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Protein chemical modifications are important tools for elucidating chemical and biological functions of proteins. 
Several strategies have been developed to implement these modifications, including enzymatic tailoring re-
actions, unnatural amino acid incorporation using the expanded genetic codes, and recognition-driven trans-
formations. These technologies have been applied in metalloenzyme studies, specifically in dissecting their 
mechanisms, improving their enzymatic activities, and creating artificial enzymes with non-natural activities. 
Herein, we summarize some of the recent efforts in these areas with an emphasis on a few metalloenzyme case 
studies.   

Proteins have a remarkable range of catalytic, structural, and regu-
latory functions using the 20 canonical amino acids (cAAs) as their 
building blocks. The functions of proteins are further diversified to a 
level well beyond those possessed by the 20 cAAs through enzymatic- 
driven post-translational modifications (PTMs), such as methylations, 
sulfations, phosphorylations, and glycosylations. Moreover, chemical 
modifications of a protein of interest (POI) with special probes enable 
functional characterizations of the POI, including dynamics, localiza-
tion, and protein-protein interactions [1,2]. In pharmaceutical settings, 
the modification of protein therapeutics with polyethylene glycol (PEG) 
enhances their stability and circulation half-life [3]. Due to these rea-
sons, a wide variety of protein modification methodologies have been 
explored to acquire exquisite control of these macromolecules. In this 
review, we discuss some of the recent strategies for protein modifica-
tions as well as several metalloenzymes case studies focusing on mech-
anistic investigation and enzyme engineering. 

1. Chemical modifications of proteins 

Protein chemical modification approaches can be roughly classified 
into three categories: 1) modifications via the reactivities of cAAs; 2) 
ribosomal-mediated incorporation of noncanonical amino acids 
(ncAAs); 3) modifications via affinity-driven ligand-directed reactions. 
This section presents the recent progress in each of these approaches. 

The reactions discussed in this section are summarized in Table 1. 

1.1. Chemical modifications of canonical amino acids (cAAs) 

Chemical modifications of amino acids offer straightforward ap-
proaches to modify proteins. Both the reactivity and relative abundance 
of these residues play crucial roles in determining the selectivity of the 
chemical modifications. Reactions targeting highly abundant residues 
such as Lys often result in a mixture of modified proteins; nevertheless, 
significant progress has been made to obtain site-selective Lys modifi-
cations [1,2]. On the other hand, low abundance residues such as Cys 
and Tyr might offer an opportunity for site-selective protein modifica-
tions. Many of these reactions can be performed within living cells as 
part of routine experiments. Currently, methods applicable for studies in 
multicellular organisms are of great interest in this field. 

1.1.1. Lysine modifications 
Among the 20 cAAs, Lys is an attractive choice for modifications due 

to both its high natural abundance and the number of biocompatible 
chemical reactions with its nucleophilic primary amine. Lys can be 
modified using electrophiles, such as squaric acids, isothiocyanates, 
sulfonyl chlorides, activated esters (including N-hydroxysuccinimide- 
based [NHS]), and 2-amino-2-methoxyethyl (Fig. 1a–e) [1,4,5]. Because 
of its high natural abundance, Lys modifications are often useful in cases 
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where site-selectivity is not crucial or where multiple modification sites 
are desired. For instance, the NHS-based ortho-nitrobenzyl esters and 
aldehydes are used to modify vitronectin, an extracellular matrix 
glycoprotein, in photopatternable hydrogels. This system provides 
simplified environments for studying cellular responses to physiological 
cues [6]. By reversibly patterning the presentation of vitronectin on the 
hydrogel, spatial and temporal control over osteogenic stem cell dif-
ferentiation is achieved. 

Due to its high natural abundance, site-specific modifications of Lys 
residues are challenging. In recent years, methods for achieving site- 
selectivity have emerged. In one case, by taking advantage of the 

different reactivities of Lys residues in various local microenvironments, 
Matos et al. computationally designed sulfonyl acrylates which afforded 
chemo- and regio-selective modifications [7]. Using the designed sul-
fonyl acrylates, a single Lys residue in several proteins, including the 
therapeutic antibody Trastuzumab, was modified without disturbing the 
structure and function of the POIs. With this method, an improved 
site-selectivity is achieved because the reaction favors Lys residues with 
the lowest pKa in the POIs (Lys33 of lysozyme with a pKa of 9.5, Lys300 
of annexin V with a pKa of 10.3, and Lys100 of C2Am with a pKa of 10.1). 
However, this strategy might not be applicable in some POIs where the 
Lys with the lowest pKa is inaccessible. In another case, to prepare an 
antibody-drug conjugate (ADC), Rader and co-workers site-specifically 
conjugated β-lactam derivatives to a Lys residue (pKa ~6) in the h38C2 
antibody via aldol and retro-aldol reactions [8]. This approach results in 
homogenous ADC, which might be useful for further therapeutic 
development. 

1.1.2. N-terminal protein modifications 
In addition to Lys residues, the N-terminal primary amine of a pro-

tein also displays unique reactivity. This site-selective modification is 
commonly used in peptide synthesis and has been applied in native 
chemical ligation (NCL) reactions (Fig. 2a) [9]. In NCL reactions, the 
thiolate of the N-terminal Cys residue of one peptide reacts with the 
C-terminal thioester of another peptide. The resulting thioester inter-
mediate undergoes an acyl shift to form a native peptide bond (Fig. 2a). 
An alternative method for N-terminal modifications is the expressed 

Table 1 
Chemical modifications of cAAs.  

Lys Lys is a convenient nucleophilic handle for many reactions. Site-selective Lys 
modification is challenging, yet, may be achieved by harnessing the pKa 

differences among various Lys residues. 
Cys The thiol of Cys can be modified using many different reactions, e.g., 

alkylation and thiol-ene chemistry. However, some of the resulting adducts 
may not be stable. New thiol-targeting modification reagents are being 
developed to obtain stable conjugates. 

Tyr The Tyr sidechain may exist in a phenol or a phenolate form. This allows 
selective modification by controlling the pH of the reaction. Common 
reactions include diazonium couplings and alkylation via π-allylpalladium 
complexes. 

Trp The Trp indole moiety offers an opportunity for selective modification via 
metal-mediated C–H functionalization reaction.  

Fig. 1. Strategies for Lys chemical modifications. (a) The squaric acid ester reactions, (b) formation of thiourea using isothiocyanate, (c) the sulfonyl chloride re-
actions, (d) production of amides using the NHS-ester, and (e) the 2-imino-2-methoxyethyl reactions. 
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protein ligation (EPL) method, where a recombinant protein can be 
conjugated to a synthetic peptide containing the desired modification 
(Fig. 2b) [10–12]. This approach enables site-selective modification 
when the desired site is close to the N- or C-terminus of a POI. For 
example, the N-terminal ultrafast split intein was genetically fused to the 
C-terminal of histone H2B, which then reacted with a synthetic C-ter-
minal intein fragment bearing a pre-ubiquitinated Lys120. The reaction 
between the two intein fragments results in a ubiquitinated H2B 
(H2B–K120Ub) [13]. The semisynthetic H2B–K120Ub is operative and 
can induce chromatin signaling in isolated nuclei. Additionally, the 
N-terminus has been used to generate reactive ketones through a pyr-
idoxal-5′-phosphate (PLP) catalyzed transamination reaction; however, 
this reaction is not compatible with some N-terminal residues, such as 
Lys and Gln due to side reactions [14–16]. The resulting ketone or 
aldehyde can be used for the oxime/hydrazine ligation. For instance, the 
N-terminus of streptavidin was modified to an α-ketoamide allowing its 
immobilization onto micropatterned surfaces through oxime ligation 
[17]. This approach immobilizes the proteins in a specific orientation, 
which is critical for maintaining their bioactivity. Moreover, strategies 
have been developed to modify the N-termini with small molecules, such 
as a reductive alkylation using an aldehyde-containing 2-pyridinecar-
boxaldehyde (2-PCA) [18]. This N-alkylation reaction has been 
applied to install a secondary amine on human insulin. The resulting 
secondary amine preserves the positive charge on the N-terminus of 
human insulin, and the bioactivity of the modified insulin is comparable 
to that of unmodified insulin. Despite these advances, there remain 
many challenges. For example, the N-termini of many proteins may not 
be accessible for modifications or might be essential for their bio-
logical/catalytic activities. In addition, a careful control over the reac-
tion conditions is required for N-terminal modifications. 

1.1.3. Cysteine modifications 
Cys is another residue of choice for chemical modifications due to the 

high nucleophilicity of its thiol and its low natural abundance in pro-
teins, both of which favor single-site modification in POIs [1,5,19]. 
Under well-controlled pH conditions, selective modification of a Cys 
residue over other nucleophilic residues such as Lys and His can be 
obtained [20]. The Cys thiol can be modified using electrophilic α-hal-
ocarbonyls (iodoacetyl, bromoacetyl, or chloroacetyl) [21,22], mal-
eimides [23,24], methanesulfonate, or phenylthiosulfonate (Fig. 3a) 
[25,26]. Maleimides have been widely used to synthesize ADCs, 
including the FDA-approved ADCs, e.g., brentuximab vedotin, trastu-
zumab emtansine, and certolizumab pegol [2]. However, the thioether 
of maleimide conjugates can undergo cleavage via the thiol-exchange or 
hydrolysis-driven reactions. The resulting products from thiol exchange 
lead to premature loss of the drug’s efficacy and increased toxicity in vivo 
[27]. These issues can be addressed by minimizing the thiol exchange 
reaction or by converting the maleimide thio-adducts to stable ring-open 
conjugates. The latter has been accomplished through the development 
of new self-hydrolyzing maleimides, which exhibit superior pharmaco-
kinetic properties [28]. 

In recent efforts, new generations of thiol-targeting modification 
reagents have been developed, including electron-deficient alkynes 
[29], 3-arylpropiolonitrile [30,31], allenamides [32], the thiol-yne re-
actions [33], and carbonylacrylic reagents [34,35]. For example, Wag-
ner et al. reported an amine-to-thiol coupling reagent, sodium 
4-((4-(cyanoethynyl)benzoyl)oxy)-2,3,5,6-tetrafluorobenzenesulfonate 
(CBTF), which contains an arylpropionitrile functional group instead of 
a maleimide (Fig. 3b). The resulting conjugates exhibit superior stability 
in plasma compared to that of maleimide conjugates [31]. In a recent 
study, Bernardes et al. rationally designed carbonylacrylic reagents, 
which undergo thiol-Michael addition using the Cys residues from of the 
POIs [34]. Multiple proteins, including antibodies, were modified using 

Fig. 2. Strategies for modifying a protein’s N-terminus. (a) The NCL approach, using one peptide with an N-terminal Cys and a second peptide with a C-terminal 
thioester. (b) A semisynthetic protein is generated using EPL. In this method, the N-terminal fragment of the POI is fused with an intein and the fusion protein is 
produced by overexpression. A synthetic peptide fragment containing the desired modifications and with an N-terminal Cys is then used to replace the ultrafast split 
intein, creating the target protein with the desired modifications at the sites of interest. The red stars represent protein modifications. This figure is adapted 
from Ref. [12]. 
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this approach. The modified antibodies were not only homogenous, but 
also resistant to degradation in plasma. Additional approaches for the 
Cys-selective protein modification via vinyl/alkyl pyridine, aza-
norbornadiene bromovinyl sulfone, and diazo reagents, have been re-
ported by the Bernardes Group [35–37]. 

In cases where the POIs lack a thiol functional group, disulfide 
modification serves as an alternative target. Multiple reagents including 
bissulfones, allyl sulfones, alkynes, and 3,4-disubstituted maleimides 
have been developed to site-selectively modify the disulfides of proteins 
as summarized in recent reviews [5,38]. For instance, using 2,3-dibromo 
maleimide with a C-2 (glycine derived) linker, Doxorubicin (DOX)--
antibody conjugates were produced through a bis-alkylation reaction 
(Fig. 3c). This approach results in homogenous ADCs with enhanced 
pharmacological properties [39]. Oxetane, an oxygen (ether) containing 
four-membered ring, has also be used to modify protein disulfides via a 
site-selective bis-alkylation reaction [40,41]. In one of the reports, 

oxetane was installed onto a genetically detoxified diphtheria toxin 
(CRM197 protein) and the resulting modified protein exhibits increased 
immunogenicity in vivo [40]. 

1.1.4. Aromatic residue modifications 
In addition to Cys, the relatively low natural abundance of aromatic 

residues, including His, Tyr, Trp, and Phe, offer alternative targets for 
site-specific modifications. However, obtaining a site-specific modifi-
cation for one aromatic residue over another remains challenging. The 
reactivity of the ionizable side chain of Tyr is dependent on its proton-
ation state, which allows the reactivity of Tyr to be modulated by con-
trolling the pH of the reactions. Under acidic conditions, the aromatic 
ε-carbons adjacent to the hydroxyl group may undergo diazonium 
couplings (Fig. 4a) [42]. In a recent study, salmon’s calcitonin was 
conjugated to linear monomethoxy PEG using this approach. The 
resulting conjugates maintain the ability to reduce the concentration of 

Fig. 3. Methods for Cys residue modifications. (a) Chemical modifications of Cys with commonly used reagents such as halocarbonyls, maleimides, sulfones. (b) 
Conjugation of antibodies to dyes via the amine-to-thiol coupling reagent, CBTF. (c) ADC construction via disulfide bridging using dibromomaleimide. All blue 
spheres represent other inert functional groups in the probe and the red stars represent modifications to be incorporated. 
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calcium ions in the plasma. In conditions where the pH approaches the 
pKa of the phenol side chain of the Tyr residue (pKa of ~10), alkylation 
or acylation reactions of the oxygen can occur [43–45]. Another 
approach for site-selective Tyr modification is to use the π-allylpalla-
dium complexes (Fig. 4b) [43]. Using this method, a novel 
polarity-sensitive fluorescent probe was installed onto Tyr108 of a 
bovine Cu/Zn superoxide dismutase (SOD) which allowed the confor-
mational changes of the Tyr-containing domain to be monitored. This 
example might serve as a general approach for studying protein 
conformational changes if the domain of interest has a Tyr residue. 

In the case of Trp, modifications of its side chain via metal-catalyzed 
reactions have been developed (Fig. 5), including alkynylations [46], 
C–H arylations [47], and photoinduced cycloadditions of tetrazoles 
[48]. However, these approaches often involve non-biocompatible re-
action conditions such as the use of organic solvents and at high tem-
peratures. An alternative strategy for selective modification of Trp 
consists of an N-oxy radical, 9-azabicyclo[3.3.1]nonane-3-one-N-oxy, 
coupled with NaNO2 under ambient conditions (Fig. 5) [49]. Using this 
approach, Kanai and co-workers achieved Trp-selective modifications 
on myoglobin, lysozyme, BSA, and the β2-microglobulin antibody. This 
study opens new avenues for Trp modifications without using toxic 
metals under biocompatible conditions, further paving the way for 
functional modulation of therapeutic targets such as antibodies. In 
addition to the aforementioned cases, efforts for site-specific modifica-
tions of other proteinogenic residues are well summarized in recent 
reviews [50–52]. 

1.2. Protein modifications using ncAAs 

Protein modifications using chemical reactions are powerful ap-
proaches to selectively install the desired chemical handles on the POIs. 
Manipulating the protein translation machinery for direct incorporation 
of ncAAs is another desirable approach, which enables the introduction 
of novel functionalities and reactivities beyond those offered by the 20 
cAAs. Incorporating ncAAs into proteins has been widely applied in 

biocatalysis to enhance the activity and selectivity of enzymes, and even 
allows researchers to obtain novel catalytic reactions that are naturally 
unavailable [53–55]. This section presents some of the recent examples 
of using the genetic code expansion method to incorporate ncAAs into 
the POIs. 

1.2.1. Genetic code expansion 
The natural genetic code is comprised of 64 codons encoded by four 

nucleobases. Among these, three codons serve as stop codons, while the 
remaining 61 are recognized by transfer RNAs (tRNAs), and are charged 
by their cognate tRNA synthetases (aaRSs) with one of the cAAs. All 
organisms encode the same 20 amino acids (AAs) with the exceptions of 
pyrrolysine [56] and selenocysteine [57]. The ability to employ and 
modify the existing protein translation machinery to incorporate ncAAs 
into proteins has opened new avenues for protein modifications. One of 
the strategies relies on the promiscuity of some tRNAs, which can be 
charged with ncAAs that are structurally analogous to their cognate 
amino acids (Fig. 6a) [58]. In this method, an auxotrophic bacterial host 
cannot produce the cAA and relies on the exogenously supplied ncAA. 
This approach results in a global incorporation of the ncAA to the pro-
teome. One of the prominent examples is the substitution of Met with 
Se-Met to incorporate heavy atoms into the POIs for crystallographic 
phasing [59]. This strategy is straightforward and does not require ge-
netic manipulation of the protein translation components. Instead, this 
method relies on the polyspecificity of the aaRS-tRNA pair, meaning that 
only ncAAs with structural similarities to the cognate amino acids can be 
incorporated, limiting the number of modifications. Additionally, global 
incorporation of ncAAs might alter protein folding, which could result in 
a perturbation of the activity and/or stability of the POIs. 

A powerful alternative approach to site-specifically incorporate 
ncAAs into the POIs is via genetic code expansion (Fig. 6b). In this 
method, the amber stop codon (UAG) is used to encode the ncAA of 
interest because of its low usage in Escherichia coli (~7–8%). The amber 
codon is recognized by an engineered aaRS-tRNA pair for the ncAA of 
interest. The aaRS-tRNA pair must also be orthogonal, i.e., not inter-
fering with the endogenous translation system (Fig. 6b). For example, 
the tyrosyl-tRNA synthetase TyrRS-tRNACUA pair from Meth-
anocaldococcus jannaschii is orthogonal in E. coli and other bacteria; the 
TyrRS-tRNACUA and LeuRS-tRNACUA pairs from E. coli are orthogonal in 
eukaryotic cells; the pyrrolysyl-tRNA synthetase PylRS-tRNACUA pairs 
from Methanosarcina barkeri and Methanosarcina mazei are orthogonal in 
both bacteria and eukaryotic cells [54,60,61]. Site-specifically modified 
POIs can be obtained, but the production yield is normally limited by the 
expression level of the exogenous aaRS-tRNA pairs and the presence of 
release factor 1 (RF-1), which recognizes the UAG triplet and terminates 
translation. Recently, an E. coli host has been engineered by removing 
RF-1 from the E. coli genome. Additionally, 95 out of the 273 amber stop 
codons were replaced with other more frequently used stop codons. 

Fig. 4. Methods for Tyr modification. (a) Chemical modification of Tyr via diazonium couplings. (b) Conjugation of Tyr in SOD to a fluorescent probe using 
π-allylpalladium complexes. The blue spheres represent the remaining functional group. 

Fig. 5. Metal-free chemical modifications of Trp residues using the N-oxy 
radical. The pink spheres represent other functional groups in the probes. 

N. Naowarojna et al.                                                                                                                                                                                                                           



Synthetic and Systems Biotechnology 6 (2021) 32–49

37

After this engineering, the growth defects of the E. coli host were 
minimized when it was used to overexpress ncAA-containing proteins 
[62,63]. Most importantly, the ncAA incorporation efficiency is >98% 
in this engineered host strain, allowing a scalable production of the 
target ncAA-containing protein. 

1.2.2. Next-generation genetic code expansion 
To date, more than 200 ncAAs have been incorporated into POIs 

using the amber suppression method, thereby expanding the chemical 
functionalities and reactivities of proteins [54,64]. Thus far, the vast 
majority of studies employing this technology are restricted to the 
incorporation of single ncAAs into the POIs. The ability to incorporate 
multiple ncAAs into a protein might offer new opportunities for 
advanced biophysical studies and the synthesis of enhanced 
protein-based therapeutics. To achieve such goals, the enhanced speci-
ficity and orthogonality of aaRS-tRNA pairs is essential. Orthogonal 
aaRS-tRNA pairs can charge multiple ncAAs during the translation 
process. Thus, to site-selectively incorporate multiple ncAAs, the 
orthogonal aaRS-tRNA pairs must be highly selective. Several engi-
neering approaches have been developed to address these challenges. 
Liu et al. employed the phage-assisted continuous evolution (PACE) 
technology to evolve a PylRS variant with 45-fold higher catalytic effi-
ciency compared to that of the wild-type [65]. Through this technology, 
a TyrRS variant with improved selectivity toward p-iodo-L-phenylala-
nine was also obtained. Engineering of the aaRS-tRNA pairs has been 
proven useful in incorporating ncAAs at multiple sites. In a recent study, 
Chatterjee and co-workers simultaneously incorporated three distinct 
bioconjugation handles onto the GFP protein by employing three 
orthogonal pairs to decode three different codons. These pairs include 
the E. coli-derived tryptophanyl pair, the archaeal tyrosyl, and pyrro-
lysyl pairs. This work allows facile multiple-site labeling of proteins 
without an exogenous chemical catalyst. However, the incorporation 
efficiency is only 2% of the wild-type yield [66,67]. 

Besides improving the specificity of the aaRS-tRNA pair, evolving 
other translation machinery components has also been important for the 
efficient incorporation of ncAAs into multiple sites of the POIs. To 

facilitate the incorporation of ncAAs with bulky side-chains or altered 
backbones, ribosome engineering has been attempted. The small subunit 
of the ribosome contains 16S rRNA and binds mRNA, while the large 
subunit contains 23S rRNA. Both subunits are involved in coordinating 
the translation process. There are two major challenges in ribosome 
engineering. First, the activity and fidelity of ribosomes are essential for 
cellular survival. Second, the 23S rRNA subunit can freely exchange 
between the native and the orthogonal 16S rRNAs in the cell. 

To overcome the former issue, orthogonal (O-)ribosome-mRNA pairs 
were evolved [68,69]. In these pairs, an O-ribosome containing O–16S 
rRNA and mutations in the anti-Shine-Dalgarno (ASD) sequence was 
introduced in E. coli (Fig. 7a). This O-ribosome can selectively translate 
an orthogonal mRNA (O-mRNA) containing the O-ribosome-binding 
site, but not native mRNA transcripts. The O-ribosome was further 
engineered to incorporate different ncAAs into proteins [68,70]. The 
endogenous and orthogonal ribosomes share the 23S rRNA. Therefore, 
further efforts on 23S rRNA engineering have also been attempted. 
These efforts amplified the contribution of new 23S rRNA to O-mRNA 
translation and minimized the lethal effect of new 23S rRNA in endog-
enous translation processes. To achieve this goal, Chin et al. reported an 
orthogonal ribosome with the two subunits linked through an optimized 
orthogonal RNA staple [71]. This engineered stapled ribosome can 
maintain activity comparable to that of the orthogonal parent ribosome 
with minimized association with the endogenous 16S or 23S subunit 
(Fig. 7a). This technology opens avenues for further improvement of the 
orthogonal ribosomes to incorporate more ncAAs [71]. 

Other exciting technologies for genetic code expansion extend 
beyond the canonical 64 codons. The first glimpse of quadruplet codon 
usage was reported from Salmonella typhimurium, in which a tRNAGly 

containing the frameshifted CCCC anticodon was observed [72]. How-
ever, the efficiency of natural ribosomes for decoding quadruplet codons 
is extremely low. To overcome this challenge, Chin and co-workers 
engineered translation components that make use of quadruplet co-
dons, instead of the traditional triplet ones (Fig. 7b) [70]. In this work, 
Chin and co-workers evolved an orthogonal ribosome (ribo-Q1) and a 
variant Seryl-tRNA synthetase/tRNA pair that can incorporate ncAAs at 

Fig. 6. Strategies for incorporating ncAAs in vivo. (a) Residue-specific incorporation of ncAAs using the endogenous aaRS-tRNA pair of an auxotrophic host. (b) Site- 
specific incorporation of ncAAs via the amber codon suppression method using an orthogonal aaRS-tRNA pair. 
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Fig. 7. Engineering of other translational machinery components. (a) Aggregated ribosome engineering efforts enable the incorporation of a wide variety of ncAAs. 
(b) Engineering of the ribosome to efficiently decode quadruplet codons. 

Fig. 8. Modifications of ncAAs using click chemistry. (a) Copper-catalyzed conjugation of azide and alkyne. (b) Examples of azide- and alkyne-bearing ncAAs used 
for click chemistry. (c) Use of click chemistry to label newly synthesized proteins (shown in yellow) using BONCAT technology. (d) Proteins with strained alkyne- 
containing amino acids can be further modified via SPAAC. The red and blue spheres represent other functional groups in the probes. 

N. Naowarojna et al.                                                                                                                                                                                                                           



Synthetic and Systems Biotechnology 6 (2021) 32–49

39

the quadruplet codon. This system was then used to incorporate azide 
and alkyne-containing amino acids to a calcium-binding messenger 
protein, calmodulin. 

Another important piece of work is a semisynthetic bacteria with an 
expanded genetic code [73]. In this study, Romesberg et al. introduced 
an unnatural base pair (UBP) comprised of two deoxynucleoside tri-
phosphates (dNaM and dTPT3). Theoretically, the addition of these two 
UBPs enables the incorporation of 152 new unnatural codons. In this 
study, the authors identified nine unnatural codons that can be used to 
efficiently incorporate ncAAs. Among these, three codons are orthog-
onal and can be used for three distinct ncAAs, which results in the first 
67-codon semisynthetic organism. 

1.2.3. Chemical modifications of the incorporated ncAAs 
Genetic code expansion allows for the site-specific incorporation of a 

variety of ncAAs into a POI, providing useful chemical handles for bio-
rthogonal reactions [1,74]. Several functional groups including azides, 
alkynes, alkenes, and tetrazines, can be incorporated through the amber 
codon suppression method, which are subsequently modified by 
appropriate reagents. For instance, the azides or alkynes of incorporated 
ncAAs can undergo a copper-catalyzed azide-alkyne cycloaddition 
(CuAAC), which is termed the “CuAAC click chemistry reaction” 
(Fig. 8a) [75,76]. Due to its high specificity and having a reasonable 
reaction rate, the click chemistry has been applied in the analysis of the 
cellular proteome via biorthogonal non-canonical amino acid tagging 
(BONCAT) [77,78]. By replacing Met in the cell culture media with an 
azide- or alkyne-containing ncAA such as azidohomoalanine (AHA) or 
homopropargylglycine (HPG), the newly synthesized proteins are 
marked with azide or alkyne functionality and are distinguishable from 
the pool of preexisting proteins (Fig. 8b and c). The labeling time with 
AHA should be adjusted according to the protein synthesis rate of the 
target cell type. Subsequently, the AHA- or HPG-containing proteins are 
covalently attached to an affinity tag such as disulfide biotin alkyne tag 
(DST-alkyne) via click chemistry. The newly synthesized and 
affinity-tagged proteins can be analyzed by conventional biochemical 
studies or using high-resolution mass spectrometry (Fig. 8c). In a recent 
study, an alkyne Nε-(propargyloxycarbonyl)-L-lysine (AlkK) was incor-
porated into the proteome of murine tissue slices and the brains of live 
mice expressing an orthogonal pyrrolysyl pair introduced by viral in-
jection [78]. The alkyne-bearing proteins are covalently linked to 
streptavidin beads via diazobenzene linkers, which are then cleaved to 

release the labeled proteome for analysis by tandem mass spectrometry. 
This method has been applied to characterize newly synthesized pro-
teins after pharmacological treatments for a particular cell type [79,80]. 

The CuAAC reaction involves the use of toxic metal catalysts and 
exogenous ligands. As an alternative, the strain-promoted azide-alkyne 
cycloaddition (SPAAC) has emerged as a powerful copper-free click 
chemistry for the modification of the POIs (Fig. 8d) [1,81]. Several 
strained alkynes have been developed, including difluorinated cyclo-
octyne, dibenzoccyclooctynol, and biarylazacyclooctynone. Some of 
these functional groups can be incorporated into the POIs via the amber 
codon suppression system [82–85]. The copper-free click chemistry has 
been implemented in a variety of applications, which are well summa-
rized in recent reviews [80,86,87]. Another emerging strategy for ncAA 
modifications is the photo-click chemistry, which involves a 
photo-inducible dipolar [3 + 2]-cycloaddition reaction between an 
alkenyl-ncAA and a nitrile imine [88,89]. This reaction results in the 
formation of fluorescent adducts, allowing not only for the in vitro 
modification of isolated proteins, but also the visualization of proteins in 
living cells [89–91]. These examples illuminate the general applicability 
of the biorthogonal reactions in the site-specific modifications of the 
POIs under complex biological environments, including living cells and 
multi-cellular organisms with minimal disruption of the biological 
functions and activities of the POIs. 

1.3. Ligand-directed modifications of proteins 

In some cases, proteins possess high binding affinities for their 
respective binding partners. The interactions between proteins and their 
binders allow for affinity-driven site-specific modifications. A variety of 
recognition-driven chemical modification strategies have been devel-
oped, including ligand-directed (LD) modifications [1,2,92]. The LD 
chemical modifications of proteins have been developed for endogenous 
protein labeling by harnessing the specific interactions between the POIs 
and small molecules. In this approach, the labeling reagent contains an 
affinity ligand, a reporter tag, and a reactive moiety (Fig. 9a). The 
binding of the ligand to the POI places the reactive unit of the labeling 
reagent in proximity to residues close to the ligand binding site, which 
enhances the selective modification. The LD approach has been applied 
in the labeling of carbonic anhydrase (CA) [93]. In this study, the spe-
cific ligand, benzenesulfonamide, is conjugated to a synthetic probe, 
which includes a fluorophore via the phenylsulfonate linkage (Fig. 9a). 

Fig. 9. Affinity-driven protein chemical modifications. (a) The LD-based protein labeling approach. (b) The LDNASA-based covalent inhibitor developed through LD 
chemical modification. Red and yellow star each represents a probe. Blue and pink spheres each represent a functional group. 

N. Naowarojna et al.                                                                                                                                                                                                                           



Synthetic and Systems Biotechnology 6 (2021) 32–49

40

Upon binding to the target protein, a nucleophilic side chain in the POI 
reacts with the electrophilic phenylsulfonate ester group. This reaction 
leads to the labeling of the POI, while at the same time, the ligand may 
dissociate. Therefore, the functions of the POI are not disrupted after the 
chemical modification. Additionally, the LD approach used in the la-
beling of CA could be applied to both in vitro and in vivo studies [93]. 

Non-covalent and reversible ligand binders are often useful in many 
applications. However, in some cases, the ability to form a stable co-
valent adduct might be important, such as in the development of in-
hibitors. In a recent study, Hamachi et al. reported a new ligand-directed 
N-acyl-N-alkyl sulfonamide (LDNASA)-based covalent inhibitor, which 
targets chaperone Hsp90 (Fig. 9b) [94,95]. LDNASA enabled the 
site-specific modification of Lys58, which is a residue near the ligand’s 
binding site in Hsp90. This reaction leads to a covalent adduct between 
Hsp90 and its inhibitor (Fig. 9b). Treatment of cancer cells with an 
LDNASA-linked inhibitor results in irreversible covalent modification of 
Hsp90 at Lys58 by the inhibitor and reduces Hsp90’s molecular chap-
erone activity in cancer cells. 

2. Utilizing protein modifications in the studies of 
metalloenzymes 

Chemical modifications and the expansion of the genetic code allow 
the incorporation of structurally and chemically diverse ncAAs into the 
POIs, enabling the study of the biological functions and regulation of 
proteins including metalloenzymes. In addition to these approaches, 
protein modifications can also be achieved by installing an abiotic 
metallo cofactor to a protein scaffold, resulting in an artificial metal-
loenzyme [96–98]. These technologies have opened new avenues for 
investigating enzymatic reaction mechanisms and engineering of met-
alloenzymes with new activities. Among these metalloenzymes, 
non-heme iron (NHFe) and heme enzymes catalyze a remarkable range 
of chemical transformations, including hydroxylation, endoperox-
idation, and desaturation at the expense of molecular oxygen as the final 
electron acceptor [99–102]. Recent efforts in utilizing these strategies in 
metalloenzyme engineering and their biochemical applications are 
summarized in several recent reviews [97,103–106]. This section pre-
sents selected case studies, from recent years, of NHFe, heme, and 
Cu-containing enzymes where ncAAs are used as novel tools. We sum-
marize the discussed cases in Table 2. 

2.1. Probing the role of residues in NHFe enzymes’ active sites 

Post-translational modifications (PTMs) are required for proper 
protein functionalities, including sub-cellular localization, protein- 
protein interactions, and catalysis. For instance, a protein-derived thi-
oether Cys-Tyr crosslink enhances the cysteine oxidation activity of the 
NHFe cysteine dioxygenase enzyme (CDO, Fig. 10a and b) [107]. In 

CDO, the octahedral ferrous iron is coordinated by a 3-His motif 
(Fig. 10b). The Cys-Tyr crosslink biogenesis in CDO is an autocatalytic 
oxidation reaction, in which the oxygen-activated iron center oxidizes 
the residues at the active site (Cys and Tyr) rather than the substrate, 
L-Cys [108]. Despite the important role that the Cys-Tyr crosslink plays 
in the catalytic activity, the mechanistic details of the biogenesis of this 
crosslink remain unclear, partly due to the challenges of obtaining a 
homogeneous population of either cross- or uncross-linked CDO. In a 
recent study, Liu and co-workers employed the amber codon suppres-
sion method to replace Tyr157 with a halogen-substituted Tyr in human 
CDO [109]. The fluorine- and chlorine-containing CDO variants 
remained active, albeit with a lower activity (2–10% of the wild-type 
activity). Intriguingly, the Cys93-Tyr157 crosslink is also observed 
among these variants. Given the high bond dissociation energy, C–F 
bond cleavage was unexpected in the Cys-Tyr crosslink biogenesis 
(Fig. 10c). The oxidative C–F bond cleavage might take place during the 
oxidation of Tyr157 by the iron center or the Cys93 radical. This study 
represents the first reported case of an oxidative C–F bond cleavage 
mediated by an NHFe enzyme [109]. 

The uncross-linked structure of F2-Tyr containing CDO reveals that 
Cys93 assumes two conformations prior to the Cys-Tyr cofactor forma-
tion (Fig. 10d) [109]. During the crosslink biogenesis, the sulfur atom of 
Cys93 might rotate toward the iron center, which is supported by a 
recently reported structure of the uncross-linked F2-TyrCDO• L-Cys•NO 
ternary complex (Fig. 10e) [110]. This structure revealed an interaction 
between NO and one conformer of Cys93, suggesting that cysteine 
oxidation may occur prior to the crosslink formation. The oxidation of 
Cys93 by the iron center is further supported by a computational study, 
which suggests that an iron-bound oxygen species oxidizes Cys93 as the 
first step of the crosslink biogenesis, instead of the Tyr157 oxidation, as 
previously proposed [108,111]. The studies of the CDO cofactor 
biogenesis highlight the general applicability of site-specific modifica-
tions of POIs in mechanistic studies. Due to the important roles of Tyr in 
enzymatic catalysis, the ability to control the structural features and 
chemical properties (reduction potential and the pKa) of active Tyr 
residue has been sought after in several cases [55,112–116]. 

Ergothioneine is a potent antioxidant and has been proposed to be a 
longevity vitamin [117,118]. Due to its potential benefits, ergothioneine 
biosynthesis has received considerable interest. In the mycobacterial 
ergothioneine biosynthetic pathway, a NHFe sulfoxide synthase, EgtB, 
mediates the oxidative coupling between hercynine and γ-gluta-
myl-cysteine (γ-Glu-Cys, Fig. 11b) [119]. Recently, the fungal ergo-
thioneine biosynthetic pathway was reported, in which a sulfoxide 
synthase, Egt1, catalyzes the C–S bond formation between hercynine 
and L-Cys (Fig. 11b) [120,121]. A similar reaction has also been 
observed in the biosynthesis of another potent antioxidant, ovothiol A. 
In the ovothiol biosynthesis, a sulfoxide synthase, OvoA, catalyzes the 
oxidative coupling between L-His and L-Cys (Fig. 11b) [122,123]. These 
ergothioneine and ovothiol sulfoxide synthase reactions differ in terms 
of their substrate selectivity and their products’ C–S bond regiose-
lectivity. In EgtB- and Egt1-catalysis, the C–S bond is formed at the 
ε-carbon of hercynine’s imidazole ring, while OvoA-catalysis in-
corporates the C–S bond at the δ-carbon of L-His’ imidazole ring 
(Fig. 11b). The structure of Mycobacterium thermoresistible’s EgtB reveals 
a 3-His iron coordination site similar to that of CDO (Fig. 12a) [124]. 
Mutating the active site Tyr377 to Phe suppressed the sulfoxide synthase 
activity and the oxidation of γ-Glu-Cys is the dominant activity in the 
mutant. Recently, the crystal structure of a sulfoxide synthase from 
Candidatus Chloracidobacterium thermophilum has also been reported and 
its iron center also has a 3-His iron coordination ligand environment, too 
[125,126]. Based on the EgtB crystal structure, three different mecha-
nistic models have been proposed based on calculations using the den-
sity functional theory (DFT) or the quantum mechanics/molecular 
mechanics (QM/MM) methods (Fig. 12c) [127–129]. The key questions 
are whether the reaction involves a sulfenic acid intermediate and what 
role the active site Tyr377 plays in EgtB-catalysis. In Fig. 12c, two 

Table 2 
Applications of protein modification in metalloenzyme studies.  

Enzyme Applications 

Cysteine dioxygenase 
(CDO)  

- Investigate the role of the active site Tyr in the Cys-Tyr 
crosslink biogenesis. 

Sulfoxide synthase 
OvoA  

- Determine the function of the active site Tyr in the 
oxidative C–S bond formation reaction. 

Myoblogin and its 
variants  

- Investigate the function of Tyr-His crosslink in HCO- 
catalysis. 

Heme copper oxidase 
(HCO)  

- Engineer swMb variants with NO reduction activity.  
- Introduce an artificial cofactor to improve 

enantioselectivity in thioanisole sulfoxidation reaction.  
- Engineer the HCO variants with enhanced dioxygen 

reduction activity. 
Cytochrome c P450  - Introduce novel activity (cyclopropanation) to engineered 

enzyme. 
Azurin (Az)  - Determine the function of axial Met ligand in modulating 

the metallocenter properties and functions.  
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Fig. 10. Using ncAAs in the study of the Cys-Tyr 
cofactor biogenesis in CDO. (a) Cysteine oxida-
tion mediated by CDO. (b) The 3-His motif and 
the Cys-Tyr crosslink in wild-type CDO (shown in 
green) in complex with the L-Cys substrate 
(shown in purple). The iron center is shown in a 
yellow sphere (PDB ID: 6BGF). (c) C–F bond 
cleavage in CDO-catalysis. (d) The structure of 
F2-Tyr CDO•L-Cys without crosslink (shown in 
blue, PDB ID: 6BPS) overlays with the structure 
of mature F2-Tyr CDO•L-Cys (shown in pink, 
PDB ID: 6BPV), revealing two conformations of 
Cys93. The fluorine atoms are shown in light 
blue. (e) A ternary complex of F2-Tyr CDO•L- 
Cys•NO (shown in magenta) reveals that one 
conformation of Cys93 is 3.1 Å from the NO and 
primed to be oxidized by the metallocenter (PDB 
ID: 6BPR).   

Fig. 11. Chemical properties of Tyr analogs and the biosynthesis of ergothioneine and ovothiol A. (a) The non-canonical Tyrs that can be incorporated into the POIs 
using the amber codon suppression method possess different reduction potentials and pKas. (b) The oxidative C–S bond formation reactions mediated by sulfoxide 
synthases (EgtB/Egt1/OvoA) in the biosyntheses of ergothioneine and ovothiol A. 
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independent theoretical studies reported by Tian and Wei suggested that 
the sulfur’s oxidation to sulfenic acid is the first half of the reaction (Path 
IA-IC), while another study by Faponle et al. proposed that the oxidative 
C–S bond formation is the first half of EgtB-catalysis (Path II) [127–129]. 
In these two mechanistic models (pathway I vs pathway II), different 
functions have been proposed for the active site Tyr377. In the Tian 
model, Tyr377 functions as a Lewis acid/base (Path I, Fig. 12c). In the 
Faponle model, Tyr377 plays a key role in a proton-coupled electron 
transfer (PCET) process (Path II, Fig. 12c). Due to the similarities of 
these reactions, all of the mechanistic discussions regarding 
EgtB-catalysis are extended to OvoA-studies [112]. 

To unravel the mechanism of OvoA-catalysis, Liu and co-workers 
harnessed the unique chemical properties of the non-canonical Tyrs 
[112]. Notably, the biochemical characterizations also revealed the 

cysteine oxidation activity in OvoA-catalysis [130]. The computational 
studies and biochemical results suggest that the sulfoxidation and 
cysteine oxidation activities might be two pathways branching out from 
a common intermediate in OvoA-catalysis. Due to this reason, the 
isotopically sensitive branching method was used to measure the kinetic 
isotope effect (KIE) of the OvoA reaction [112,131]. Tyr417 in OvoA is 
the EgtB’s Tyr377 counterpart (Fig. 12a and b). The Tyr417 of OvoA was 
replaced with 2-amino-3-(4-hydroxy-3-(methylthio)-phenyl)propanoic 
acid (MtTyr) using the amber codon suppression system (Fig. 11a) 
[112]. The substrate KIE of the OvoAY417MtTyr variant is close to unity, 
which is comparable to that of the wild-type. This experimental result 
contradicts the model suggested by Wei et al., in which they predicted a 
primary substrate deuterium KIE as high as 5.7 [128]. To further 
investigate the role of Tyr417, Liu and co-workers replaced Tyr417 with 

Fig. 12. Structures and proposed mechanisms of sulfoxide synthases. (a) Crystal structure of EgtB with the metallocenter and the active site Tyr377. The iron center 
is shown as a yellow sphere and the water molecules are shown as red spheres. (b) The computational model of OvoA from Erwinia tasmaniensis with the proposed 
metallocenter and the active site Tyr417. (c) Proposed EgtB mechanisms. 
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3-methoxytyrosine (MeOTyr) [132], which possesses a similar pKa but a 
much lower reduction potential than that of canonical Tyr [131]. The 
OvoAY417MeOTyr variant exhibited an inverse KIE, while the wild-type 
has a KIE close to unity. These results imply that Tyr417 might be part 
of redox-chemistries in OvoA-catalysis. 

The model proposed by Faponle et al. [127] is more consistent with 
the experimental results described above. In this computational model, 
an inverse deuterium KIE was predicated if the δ-hydrogen of the 
imidazole ring was replaced with deuterium, which was indeed 
observed in the OvoAY417MeOTyr variant. Given the similarities between 
OvoA- and EgtB-catalysis, the OvoA mechanism will be discussed in the 
context of EgtB mechanistic models (Fig. 12c). In the model proposed by 
Faponle and co-worker, the oxygen binding and activation results in an 

FeIII-superoxo species (f). Then, the Tyr377 in EgtB participates in the 
PCET process through the active site’s water network, resulting in the 
FeIII-hydroperoxo species (g) along with a Tyr377-based radical species 
(Fig. 12c). Subsequent nucleophilic or radical attack by the sulfur atom 
of γ-Glu-Cys on the imidazole’s sidechain of hercynine affords a thio-
ether product. In this step, the hydrogen atom from the hydroperoxo 
species relays back to the Tyr377-based radical, regenerating Tyr377 
and producing an FeII-superoxo species (h). The FeII-superoxo species 
then abstracts a hydrogen atom from the imidazole ring to regenerate 
the aromaticity and results in an FeII-hydroperoxo intermediate (i), 
which undergoes oxidation to afford the sulfoxide product (Fig. 12c). 
Our MeOTyr-containing OvoA studies are consistent with the EgtB 
model suggested by Faponle et al. [127,131]. However, the OvoA 

Fig. 13. The endoperoxidation reaction mediated by FtmOx1. (a) The products of the FtmOx1 reactions under single-turnover conditions in the absence of extra 
reductants (e.g., ascorbate). (b) The distal-type αKG binding configuration in the FtmOx1•αKG binary complex (PDB ID: 4Y5S). αKG is shown in purple and the iron 
center is shown as a yellow sphere. Water is presented as a red sphere. (c) A proposed FtmOx1 mechanistic model involving the Tyr224 radical as one of the key 
species (shaded in green) under single-turnover conditions. The Tyr224 radical is also responsible for initiating the oxidation of the C13-hydroxyl group to a keto- 
product (13). Therefore, there are two reaction cycles in FtmOx1-catalysis under single-turnover conditions. 
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structure is not available and it is possible that OvoA and EgtB might 
follow different mechanistic models. Additional kinetic and spectro-
scopic studies are needed to uncover the mechanistic details of these 
sulfoxide synthases. 

There exists another enzymatic system where the role of Tyr in 
catalysis is under a heated debate. In the biosynthesis of a tremorgenic 
mycotoxin verruculogen (2), an α-ketoglutarate-dependent (αKG) NHFe 
enzyme, FtmOx1, mediates the endoperoxidation of fumitremorgin B 
(1) (Fig. 13a) [133,134]. Biochemical characterization under 
single-turnover reaction conditions in the absence of extra reductants (e. 
g., ascorbate) revealed that each cycle of FtmOx1-catalysis consumes 
two molecules of molecular oxygen and involves two distinct reactions: 
the endoperoxidation reaction to afford verruculogen (2) and the 
oxidation of verruculogen’s C13-hydroxyl group to form a keto-product 
(3) (Fig. 13a) [113]. Compound 3 is the dominant product under 
single-turnover conditions. In the reported crystal structure of the 
FtmOx1•αKG binary complex, αKG coordinates to the metallocenter 
through a distal-type configuration, and Tyr224 is adjacent to the pu-
tative oxygen binding site (Fig. 13b) [113]. Structural, biochemical, and 
spectroscopic characterizations led to a mechanistic model involving the 
Tyr224 radical as one of the key species in FtmOx1-catalysis (Fig. 13c). 

However, in a recent report, Bollinger and co-workers proposed that 
an alternative tyrosine residue (Tyr68) might be the tyrosyl radical site 
(Fig. 14) [135]. The authors reported that in the reaction catalyzed by 
the FtmOx1Y68F variant, a new major, uncharacterized product was 
formed. In FtmOx1-catalysis, under single-turnover conditions and in 
the absence of other reductants, the keto-product (3) is the dominant 
product. In this Tyr68 radical model (Fig. 14), Tyr68 is on the protein 
surface and fully solvent exposed, and the Fe-center is far from the 
substrate’s C13–OH group. It will be challenging to explain formation of 
the keto-product (3) as the dominant product using this Tyr68 radical 
model [135]. In addition, it will be more convincing to discuss this 
Tyr68 radical mechanistic model after the structures of the reaction 

products were characterized [135]. Therefore, Tyr224 remains the best 
candidate for the proposed tyrosyl radical in FtmOx1-catalysis. To 
provide further evidence to differentiate between the two proposed 
mechanistic models, the use of non-canonical Tyr will be beneficial in 
characterizing the catalytic roles of the two Tyr residues in 
FtmOx1-catalysis, which are on-going efforts in our laboratory. 

2.2. Heme enzymes engineering 

Another common type of iron-dependent enzyme is the heme- 
containing enzymes, in which the iron center is coordinated to a 
porphyrin as a tetradentate ligand. In addition to heme cofactors, these 
enzymes often possess additional metals and they catalyze a diverse 
range of reactions, e.g., copper (CuB) in heme copper oxidase (HCO) and 

Fig. 14. A proposed FtmOx1 mechanistic model involving a Tyr68-based radical (shaded in green).  

Fig. 15. CuBMb enzyme engineering. (a) The crystal structure of swMb (PDB 
ID: 1VXA). The residues Leu29, Phe43, His64, and Val68 were chosen to create 
a Cu binding site. (b) The crystal structure of bovine heart CcO (PDB ID: 1OCO). 
Tyr244 and His240 form a covalent crosslink, which was proposed to be 
essential for oxidase activity. Copper is shown as a blue sphere. 
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iron (FeB) in nitric oxide reductase (NOR) [136–140]. Designing artifi-
cial heme enzymes is a powerful tool not only for facilitating in-depth 
mechanistic studies, but also for developing novel biocatalysts. Both 
rational enzyme design and directed evolution methods have been 
applied for heme-enzyme engineering where metal-ligands and the 
secondary coordination shell residues are modulated. The readers are 
referred to several recent reviews on artificial metalloenzyme engi-
neering [103,104,141–144]. The cytochrome c oxidase (CcO) is a 
membrane-bound protein from the HCO family. It catalyzes the reduc-
tion of O2 to water without the generation of toxic reactive oxygen 
species (ROS). In this reaction, the catalytic functions of the additional 

CuB site remain unclear [145]. Due to the difficulty of obtaining large 
amounts of membrane-bound CcO, an artificial model for this enzyme 
has been generated through engineering the heme-containing oxygen 
carrier protein, myoglobin from sperm whale Physeter macrocephalus 
(swMb, Fig. 15a). Based on the structural comparison between swMb 
and the native bovine CcO, residues His64, Leu29, and Phe34 from the 
swMb active site were selected to create the CuB binding site [145]. Both 
Leu29 and Phe34 were mutated to His to create the swMb L29H F43H 
variant, which is referred to as CuBMb. This engineered CuBMb variant 
exhibited biophysical properties similar to the heme-copper center from 
the HCO family. In addition, spectroscopic studies of the engineered 

Fig. 16. Incorporation of heme analogs or artificial metal complexes to create heme-protein variants. (a) Non-native cofactors used in heme-protein variants. (b) The 
sulfoxidation reaction catalyzed by Mn(salen)-harboring swMb. (c) The incorporation of non-native cofactors using the heme transporter, ChuA, in vivo. (d) The 
cyclopropanation reactions catalyzed by P450s with Fe-DPIX. 
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CuBMb indicated that the CuB center enhances the molecular oxygen 
binding affinity to the heme center in the HCO reaction. 

The creation of the CuBMb protein has enabled the subsequent efforts 
to improve its natural activities and even for creating non-natural ac-
tivities. In CuBMb, ROS formation was inhibited, while H2O production 
did not change significantly relative to the wild-type swMb. HCOs 
contain a conserved Tyr-His crosslink in their active site and this 
crosslink has been proposed to be important for water production 
(Fig. 15b). Lu and co-workers replaced Gly65, a residue adjacent to the 
copper-binding site, with a Tyr residue in CuBMb. The water production 
rate of the CuBMbG65Y variant was dramatically enhanced compared to 
that of native CuBMb [146]. The importance of Tyr in CuBMbG65Y-ca-
talysis motivated the authors to further investigate the contribution of a 
Tyr-His crosslink in HCO-catalysis using a ncAA incorporated by the 
amber-codon suppression method. In this study, Lu and co-workers 
chose (S)-2-Amino-3-(4-hydroxy-3-(1H-imidazole-1-yl)phenyl)prop-
anoic acid (imiTyr) to mimic the Tyr-His crosslink [116]. The resulting 
imiTyr-CuBMb variant not only mediated the O2 reduction reaction with 
more than 1000 turnovers, but also minimized the ROS formation 
relative to the CuBMbG65Y variant. This study highlights the crucial role 
of the Tyr-His crosslink in HCO for selective H2O production with 
minimized ROS formation. The enhanced catalytic activity and selec-
tivity of the engineered HCO reveals the value of protein modifications 
in developing robust biocatalysts. 

NORs are similar to HCOs in that they both contain an additional 
iron-binding site near the heme-center. However, NORs catalyze the 
two-electron reduction of NO to N2O. Additionally, the creation of the 
NOR activity from a heme template (i.e. swMb) is challenging due to the 
lack of a NOR crystal structure. Based on their success in the CuBMb 
studies, Lu and co-workers created a swMb variant, FeBMb, with the NO 
reduction activity [140]. Starting from the CuBMb (swMb L29H F43H 
variant) scaffold, an additional Val68 to Glu mutation was introduced to 
mimic the Glu residue in NOR (Fig. 15a). The CuBMbV68E variant had the 
desired FeB site and also exhibited the NO reduction activity at a level 
comparable to that of the native NOR. 

In these heme enzymes engineering efforts, besides mutating the 
metal-binding site, a heme analog can replace the native heme; a second 
heme cofactor can be added as well [147,148]. For instance, native 
heme b in an HCO has been replaced with monoformyl-, diformyl- and 
diacetyl hemes (Fig. 16a). By increasing the number of 
electron-withdrawing groups in these heme analogs, the reduction po-
tential of the HCO increases proportionally [147]. The enhanced 
reduction potential resulted in an HCO with an increased dioxygen 
reduction activity. In another study, a manganese salen complex, Mn 
(salen), was introduced to swMb through a two-point covalent attach-
ment strategy where Leu72 and Tyr103 were mutated to Cys. These two 
Cys residues of the swMbL72C_Y103C variant then reacted with the 
methane thiosulfate groups of the artificial cofactor to covalently attach 
Mn(salen) to the protein (Fig. 16a) [139]. The Mn(salen)-bearing swMb 
catalyzes the thioanisole sulfoxidation with a remarkably improved 
enantioselectivity (51%) relative to that of the apo swMb (<5%), 
(Fig. 16b). 

In these studies, the heme analogs are introduced into the purified 
apo-enzymes by in vitro reconstitution [139,147]. This method often 
results in a low yield of the reconstituted holo-enzyme. To overcome this 
issue, an orthogonal enzyme/heme pair consisting of a heme-like 
cofactor and a complementary heme-binding protein has been devel-
oped (Fig. 16c) [148]. In this system, the native heme-transport channel, 
ChuA, is evolved to import the iron deuteroporphyrin IX (Fe-DPIX) 
cofactor, which binds selectively to an engineered cytochrome P450 
scaffold from Bacillus megaterium. The non-natural cofactor containing 
variant does not catalyze the native P450 monooxygenation reactions. 
Instead, this artificial enzyme catalyzes cyclopropanation reactions 
(Fig. 16d) [148]. 

2.3. Copper enzymes engineering 

Copper-containing metalloenzymes play essential roles in multiple 
biological processes, e.g., as electron transfer mediators due to the wide 
range of redox potentials of their metallo centers [149–151]. Of this 
family, Azurin (Az) from Pseudomonas aeruginosa is a type I copper 
protein which has been extensively investigated and re-engineered. The 
trigonal bipyramidal Cu2+ is bound by 2-His and 1-Cys in a plane with a 
Met121 and the carboxyl moiety of Gly45 binding at the axial positions 
(Fig. 17). To determine the role of the axial Met ligand in Az, Lu and 
co-workers replaced Met121 with multiple ncAAs through an expressed 
protein ligation method [152,153]. A linear correlation was observed 
between the hydrophobicity of the ncAAs and the redox potential of the 
copper center, with higher hydrophobicity resulting in higher reduction 
potentials. Other than the engineering of the copper-binding ligands, Az 
has also served as a protein scaffold for incorporating non-native co-
factors because of the stability of the apo-protein. Ferrocene is an 
attractive organometallic catalyst, but its applications are limited 
because of its poor solubility in aqueous solutions. To resolve this issue, 
an Azurin-Ferrocene complex was generated via covalent attachment 
between Cys112 and 2-[(Methylsulfonyl)thio]ethylferrocene [154]. The 
reduction potential of the ferrocene complex-containing Az variant was 
increased compared to that of the wild-type. Engineering of the sec-
ondary coordination shell residues further enhanced the reduction po-
tential of the Az variant. The tunability of Az’s reduction potential 
makes it a good electron transfer mediator in biological systems and an 
excellent target for enzyme engineering. 

3. Conclusions 

In this review, we summarize some of the recent advances in protein 
modifications through both chemical and biological approaches, which 
are widely applied in biochemistry, chemical biology, cell biology, and 
drug discovery. In recent years, there are more cases of the application of 
these tools in enzyme mechanistic studies and functional engineering. 
We select some recent examples where introducing ncAAs or non-native 
cofactors either served as new mechanistic study tools or to introduce 
novel catalytic activities that do not exist in the wild-type enzymes. 
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et al. Stable pyrrole-linked bioconjugates through tetrazine-triggered 
azanorbornadiene fragmentation. Angew Chem Int 2020;132(15):6255–9. 

[37] Bernardim B, Dunsmore L, Li H, Hocking B, Nuñez-Franco R, Navo CD, et al. 
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Appendix A: Abbreviation List 

2-PCA: 2-pyridinecarbaldehyde 
AA: Amino acid 
aaRS: tRNA synthetase 
ADC: Antibody-drug conjugates 
AHA: Azidohomoalanine 
AlkK: Alkyne Nε-(propargyloxycarbonyl)-L-lysine 
BONCAT: Biorthogonal non-canonical amino acid tagging 
cAA: Canonical amino acid 
CBTF: 4-(cyanoethynyl)benzoyl)oxy)-2,3,5,6-tetrafluorobenzenesulfonate 
CcO: Cytochrome c oxidase 
CDO: Cysteine dioxygenase 
CuAAC: Copper-catalyzed azide-alkyne cycloaddition 
CuB: Copper-binding site 
CuBMb: swMb L29H F43H variant 
DST-alkyne: Disulfide biotin alkyne tag 
EPL: Expressed protein ligation 
Fe-DPIX: Iron-deuteroporphyrin IX 
H2B–K20Ub: Ubiquitinated H2B 
HAT: Hydrogen-atom transfer 
HCO: Heme-copper oxidase 
HPG: Homopropargylglycine 
imiTyr: (S)-2-amino-3-(4-hydroxy-3-(1H-imidazol-1-yl)phenyl)propanoic acid 
KIE: Kinetic isotope effect 
LD: Ligand-directed 
LDNASA: Ligand-directed N-acyl-N-alkyl sulfonamide 
MeOTyr: 3-methoxytyrosine 
Mn(salen): Manganese-salen complex 
MtTyr: 2-amino-3-(4-hydroxy-3-(methylthio)-phenyl)propanoic acid 
ncAA: Noncanonical amino acid 
NCL: Native chemical ligation 
NHFe: Non-heme iron enzyme 
NHS: N-hydroxysuccinimide 
NOR: Nitric oxide reductase 
PACE: Phage-assisted continuous evolution 
PCET: Proton-coupled electron transfer 
PCS: Primary coordination shell 
PEG: Polyethylene glycol 
PLP: Pyridoxal-5′-phosphate 
POI: Protein of interest 
PTC: Peptidyl transferase center 
PTM: Post-translational modification 
PylRS: Pyrrolysyl-tRNA synthetase 
QM/MM: Quantum mechanics/molecular mechanics 
RF-1: Release factor 1 
ROS: Reactive oxygen species 
SCS: Secondary coordination shell 
SD: Shine-Dalgarno 
SOD: Superoxide dismutase 
SPAAC: Strain-promoted azide-alkene cycloaddition 
swMb: Physeter microcephalus Myoglobin 
tRNA: Transfer RNA 
UBP: Unnatural base pair 
αKG: α-ketoglutarate 
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