approaches distinguishes them from the pathway towards 4-fluorothreonine synthesis. All of these 5 

reaction sequences require a fluorinated organic substrate, whereas 4-fluorothreonine synthesis begins 6 

with inorganic fluorine via the fluorinase reaction. Fluorosubstrates needed for the (partially bio-based) 7 

synthesis of FAAs are obtained by chemical synthesis in ways that are more cost-effective, simpler and/or 8 

more environmentally friendly when compared to FAAs production by purely chemical means. From the 9 

perspective of xenobiology and neo-metabolism, connecting these biosynthetic strategies with inorganic 10 

fluorine would be a major achievement and the canonical biosynthetic route of S. cattleya is key to this 11 

purpose. The end-metabolite of the route is fluoroacetate and, as mentioned above, fluoroacetate and its 12 

activated derivative fluoroacetyl-CoA may be subjected to a number of metabolic conversions towards 13 

fluorometabolites. In this context, the reactions within the TCA cycle, which uses acetyl-CoA as the 14 

starting C2 unit and whose intermediates are channeled into the synthesis of several amino acids,[157] 15 

could be exploited for incorporation of F into different chemical structures. This strategy is a promising 16 

source of reactions to engineer a fluorinated proteome, yet the inhibition of aconitase by 2-fluorocitrate is 17 

still an unsolved problem. Additionally, metabolic adjustments and engineering of key enzymes are likely 18 

necessary to efficiently produce a certain FAA to be part of a specific protein without exerting a negative 19 

impact on fitness. While these challenges are being addressed, fluorotyrosine is probably the most 20 

promising FAA for xenobiology developments in the short term. 21 

 22 

Unlike other FAAs, fluorotyrosine is not only enzymatically synthetized with comparatively high yields and 23 

in one-step reactions from fluorophenol, a cost-effective substrate,[144] but there is also an orthogonal 24 

system for site-specific incorporation of Fn-tyrosine in reassigned amber codons.[123] In this sense, its 25 

potential for xenobiology is superior to that of 4-fluorothreonine itself, which lacks an available system for 26 

site-specific incorporation. In S. cattleya, natural producer of 4-fluorothreonine, this FAA is 27 

misincorporated in proteins in lieu of L-threonine, and a fluorothreonyl-tRNA deacylase that hydrolyzes 28 

fluorothreonyl-tRNAs is needed to limit the potential toxicity of this FAA.[158] On the contrary, and as 29 

mentioned above, incorporation of fluorotyrosine has been demonstrated to improve the catalytic 30 

properties of certain enzymes. A strategy to exploit such advantages might consist of developing a 31 
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biocatalyst, either by rational design[159] or by directed evolution,[160] in which the presence of 1 

fluorotyrosine causes a significant catalytic enhancement or confers the ability to mediate a non-natural 2 

reaction.[161] Such an engineered enzyme should be expressed in a microbial host carrying both the site-3 

specific system for FAA incorporation and the biosynthetic machinery recognizing fluorotyrosine. By 4 

following this strategy, it may be even possible to revert the normal evolutionary stream, switching from 5 

the natural tendency of avoiding the presence of F (i.e. through the mechanisms indicated in the previous 6 

sections, including fluoride transporters,[81] dehalogenases[162] or fluoroaminoacyl-tRNA deacylases[158]) 7 

to the positive selection of mutants displaying enhanced ability to use fluorine and fluorometabolites. In 8 

other words, a change from fluorine-tolerance to fluorine-dependence would constitute a giant leap 9 

forward for xenobiology and the implementation of neo-metabolism for biofluorination. 10 

 11 

3.2.3. Integrating F into other macromolecules and alternative F-based life forms 12 

 13 

Proteins are just one example of polymers that could accept fluorinated monomers. XNAzymes are a 14 

remarkable example of macromolecules where the presence of F could bring about emergent properties. 15 

Xenonucleic acids (XNAs) are genetic polymers with backbone structures different from those associated 16 

to DNA and RNA.[163] Similarly, XNAzymes are the xeno-analogues of ribozymes and DNAzymes[164] — 17 

folded polymers build of unnatural nucleic acid units able to catalyze a certain reaction. Currently, the 18 

number of XNAzymes is limited, but, interestingly, one of them is the group of 2’-fluoroarabino nucleic 19 

acid enzymes or FANAzymes. These fluorinated biocatalysts have been reported to cleave RNA and, 20 

more recently, evolved versions have proven to attack chimeric DNA substrates.[165] 21 

 22 

The wide variety of fluorinated structures (both monomeric and polymeric) poses an exciting question for 23 

xenobiologists: could F serve as the chemical basis of (alternative) biological systems? The suggestive 24 

observations of Budisa and co-workers[166] highlighted the possibility that life could develop in a F-rich 25 

planetary environment. The authors based their analysis on the physicochemical traits of this element, 26 

e.g. its potential to be incorporated into cellular proteomes and the fact that perfluorinated molecules form 27 

their own «fluorous phase», different from both aqueous and hydrocarbon phases. The evidence would 28 

indicate that F could be a main constituent of (alternative) life forms, provided that it is sufficiently 29 

abundant. The study also points that aqueous HF could be a suitable solvent for the emergence of 30 
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biologically-relevant reactions, although both inorganic and organic biochemistry in such a chemical 1 

environment would be quite different from the ones we know on Earth. 2 

 3 

4. Silicon 4 

 5 

Historically, Si is the element that has aroused more fascination than any other atom — not only from the 6 

perspective of xeno- but also exobiology. Several scientific reports have discussed its potential role in 7 

alternative life forms,[167] and the very expression in silico alludes to silicon and it was coined in 1987 to 8 

refer to artificial living systems.[168] This interest is based on its similarities to C, the essential backbone 9 

element in biomolecules. C and Si are the first and second members of Group 14 in the periodic table, 10 

respectively (Fig. 1). As deduced by their positions in the periodic table, both elements share the same 11 

number of valence electrons, although there is a crucial difference between the electron configurations 12 

of C (1s2 2s2 2p2) and Si (1s2 2s2 2p6 3s2 3p2), implying that the available p orbitals of Si free to form double 13 

or triple bonds are located in the third shell. This occurrence results in a poor overlap of the orbitals, 14 

causing weaker π bonds and making unstable Si=Si, Si=C and Si=O double bonds.[169] On the contrary, 15 

Si mirrors C regarding formation of single chemical bonds, being able to establish four covalent links, 16 

including Si–Si, Si–C, Si–H and Si–O. Despite the fact that there are no organosilicone compounds (i.e. 17 

compounds containing C–Si) produced biologically,[170] there is a huge number of different Si-containing 18 

molecules chemically synthetized (as displayed in Fig. 6). Many of these organosilicones are endowed 19 

with different bioactivities,[171] some of which will be mentioned below. Remarkably, polysilanes, 20 

molecules composed by a Si–Si backbone, exhibit an amphiphilic nature that determines their self-21 

aggregation in water, forming vesicles and micelles that resemble cellular membranes.[172] 22 

 23 

In spite of the versatility of Si chemistry, this element is still an outsider of natural biochemistry, and 24 

biological mechanisms to introduce Si into organic molecules are scarce. Biologists have gained insight 25 

into the natural utilization of Si through the study of marine organisms able to produce large quantities of 26 

silicified structures. Different organisms, e.g. sponges or diatoms, possess silica skeletons formed by 27 

sequestering the orthosilicic acid [Si(OH)4] present in seawater (Fig. 6). Interestingly, the process through 28 

which these skeletons are built up occurs at physiological conditions, it is genetically controlled and 29 

several proteins are involved.[173] The marine demosponge Tethya aurantia is known to produce large 30 

quantities of silica, and it has become a model organism to decipher the process of biosilicification.[174] 31 
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Demosponges contain specialized cells, called sclerocytes, which synthetize spicules, the basic 1 

structural element of the silica skeleton. Spicules are structures composed by an axial protein filamentous 2 

core included within the biosilica. The protein component is formed by three subunits named silicateins 3 

,  and γ. Homologues of these proteins have been identified in other demosponges, e.g. Suberites 4 

domuncula, Petrosia ficiformis, Lubomirskia baicalensis and Ephydatia fluviatilis. Initially, silicateins were 5 

believed to possess a purely scaffolding function, acting as a template for the silica structure to grow, but 6 

the finding of a close relation between silicatein and the enzyme cathepsin L prompted the investigation 7 

of a possible biocatalytic role by these proteins.[174] Experiments performed using the model substrate 8 

tetraethyl orthosilicate and a set of mutants in key residues of the active site unequivocally demonstrated 9 

the biocatalytic properties of silicatein and allowed to propose a general mechanism for the enzyme 10 

activity. According to the proposed model, silicatein works through a nucleophilic attack by a catalytic 11 

serine on the silicon center of the substrate causing the disruption of an ethyl radical and the formation 12 

of an enzyme–O–Si intermediate. The intermediate is broken due to a second nucleophilic attack by a 13 

water molecule, thereby releasing a silanol (R–Si–OH) group. Silanol is amenable to condensation with 14 

the silicon center of tetraethyl orthosilicate (Fig. 6), initiating the polymerization of silica. The final 15 

deposition of the formed silica is directed by the silicatein filaments.[175] In a recent report, Tabatabaei 16 

Dakhili and co-workers[176] provided mechanistic insight into the ability of silicateins to hydrolyze and 17 

condense Si–O bonds. The study highlighted the capacity of recombinant Sil from Suberites domencula 18 

in promoting hydrolysis, condensation and transesterification of a range of Si-containing substrates. The 19 

preference of the enzyme for aromatic rather than aliphatic hydroxyl groups while catalyzing their 20 

condensation was identified as a significant difference in comparison to non-enzymatic silylations. 21 

Interestingly, these properties of silicatein have proven to be adaptable to metalloids other than Si. In this 22 

way, a simple metalloid oxide could be converted into nanocrystalline polymorphs in a process carried 23 

out under mild conditions, whereas the chemical approach would require high temperatures and/or 24 

extreme pH values. Some examples of hydrolysis and polycondensation reactions catalyzed by silicatein 25 

are the formation of titanium dioxide and gallium oxide.[174] Yet, what is the role Si in the biological 26 

synthesis of organic molecules?  27 
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4.1. Enzymatic synthesis of organosilicon compounds 1 

 2 

The remarkable catalytic properties of silicatein still keep Si as a collateral element for biochemistry, as 3 

it mostly part of skeletons instead of being a component of metabolites. The situation changed drastically 4 

in 2016, when the first enzyme engineered to mediate the formation of C–Si bonds was reported.[170] In 5 

the groundbreaking research carried out in the group of Frances Arnold, it was hypothesized that some 6 

heme proteins may be able to catalyze the formation of C–Si bonds. After assaying different bacterial 7 

and eukaryotic cytochrome c proteins, one isolate from Rhodothermus marinus (Rma cyt c) emerged as 8 

a candidate for this purpose — not only because of its ability to catalyze the reaction but also due to its 9 

stereocontrol, far above that in any other enzyme tested thus far. Mutagenesis of the key residue of the 10 

active site was followed by sequential site-saturation mutagenesis and led to the identification of a triple-11 

mutant with a 15,000-fold enhancement of the initial turnover and >99% enantiomeric specificity. In the 12 

same study, the evolved Rma cyt c was successfully used to synthetize 20 silicon-containing organic 13 

products. 14 

 15 

Little is known about the metabolic processing of organosilicon compounds (if at all relevant), but several 16 

articles describing different biotransformations of these unnatural chemicals demonstrate the existence 17 

of natural enzymes active on silano molecules despite the presence of the C–Si bond. Frampton and 18 

Zelisko,[177] for instance, listed organisms (comprising multiple eukaryotes, especially yeast, and several 19 

bacterial species) known to execute biotransformations on organosilicon molecules. Most of these 20 

organisms were identified in an early screening of strains able to enantioselectively reduce 21 

acetyldimethylphenylsilane,[178] although the yeasts Kloeckera cortices and Trigonopsis variabilis are the 22 

most studied organisms displaying catalytic activities on organosilicones.[177]  23 

 24 

In addition to whole-cell transformations mediated by these organisms, some enzymes are capable of 25 

catalyzing the conversion of organosilicon substrates. A lipase from Candida cylindracea uses rac-1,1-26 

dimethyl-1-sila-cyclohexan-2-ol as substrate for transesterification, and the OF 360 lipase from the same 27 

yeast also employs silyl alcohols as acyl acceptors. Trimethylsilylmethanol can be esterified by lipases 28 

from C. cylindracea, Rhizopus japonicus and hog pancreas. Other lipases able to esterify specific 29 

silylated alcohols are the enzymes isolated from Chromobacterium viscosum and Pseudomonas 30 

fluorescens.[177] Abbate and co-workers[179] identified several commercial hydrolases that could mediate 31 
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condensation of silanols in aqueous environments through the formation of siloxane bonds (Si–O–Si). 1 

These enzymes, belonging to diverse functional groups, encompass the phytases from Aspergillus 2 

ficuum and A. niger, chicken egg white lysozyme, porcine gastric mucosa pepsin and a lipase from 3 

Rhizopus oryzae. The well-known penicillin G acylase enzyme was shown to selectively hydrolyze a 4 

specific phenylsilane from a racemic mixture.[180] An alcohol dehydrogenase from horse liver also displays 5 

the ability of oxidizing silylated alcohols.[181] Besides natural biocatalysts, enzyme engineering expanded 6 

the scope of enzymatic functionalization of organosilanes. For instance, the cytochrome P450 7 

monooxygenase P450BM3 from Bacillus megaterium was recently submitted to directed evolution, and 8 

the engineered enzyme could selectively oxidize a series of organosilanes to the correpsonding 9 

silanols.[182] These examples expose the role of Si as a rare occurrence that is tolerated (rather than 10 

preferred) by selected microbial enzymes, but the presence of this atom in key metabolic intermediates 11 

(e.g. amino acids) deserves special attention because of its biological relevance.  12 

 13 

4.2. Amino acids containing C–Si bonds as key building blocks 14 

 15 

A particularly relevant family of organosilicon molecules for xenobiology is formed by Si-containing amino 16 

acids (SiAAs), broadly defined as residues displaying a stable C–Si bond. Unlike HAAs, no examples are 17 

known of naturally-occurring SiAAs, and no biosynthetic methods for their preparation have been reported 18 

to date. However, there is a wide variety of SiAAs produced by chemical synthesis, not only comprising 19 

-, - and -silyl--amino acids, but also other varieties such as p-(trimethylsilyl)phenylalanine or 20 

silaproline.[183] Some of these molecules are known to possess similar physicochemical properties as 21 

those of proteinogenic amino acids, and -trimethylsilyl alanine is considered to be a bioisostere for L-22 

phenylalanine.[184]  23 

 24 

For a detailed description on synthetic methods of an extensive list of SiAAs, we recommend the recent 25 

review of Rémond and co-workers.[183] To the best of our knowledge, there are no reports of Si-containing 26 

amino acids incorporated into proteins or large polypeptides, but there are several bioactive peptides 27 

containing SiAAs. In the same way that C–H can be replaced by C–F with minimum structural distortion, 28 

the similarities between C and Si led researchers to think that it would be possible to introduce the latter 29 

without loss of active conformation. However, according to Sieburth[185] some intrinsic limitations should 30 

be taken into account; e.g. that Si–H bonds are easily oxidized, multiple bonds to silicon are remarkably 31 
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unstable (mainly because of the weak π bonds, as mentioned above), the presence of Si in 3- and 4-1 

member rings makes the structure too strained, an unsaturation close to a Si atom introduces molecular 2 

instability and Si–heteroatom bonds are highly susceptible to hydrolysis. As a general consequence of 3 

these considerations, quaternary carbons in bioactive molecules are the ideal target for the C-to-Si swap. 4 

 5 

Some reported bioactive SiAA-containing peptides include a variant of the renin inhibitor, where 6 

trimethylsilyl alanine (TMSAla) replaces a key phenylalanine residue, thereby increasing the resistance 7 

to -chymotrypsin treatment.[184] Septide, a version of substance P, is a neuropeptide associated with 8 

inflammatory processes and pain, a specific variety of this biopeptide containing -trimethylsilyl alanine 9 

and proline showed reduced affinity compared to the natural peptide but, remarkably, the replacement of 10 

proline by silaproline changed pharmacological properties and fully restored the affinity.[186] Cetrorelix is 11 

a gonadotropin-releasing hormone receptor (GnRH receptor) antagonist and it shows strong binding to 12 

GnRH receptor and enhanced duration effect when the peptide is modified by incorporating trimethylsilyl 13 

alanine into its structure.[173] Another example of this sort is octadecaneuropeptide and its minimum 14 

sequence retaining activity (OP), which belong to the endozepin family and contain a proline important 15 

for the active conformation. The replacement of this proline residue by silaproline led to the synthesis of 16 

an analogue with a higher bioactivity than octadecaneuropeptide in terms of inducing the release of Ca2+ 17 

in rat astrocytes.[183] The incorporation of SiAAs in a target peptide usually increases its lipophilicity, and 18 

this feature has been exploited to enhance the membrane permeability of some pharmacologically 19 

relevant peptides, e.g. alamethicin[187] or the cell penetrating peptide CF-(VRLPPP)3.[188] 20 

 21 

In conclusion, a Si-based biochemistry is at an early stage of development compared with, for instance, 22 

F and other halogens. However, the key elements for the development of xenobiology approaches to 23 

incorporate Si into life are already available (or their development is considerably advanced) — enzymes 24 

capable of transferring inorganic Si to organic molecules,[170] the identification of Si-containing 25 

bioisosteres to natural molecular building blocks and a number of experimental reports on the 26 

incorporation of Si to bioactive compounds to enhance physicochemical properties.  27 
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5. Arsenic 1 

 2 

In the same way that F and Si can be considered analogues of H and C, respectively, As is similar to P. 3 

Both chemical elements belong to Group 15 of the periodic table and occupy contiguous positions, which 4 

implies similar physicochemical properties, although the huge abundance of P in comparison to As 5 

confers a great advantage to the former to be preferred for life (Fig. 1). Speculations on alternative life 6 

development replacing P by As had an (apparent) major step forward in 2010 with the isolation of 7 

Halomonadaceae GFAJ-1, a bacterial strain supposedly replacing P by As in macromolecules in the 8 

absence of the former chemical element.[189] However, critical assessment of the contents of this study 9 

soon led to the general opinion that the organism was simply an isolate displaying high As tolerance. 10 

Particularly enlightening contributions led to this conclusion. Reaves and co-workers[190] carefully 11 

replicated Wolfe-Simon’s culture conditions but, unlike the original work, no arsenate was detected in 12 

DNA extracted from GFAJ-1 cells. Another study put the focus on the fact that the original culture 13 

conditions contained 2.7 to 3.2 M P from impurities. When this concentration was decreased by one 14 

order of magnitude, the strain lost the ability to grow on arsenate.[191] Furthemore, Basturea and co-15 

workers[192] demonstrated that massive ribosome breakdown can provide enough P to keep cell viability. 16 

From a more theoretical perspective, Tawfik and Viola[193] remarked the fact that arsenate esters are 17 

orders of magnitude more susceptible to hydrolysis than the P counterparts, therefore it would be highly 18 

unlikely that arsenates can replace phosphates in life macromolecules in the Earth’s biosphere.[194] 19 

Although there are enzymes known to accept the arsenate oxyanion in place of phosphate, the 20 

arsenylated products rapidly decompose because of their intrinsic instability. Interestingly, arsonates (–21 

C–AsO32–) act as analogues of phosphonates (–C–PO32–) with no major differences in chemical stability. 22 

Despite the fact that C–P bonds are not involved in most biochemical processes, analogue substrates 23 

containing C–As are reported to be recognized by enzymes, and the cognate reactions can proceed as 24 

long as the transformation of the C–As bond itself is not involved.[193] Nevertheless, As does serve a 25 

major role in microbial metabolism. Arsenate [As(V)] acts as the respiratory oxidant for certain bacteria. 26 

This phenomenon was described in Sulfurospirillum arsenophilum and Sulfurospirillum barnesii, which 27 

couple the oxidation of lactate to the reduction of As(V) to arsenite [As(III)]. The opposite process has 28 

been also reported for a number of prokaryotic species. Oxidation of As(III) to As(V) has been traditionally 29 

interpreted as a detoxification mechanism,[195] although this process is involved in CO2 fixation in some 30 

chemolithoautotrophs.[196] In addition, As has been suggested to play an essential role in life,[197] related 31 
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to methionine metabolism.[198] These metabolic implications are likely to be the origin of naturally-1 

occurring organoarsenic compounds that will be reviewed next. 2 

 3 

5.1. Enzymatic synthesis of organoarsenic compounds 4 

 5 

All the considerations listed in the preceding section seem to relegate As to a secondary role for 6 

xenobiology purposes. Nevertheless, early reported facts on biological processing of As strongly suggest 7 

that much of the biochemistry of this element and the (potential) role of As-metabolites is still unknown. 8 

The first enzymatic transformation of As experimentally identified has been methylation, a reaction by 9 

means of which inorganic As enters the organic realm, frequently in the form of a volatile metabolite. As 10 

early as 1892, Bartolomeo Gosio demonstrated the conversion of inorganic As into a volatile 11 

metabolite[199] by the fungus Scopulariopsis (Microascus) brevicaulis. In 1932, this compound was 12 

identified as trimethylarsine [As(CH3)], which became the first identified As-containing metabolite.[200] It 13 

was not until the 1990s that arsenite methyltransferases were purified and characterized, exposing SAM 14 

as the key methyl donor for the reaction.[201] Initially, these biocatalysts were interpreted to be part of 15 

detoxification processes, but this hypothesis has been dismissed because of the fact that biologically 16 

formed (mono)methylarsonic acid and dimethylarsonic acid are by far more cytotoxic than inorganic 17 

arsenite.[202] Besides arsenite methyl transferases, studies on As biotransformations have identified two 18 

classes of enzymes involved in the oxidation/reduction of arsenocompounds, i.e. arsenate 19 

reductases,[203] necessary to convert As(V) into As(III), and arsenite oxidases that transform As(III) into 20 

As(V).[204] However, the existence of these three families of biocatalysts are insufficient to explain the 21 

synthesis of all arsenometabolites discovered up to date, which includes arsenosugars,[205] 22 

arsenolipids[206] and other compounds such as arsenobetaine.[207] Fig. 7 displays the main As-containing 23 

organocompounds indicated in this section. Despite the fact that some pathways have been tentatively 24 

proposed, involving enzymatic and non-enzymatic steps (e.g. direct oxidation by H2O2[208]), evidence fully 25 

supporting the existence (and relevance) of these routes is still missing. In this context, new As-related 26 

biocatalysts may be identified in the future, providing new tools for xenobiology to exploit incorporation 27 

of As into biomolecules via neo-metabolism. As-based drugs (i.e. arsanilic acid) have been shown to act 28 

as effective treatments against highly relevant diseases (e.g. cancer, trypanosomiasis or syphilis),[209] 29 

highlighting the importance of developing bio-based alternatives to chemical synthesis for As-containing 30 

chemicals. Biological parts towards such compounds could be actually hiding in plain sight: Danchin and 31 
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co-workers[210] have explored scenarios where bacteria living in an As-replete environment could recruit 1 

biological processes involving Se and sulfur to detoxify As via the formation of innocuous 2 

monothioarsenate. 3 

 4 

6. Other chemical elements 5 

 6 

Apart from the chemical elements listed in the previous sections, other relevant atoms can be bio-7 

incorporated into organic molecules — although the biological relevance of the cognate metabolites (if 8 

any) is still obscure. A detailed description of all of them is beyond the scope of this review, but some 9 

remarkable occurrences (i.e. boron [B], tellurium [Te] and metals) are summarized in the following 10 

sections. 11 

 12 

6.1. Boron 13 

 14 

Boron-containing compounds are scarce in nature and no biological organoboranes (i.e. molecules with 15 

at least one stable C–B bond) have been reported thus far.[211] The few known organisms able to produce 16 

them appear to exploit the reactivity of some metabolites to spontaneously react with chemicals 17 

containing B in the environment, in a synthetic process that does not seem to be enzymatically catalyzed. 18 

The work of Kan and co-workers[212] completely changed this state of affairs by using directed evolution 19 

approaches to engineer the cytochrome c from R. marinus (i.e. the same enzymatic scaffold used for 20 

synthetizing organosilicons, discussed in previous sections) to catalyze B incorporation into organic 21 

structures. The evolved enzyme was determined to form C–B from borane–Lewis base complexes, 22 

presenting strong enhancements both in turnover and enantiomeric ratio compared to the wild-type 23 

biocatalyst. The role of B as a constituent of proteins has also witnessed major advances. Chemical 24 

synthesis provides access to a variety of B-containing amino acids[213] and a site-specific approach has 25 

been developed to insert p‐boronophenylalanine into polypeptides.[214] Interestingly, B incorporation 26 

allows engineering mechanisms for carbohydrate recognition that would be challenging for natural 27 

proteins.[215]  28 
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6.2. Tellurium 1 

 2 

The group of chalcogens comprises four stable elements: O, S, Se and Te. Among them, O and S are 3 

part of the canonical elements of life, and Se is intricately intertwined to biochemistry as well. Reich and 4 

Hondal[216] published a review on the role of Se in life, explained on the basis of its physicochemical 5 

properties and reactivity; the review includes the known biotransformations of selenochemicals and Se-6 

containing enzymes. The situation with tellurium, another chalcogen, is very different since this element 7 

is almost completely orthogonal to life despite its proximity (and similarities) to Se. To date, most efforts 8 

on Te biochemistry have focused on studying its effects on bacteria, e.g. mechanisms by which Te salts 9 

enter the cell, insights on the toxicity of the tellurite oxyanion and identification of enzymes involved in its 10 

reduction (and detoxification).[217] From a practical perspective, biologically synthetized Te-nanoparticles 11 

have been recognized as valuable products with a number of interesting applications, and several 12 

bacterial species have been characterized as bioproducers of such nanoparticles.[218] Nevertheless, a 13 

major interest on Te relies on the existence of a few examples of Te-containing amino acids. 14 

Telluromethionine,[219] 2-tellurienylalanine (an isostere of L-phenylalanine)[220] and tellurocysteine[221] 15 

could be incorporated into proteins by the cell machinery through residue-specific approaches, without 16 

causing any significant perturbation of their native conformations. This capacity has been exploited as an 17 

approach for X-ray structure analysis of proteins, combining the individual advantages of Se and heavy 18 

metals incorporation.[222] The study of Liu and co-workers,[221] also relying on bioisosterism, is particularly 19 

attractive because it describes the development of a new enzymatic activity by the rational incorporation 20 

of tellurocysteine into a glutathione transferase. Interestingly, fungi tolerant to Te salts have been reported 21 

to form telluromethionine and tellurocystine in the presence of tellurite,[219] suggesting the possibility of 22 

developing biosynthetic approaches for these residues. 23 

 24 

6.3. Metallic elements 25 

 26 

Artificial metalloenzymes have emerged as a powerful tool to develop non-biological reactivities. The 27 

fundamental reasoning here is that inclusion of non-native prosthetic groups into appropriate protein 28 

scaffolds can change an enzyme scope beyond what would be possible with conventional directed 29 

evolution or rational mutagenesis.[223] Apart from the novel catalytic possibilities brought about by this 30 

strategy, such an approach can be harnessed for xenobiology. On the one hand, unnatural amino acids 31 
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have been reported as useful linkages between cofactor(s) and the protein scaffold.[224] On the other 1 

hand, some artificial metalloenzymes carry metal atoms that are not part of the natural biochemistry — 2 

yet another example of the potential of bringing abiotic chemical elements into life. Some examples are 3 

iridium,[225] ruthenium,[226] palladium,[227] osmium[228] and rhodium.[229] While the incorporation of metallic 4 

elements into living cells via neo-metabolism awaits further development, critically revisiting the role of 5 

alkali metallic ions (e.g. potassium,[230] widespread in life) indicates that they have been selected because 6 

of some of their idiosyncratic properties rather than by an accidental evolutionary occurrence. These 7 

principles provide fundamental guidance towards engineering routes for integration of non-biological 8 

atoms into the biochemistry of microbial cells. 9 

 10 

7. Summary and Outlook 11 

 12 

Current demands for developing green production alternatives able to match the versatility and the cost-13 

effectiveness of conventional organic chemistry are unfortunately not complemented by bio-based 14 

options that could fulfil these needs. We argue that intersecting xenobiology with the design of neo-15 

metabolism could pave the way towards addressing this problem, and the last two decades have 16 

witnessed several examples of exogenous, non-biological elements incorporated into the chemistry of 17 

life. More members of the periodic table are expected to join the biological agenda in the years to come, 18 

and the role of new atoms is expected to be expanded as long as protein engineering, synthetic biology 19 

and metabolic engineering strategies becomes more and more sophisticated. 20 

 21 

In this article, we have discussed the state-of-the-art for the incorporation of Cl, Br, I, F, Si and As into 22 

organic molecules, with varying degrees of development depending on the element considered. The 23 

occurrence and knowledge on the incorporation of halogens into organic compounds is deeper than for 24 

other xeno-elements, and includes several classes of enzymes for their incorporation into organic 25 

structures together with thousands of identified halogenated metabolites. Yet, why are halogens largely 26 

restricted to secondary metabolism? Their absence from naturally occurring proteins, nucleic acids and 27 

metabolites in central biochemical pathways may imply the existence of a strong evolutionary barrier — 28 

probably because, unlike F, the remaining halogens are not ideal replacements of H in C–H bonds in 29 

terms of molecular distortion. Additionally, the low abundance of all the mentioned elements with the 30 

exception of Cl and Si should be also considered and properly addressed. Although the potential of F in 31 
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neo-metabolism is hampered by the inefficiency of the fluorinase enzyme, the capacity of F to mimic H 1 

in size and bond geometry, together with the fact that most tested enzymes are able to catalyze the 2 

conversion of fluorinated substrates (despite some degree of efficiency loss), renders F one of the most 3 

promising element for xenobiology. Mechanisms for site-specific incorporation of some FAAs and studies 4 

on fluorinated proteins are particularly encouraging to engineer a host where, in a suitable environment, 5 

F confers an evolutionary advantage. A major obstacle is the difficulty of accurately predicting the effects 6 

of incorporating F to a substrate (or to the protein itself) on enzyme activity. As more information is 7 

collected and new advances are made in the field of protein structure and function, the rational assembly 8 

of a neo-metabolism based on the F presence will become feasible in the near future. Particularly, the 9 

introduction of modern machine-learning in the field of protein engineering holds the potential to be 10 

disruptive.[231] In the meantime, directed evolution represents a powerful, semi-rational approach to adapt 11 

enzymes to fluorinated neo-metabolism and, in an even more ambitious objective, enhancing catalytic 12 

properties or developing non-natural catalysis through the incorporation of FAAs. As an example, the 13 

combination of site-specific FAA incorporation and saturated mutagenesis of an enzyme active site may 14 

lead to a library of mutants composed by at least 21 different amino acids — thereby allowing for the 15 

identification of enhanced variants carrying one or several FAAs. 16 

 17 

The situation with pnictogens is radically different. No suitable replacement for P has been found in life, 18 

mostly due to the high instability of arsenates. In addition, the formation of C–As bonds (together with 19 

their intrinsic physicochemical properties) is still a poorly understood process, although natural enzymes 20 

involved in these transformations are expected to be isolated and characterized in the near future. The 21 

potential of Si, on the other hand, has been boosted by engineering an enzyme capable of forming C–Si 22 

bonds, although little is known about the role (if any) of silicone containing organo-compounds in 23 

biological systems.  24 

 25 

A complementary perspective on xenobiology has been proposed by Antoine Danchin in a recent and 26 

inspiring review.[232] Besides the incorporation of xeno-elements into biochemistry via neo-metabolism as 27 

discussed herein, the article proposes a role for stable CHONS isotopes, with a focus on deuterium (i.e. 28 

2H). The review analyzes known and potential effects of 2H on biochemical pathways based on its 29 

physicochemical properties, together with reports on the toxicity and safety of 2H enrichment in different 30 

species. These occurrences are epitomized in the recent article by Kampmeyer and co-workers,[233] 31 
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identifying the multi-levels adaptations undergone by Schizosaccharomyces pombe when exposed to 1 

D2O. Other isotopes are likewise considered, and some enzymes have been suggested to differentiate 2 

between 12C and 13C-containing compounds. The existence of biocatalysts displaying such a subtle 3 

discrimination is particularly exciting for establishing neo-metabolism towards isotopic enrichment. From 4 

a broader perspective, it should be noted that the current developments of xenobiology mostly rely on 5 

physicochemical analogies between canonical chemical elements and their alternative partners when it 6 

comes to introduce abiotic atoms into life. The overarching ambition of creating xeno-life is presently 7 

limited to substantially modify the known biochemistry and metabolism, rather than creating an entirely 8 

novel one. Incorporation of xeno-elements in enzymes and metabolites may led to catalytic possibilities 9 

completely absent in canonical life, paving the way towards fulfilling this ambitious objective.  10 

 11 

Key to all these developments will be the adoption of robust microbial hosts that could support neo-12 

metabolism involving orthogonal parts and metabolites. As such, environmental bacteria, e.g. 13 

Pseudomonas putida,[234] emerge as attractive chassis for these developments. The advantages of this 14 

non-pathogenic soil bacterium for handling xeno-elements have been recently reviewed.[235] The well-15 

known capacity of P. putida of growing in harsh environments (including industrial wastes)[236] and its 16 

tolerance to many organic solvents are traits that can be exploited to overcome the toxicity of compounds 17 

that can be exploited from neo-metabolism (e.g. fluoroacetate). Moreover, efficient mechanisms for 18 

organohalide dehalogenation[237] have been identified in this species and phylogenetically-related 19 

isolates, suggesting that the biochemistry of P. putida has been evolutionarily shaped to deal with 20 

halogenated structures. In addition, the robustness, interconnected and versatile central carbon 21 

metabolism of Pseudomonas[238] constitutes a treasure trove of enzymatic activities that can be 22 

harnessed to build synthetic routes involving non-biological atoms. Using P. putida (and other species) 23 

for this purpose will require the (rationale) design and testing of neo-metabolism in vitro followed by their 24 

implantation into the extant biochemical network, combining de novo design with evolutionary trajectories 25 

that environmental bacteria have followed for recognition of novel substrates.[239] Further developments 26 

in these areas in the near future are expected to bridge this gap towards consolidating the production of 27 

new-to-Nature molecules.  28 
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TABLES 1 

 2 

Table 1. Kinetic properties of the fluorinase enzymes characterized thus far.a 3 

   4 

Organism 
Km kcat 

(min–1)b 

kcat/Km 

(mM–1 min–1)b 

Ki SAH 

(mM) 
References 

SAM (M) F– (mM) 

Streptomyces cattleya 29.2 ± 2.41 8.56 ± 0.52 0.083 2.84 0.029 [59, 240] 

Streptomyces sp. MA37 82.4 ± 18.6 N.R. 0.262 3.18 N.R. [240] 

Nocardia brasiliensis 27.8 ± 4.23 4.15 0.122 4.40 N.R. [240, 241] 

Actinoplanes sp. N902-109 45.8 ± 7.91 N.R. 0.204 4.44 N.R. [240] 

 5 

a  A recent report includes yet another fluorinase enzyme from Actinopolyspora mzabensis,[74] but 6 

kinetic data is not available for this isolate. N.R., not reported. 7 

b  These kcat and kcat/Km values correspond to assays considering SAM as the kinetic substrate in the 8 

presence of a F– excess.  9 
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FIGURE CAPTIONS 1 

 2 

Figure 1. Abundance in the Earth’s continental crust and physicochemical properties of selected biotic 3 

chemical elements and their xeno-analogues. Elements are represented at scale based on their van der 4 

Waals radii. The (–) symbol indicates pairing of C with the same canonical element (i.e. C–H, C–C and 5 

C–P).  6 
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Figure 2. Examples of natural and synthetic halogen-containing organocompounds. Selected examples 1 

of halocompounds containing F, Cl, Br and I are discussed in the text. Note that some of these chemical 2 

species can be used as building blocks for polymers (e.g. halo-amino acids), whereas others could be 3 

exploited as biochemical precursors for neo-metabolism. 4 
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Figure 3. Canonical biofluorination pathway in Streptomyces cattleya. The biofluorination route described 1 

by David O’Hagan and co-workers[68] starts from inorganic fluoride (F−) and SAM, and finally yields either 2 

fluoroacetate or 4-fluorothreonine. All relevant enzymes are indicated along the reaction they are 3 

predicted to catalyze, including the fluorinase, which mediates the formation of a C–F bond. Abbreviations 4 

used in the scheme are as follows: SAM, S-adenosyl-L-methionine; 5′-FDA, 5′-fluoro-5′-deoxyadenosine; 5 

5-FDRP, 5′-fluoro-5′-deoxy-D-ribose-1-phosphate; 5-FDRibulP: 5′-fluoro-5′-deoxy-D-ribulose-1-6 

phosphate. 7 
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Figure 4. Residue- and site-specific incorporation of unnatural amino acids into nascent polypeptides. 1 

The residue-specific incorporation relies on the similarity between an unnatural amino acid and its 2 

canonical counterpart, which is incorporated in the newly born protein by the corresponding natural 3 

tRNA/aaRS (aminoacyl-tRNA synthetase) pair. This approach requires a higher abundance of the amino 4 

acid analogue in comparison to the natural version, which is generally attained by using auxotrophic 5 

strains. In this case, the unnatural amino acid is incorporated replacing the canonical residue in every 6 

position of the polypeptide. The site-specific incorporation strategy is based on the engineering of a 7 

suitable host equipped with an orthogonal tRNA/aaRS pair specific for the selected unnatural amino acid. 8 

The unnatural residue is inserted in the newly born protein in response to a recoded blank codon (usually 9 

the amber codon). Note that, in this case, there is no interference by the natural pool of canonical amino 10 

acids, and the xeno-analogue is inserted in selected positions of the polypeptide. 11 
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Figure 5. General strategy to expand the catalytic scope of an enzyme by combining directed-evolution 1 

and the incorporation of xeno-elements towards neo-metabolism. A conventional mutant library is firstly 2 

generated from the gene encoding the selected enzyme. Some of the enzyme variants stemming from 3 

the library might display altered kinetic properties, or amber codons can be randomly introduced in the 4 

coding sequence (which allows for the incorporation of unnatural amino acids). The gene library can be 5 

transformed in both a non-modified and an engineered microbial host. The latter possesses the 6 

machinery to specifically incorporate a certain fluoro-amino acid (FAA) in response to the amber codon. 7 

In the presence of this unnatural (FAA) amino acid, clones of the library carrying the UAG triplet will 8 

produce fluorinated versions of the enzyme. On the contrary, the non-engineered host will lead to variants 9 

limited to the 20 canonical amino acids. The scheme further illustrates how adding a novel element to the 10 

natural building blocks (based on C, H, N, O and P) expands the reaction space that is enzymatically 11 

attainable towards the production of new-to-Nature molecules. 12 
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Figure 6. Si-containing organocompounds and related chemicals relevant for xenobiology. Due to its 1 

similarity to C, several organocompounds can likewise incorporate Si. Selected examples indicated in 2 

the figure comprise small building blocks [e.g. Si(OH)4] and also peptides containing silaproline (Sip) and 3 

trimethylsilyl alanine (TMSAla). 4 
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Figure 7. Key examples of As-containing organocompounds. Both metabolites (e.g. sugar derivatives) 1 

and polymers (e.g. lipids) are known to incorporate As in their structures. Other naturally occurring 2 

arsenometabolites are listed. 3 
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