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Abstract 
 

Over billions of years, enzymes evolved to be nature’s catalyst. Under (aqueous) mild 

conditions they promote a vast number of chemical reactions, achieving remarkable 

accelerations and exquisite selectivities. In addition, scientists designed and optimized 

organometallic catalysts in order to perform new-to-nature chemical transformations. 

Organometallic catalysts and enzymes have complementary properties that are combined 

and exploited in artificial metalloenzymes. In this approach, the reactivity of the catalyst can 

be tuned not only by chemical optimization of the catalyst, but furthermore by genetic 

optimization of the protein scaffold. These systems can be especially useful in bringing new-

to-nature reactions in living systems. Various artificial metalloenzymes are designed, 

assembled and evolved in the Ward group. Although several host proteins have been 

exploited, the biotin-streptavidin technology occupies a place of choice in this context. 

This thesis aims to create a chimeric streptavidin variant and to study its utility as a scaffold 

for the creation of ArMs. Furthermore, native MS and protein crystallography were used to 

characterize ArMs. 
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Chapter 1. Introduction 
 

1.1 Artificial Metalloenzymes 

 

Life wouldn’t be possible without the multitude of biochemical reactions spontaneously 

occurring in living cells. Enzymes catalyze the majority of these reactions. These evolved over 

time to be exquisitely effective catalysts. But what do enzymes consist of and how do they 

achieve their reactivity and selectivity? Enzymes consist of a combination of 20 amino acids, 

growing to a polypeptide chain with a molecular weight in a range of 10’000–100’000 Da. It 

is important to note that the polypeptide chains can also self-assemble into larger complexes. 

The amino acids have different side chains with different chemical and electronic properties 

(Figure 1). By combining these properties within the active site of an enzyme, perhaps with a 

metal ion or a coenzyme, it can confer the ability to catalyze a wide range of chemical 

reactions, including carbon-carbon bond formation, reductions, oxidations and hydrolyses. 

 
Figure 1 The 20 natural amino acids categorized according to the chemical properties of their side chains. 

The combination of the amino acids leading to a protein, give rise to several levels of 

hierarchical structure, starting with the primary structure consisting of the amino acid 

Glycine (G) Proline (P) Cysteine (C)

Special cases Amino acids with polar uncharged side chains

Serine (S) Threonine (T) Asparagine (N) Glutamine (Q)

Amino acids with electronically charged side chain (positive) Amino acids with electronically charged side chain (negative)

Amino acids with hydrophobic side chain

Arginine (R) Histidine (H) Lysine (K) Aspartic acid (D) Glutamic acid (E)

Alanine (A) Valine (V) Isoleucine (I) Leucin (L) Methionine (M)

Phenylalanine (F) Tyrosine (Y) Tryptophan (W)
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sequence. This amino acid chain then folds into a secondary structure, which defines the local 

topology of the polypeptide chain with structured units, such as a-helixes and b-strands. 

These secondary structure motifs are then further folded, leading to a globular structure: the 

tertiary structure. Finally, if more than one polypeptide chain associates to a functional 

enzyme, the resulting polypeptide assembly is coined the quaternary structure. 

Within the active site, enzymes contribute to stabilize the transition state of a reaction1 and 

furthermore enzymes may serve as an “entropic trap”.2 This leads to outstanding properties, 

including high catalytic activity at ambient conditions, substrate specificity and high selectivity 

with respect to chemo-, regio- and enantioselectivity, often outperforming the catalytic 

potential of most of the chemical catalysts. By means of example, the rate of an enzyme-

catalyzed reaction can be increased by a factor of up to 1017 compared to its non-catalyzed 

reaction. In addition, enantioselectivities > 99 ee % are achieved routinely in case of 

asymmetric transformations.3 The basic mechanism of transition state stabilization by 

enzymes was first formulated by Haldane4 and expanded by Pauling5 and Wolfenden.6 

According to their concept, the Gibbs energy (DG‡) of the transition state of a given reaction 

catalyzed by enzymes is lowered by binding of the corresponding transition state with higher 

affinity than the ground state of the substrate(s). This model is further supported by the fact 

that some enzymes are strongly inhibited by transition state analogs.7  

Along with the enzymes, also chiral transition metal complexes are used as homogenous 

catalysts in asymmetric synthesis. Their use in catalysis relies on the tuneability and versatile 

reactivity of these compounds. The transition metals can switch between different oxidation 

states; therefore, they are able to recombine certain fragments of molecules. This can be seen 

in the catalytic cycle of reactions catalyzed by transition metal complexes, where they can go 

through processes such as an oxidative addition or reductive elimination. The electron density 

and steric environment of the metal can furthermore be fine-tuned by the choice of ligand 

with tailored chemical properties. With this approach so called fine-tuning of the reactivity 

and selectivity (e.g. regio- and chemoselectivity) of the catalyst can be achieved, affording an 

opportunity to perform asymmetric catalysis relying on transition metals in combination with 

enantiopure ligands. The traditional way of preparing such enantiopure ligands is by fractional 

recrystallisation of a diastereomeric salt.8 The pioneering achievements of W.S. Knowles9 and 

R. Noyori10 and B. Sharpless11 revealed the potential of homogenous catalysts in asymmetric 
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synthesis. Their work on the asymmetric hydrogenation of functionalized alkenes, using chiral 

phosphine ligands and the application of enantiopure ligands derived from natural products 

for the asymmetric epoxidation and dihydroxylation of olefins was honored with the 2001 

Nobel Prize in Chemistry. Inspired by their work, the scope of enantiopure ligands was 

continuously expanded and many other enantioselective transformations were developed. 

Despite the great catalytic potential of enzymes, they suffer some major drawbacks. For 

organic synthetic purpose, thes include: limited stability towards organic solvents, elevated 

temperatures, extreme pH values and limited substrate scope. Inspection of the pros and 

cons of homogeneous catalysts and enzymes reveal a striking degree of complementarity 

(Table 1). In order to combine these advantages, the idea of the incorporation of a 

catalytically-active transition metal complex within a biomolecular scaffold (protein, DNA, 

RNA) to form an artificial metalloenzyme (ArM) arose in the 1970s. In 1976, Kaiser and 

Yamamura reported that the hydrolytic enzyme carboxypeptidase A (CPA) could be 

repurposed into an oxidase upon substitution of the native Zn(II) by Cu(II) for the oxidation of 

ascorbic acid.12 In 1978, Whitesides and Wilson exploited the high affinity of biotinylated 

probes for avidin to anchor a Rh(diphosphine) within avidin.13 Actually, the first report of an 

artificial metalloenzymes was used, dates back to 1956, when Fujii and co-workers described 

the use of reduced palladium chloride adsorbed on silk fibers for the asymmetric reduction 

of dehydro-amino acid derivatives.14 By the creation of artificial metalloenzymes, next to the 

high selectivity of natural enzymes and the wide substrate scope of homogeneous catalysts, 

new-to-nature reactions can be implemented.15,16 The full potential of ArMs was only be 

realized with the advent of recombinant protein production.  
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Table 1 Properties of homogenous - and enzymatic catalysis. Labeled in blue are shown the properties of ArMs. 

 
Taking a closer look at ArMs, reveals that the high activity and selectivity is by-and-large 

governed by the ligand forming the first coordination sphere in the case of the metal 

complexes. In metalloenzymes, the activity and selectivity relies to a large extent on the 

secondary coordination sphere, which is provided by hydrophobic interactions and hydrogen 

bonds between the cofactor and the protein. The secondary coordination sphere further 

contributes to the stabilization of the transition state of the reaction, the chiral discrimination 

and/or the activation of the substrate by secondary interactions. Therefore, the activity and 

especially the selectivity of the artificial metalloenzyme can be engineered by genetic 

modification of the host protein. This can either be addressed by rational design or directed 

evolution.17,18 This ultimately leads to kinetics and catalytic efficiencies approaching those of 

native enzymes, as reported by Hartwig et al. for a reconstituted cytochrome P450 

performing C-H insertion reactions19 or by Basler et al. for an abiological 

hetero-Diels-Alderase.20  

To convert proteins into ArMs, three important parameters must be carefully considered: i) 

the transition metal catalyst, ii) the protein scaffold and iii) the anchoring mode of the 

complex to the scaffold.  

To compete with natural enzymes and introduce new-to-nature reactions, usually second or 

third row transition metal catalyst are used for the formation of ArMs. This catalyst can be 

Homogenous Catalysis Enzymatic Catalysis
Enantiomers both Single

Solvent mostly organic mostly water
Specificity broad narrow

Optimization chemical genetic
Metal precious metals base metals

1st coord. sphere vast choice limited choice
2nd coord. sphere ill-defined well defined

In silico design easier challenging
Lifetime limited extended

In vivo compat. limited broad
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fine-tuned by the selection of the ligands. Therefore, the catalyst can be chemically optimized 

and adapted to the protein scaffold. Concerning the protein host, next to the de novo design 

of peptides and proteins, the creation of new or enhanced actives sites in native proteins and 

protein self-assembly were developed by rational design.21–23 DeGrado and coworkers 

introduced the de-novo-designed peptides for the creation of ArMs in the 1980s, using single-

chain peptides that fold into three- or four-helix bundles that can model the naturally-

occurring structural motifs seen in native metalloproteins and bind metal ions via amino acid 

residues in the interior of the peptide fold.24 Next to it, the DeGrado group also developed de 

novo peptides that model several important active sites in nature, such as porphyrins and FeS 

clusters.25 Furthermore, Tezcan et al. used the de-novo approach to create an artificial β-

lactamase26 and Pecoraro et al. for an artificial hydrolase based on the TRI-peptide family.27 

Since the beginnings of the de-novo design of peptides, the computational methods have 

improved remarkably28 cuminating with the AlphaFold protein structure prediction software, 

among other powerful prediction tools.29 In addition to the natural and de-novo proteins, also 

DNA and small peptides have been utilized as hosts for transition metal catalysts.30 Lastly, the 

incorporation of unnatural amino acids31 into host proteins completes the toolbox for the 

design of artificial metalloenzymes.  

There are four strategies that are usually applied for the attachment of the catalyst to the 

protein to assemble an artificial metalloenzymes (Figure 2).  

 

(I) Dative Anchoring: An interaction between a coordinatively unsaturated metal 

(cofactor) within a cavity and a Lewis-basic amino acid (e.g. histidine) is formed.32 

(II) Supramolecular Anchoring: Either a high-affinity inhibitor or substrate is used to 

anchor a metal cofactor within a host protein (by supramolecular interactions).13 

(III) Metal Substitution: In a native metalloenzyme the metal is substituted for another 

metal. It may be part of a prosthetic group (e.g. heme) or bound solely to amino 

acids.33 

(IV) Covalent Anchoring: The covalent immobilization of a metal cofactor is achieved 

by an irreversible reaction between complementary functional groups on a ligand 

and on the host protein, respectively.34,35 
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Figure 2 The four strategies for the assembly of ArMs. (I) Dative anchoring (II) Supramolecular anchoring (III) Metal 

substitution and (IV) Covalent anchoring.  

 

Inspired by the seminal paper of Whitesides et al.13, where they used  the biotin-avidin 

technology to generate ArMs, the Ward group has capitalized on this technology and 

designed several biotinylated organometallic complexes, that catalyze a variety of reactions, 

including sulfoxidation, hydrogenation, dihydroxylation, allylic alkylation, alcohol oxidation, 

transfer hydrogenation, Suzuki cross-coupling, C–H bond activation, metathesis and 

hydroamination, etc.36–43  

 

1.2 The Biotin-(Strept)avidin Technology 

 

The relation of avidin and biotin was first reported by Boaz in the 1920s, while he was in 

investigating chicken egg white.44 In the 1940s Williams et. al. showed that animals fed a 

diet that contains a large proportion of fresh or commercial egg white and is devoid of a 

specific protective factor (biotin, vitamin B7, vitamin H) an egg-white injury is produced.45 In 

the  case of streptavidin (Sav), during an antibiotic screening in the 1960s, it was shown 

that the antibacterial effects, of the medium containing the culture filtrate of Streptomyces 

(avidiini), could be reversed by high concentrations of biotin in the medium.46 Since then, 

N
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(strept)avidin is widely used in a number of applications in life sciences, ranging from 

purification, labeling techniques, diagnostics, targeted drug delivery to nanotechnology and 

artificial metalloenzymes.47 Both avidin and streptavidin are well known for their high biotin 

(Vitamin B7, Vitamin H) binding capacity. The affinity for biotin is ~1015 M-1 for avidin and 

~1013 - 1014 M-1 for streptavidin respectively and is the strongest noncovalent molecule-

protein interaction known.48 In their natural hosts, avidin and streptavidin 

are secreted.49 During secretion, in case of the streptavidin (159 aa), the so-called 

core-streptavidin (125-127 aa) is formed as a result of processing from both N and C termini 

simultaneously. Contrary to that, only the signal sequence of avidin is cleaved off during the 

secretion process. The core streptavidin version and avidin have only a 33 % sequence 

homology. However, the two protein structures are very similar and both are 

homotetrameric, which can be better described as a dimer of dimers with a D2-symmetry.50 

All four monomers consist of eight-stranded b-barrel with seven interconnecting loops, with 

each monomer binding one biotin molecule within his core. The main differences between 

streptavidin and avidin are in the interconnecting loop regions. The four biotin binding 

pockets can be categorized into two sets, cis (two biotins facing each other) and trans (long 

distance between two biotin molecules) (Figure 3). Noteworthy, no cooperativity was 

observed for the individual biotin binding events.51 In both proteins, the quaternary structure 

is stabilized predominately by a network of van der Waals interactions and hydrogen bonds 

between each individual monomer.52 Additionally, avidin (Mw= 62’400 Da for the tetramer) 

contains two cysteines forming a disulfide-bridge and two methionine residues as well as a 

glycosylation at asparagine 17.53 Streptavidin (Mw= 65’700 Da) in contrast has none of these 

modifications. Both proteins are extremely stable to high temperatures , over a wide pH range 

and in the presence of denaturating agents as well as organic solvents.54 The high affinity 

towards biotin and the high stability of the protein, makes (strept)avidin an ideal host for 

ArMs. Especially streptavidin, as its lack of glycosylation and disulfide bond and the more 

favorable isoelectric point (pIAvidin= 10, pIStreptavidin= 6.8-7.5) makes it easier to work with. 
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Figure 3 Streptavidin homotetramer as cartoon representation (pdb: 3RY2) with biotin represented as cpk model. The two 

facing biotins (cis) are shown in a, whereas in b the two distant biotins (trans) are highlighted. The 2-fold rotation axis in x,y,z 

direction are also displayed to highlight the symmetry relation of the monomers in the tetramer. 

In order to improve the soluble protein fraction of streptavidin, the Ward lab relies on a 

genetically optimized variant.55 In this variant, the protein sequence consists of the full-length 

streptavidin with the first 13 residues of streptavidin being replaced by a T7 epitope tag. By 

introducing this tag, the production levels could be improved to up to 200 mg/L in shake flasks 

and even TO up to 8 g/L in a fed batch mode.56 As streptavidin itself, the tagged streptavidin 

tolerates a wide pH range (pH 3-11), elevated temperatures (75°C without biotin, up to 110°C 

with biotin bound), organic solvents (e.g. DMSO, ethyl acetate), high concentrations of 

guanidinium chloride (6M) or urea (8M), as well as the presence of chaotropic agents (e.g. 

sodium dodecyl sulfate).54,57–59 The most important feature of streptavidin as ideal host for 

the assembly of ArMs may be its remarkable affinity towards biotin as well as biotinylated 

probes. Upon biotin binding, the loop connecting the strands 3 and 4 of the b-barrel of 

streptavidin, changes its conformation and thereby closes the binding site such that the ligand 

is buried almost completely.52,60 However, the valeric acid group is located at the entrance of 

the b-barrel. Therefore, covalent modification of this carboxylic moiety does not significantly 

affect the biotin-Sav affinity. As the 3,4-loop is critical in the biotin binding, several modified 

variant of streptavidin were developed with affinities for peptides (as streptactin)61 and 

circularly permutated streptavidin62, among others.  

Y

X

Z

X

a b



  

9 

 

The tight biotin binding originates from an extended hydrogen bond network and several 

hydrophobic interactions.63 Interestingly, the ureido oxygen forms 3 hydrogen bonds with the 

residues Asn23, Ser27, Tyr43, suggesting that the groups involved stabilize an sp3 oxyanion.64 

Furthermore, the NH-groups of the ureido moiety form H-bonds with Ser45 and Asp128, the 

sulfur of the thiolane moiety with Thr90 and the carboxyl group of the valeric acid chain with 

Asn49 and Ser88 (Figure 4). Additionally, the tryptophan residues Trp79, Trp92, Trp108 and 

Trp120 (from the adjacent monomer) form a hydrophobic binding pocket.  

 

 
Figure 4 X ray structure of the streptavidin-biotin complex (pdb 3RY2, only one monomer of Sav displayed). The protein is 

represented as blue cartoon, whereas the residues involved in biotin binding are represented as sticks (carbon: cyan, oxygen: 

red and nitrogen: blue). The biotin is displayed as sticks (carbon: green, oxygen: red, sulfur: yellow and nitrogen: blue). On 

the left panel, the hydrogen bond network is highlighted, with the H-bond interactions being displayed as yellow dotted lines. 

On the right panel, the hydrophobic interaction by the tryptophan residues are shown, W120 is involved in an interaction with 

the adjacent Sav monomer (not displayed).  

As previously mentioned, streptavidin’s quaternary structure consists of a tetramer, which is 

stabilized by interactions of the residues in the subunit interfaces (including Val55, Thr76, 

Thr90, Leu109, Trp120, Val125, His127 and Asp128) as well as an important inter-subunit 

salt-bridge between Asp61 and His87 (at physiological pH). Crystallographic studies on the 

T7-taged full length streptavidin revealed that, in the apo-protein form, the C-terminus is 

folded into the biotin binding pocket.65 The binding of the C-terminus can be described as 

N49

S88

Y43

N23
D128

S45
T90

W79

S45

W92
W108

W79 W120
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follows: “C-terminal extension stretches away from the b-barrel, forms a section of a-helix, 

and then folds against the b-barrel with several residues located within the biotin-binding 

site”.65 Nevertheless, due to the high production yield and stability the Ward lab relies on the 

T7-tagged full length streptavidin for its use as scaffold for ArMs.  
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Chapter 2. Chimeric Streptavidin 
 

2.1 Why engineer (strept)avidin? 

 

In 2008, the Ward group reported the first X-ray structure of an ArM based on streptavidin.66 

Since then, the group published more than 30 structures of Sav-based ArMs.37,43,66–71 As 

previously mentioned, streptavidin consists of a dimer of dimers, where two neighboring 

subunits are related by a C2 axis. Inspection of the crystal structures, a narrow distribution of 

the metals, close to the C2 axis can be found (Figure 5).  

 

 
Figure 5 Close-up view of the metal distribution of ArMs based on Sav. The protein is represented as surface, where the two 

monomers are color-coded in cyan and blue, respectively. The metal atoms of biotinalyted metal cofactors are represented 

by spheres: Ir (Blue, pdb 6GMI, 6ESS, 6ESU, 4OKA, and 3PK2), Ru (Green, pdb  6FH8, 5F2B, 5IRA, 2QCB, and 2WPU), Cu (Brown, 

pdb  5VKX, 5VL5, 5VL8, 5WBA, 5WBB, 5WBD, 6ANX, 5WBC, 5K67, 5K68, and 5L3Y), Pd (black, pdb  5CSE), Rh (turquoise, pdb 

4GJV and 4GJS) and the averaged metal position is represented as a yellow sphere. For clarity, only one metal is displayed for 

the homodimeric Sav making-up the biotin-binding vestibule.  

As displayed in Figure 5, the metals are rather solvent-exposed. This characteristic surely 

contributes towards a broad substrate scope of the corresponding ArMs. As a consequence, 

however, the influence of the secondary coordination sphere interactions between the host 

protein and the catalyst is rather limited. Furthermore, the catalyst is less shielded against 

external factors than in traditional enzymatic cavities, where the active site is often well 
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shielded. The concept of introducing additional structural features which might offer the 

opportunity to tailor further and confine the active site, was initially addressed by the Ward 

group in 200872 and further expanded in 2018.73 In their first report they implemented avidins 

larger 3,4-loop to streptavidin, whereas in the second, they introduced well-structured, 

naturally-occurring motifs, displaying close-lying N and C termini, to the 3,4-, 4,5-, 5,6-, 7,8-

loop and were able to show that their incorporation to the 3,4-loop and C-terminus were the 

most promising ones. Furthermore, the biotin-binding of those chimeras was not significantly 

affected by the introduction of these motifs. Nevertheless, the newly introduced motifs 

needed to be further engineered to form a protective lid over the active site, as the lids did 

not cover the whole biotin-binding vestibule. Most importantly, these initial designs did not 

take into account the opportunity to fully shield the biotin-binding vestibule by capitalizing 

the dimeric nature of Sav. 

One way of improving the properties of the ArMs is to genetically modify the protein’s 

primary sequence. By doing so the properties of the ArMs can be “fine-tuned”. In the field of 

biochemistry, an approach of so-called directed evolution is pursued, where a protein with a 

pre-existing activity is evolved to perform better by random mutagenesis.74 In this approach, 

the protein sequence is changed by iterative cycles of mutagenesis and the beneficial 

mutations are taken as a starting point for the next round of evolution. By doing so, the 

natural evolution is simulated in a lab environment in a much faster time-scale. A different 

approach, which relies on the structural information of proteins is called targeted 

mutagenesis, where structural information about the protein and its active site are used in 

order to identify amino acid residues to target. As there are several structures for streptavidin 

and their ArMs, we inspected them and determined the average metal position (Figure 6). By 

doing so, we were able to identify potential targets for mutagenesis, especially by inspecting 

the distances to the C-b atom (from the amine and carboxyl group). This group was selected, 

as all amino acids (except glycine) have this position in common, whereas the remainder of 

the side chains is different in size and direction. In Sav-WT, there are no C-b atoms of residues 

within 5 Å of the averaged metal center. “Zooming out” a bit further to 8 Å, several residues 

were identified that might interact with the transition state of the metal-bound substrate, 

namely the residues at position N49, S112, and K121’ (‘ = of the adjacent streptavidin 

monomer). Finally, at a distance of 10 Å more residues could be identified. In total, there are 
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11 residues within 10 Å of the averaged metal center (N49, A86, H87, S88, L110, S112, T114, 

N118, K121, S122, L124, and K121’ (Figure 6). Unsurprisingly, most of them were already 

identified and genetically modified in previous studies of the Ward lab.37,75  

 
Figure 6 Close-up view of the biotin binding site with the averaged metal position highlighted. The monomers of streptavidin 

are color coded (black, white, cyan and blue, respectively). For simplification, only one metal (orange sphere) is displayed. 

The residues with C-b atoms at < 10 Å from the averaged metal center are displayed as sticks (carbon: green, oxygen: red and 

nitrogen: blue) and labeled.  

One drawback of the quaternary structure of streptavidin is that the monomers cannot be 

genetically modified independently, as one gene encodes all four monomers. This leads to an 

uncertainty as to which of the two symmetry-related mutations (for positions S112 and K121 

most prominently) affects most the catalytic performance. An additional challenge arises 

when using an ArMs where the cofactor:streptavidin ratio influences the catalytic properties. 

This effect is most prominently in the case for the artificial transfer hydrogenase consisting of 

[Cp*Ir(biot-p-L)Cl]·Sav-S112A. In this ArM, the enantioselectivity for the reduction of the 

salsolidine precursor erodes from 93 ee % to 45 ee % for the (R)-enantiomer upon increasing 

the [Cp*Ir(biot-p-L)Cl]:Sav-S112A from one to four.76 One way of addressing this challenge is 

to assemble two separate streptavidin forms, one with the natural biotin-binding affinity and 

the other with ablated biotin affinity. Chilkoti et al. demonstrated that this could be achieved 

by denaturing and mixing monomers with high affinity and low affinity and renaturing a 

mixture thereof.77 However, following refolding, a wide variety of combinations were 
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produced. Some contained four high-affinity binding sites, whereas other tetramers had a 

decreasing number of high affinity binding sites. To produce a more controlled means of 

combination, Reznik et al. engineered the subunit interfaces by modifying the residue at 

position 127 of streptavidin.78 One more effective way of modifying each monomer 

individually would be to fuse them together. This was what Nordlund et al. reported for 

avidin.79 In their study, they connected two circularly-permutated avidins over the old N- and 

C-terminus of avidin via a glycine/serine-rich linker and created new termini. In solution, this 

scaffold spontaneously formed dimers (pseudo tetramers, i.e., four biotin-binding sites per 

dimeric quaternary structure) with equivalent characteristics to wild-type avidin. However, 

when forming this dimer, there were two different ways how they assembled, which lead to 

the problem that the exact position of the applied modification in the quaternary structure 

could not be controlled (Figure 7). One year later, they addressed this problem by introducing 

the tetravalent single-chain avidin, where they joined all four subunits of avidin into one 

polypeptide chain.80 In the same year, Hytönen et al. published a different strategy to control 

the assembly of the quaternary structure.81 By engineering a disulfide bridge within the 

protein, they could control the quaternary structure of the dual chain avidin into a single 

conformation. 

 
Figure 7 Schematic representation of the fused avidin from Nordlund et al..79 The fused dimers are color-coded in different 

shades of blue. a Two possible dimerization topologies to afford a the pseudotetrameric single chain dimer. The connection 

loop is represented as a red or orange line. b simplified representation of the b-barrels from each avidin monomer. B marks 

the biotin binding site. 

a                                                   b

B B

B B
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In 2019 the Ward group combined the previous approaches and introduced a single-chain 

dimeric streptavidin (scdSav).69 In contrast to the single-chain avidin, where a circular 

permutated version of the protein was used, the C-terminus from the first monomer (SavA) 

of streptavidin was fused to the N-terminus of the second (SavB) via a 26 amino acid 

linker. Furthermore, the residue H127 which forms a π-stacking interaction with its 

neighboring H127 residue was mutated to cysteine in the SavB to favor the formation of a 

disulfide bond with an adjacent scdSav and lock the conformation (Figure 8). Additionally, the 

mutations N23A/S27D/D128A were introduced  in SavB, in order to significantly reduce the 

biotin-binding affinity of this triple mutant.64,82 This variant was called scdSav(SARK)mv2, 

whereas the mv2 stands for monovalent (N23A/S27D/D128A) and the letters in the 

parenthesis stand for the mutations in the SavA S112S and K121A, followed by the mutations 

in the SavB S112R and K121K. In the crystal packing of the scdSav, each tetramer can occupy 

two orientations, which leads to a mixed electron density. However, a preferential orientation 

of scdSav in the crystals resulted in differences in the electron density of the residues N23A, 

S27D, H127C, and D128A, and the cofactor binding of scdSav(SARK)mv2 could be observed. 

With this chimeric streptavidin, the Ward group expanded the genetic optimization potential 

and resolved the issue of multiple cofactor binding within the biotin-binding vestibule in ArMs 

based on the biotin−streptavidin technology. Based on the previous studies on the 

modifications of streptavidin, we set out to engineer a protecting lid on the biotin-binding 

vestibule, to more closely mimic a shielded enzymatic active site. 

 
Figure 8 Illustration of the scdSav from Ward et al.69  a Simplified representation of the b-barrels from each scdSav monomer. 

b Schematic representation of scdSav mv2 with two bound cofactors, each in one biotin binding vestibule. SavB1 & B2 contain 

the mutations N23A, S27D, H127C, and D128A.  

B B

a                                                                      b
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In the following section, I outline the group’s effort to design a streptavidin chimera whereby 

the active site of Sav is shielded by a well-structured lid borrowed from a superoxide 

dismutase. 

  

2.2 Streptavidin SODc Chimera 

 

2.2.1 Outline of the Authors Contribution 

 

TRW, RLP, and NVI conceived and designed the study. NVI, DCS, RLP contributed to 

mutagenesis, protein expression, protein purification and protein characterization. NVI 

performed the crystallization, X-ray structure determinations and the native MS experiments. 

 

2.2.3 Results and Discussion 

 

A careful pdb-search for naturally occurring dimerization domains present in β-sheet-rich 

proteins, the dimerization domain of the superoxide dismutase C (SODc) from M. tuberculosis 

(pdb 1pzs)83 was identified as a possible candidate to close the"active site" of streptavidin 

and cover it with a lid. The SODc is a 20.7 kDa homodimeric enzyme comprised of a Greek key 

β-barrel domain and possesses a 34 amino acid dimerization domain (DD) that forms an 

elaborate dimerization interface spanning across the ~ 29 Å of the two Greek Key β-barrel 

subunits (Figure 10). Furthermore, its 2-fold symmetry matches with the symmetry of 

streptavidin, as well as the C- and N-terminus of the DD have a similar distance to each other 

as the b-sheets connected via a loop region in streptavidin (~5-7 Å). In order to engineer the 

chimeric Sav-SODs, we started by designing the genes containing the 34 aa DD from SODc on 

the loops of streptavidin and a circular permutated version of Sav (cpSav).62 To further 

decrease the aggregation propensity and increase the protein's solubility, all of the genes 

were designed to include an N-terminal SUMO (small ubiquitin-related modifier) tag.84 This 

protein tag was shown to circumvent challenges with “difficult to express” proteins. 

Importantly, the SUMO tag can be cleaved off by the ULP1 protease, originally identified in 

Saccharomyces cerevisiae.84 Contrary to other proteases, ULP1 exclusively cuts after the 

SUMO-tag, recognizing its fold as the target rather than an amino acid sequence.84–86 In this 
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way, five different capped Sav (K121A; L124H) mutants were created and cloned into the 

pET28a-vector. Initial small-scale expression tests of the constructs in E.coli BL21 (DE3) at 

30°C for 24h, using the modified autoinduction media reported by Studier et al.87 revealed 

that the incorporation of the SODc domain between the third and fourth b-sheet was yielding 

as only construct tetrameric soluble protein, which was capable of binding B4F 

(Biotin-4-fluorescein)(Figure 13).88 Refolding experiments, as well as positioning of the SUMO 

tag on either N- or C- terminus of the protein, did not yield soluble proteins, therefore we 

focused on the SUMO-Sav-SOD (3,4 loop). The constructs that were evaluated are collected 

in Table 2. In order to obtain more comparable constructs to Sav-WT, the L124H of the SUMO-

Sav-SOD was mutated back to L124. Furthermore, to streamline the process, by avoiding the 

UPL1 cleaving step, we investigated the influence of the SUMO tag on the protein yields and 

cloned a Sav-SOD version without the tag. The Sav-SOD production yields were very good with 

±200 mg/L of culture, and the protein could be lyophilized for storage after purification and 

dialysis.  

 

Table 2 Constructs prepared for the initial studies of the Sav-SOD variants. 

Gene 

SUMO–SODc–Circularly Permuted SAV (K121A, L124H) 

SUMO–Sav (SODc between 5. and 6. b-sheet) (K121A, L124H) 

SUMO–Sav (SODc between 3. and 4. b-sheet) (K121A, L124H) 

SUMO–Sav (SODc between 7. and 8. b-sheet) (K121A, L124H) 

SUMO–Sav (SODc between 4. and 5. b-sheet) (K121A, L124H) 

SUMO–Circularly Permuted Sav–SODc (K121A, L124H) 

Sav (SODc between 3. and 4. b-sheet) (K121A) 
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In order to verify the protein structure and topology, there are different methods, ranging 

from in vitro assays to X-ray crystallography. Each method has its advantages, and some are 

complimentary. By SDS-PAGE analysis, only an estimation for the size and no information of 

the binding stoichiometry can be obtained. Therefore, we used mass spectral analysis to 

verify the precise mass of the chimeric proteins. By mass spectral analysis, different 

information about the proteins can be gained, ranging from the protein sequence (e.g., tryptic 

digest) to the quaternary protein structure (native MS). We could show by native MS that the 

Sav-SOD formed tetramers (~80 kDa) and binds up to four biotins (Figure 19). Furthermore, 

initial crystallographic experiments revealed that the SOD loop of the Sav-SOD could not be 

resolved. This might be due to the high flexibility of the loop. In order to stabilize the structure 

of the DD in Sav-SOD, we introduced cysteines at the dimer/dimer interface of the SOD cap, 

in order to potentially form a disulfide bridge with the cysteine at the same position in the 

adjacent monomer, thereby rigidifying the cap. In order to find potential targets, a homology 

search of the SODc was performed and we searched for positions with natural diversity and 

amino acid residues of similar size to cysteine. We could identify in a related structure from a 

different mycobacterium a serine, which usually is considered to be an excellent candidate to 

be substituted by cysteine, at the equivalent position of SODc V15 (being position V62 in Sav-

SOD). Furthermore, to keep the a-helical structure at the position selected for mutation, the 

V17 residue of SOD (V64 Sav-SOD) was mutated to a threonine. Having two cysteines in close 

proximity, in order to facilitate the formation of the disulfide bridge, the construct was 

expressed in E.coli SHuffel T7 cells, as they have been shown to have a more oxidative 

cytoplasmic environment, as well as special chaperones designed to “shuffle” S–H and S–S 

bonds, thereby favoring the creation of the bridge between the monomers of the construct.89 

By doing so, the protein yield was significantly lowered. Nevertheless, we obtained enough 

protein to run initial crystallographic experiments. Unfortunately, the introduction of the 

disulfide bridge did not help to stabilize the cap and the SOD-loop could not be resolved. 

Therefore, in order to gain some information about the structure of Sav-SOD, we teamed up 

with computational scientists, which modeled the structure based on a crystal structure.36 A 

detailed discussion can be found in Section 3.2 Design and Evolution of Chimeric Streptavidin 

for Protein-Enabled Dual Gold Catalysis. With the model in hand, we inspected the protein 

for potential targets for saturation mutagenesis.  
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Figure 9 Close-up view of the biotin binding site with the averaged metal position. The monomeric chains of Sav-SOD are color 

coded (black, white, cyan and blue). For simplification, only one metal (orange sphere) is displayed. The residues with C-b 

atoms < 10 Å distance to the metal center are shown as sticks (carbon: green, oxygen: red and nitrogen: blue) and labeled 

according to their type of amino acid sidechain and number in sequence (the numbers in parenthesis correspond to the aa 

numbering scheme for the Sav devoid of the SOD lid).  

We searched for C-b atoms of residues within 5 Å of an averaged metal center and could find 

one residue (A48), the first amino acid of the SOD-loop. “Zooming out” to 8 Å, we identified 

more residues that might interact with the metal center: N52’ and K155’ of the adjacent 

monomer and A50. At 10 Å, sixteen residues could be identified (Figure 9). Of these, 4 amino 

acid residues are part of the SOD-loop, which confirms that we gained at least four positions 

for targeted mutagenesis compared to the Sav-WT. In summary, we introduced the SODc DD 

to the 3,4-loop of Sav in order to shield its “active site” and created a new chimera which can 

be used as scaffold for ArMs (Figure 10).  
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Figure 10 a Origami scheme of Sav-WT, SODc and the chimeric Sav-SOD used throughout this thesis. The b-sheets are 

represented by arrows, the a-helixes by an orange oval. The dimerization domain of SODc is highlighted in pink. The origami 

were generated with http://munk.csse.unimelb.edu.au/pro-origami/. b Sequence of the Sav-SOD. The sequence of the SOD-

lid part is underlined. csurface representation of the Sav tetramer (pdb 3pk2) with the biotin binding vestibule colored (each 

chain has another color, blue, cyan, dark grey and white). d surface representation of the Sav-SOD tetramer from the 

predicted model from Section 3.2 Design and Evolution of Chimeric Streptavidin for Protein-Enabled Dual Gold Catalysis with 

the same color code as c, highlighting the shielding of the “active site”. 

One of the main reasons, next to expanding the secondary coordination sphere of the 

cofactor, to create the Sav-SOD, was to shield the metal cofactor from cellular components. 

We hypothesized that such a shielded environment may protect the cofactor from cellular 

components, thus enabling the screening directly from cell lysates.  

It has been shown that the incorporation of the catalysts with reaction conditions in the 

cytoplasm (in vivo) (or in cell-free extracts) is challenging. Only a handful of reports on ArMs 

within living cells or in the presence of cell lysates have been reported to date.90–93 However, 

the catalytic efficiency remains modest in most cases. Furthermore, there are several 

challenges to overcome like: 

(I) The inherent cytotoxicity of the abiotic catalyst (for in vivo catalysis only) 

(II) Ensuring that the metal cofactor is efficiently uptaken by the cell (for in vivo only) 

(III) Circumventing the deactivation of the catalyst by cellular components like thiols. 

The uptake of the cofactor can be facilitated by engineering the host cells with a transporter 

protein. This has been shown to be very effective in case of a Ir(Me)-porphyrin IX CYP119 ArM 
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for carbene insertion.19,33,94 Once the ArM is assembled, it needs to withstand the cellular 

components, especially glutathione (GSH), the most abundant low-molecular thiol in living 

aerobic cells. This thiol has been shown to be a major source of inhibition when performing 

transition metal catalysis in vivo or in cell-free extracts.95 Nevertheless, Tanaka et al.96, 

Hartwig et al.94, Okamoto et al.97  and  Schwaneberg et al.98 among others have shown that 

ArMs can be used in vivo for catalysis. Some of them by shielding the cofactor and some by 

localizing the ArM to different cellular compartments.  

To overcome these challenges, our group relied mostly on three different strategies. Either 

we added suitable GSH-oxidizing agents to protect the cofactor99, or secreted the protein to 

the periplasm100–102 or displayed it on the surface103 of E. coli cells. As the periplasmic protein 

accumulation has been shown to speed up the turnover of the directed evolution campaigns, 

we engineered the Sav-SOD to be secreted to the periplasm. Our group has previously shown 

that Sav can be exported efficiently by the SEC pathway, by fusion of the N-terminal signal 

peptide (MKKTAIAIAVALAGFATVAQA) of the outer membrane protein A (OmpA) to Sav and 

using modified Top10 (DE3) cells as expression host (Figure 11).37 A big advantage of this 

strategy is that, after secretion of the unfolded protein to the periplasm, the signal peptide is 

cleaved off and the remaining Sav folds, so that the Sav construct is identical to the one in the 

cytosolic fraction. We therefore cloned the OmpA signal peptide to the N-terminus of the Sav-

SOD gene and checked for protein production in the periplasm. By SDS-PAGE analysis we 

could show that the periplasmic fractionation contained Sav-SOD and maintained its biotin-

binding activity (Figure 11).  



  

22 

 

 
Figure 11 A Sav-SOD is secreted to the periplasm by fusion to an N-terminal signal peptide from the outer membrane protein 

A (OmpA). B UV-light exposed SDS-PAGE gel in presence of B4F prepared according to Zhao et al.101  C Same SDS-PAGE gel 

under white light. 1) periplasmic fraction of the empty vector cells 2) cytosolic fraction of the empty vector 3) periplasmic 

fraction Sav-WT 4) cytosolic fraction Sav-WT 5) Sav-WT refrence M) Marker (ID-MWBPS1-250) 6) Sav-SOD K121A reference 

7) periplasmic fraction Sav-SOD WT 8) cytosolic fraction Sav-SOD WT 9) periplasmic fraction Sav-SOD K121A 10) cytosolic 

fraction Sav-SOD K121A 11) periplasmic fraction Sav-SOD S112A 12) cytosolic fraction Sav-SOD S112A.  

As mentioned in the introduction, the catalytic performance of some ArMs based on Sav 

highly depend on the biotinylated-cofactor:Sav ratio. In order to overcome this challenge, our 

group engineered the scdSav in which the biotin-binding capacity of two fo the four binding 

sites has been ablated.69 Encouraged by the previous work with scdSav and the robustness of 

Sav-SOD against modifications, we envisioned that, by using the same linker and using 

different genes for each monomeric unit of the linked dimer, we could generate scdSav-SOD.  

Therefore, we ordered the gene construct and tested the protein production in different E. 

coli strains (Top10 (DE3), BL21 (DE3), ArcticExpress (DE3) and Lemo21 (DE3)) with manual 

induction, as well as autoinduction media, and different temperatures. Only Lemo21 (DE3) 

cells led to the production of scdSav-SOD in a reasonable yield (14 mg/L) after 48h at 25°C.  

By mass spectral analysis, the exact mass of the tetramer could be verified and by SDS-PAGE 

analysis the B4F binding was observed. We conclude that the construct maintains its ability 

to bind biotin (Figure 20-21). To further reduce the flexibility of the SOD lid, we teamed up 
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with the Correia Lab from the École polytechnique fédérale de Lausanne (EPFL). They 

suggested ten slightly modifed SOD sequences, which are presented in Figure 12. 

 

 
Figure 12 Loop linker variations designed to limit the flexibility of the SOD-loop. The sequence of the starting and ending 

amino acids of the DD are varied and are highlighted in the orange boxes.  

These constructs were cloned to enable periplasmic localization of the protein by fusing the 

OmpA sequence in the same way as for Sav-SOD. Having the new Sav-SOD chimeras at hand, 

we selected the ATHase based on [Cp*Ir(biot-p-L)Cl], as well as the a gold (I) catalyzed 

hydroamination. The results of the studies thereof are summarized in the following chapters. 

 

2.2.4 Experimental 

 

General information. Water used for molecular biology and in the catalytic reactions was 

purified by Milli-Q Advantage system. High-resolution mass spectrometry (HR-MS) was 

performed on a Bruker maXis II QTOF ESI mass spectrometer coupled to a Shimadzu LC. 

Native-MS was performed via direct injection (aqueous buffer) to a Bruker maXis II QTOF ESI 

mass spectrometer. Molecular biology reagents were purchased from New England Biolabs 

(NEB), Integrated DNA Technologies (IDT), and Macherey-Nagel and were used as described 

in the accompanying protocols. PCR reactions were performed with an Eppendorf 

variation variation
SavSOD 30     VTAGADGALTGTYESAVGAGADNFANIPPERYVQVNGTPGPDETTLTTGDAGKNAESRYVLTGRY 95
SODL1  30     VTAGADGALTGTYQPKDVAKSASTANIPPERYVQVNGTPGPDETTLTTNQDDKKQTSGPFVLTGRY 95
SODL2  30     VTAGADGALTGTYQPKPVADYKFTANIPPERYVQVNGTPGPDETTLTTDQDDKKQSSGPYVLTGRY 95
SODL3  30     VTAGADGALTGTYQPKPVADYKESANIPPERYVQVNGTPGPDETTLTTRQDDKKQSSGPYVLTGRY 95
SODL4  30     VTAGADGALTGTYQPKPVADYKFTANIPPERYVQVNGTPGPDETTLTTNTDDKNQSSGPYVLTGRY 95
SODL5  30     VTAGADGALTGTYQPKNVAQPAATANIPPERYVQVNGTPGPDETTLTTNTDDKNQHPGPFVLTGRY 95
SODL6  30     VTAGADGALTGTYQPKPVADYKWAANIPPERYVQVNGTPGPDETTLTTNQDDKKQSSGPYVLTGRY 95
SODL7  30     VTAGADGALTGTYQPKPVADYKESANIPPERYVQVNGTPGPDETTLTTRQDDKNQSSGPYVLTGRY 95
SODL8  30     VTAGADGALTGTYASTGTEDPRDSANIPPERYVQVNGTPGPDETTLTTGHPPTSPDQSRFVLTGRY 95
SODL9  30     VTAGADGALTGTYASTGTEDPRDSANIPPERYVQVNGTPGPDETTLTTGHPPVPPDQSRFVLTGRY 95
SODL10 30     VTAGADGALTGTYASTGTEDPRDSANIPPERYVQVNGTPGPDETTLTTGHPPTSPDQTRFVLTGRY 95

*************           ***********************           :******
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Mastercycler Gradient. Mutations were verified by Sanger sequencing performed by 

Microsynth (Balgach, Switzerland).  

 

Cloning. Q5® Hot Start High-Fidelity DNA Polymerase (NEB, cat. no. M0493) was used with 

the standard protocol and the corresponding Tm for the desired primers.  

 

Table 3 Q5® Hot Start High-Fidelity DNA Polymerase protocol. 

Compound Volume (µl) Final concentration 

mQ-H2O 22.5  

Template plasmid (100 ng/ µl) 1 100 ng/µl 

Q5 polymerase 5x buffer 10 1x 

Q5 5x GC enhancer 10 1x 

dNTPs (10 mM) 1 200 µM each 

Primers (10 µM) 2.5 0.5 µM 

Q5® Hot Start polymerase 0.5 0.02 U/µl 

 

Table 4 Thermocycling Conditions for routine PCR 

Step Temperature (°C) Time (sec.) 

Initial denaturation 98 30 

25-30 cycles 

98 10 

50-72* 30 

72 30 

Final extension 72 120 

Hold 4 Until next step 

 

To minimize the background template DNA, DPNI digestion was performed followed by either 

a heat-shock transformation into chemically competent Top10 (DE3) cells, or further 

digestion and ligation reactions were performed. Mini-prep (Sigma, GenElute™ Plasmid 

Miniprep Kit) was performed for each sample according to the protocol. The sequence of the 

modified plasmids was verified by Sanger Sequencing (Microsynth, Balgach). 
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E.Coli Strains. The following strains were used throughout the thesis, depending on their 

application; I) E. coli TOP10 DE3: F− mcrA Δ(mrr-hsdRMS-mcrBC) ϕ80lacZΔM15 ΔlacX74 nupG 

recA1 araD139 Δ(ara-leu)7697 galE15 galK16 rpsL(StrR) endA1 λ−, λ(DE3))37 for cloning 

approaches and periplasmic protein production II) E. coli BL21  DE3 (NEB, cat. no. C2527): B 

F−dcm ompT hsdS(rB−mB−) gal λ(DE3), III) E. coli ArcticExpress DE3 (Agilent, cat. no. #230192)  

B F– ompT hsdS(rB
– mB

–) dcm+ Tetr gal λ(DE3) endA Hte [cpn10 cpn60 Gentr], IV) E. coli SHuffle® 

T7 (NEB, cat. no. C3026J) fhuA2 lacZ::T7 gene1 [lon] ompT ahpC gal λatt::pNEB3-r1-cDsbC 

(SpecR, lacIq) ΔtrxB sulA11 R(mcr-73::miniTn10--TetS)2 [dcm] R(zgb-210::Tn10 --TetS) endA1 

Δgor ∆(mcrC-mrr)114::IS10, V) Lemo21 DE3 (NEB, cat. no. C2528J), fhuA2 [lon] ompT gal (λ 

DE3) [dcm] ∆hsdS/pLemo(CamR) λ DE3 = λ sBamHIo ∆EcoRI-B int::(lacI::PlacUV5::T7 gene1) 

i21 ∆nin5 pLemo = pACYC184-PrhaBAD-lysY for (large scale) cytosolic protein production. 

Lysogeny Broth (LB) medium. 10 g of tryptone (1 % w/v), 5 g of yeast extract (0.5 % w/v), and 

5 g of NaCl (0.5 % w/v) are dissolved in mQ-H2O (final volume of 1 L), autoclaved (20 min at 

121 °C, 1.5 bar) 

LB agar plates: In addition to the LB components 15 g of agar (1.5 % w/v) is added to 1 L 

medium and autoclaved. 

20X ZYP 5052 salts.  136 g of KH2PO4 (50 mM), 142 g of solved in mQ-H2O (final volume of 1 

L) and autoclaved.  

20X ZYP 5052 sugars. 100 g of glycerol (10 % v/v), 11 g of glucose- monohydrate (4 % w/v) 

are dissolved in mQ-H2O (final volume of1 L) and autoclaved.  

200 mM MgCl2 stock solution. 3.81 g of MgCl2 is dissolved in 200 ml mQ-H2O and autoclaved. 

200 mM MgSO4. 4.8 g of anhydrous MgSO4 is dissolved in mQ-H2O (final volume of 200 ml) 

and autoclaved. 

Iminobiotin binding (IBB) buffer, pH 10.8. 438 g of NaCl (final concentration 0.5 M) and 63 g 

of NaHCO3 (final concentration 50 mM) are dissolved in 15 L mQ-H2O. The pH is adjusted to 

10.8 with 5M NaOH and the solution is stored at 4 °C. 

Elution buffer. 20 ml of glacial acetic acid (1 % v/v) are mixed with mQ- H2O.  

B4F stock solution. 10 mg of B4F (CAS: 1032732–74-3, MW: 644.7 g/mol) were dissolved in 

25.85 ml of DMSO (0.6 mM). 
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Protein production tests. E. coli cells were transformed with the plasmid and selection on an 

agarose plate with Kanamycin (50 mg/L) was undertaken. A single colony of a fresh 

transformant was used for an overnight culture and was grown in Luria–Bertani (LB) medium 

(37 °C, 300 rpm), supplemented with glucose (1 %) and kanamycin (50 µg/mL). For small scale 

production, a 96-well plate containing 500 ml modified ZYP-5052 medium104 supplemented 

with kanamycin (50 μg/mL) in each well, was inoculated with a single colony per well. The 

plate was shaken at 30°C for 24h. The cells were harvested by centrifugation (4 °C, 12000 g, 

10 min), the supernatant was discarded and the cell pellet was frozen in liquid nitrogen. After 

3 cycles of freezing and thawing, the cell pellet was resuspended in lysis mix (100 μl/pellet, 

composed of lysis buffer (1 ml, 50 mM Na phosphate, 300 mM NaCl, 0.5 % DM, pH = 7-8), 

enzyme mix (20 μl, 100:10:10 mg/mL lysozyme:DNase:RNase) and Mg acetate solution (5 μl, 

500 mM)). The soluble and insoluble parts of the cell lysate were subsequently analyzed by 

SDS-PAGE. 

 

Protein refolding. After cell lysis, the samples were centrifuged and the pellet was 

resuspended in 8 M urea. Tris-HCl (pH 8.0) was added to the solution until the end 

concentration of 50 mM was reached. The mixtures were dialyzed in 50 mM Tris-HCl (pH 8.0) 

at 4 °C overnight with gentle stirring. The mixture was centrifuged and the supernatant was 

used for SDS-PAGE analysis  

 

SDS sample preparation.  To 19 μl of the sample 1μl of the B4F solution was added, followed 

by the addition of 4 μl 6X SDS sample buffer solution. Load to SDS-Gel 

 

Removal of the SUMO-tag by ULP1. To 19 μl of the sample ULP1 protease was added to a 

final concentration of 0.13 mg/mL. After 30 min at room temperature the sample was 

prepared for SDS analysis as described above. 

 

Large scale protein production and purification. The expression and purification of Sav-SOD 

proteins were achieved using auto induction media (ZYP-5052) followed by cell lysis and 

purification using iminobiotin agarose affinity chromatography as previously described.105 In 

short, after chemical cell lysis, the supernatant was equilibrated in IBB overnight, followed by 
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an affinity purification with an 2-iminobiotin agarose column coupled to an ÄKTA prime Plus. 

After elution with 1 % v/v acetic acid, the collected fractions were pooled and dialyzed at least 

3 times in 15 L of mQ-H2O, followed by a freezing step and consequently lyophilized. 

 

SDS-PAGE. SDS-PAGE analysis was performed according to a published procedure.87 

Hand-casted 12 % acrylamide gels were used. After B4F visualization the gels were stained 

with Coomassie Brilliant blue R-250 dye in MeOH and acetic acid, followed by de-staining. 

 

Western-Blot. The gel from SDS-PAGE analysis was transferred (prior to staining and without 

addition of B4F) to a nitrocellulose membrane at 45 V overnight. After completion of the 

transfer, the membrane was rinsed with water and blocked with TBST (Tris-buffered saline + 

0.5 % Tween 20) containing 4 % BSA (25 ml) at RT for 1.5 h. The membrane was rinsed twice 

with TBST and incubated in fresh TBST (20 ml) containing the primary antibody (100 μL, 

Streptavidin Antibody, pAb, Rabbit, GenScript, Cat. no. A00621, 1:2500). After thorough 

washing with TBST (4 x 10 min), the membrane was incubated in fresh TBST (20 ml) containing 

the secondary antibody fused with HRP (10 μL, Abcam, Cat. no. ab7403, 1:10’000). After 

washing the membrane with TBST (4 x 10 min) the detection was carried out according to the 

manufacturer’s protocol (1-Step™ TMB-Blotting Substrate Solution, Thermo Scientific, Cat. 

no. 34018). 

 

Sequence of the Sav-SOD and cpSav-SOD constructs. All the gene of interest were cloned 

into the pET-28a expression vector, except the scdSav-SOD gene, which was cloned into the 

pRSFduet-1 vector. 

 

SUMO_Sav_SOD (3,4-loop) 
ATGGGCTCGGACTCAGAAGTCAATCAAGAAGCTAAGCCAGAGGTCAAGCCAGAAGTCAAGCCTGAGACTCACATCAATTTAAA

GGTGTCCGATGGATCTTCAGAGATCTTCTTCAAGATCAAAAAGACCACTCCTTTAAGAAGGCTGATGGAAGCGTTCGCTAAAA

GACAGGGTAAGGAAATGGACTCCTTAAGATTCTTGTACGACGGTATTAGAATTCAAGCTGATCAGACCCCTGAAGATTTGGAC

ATGGAGGATAACGATATTATTGAGGCTCACAGAGAACAGATTGGTGGTGCAAGCATGACCGGTGGCCAGCAGATGGGTCGTGA

TCAGGCAGGTATTACCGGCACCTGGTATAATCAGCTGGGTAGCACCTTTATTGTTACCGCAGGCGCAGATGGTGCACTGACCG

GTACGTATGAAAGCGCAGTTGGTGCCGGCGCCGACAACTTTGCCAACATTCCGCCAGAACGCTACGTCCAGGTCAATGGGACT

CCGGGTCCCGACGAGACGACGTTGACCACCGGCGACGCCGGCAAGAATGCAGAAAGCCGTTATGTTCTGACAGGTCGTTATGA

TAGCGCACCGGCAACCGATGGTAGCGGCACCGCACTGGGTTGGCAAGAATGCAGAAAGCCGTTATGTTCTGACAGGTCGTTAT

GATAGCGCACCGGCAACCGATGGTAGCGGCACCGCACTGGGTTGGACCGTTGCATGGAAAAATAACTATCGTAATGCACATAG
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CGCAACCACCTGGTCAGGTCAGTATGTTGGTGGTGCAGAAGCACGCATTAATACCCAGTGGCTGCTGACCAGCGGCACtactG

AAGCAAATGCCTGGaaAAGCACCCTGGTTGGTCATGATACCTTTACCAAAGTTAAACCGAGCGCAGCAAGCATTGATGCAGCA

AAAAAAGCCGGTGTGAATAATGGTAATCCGCTGGATGCAGTTCAGCAGTAA 

Legend for SUMO_SOD_cpSav: SUMO_Tag, Sav_Domain; sodC_Dimerization Domain. 

 

SUMO_SOD_cpSav 
ATGGGCTCGGACTCAGAAGTCAATCAAGAAGCTAAGCCAGAGGTCAAGCCAGAAGTCAAGCCTGAGACTCACATCAATTTAAA

GGTGTCCGATGGATCTTCAGAGATCTTCTTCAAGATCAAAAAGACCACTCCTTTAAGAAGGCTGATGGAAGCGTTCGCTAAAA

GACAGGGTAAGGAAATGGACTCCTTAAGATTCTTGTACGACGGTATTAGAATTCAAGCTGATCAGACCCCTGAAGATTTGGAC

ATGGAGGATAACGATATTATTGAGGCTCACAGAGAACAGATTGGTGGTACTAGTGCCGGCGCCGACAACTTTGCCAACATTCC

GCCAGAACGCTACGTCCAGGTCAATGGGACTCCGGGTCCCGACGAGACGACGTTGACCACCGGCGACGCCGGCAAGGGCAGCG

AAAGCCGTTATGTTCTGACAGGTCGTTATGATAGCGCACCGGCAACCGATGGTAGCGGCACCGCACTGGGTTGGACCGTTGCA

TGGAAAAATAACTATCGTAATGCACATAGCGCAACCACCTGGTCAGGTCAGTATGTTGGTGGTGCAGAAGCACGCATTAATAC

CCAGTGGCTGCTGACCAGCGGCACCACCGAAGCAAATGCCTGGGCAAGCACCCTGGTTGGTCATGATACCTTTACCAAAGTT 

Legend for SUMO_SOD_cpSav: SUMO_Tag, cpSav_Domain; sodC_Dimerization_Domain. 

 

Sav_SOD (3,4-loop) 
CGTGATCAGGCAGGTATTACCGGCACCTGGTATAATCAGCTGGGTAGCACCTTTATTGTTACCGCAGGCGCAGATGGTGCACT

GACCGGTACGTATGAAAGCGCAGTTGGTGCCGGCGCCGACAACTTTGCCAACATTCCGCCAGAACGCTACGTCCAGGTCAATG

GGACTCCGGGTCCCGACGAGACGACGTTGACCACCGGCGACGCCGGCAAGAATGCAGAAAGCCGTTATGTTCTGACAGGTCGT

TATGATAGCGCACCGGCAACCGATGGTAGCGGCACCGCACTGGGTTGGACCGTTGCATGGAAAAATAACTATCGTAATGCACA

TAGCGCAACCACCTGGTCAGGTCAGTATGTTGGTGGTGCAGAAGCACGCATTAATACCCAGTGGCTGCTGACCAGCGGCACTA

CTGAAGCAAATGCCTGGAAAAGCACCCTGGTTGGTCATGATACCTTTACCAAAGTTAAACCGAGCGCAGCAAGCATTGATGCA

GCAAAAAAAGCCGGTGTGAATAATGGTAATCCGCTGGATGCAGTTCAGCAGTAA 

Legend for Sav_SOD: Sav_Domain; sodC_Dimerization_Domain 

 

scdSav-SOD (SavA S112S K121A, SavB S112S K121K) 
ATGGCAAGCATGACCGGTGGCCAGCAGATGGGTCGTGATCAGGCAGGTATTACCGGCACCTGGTATAATCAGCTGGGTAGCAC

CTTTATTGTTACCGCAGGCGCAGATGGTGCACTGACCGGTACGTATGAAAGCGCAGTTGGTGCCGGCGCCGACAACTTTGCCA

ACATTCCGCCAGAACGCTACGTCCAGGTCAATGGGACTCCGGGTCCCGACGAGACGACGTTGACCACCGGCGATGCCGGCAAG

AATGCAGAAAGCCGTTATGTTCTGACAGGTCGTTATGATAGCGCACCGGCAACCGATGGTAGCGGCACCGCACTGGGTTGGAC

CGTTGCATGGAAAAATAACTATCGTAATGCACATAGCGCAACCACCTGGTCAGGTCAGTATGTTGGTGGTGCAGAAGCACGCA

TTAATACCCAGTGGCTGCTGACCAGCGGCACCACCGAAGCAAATGCCTGGGCAAGCACCCTGGTTGGTCATGATACCTTTACC

AAAGTTAAACCGAGCGCAGCAAGCATTGATGCAGCAAAAAAAGCCGGTGTGAATAATGGTAATCCGCTGGATGCAGTTCAGCA

GGGATCCGGTGGCGGTAACGGTGGGGGAAACGGTGGCGGAAATGGCGGAGGGAACATTGATGGTCGCGGTGGTGGTAATGCTA

GCATGACTGGTGGACAGCAAATGGGTCGGGATCAGGCCGGCATAACCGGCACCTGGTACGCCCAGCTCGGCGATACCTTCATC

GTGACCGCGGGCGCCGACGGCGCCCTGACCGGAACCTATGAAAGCGCAGTTGGTGCCGGCGCCGACAACTTTGCCAACATTCC

GCCAGAACGCTACGTCCAGGTCAATGGGACTCCGGGTCCCGACGAGACGACGTTGACCACCGGCGACGCCGGCAAGAATGCAG

AAAGCCGTTATGTCCTGACCGGTCGTTACGACAGCGCCCCAGCCACCGACGGCTCTGGCACCGCCCTCGGTTGGACGGTGGCC

TGGAAGAACAATTACAGAAACGCCCACTCCGCGACCACGTGGAGCGGCCAATACGTCGGCGGCGCCGAGGCGAGGATCAACAC

ACAATGGTTATTAACATCTGGAACTACTGAGGCCAACGCATGGAAGTCCACGCTGGTCGGCTGCGcCACCTTCACCAAGGTGA

AGCCTTCCGCCGCCTCAATCGACGCGGCGAAGAAGGCTGGCGTCAACAACGGCAACCCTCTCGACGCCGTACAACAATAA 

Legend for Sav_SOD: scdSav_1_Domain; sodC_Dimerization_Domain 1; linker; scdSav_2_Domain; 

sodC_2_Dimerization_Domain 
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Primers. 

Table 5. Primers used for the initial studies of SODc and Sav. 

SUMOless_Rev GGTATATCTCCTTCTTAAAGTTAAACAAAATTATTTCTAGAGGG 

SUMOless_Fwd ATGGCAAGCATGACCGGTG 

SODc_V15C_V17T_Fwd AGAACGCTACtgcCAGACCAATGG 

SODc_Rev GGCGGAATGTTGGCAAAG 

SUMO_cpSav_SOD_1_Fwd tataACTAGTGAAAGCCGTTATGTTCTGACAG 

SUMO_cpSav_SOD_1_Rev tataACTAGTTGCGCTTTCATACGTACCGG 

SUMO_cpSav_SOD_2_Fwd tattAGGCCTttaGCTTCCCTTCCCCGCATCACCGGTGGTCAACGTCG 

SUMO_cpSav_SOD_2_Rev ataAGGCCTGAGCACCACCACCACCACCACTG 

L124L_Fwd CCAACCAGGGTGCTTGCCCAGGCATTTGC 

L124L_Rev CAAGCACCCTGGTTGGTCATGATACCTTTACC 

 

Crystallization and data processing. Purified proteins were dissolved with a concentration of 

20 mg/mL in mQ-H2O for initial crystallization trials. Commercial screens were used to identify 

suitable crystallization conditions (Crystal Screen HT (Hampton Research, HR2-130), PEG Ion 

Screen HT (Hampton Research, HR2-139), Grid Screen MPD (Hampton Research, HR2-215), 

Index HT (Hampton Research HR2-134), PACT premier™ HT (Molecular Dimensions, MD1-36) 

and JCSG-plus™ (Molecular Dimensions, MD1-37). The crystallization plates were either set 

up manually or by a pipetting robot (Gryphon, Art Robbins Instruments). Manual set up for 

sitting drop vapor diffusion in Swissci 96-Well 3-Drop Plates (Molecular Dimensions, MD11-

003) was done the following: The protein solution (1 µL) was mixed with the precipitation 

buffer (1 µL). The drop was equilibrated against a reservoir of the precipitation buffer (40 µL 

at 20 °C). The Gryphon was programmed to pipette the plates as follows: I) 40 µl of the 

precipitation solution was added to each reservoir of the plate, II) 0.3 µl of the precipitation 

buffer was added to each sitting drop, III) 0.3 µl of the protein solution was added to the 

sitting drop and IV) the plate was sealed and stored in the RockImager (Formulatrix), where 

pictures were taken in regular intervals.  

Protein-crystal diffraction data were collected (at 100 K) at the Swiss Light Source beam line 

PSI and PSIII at a wavelength of 1.0 Å. Crystal indexing, integration and scaling106,107 were 

carried out with the program XDS108 and AIMLESS109 using the graphical interface CCP4i2.110  

The structures was solved by molecular replacement using the program PHASER MR111 and 

structure pdb: 3pk2, devoid of the Ir-cofactor and water molecules. For the structure 
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refinement, REFMAC112,113 was used. For structure modelling, water picking and electron-

density visualization the software COOT114 was used. Figures were generated with PyMOL 

(the PyMOL Molecular Graphics System, Version 1.821, Schrödinger, LLC). 

 

Protein ESI-MS characterization. Proteins were dissolved in Mili-Q water, 0.1% formic acid 

pH = 2.5 with a final concentration of 0.2 mg/mL and clarified by centrifugation. A HPLC 

(Shimadzu, equipped with a JupiterÒ 5 µm C4 300 Å)-ESI QTof (Bruker maXis II QTOF ESI) 

system was used to record the data. The ESI-QTof mass spectrometer was calibrated with ESI-

Tof TuneMix (Agilent). The charge envelope from 800-1200 m/z was de-convoluted using the 

Compass DataAnalysis software (Bruker Daltonics) with the Maximum Entropy set-up. The 

results are summarized in the HR-MS section. 

 

Table 6. MS settings for protein mass spectral analysis. 

Source Type ESI Ion Polarity Positive Set Nebulizer 1.4 Bar 

Focus Active Set Capillary 4500 V Set Dry Heater 220 °C 

Scan Begin 500 m/z Set End Plate Offset -500 V Set Dry Gas 9.0 l/min 

Scan End 6000 m/z Set charging Voltage 2000 V Set Divert Valve Source 

  Set Corona 0 nA Set APCI Heater 0 °C 

 

 

Native MS analysis. The experiments were adapted from the studies of biotin binding of Sav 

described by Eckart et al.115 To assemble the Sav-biotin complex, the protein was dissolved in 

ammonium acetate buffer (50 mM, pH 6.8) to a concentration of 2 mg/mL, supplemented 

with 0.1 mM biotin and incubated while shaking (1 h, 25°C, 600 rpm). The protein 

concentration was determined with a NanoDrop microvolume spectrophotometer (Thermo 

Fisher Scientific, USA). Electrospray ionization (ESI) low concentration tuning mix from Agilent 

was used as calibrant. The samples were directly injected into the high-resolution MS (HRMS) 

with a syringe pump using a flow rate of 5 µL/min. The ESI source parameters were optimized 

for the streptavidin analysis. The charge-state distribution from 2200-3000 m/z was 

deconvoluted using the Compass Data Analysis software (Bruker Daltonics) with the 

maximum entropy setup. 
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Table 7 MS settings for native MS analysis of the Sav-biotin, Sav-SOD-biotin complexes.  

Source Type ESI Ion Polarity Positive Set Nebulizer 1.8 Bar 

Focus Active Set Capillary 4000 V Set Dry Heater 220 °C 

Scan Begin 1000 m/z Set End Plate Offset -500 V Set Dry Gas 3.0 l/min 

Scan End 12000 m/z Set charging Voltage 2000 V Set Divert Valve Source 

  Set Corona 0 nA Set APCI Heater 0 °C 
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2.2.5 Appendix 

 
Figure 13 SDS-PAGE gel images of the test protein production. L) Protein Ladder (NEB, P7712S) a B4F biotin binding assay b 

Coomassie blue staining 1) total fraction SUMO-SODc-cpSav 2) soluble fraction SUMO-SODc-cpSav 3) insoluble fraction 

SUMO-SODc-cpSav 4) total fraction SUMO-Sav-SOD (5,6-loop) 5) soluble fraction SUMO-Sav-SOD (5,6-loop) 6) insoluble 

SUMO-Sav-SOD (5,6-loop) 7) total fraction SUMO-Sav-SOD (3,4-loop) 8) soluble fraction SUMO-Sav-SOD (3,4-loop) 9) 

insoluble fraction SUMO-Sav-SOD (3,4-loop) 10) total fraction SUMO-Sav-SOD (7,8-loop) 11) soluble fraction SUMO-Sav-SOD 

(7,8-loop) 12) insoluble fraction SUMO-Sav-SOD (7,8-loop) 13) total fraction SUMO-Sav-SOD (4,5-loop) 14) soluble fraction 

SUMO-Sav-SOD (4,5-loop) 15) insoluble  fraction SUMO-Sav-SOD (4,5-loop). In yellow the corresponding bands of 

SUMO-Sav-SOD are marked. In red the corresponding bands for SUMO-Sav SODc variants are marked. 

a                                                                       b 
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Figure 14  SDS-PAGE gel images of the test protein production. L) Protein Ladder (Eurogentec, ID-MWBRU1-250) a B4F biotin 

binding assay b Coomassie blue staining 1) SUMO-SODc-cpSav soluble after lysis 2) total fraction after lysis of SUMO-SODc-

cpSav 3) SUMO-SODc-cpSav soluble after refolding 4) SUMO-SODc-cpSav insoluble fraction after refolding 5) SUMO-Sav-SOD 

(5,6-loop) soluble after lysis 6) total fraction after lysis of SUMO-Sav-SOD (5,6-loop) 7) SUMO-Sav-SOD (5,6-loop) soluble after 

refolding 8) SUMO-Sav-SOD (5,6-loop) insoluble fraction after refolding. 9) SUMO-Sav-SOD (7,8-loop) soluble after lysis 10) 

total fraction after lysis of SUMO-Sav-SOD (7,8-loop) 11) SUMO-Sav-SOD (7,8-loop) soluble after refolding 12) SUMO-Sav-

SOD (7,8-loop) insoluble fraction after refolding. 13) SUMO-Sav-SOD (4,5-loop) soluble after lysis 14) total fraction after lysis 

of SUMO-Sav-SOD (4,5-loop) 15) SUMO-Sav-SOD (4,5-loop) soluble after refolding 16) SUMO-Sav-SOD (4,5-loop) insoluble 

fraction after refolding. In yellow, the corresponding bands of SUMO-Sav-SOD are marked. In red, the corresponding bands 

for SUMO-Sav SODc variants are marked.  

 

L      1      2      3     4     5      6     7      8      LL     1     2     3     4     5     6     7     8      L

L      9    10    11   12    13   14   15    16    
L      9    10    11   12    13   14  15   16    

a b
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Figure 15 SDS-PAGE gel images of the test protein production. L) Protein Ladder (Eurogentec, ID-MWBRU1-250) a B4F biotin 

binding assay b Coomassie blue staining 1) pellet of Sav-SOD (4,5-loop) after SUMO cleavage 2) total fraction of 

SUMO-SODc-cpSav 3) soluble fraction of SUMO-SODc-cpSav 4) insoluble fraction of SUMO-SODc-cpSav 5) total fraction of 

SUMO-cpSav-SODc 6) soluble fraction of SUMO-cpSav-SODc 7) insoluble fraction of SUMO-cpSav-SODc. In red, the 

corresponding bands for SUMO-Sav SODc variants are marked.  

 

Figure 16 SDS-PAGE gel images of the test protein production. L) Protein Ladder (Eurogentec, ID-MWBRU1-250) a B4F biotin 

binding assay b Coomassie blue staining 1) Sav-SOD (3,4-loop) total 2) Sav-SOD (3,4-loop) insoluble 3) Sav-SOD (3,4-loop) 

soluble 4) SUMO-Sav-SODc (3,4-loop) after SUMO cleavage. In yellow the corresponding bands of Sav-SOD are marked. In 

green the biotin binding band of the the Sav-SODc (3,4-loop) after SUMO cleavage is shown. 

 

 

L        1        2          3          4       5      6        7

ba
L        1        2          3          4       5      6        7

a b
L        1        2            3        4    L       1        2          3        4    
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Figure 17 Native MS spectrum of SavWT with four biotins bound. a Charge state envelope of the complex with the charges 

+15, +14, +13 and +12. b Deconvoluted spectrum. The calculated mass of Sav-WT + 4 Biotins is: 66676.96 Da. 

 
Figure 18 Native MS spectrum of Sav-SOD K121A. a Charge state envelope of the complex with the charges +22, +21, +20, 

+19 and +18. b Deconvoluted spectrum. The calculated mass of Sav-SOD K121A is: 79698.56 Da.  
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Figure 19 Native MS spectrum of Sav-SOD K121A with (up to) four biotins bound. a Charge state envelope of the complexes. 

b Deconvoluted spectrum. The calculated mass of Sav-SOD K121A is: 79698.56 Da, for Sav-SOD K121A + 1 biotin: 79942.87 

Da, for Sav-SOD K121A + 2 biotins: 80187.18 Da, for Sav-SOD K121A + 3 biotins: 80431.49 Da, for Sav-SOD K121A + 4 biotins: 

80675.80 Da. 

 
Figure 20 MS spectrum of scdSav-SOD SASK. a Charge state envelope b deconvoluted stepctrum. 
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Table 8 Mass spectral results for the proteins produced on a larger scale. 

Construct Mass observed (Da) for the monomer Calculated Mass (Da) for the monomer 

Sav-SOD K121A 19924.58 19924.64 

Sav-SOD L1 20116.49 20114.97 

Sav-SOD L2 20281.86 20280.16 

Sav-SOD L3 20391.90 20390.28 

Sav-SOD L4 20340.77 20339.18 

Sav-SOD L5 20215.39 20214.06 

Sav-SOD L6 20391.46 20389.29 

Sav-SOD L7 20377.35 20376.20 

Sav-SOD L8 20182.13 20180.90 

Sav-SOD L9 20190.19 20188.42 

Sav-SOD L10 20192.59 20194.93 

 Mass observed (Da) for the tetramer  

scdSav-SOD SASK 83613.92 83614.50 

 

 
Figure 21 SDS-PAGE and Western-Blot gel images of a B4F biotin binding assay b Coomassie blue staining. L) Protein Ladder 

(Eurogentec, ID-MWBRU1-250) 1) Sav-WT 2) Sav-SOD batch 1 3) Sav-SOD batch 2 4) scdSav-SOD batch 1 5) scdSav-SOD 

batch 2 6) scdSav-SOD batch 3. In orange, the corresponding bands of scdSav-SOD are marked.  

  

a b c
L    1      2      3     4      5    6 L        1      2      3     4      5     6 L     1    2      3     4     5    6 
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Chapter 3.  Gold-(I) ArMs 
 

3.1 Introduction 

 

The human fascination for gold has persisted since ancient times. Attracted by its shiny 

appearance and rare existence, the human greed for gold was consistently high, and many 

wars were fought for its cause. Nevertheless, the desire for gold can be seen as a driving force 

for beneficial processes like the discovery of the new continent by Columbus or the 

development of early chemistry, better known as alchemy. Its name comes from the Arabic 

al-kimia, meaning “the art of transformation”, with its highest goal being to find a 

transformation procedure for ordinary metals into gold (chrysopoeia). Nowadays, gold is used 

to acknowledge outstanding achievements, seen by the gold medal at the Olympics, and value 

something like the marriage with the golden wedding ring. Furthermore, terming particular 

“divine” principles like the golden rule are omnipresent in our language nowadays. The name 

for this “rare” element comes from aurum (“shining dawn”), which might come from the 

properties of the element itself, as it is resilient towards external influences. Gold can be 

termed as the noblest of all metals, as it is the least reactive metal towards atoms or 

molecules at the interface with a gas or a liquid.116 Also, it is frequently used in 

dental/medicinal applications as it does not lead to problems of allergic reactions as other 

metals.  

Early reports on the use of gold as a catalyst showed no superiority compared to other 

catalysts, even though its potential was already suspected.117 In 1973, Bond et al. reported 

the hydrogenation of olefins over supported gold catalysts.118 The following statement of 

Bond is representative of many discoveries in the gold catalysis field: “We are at a loss to 

understand why these catalytic properties of gold have not been reported before, especially 

since the preparative methods we have used are in no way remarkable.” More than a decade 

later, the first reports, where gold was the best catalyst, appeared in the literature. In these, 

on the one side, Haruta et al. investigated the low-temperature oxidation of CO119, and on 

the other side Hutchings et al. the hydrochlorination of ethyne to vinyl chloride.120 Almost at 

the same time, Ito et al. introduced gold catalysis to the homogenous asymmetric catalysis 
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field.121 Using an enantiomerically pure ferrocenylphosphine ligand complexed with gold (I), 

they could catalyze the asymmetric aldol reaction of an isocyanoacetate with aldehydes. 

From there on, the interest in gold catalysis increased exponentially, leading to reactions 

including nucleophilic additions, activation of carbonyl groups and alcohols, hydrogenation, 

reactions with carbon monoxide as nucleophiles and oxidation reactions.122 As previously 

stated, elemental gold is inert; however, the examples above highlight that gold(I) or gold (III) 

complexes could be used for catalysis.  

Due to its high stability against oxidation, and in contrast to other transition metals, gold(I) 

and gold (III) complexes do not readily cycle between oxidation states and thus rarely follow 

the typical oxidative addition/reductive elimination pattern.123 The potential to stabilize 

cationic intermediates, the strong Lewis acidity, and the ability to coordinate unsaturated 

bonds combined with the exceptionally high stability towards oxygen and acidic protons 

imparts unique reactivity for catalysis.124 These properties come from the relativistic 

contraction of the valence s orbitals of Au, leading to a relatively low-lying lowest unoccupied 

molecular orbital (LUMO) and, therefore, strong Lewis acidity. Furthermore, the relativistic 

contraction of the 6s orbital results in greatly strengthened Au-ligand bonds, as well 

as gold-gold interactions, a phenomenon referred to as “aurophilicity”.123 

In many cultures, gold has occupied a special place in medicine as a potential "cure-all" for 

diseases.125 Especially, gold nanoparticles are heavily used in modern cancer research.126 

However, also various gold catalysts display remarkable biocompatibility, good reactivity at 

room temperature, low toxicity, and a propensity to coordinate alkynes, the most widely used 

biorthogonal functional group. Therefore, gold catalysis gained even more interest in recent 

years for its therapeutic potential.91 In one approach Tanaka et al. used human serum albumin 

to anchor an NHC based Au(I) catalyst for the synthesis of fluorophores and drugs for 

anticancer treatments.96,127–129  In this study, we first introduced a gold(I) based 

hydroamination, followed by a second study, where we were especially interested in utilizing 

the alkynophilic, Lewis acid-like properties of Au(I) complexes to convert alkynes in a 

biorthogonal and selective manner under mild reaction conditions. 
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3.2 Design and Evolution of Chimeric Streptavidin for Protein-Enabled Dual Gold 

Catalysis 

 

3.2.1 Outline of the Authors Contribution 

 

A modified version of this work was first published by Springer Nature: Christoffel, F., Igareta, 

N.V., Pellizzoni, M.M. et al. Design and evolution of chimeric streptavidin for protein-enabled 

dual gold catalysis. Nat Catal 4, 643–653 (2021) and can be found under the DOI: 

https://doi.org/10.1038/s41929-021-00651-9  

 

T.R.W., R.L.P. and F.C. conceived and designed the study. F.C., M.M.P. and B.L. contributed to 

the synthesis of the substrates, products and complexes. N.V.I., D.C.S., R.L.P. and F.C. 

contributed to mutagenesis, protein expression, protein purification and protein 

characterization. N.V.I. performed the crystallization, X-ray structure determinations and 

native MS experiments. F.C. performed the catalytic, preparative and deuterium-labelling 

experiments, designed the screening protocol and recorded the data. T.R.W., F.C. and N.V.I. 

analyzed the data. J.D.M., A.L. and L.T.S. contributed to the molecular modelling experiments. 

T.R.W., F.C. and N.V.I. wrote the manuscript, which was further supplemented through 

contributions from R.L.P. and J.-D.M. All authors have given approval to the final version of 

the manuscript. 
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3.2.2 Abstract  

 

 Artificial metalloenzymes result from anchoring an organometallic catalyst within an 

evolvable protein scaffold. Thanks to its dimer of dimers quaternary structure, streptavidin 

allows the precise positioning of two metal cofactors to activate a single substrate, thus 

expanding the reaction scope accessible to artificial metalloenzymes. To validate this concept, 

we report herein on our efforts to engineer and evolve an artificial hydroaminase based on 

dual gold activation of alkynes. Guided by modelling, we designed a chimeric streptavidin 

equipped with a hydrophobic lid shielding its active site, which enforces the advantageous 

positioning of two synergistic biotinylated gold cofactors. Three rounds of directed evolution 

using Escherichia coli cell-free extracts led to the identification of mutants favouring either 

the anti-Markovnikov product (an indole carboxamide with 96% regioselectivity, 51 turnover 

numbers), resulting from a dual gold σ,π-activation of an ethynylphenylurea substrate, or the 

Markovnikov product (a phenyl-dihydroquinazolinone with 99% regioselectivity, 333 

turnovers), resulting from the π-activation of the alkyne by gold. 

 

3.2.3 Introduction 

 

Thanks to their unique affinity towards alkynes, allenes and alkenes, gold complexes have 

attracted considerable attention for their catalytic potential.130–132  In addition to the 

activation of unsaturated substrates via π-coordination, terminal alkynes undergo dual gold 

activation via synergistic σ,π-coordination.133–138 This mode of activation, which proceeds via 

a di-aurated transition state, affords distinct products/regioisomers, notably broadening the 

scope of gold-catalysed reactions. Such synergistic action of two metals in catalysis is 

reminiscent of polynuclear metallo-enzymes, whereby (at least) two metals act in concert to 

catalyse challenging reactions.139  

 In the context of in-vivo ligation and bioconjugation, alkynes occupy a place of choice, as this 

functional group was shown to be bio-orthogonal, thus finding widespread use in click 

chemistry.140,141 Although Cu and Ru are privileged catalysts in this context,142,143 recent 

reports suggest that gold complexes maintain catalytic activity in a cellular environment, 

albeit for a different type of reactivity.91,144–147 To the best of our knowledge, however, these 
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biocompatible reactions rely on a π-activation of the alkyne, rather than the dual activation 

so distinctive of gold catalysis.  

With the aim of complementing natural enzymes,74 artificial metalloenzymes (ArMs) have 

experienced a renaissance in the past two decades.13,26,148–150 For this purpose, an abiotic 

metal cofactor is compartmentalized within a protein scaffold that can be optimized by 

genetic means. Thus far, more than 40 reactions can be catalysed by ArMs.18 Current 

challenges in the field include protein-accelerated catalysis, whereby a precatalyst is 

activated upon incorporation within the host protein,70 dual catalysis151,152 and compatibility 

of the ArM with a cytosolic environment.153 Privileged scaffolds for ArMs include carbonic 

anhydrase,154 hemoproteins,21,155 prolyl oligopeptidase,156 lactococcal multiresistance 

regulator,150 four-helix bundles,25,157 nitrobindin,158 human serum albumin129 and 

streptavidin.13,159–161 The work presented herein capitalizes on the unique topology of 

streptavidin (Sav), enabling the localization of two close-lying biotinylated probes within a 

hydrophobic environment. This enables the engineering and evolution of a biocompatible 

artificial hydroaminase (HAMase) based on either single or dual gold activation of an alkyne 

(Figure 22). 

 

 
Figure 22 Engineering and evolving an HAMase based on dual gold activation of alkynes. a–c, Chemo-genetic optimization of 

the catalytic performance relies on combining a biotinylated (biot) cofactor (LAuCl, where L corresponds to the N-heterocyclic 

carbene ligand) (a) and a tailored chimeric protein (b) to assemble an ArM equipped with two adjacent gold cofactors (c). d–

f, genetic optimization is guided by modelling (d) to identify advantageous amino acids (e) for directed evolution to favour 

either σ,π-activation or π-activation of the alkyne (f) to afford either indole 2 or quinazolinone 3, respectively. 
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3.2.5 Results and Discussion 

 

Design of the artificial HAMase.  As reported by Asensio134,162 and van der Vlugt163, the 

regioselectivity for the hydroamination of ethynylurea 1 is by and large governed by the mode 

of activation of the alkyne by gold: the canonical π-activation favours the quinazolinone 3 

(Markovnikov, 6-exo-dig addition product), while the dual σ,π-gold activation affords 

preferentially the indole 2 (anti-Markovnikov, 5-endo-dig addition product).134,163,164 Upon 

π-coordination of the alkyne to gold, the acid dissociation constant (pKa) of the terminal C–H 

bond is lowered, thus favouring its deprotonation and coordination by a second gold to afford 

the σ,π-activation mode.162 Accordingly, the spatial arrangement of the two gold species is 

critical in determining the regioselectivity of the reaction. We thus selected the gold-catalysed 

cyclization of the ethynylurea 1 to engineer and evolve a dual-gold-catalysed HAMase based 

on the biotin–Sav technology.  

Thanks to its dimer of dimers quaternary structure, which places the valeric acid side chains 

of two proximal biotins 19.8 Å apart (Protein Data Bank (pdb) 3ry2), we designed 

N-heterocyclic carbene ligands (L) equipped with a biotin anchor (biot) introduced at various 

positions (Figure 23a).165 We hypothesized that the relative position of two gold moieties 

within the biotin-binding vestibule may influence the mode of alkyne activation as reflected 

by the indole 2 versus the quinazolinone 3 ratio. Sterically crowded imidazolium precursors 

were metalated using a one-step procedure,166 and less-hindered carbenes were prepared 

through transmetalation of the silver–carbene complex, to afford the corresponding gold 

complexes: biot-Au 1–5 (Figure 38).167 These are air-stable and water-stable and can be 

stored for months as stock solutions in dimethylsulfoxide (DMSO) at 5 °C. 
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Figure 23 Chemo-genetic optimization of HAMase activity. a–c, Biotinylated gold complexes biot-Au 1–5 (a) tested in the 

presence of Sav isoforms (b) for the hydroamination of substrate 1 to afford indole 2 or quinazolinone 3 (c). Screening 

conditions using purified Sav samples: Vtot, 200 μl (VDMSO, 15 μl); [Sub], 5 mM; [Au], 50 μM; [Sav], 100 μM; [MES buffer], 50 

mM; pH, 5; 37 °C for 24 h, performed twice (grey dots). The turnover number (TON) was calculated in relation to the cofactor 

concentration [Au]. d, Bio-additive-based screening of biot-Au 2·Sav-SOD K121A allows identifying detrimental cellular 

components. Reaction conditions: Vtot, 200 μl (VDMSO, 15 μl); [Sub], 2.5 mM; [bio-additive], 2.5 mM; [biot-Au 2], 50 μM; [Sav], 

100 μM; [MES buffer], 50 mM; pH, 5; 37 °C for 24 h. BBS, biotin-binding sites. The * symbol indicates cross-reaction with the 

substrate. 

 

Engineering a chimeric protein with a hydrophobic biotin-binding vestibule. Initial studies 

using Au(i) complexes bearing either commercially available N-heterocyclic carbenes or 

biot-Au 1–5 in buffered aqueous solutions afforded <1 turn-over number (TON; using 7.5% 

DMSO, [substrate 1] = 5 mM and [Au] = 50 μM = 1 mol%, 24 h at room temperature; Table 

18). Addition of wild-type Sav (Sav WT; 25 μM, corresponding to 100 μM biotin-binding sites) 

to a biotinylated cofactor biot-Au 1–5 improved the catalytic activity leading to up to 12 TONs 

and affording the quinazolinone 3 exclusively (Figure 23b, c and Figure 39). This protein-

acceleration phenomenon upon addition of Sav was not observed with cofactors devoid of 

biotin or with Me2biot-Au 2, which bears a dimethylated biotin anchor and thus a markedly 

decreased affinity towards Sav as highlighted by a 4ʹ-hydroxyazobenzene-2-carboxylic acid 
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(HABA) displacement assay (Figure 40). Fine-tuning the reaction conditions revealed that 2-

(N-morpholino)ethanesulfonic acid (MES) buffer at pH = 5 affords the highest TONs, without 

considerably affecting the regioselectivity (Figure 41 - Figure 45). Next, we selected biot-Au 2 

and screened it in the presence of a focused library of Sav isoforms bearing mutations at S112 

and/or K121. While the TON could be improved, especially in the presence of 

small/hydrophobic residues at position K121, the critical 3/2 ratio, that reflects the different 

gold-activation modes, remained heavily biased in favour of the 6-exo-dig product 3 (Figure 

46 and Table 19). The addition of various bio-additives in 50-fold excess versus catalyst was 

tolerated in most cases. Reduced glutathione and cysteine poisoned the catalytic system, 

fortunately only at higher concentrations (>20 × [biot-Au 2]). Strikingly, biotin inhibits the 

ArM already at low concentrations (>4× [biot-Au 2]). These results highlight the promising 

bio-robustness of the ArM, suggesting it may be used in a cellular medium (Table 20). With 

directed evolution in mind, this is a highly desirable feature as it allows the screening of cell-

free extracts (CFEs), without the need to purify the Sav mutants.168 

Inspection of the >30 X-ray structures of ArMs based on the biotin–Sav technology reveals a 

tendency for biotinylated metal cofactors to be poorly localized within the biotin-binding 

vestibule.159 We attribute this to its shallow topology, thus allowing a biotinylated cofactor to 

adopt multiple poses, resulting in apparent reduced occupancy. Multiscale-modelling 

strategies on some of these systems illustrate that the pronounced flexibility of the cofactor 

may compromise the regiospecificity of the reaction.76 With the aim of shielding the biotin-

binding vestibule, consisting of two eight-stranded β-barrels facing each other, we surveyed 

the literature for naturally occurring dimerization domains present in β -sheet-rich proteins. 

We identified a potential candidate fitting this criterion: the superoxide dismutase C (sodC) 

from Mycobacterium tuberculosis (pdb 1pzs; ref. 83), which includes an ~30 amino acid 

dimerization domain (referred to as SOD). This SOD lid forms an interface that spans across 

the ~29 Å of the two Greek key β-barrel subunits of sodC. We thus set out to engineer a 

chimera consisting of the dimerization domain of sodC inserted in the 3–4 loop of the Sav to 

yield a Sav-SOD (Figure 24a). To our delight, Sav-SOD could be expressed in the soluble 

fraction in high yield (typically >100 mg l–1) in shake flasks using E. coli BL21 DE3 (Figure 27 

and Figure 28).  
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To scrutinize the effect on the perturbation resulting from the addition of the sodC 

dimerization domain, we performed isothermal titration calorimetry measurements with 

biotin. Nanomolar binding affinity for biotin is retained over a wide range of temperatures 

(10 to 40 °C; Figure 29 and Table 12 and Table 13). At 25°C, the dissociation constant (Kd) is 

4.2 nM with standard binding enthalpy ΔH0 = –20.90 kcal mol –1 and standard binding enthalpy 

TΔS0 = –9.49 kcal mol–1 where T is temperature. 

The standard free energy ΔG0 = –11.4 kcal mol –1 at 25 °C (ref. 169). These parameters suggest 

that the biotin binding is primarily enthalpically driven. Comparison of the turn-on 

fluorescence upon incorporation of the biotinylated solvatochromic fluorescent reporter 

4-N,N-dimethylamino-1,8-naphthalimide (biot-4DMN) in Sav and Sav-SOD K121A reveals a 

>2.5-fold and 20-fold, respectively, increase in fluorescence compared to the free biot-4DMN, 

accompanied by a blue shift (with the emission wavelength λem = 532 and 526 nm, 

respectively, versus 556 nm; Figure 30). Such increases in fluorescence accompanied by an 

ipsochromic shift have been attributed to increased hydrophobicity.169 Furthermore, a 

thermal shift assay highlights an increased thermal stability of the apo chimeric protein 

compared to apo Sav WT (Figure 31). We thus surmise that the SOD lid stabilizes the protein 

and considerably contributes to provide a hydrophobic and shielded environment for 

organometallic catalysis. 
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Figure 24 Design and structural characterization of the chimeric ArM. a, Protein topology diagram of the sequence of one 

Sav-SOD monomer and the computed structure of chimeric Sav-SOD resulting from a 200 ns MD simulation; the SOD insert is 

highlighted in pink; residues subjected to saturation mutagenesis are underlined; blue arrows and orange cylinders represent 

β-sheets and α-helices, respectively. b, Workflow for the computational design and optimization of transition states (TSs) in 

chimeric Sav. Identification of the most promising amino acid residues to subject to mutagenesis. The red hexagonal frames 

depict the models used for the study of the solvated homogenous reaction (1TS-1Au on the left and 1TS-2Au on the right) by 

quantum mechanical calculations. The blue hexagonal frames summarize the modelling steps carried out on the Sav-SOD 

prior to investigating the catalytic step (generation of a SOD model for the Sav-SOD (blue and pink ribbons, respectively) on 

the left, and insertion of the cofactor (ball and stick with green solvent-accessible surface) in the protein binding vestibule 

used for the molecular dynamic simulation on the right). The graphics inside the black-arrowed frames summarize the 

modelling steps for the ArMs’ catalysed reaction. The left frame depicts the ArM once the transition state geometries have 

been introduced into the biotin-binding vestibule by protein-ligand docking, and hydrated for the molecular dynamics 

simulations. Exemplary graph used for analysis including root-mean-square deviation (RMSD) and principal component 

analysis (PCA) for the two first components (PC1 and PC2) are displayed. The black frame on the right contains refined 3D 

models of possible pseudo transition states and their analysis, including comparison with the energies (E) for the transition 

states of the homogeneous catalysts. 
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Computational studies of the HAMase. To gain structural and mechanistic insight on the 

influence of the protein scaffold, we refined an integrative computational procedure that we 

have developed to model various ArMs (Figure 24b).170 We analysed the formation of the 

6-exo-dig product 3 and 5-endo-dig product 2 catalysed by biot-Au 2·Sav WT, biot-Au 2·Sav 

K121A and biot-Au 2·Sav-SOD K121A, where biot-Au 2 corresponds to the cofactor 

incorporated (·) into the Sav or Sav-SOD protein. For this purpose, we applied the following 

workflow: (1) Density functional theory (DFT) calculations were carried out on the theozyme, 

the core catalytic centre (alkyne 1 coordinated to one or two biotinylated gold catalysts) for 

both π- and dual σ,π-activation modes. DFT calculations (B3LYP-D3 functional) were 

performed using continuum water solvent conditions (Table 21 and Figure 47 - Figure 

50).171,172 (2) With no X-ray structure of the Sav-SOD available, structural modelling (with 

Modeller173) was carried out on this system followed by classical molecular dynamics (MD) 

simulations (AMBER force field174) up to convergence (Figure 51). Then, after inclusion of biot-

Au 2 into the protein vestibule by protein–ligand docking, MD simulations on the three Sav 

scaffolds (biot-Au 2·Sav WT, biot-Au 2·Sav K121A and biot-Au 2·Sav-SOD K121A) were 

performed to determine the conformational space available for substrate binding (Figure 52). 

(3) Incorporation of the transition state structures for the 6-exo-dig and 5-endo-dig pathways 

in water (see step (1)) by protein–ligand docking approaches (including Gold 5.8.1 (ref. 175)) 

in the most representative structures of the MD simulations for the three Sav scaffolds (we 

term these ‘pseudo-transition states’; Figure 53). (4) Further refinement was done by MD of 

the best results obtained for systems with reasonable predicted affinity (in step (3); Figure 54 

- Figure 56). The final simulations were analysed focusing on (1) the complementarity of 

transition state structures for the 6-exo-dig and 5-endo-dig within the Sav vestibule, and (2) 

the number of gold cofactors biot-Au 2 involved (that is, one or two; Figure 57, Figure 58 and 

Table 22 and Table 23). The influence of the host protein on the transition state structures 

helped identify amino acid residues to randomize during directed evolution.  

The DFT calculations revealed that the competition between π- and dual σ,π-activation modes 

also operates in water (Figure 47). The difference between the Gibbs energy barriers for both 

pathways is about 2 kcal mol–1 (19.5 versus 21.5 kcal mol–1 for 6-exo-dig and 5-endo-dig 

mechanisms, respectively), suggesting that subtle changes in the first or second coordination 

sphere of the metal may affect the ratio between both products. Calculations of the barriers 
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in solvents of different dielectric constant suggest that the regioselectivity is not considerably 

affected by the polarity of the medium (Figure 48 and Figure 49).  

We surmised that a shift in regioselectivity may be promoted by the protein environment. 

DFT calculations carried out on small models were used to evaluate the impact on the ground 

and transition state structures of the gold complexes both in bulk water and in the confined, 

hydrophobic environment provided by the biotin-binding vestibule. Scrutiny of the active site 

led us to hypothesize that, following π-coordination, the alkyne’s C–H may be deprotonated 

by close-lying amino acids or a water molecule to afford a di-aurated σ,π-acetylide species: 

Au–Cσ = 2.01 Å; Au–Cπ = 2.28, 2.33 Å; and the Au–Au distance is ~3 Å (Figure 50).  

Having identified transition state structures in water for the isolated cofactor (in the absence 

of the protein scaffold), three different pseudo-transition states embedded in the protein 

were evaluated: 1TS-1Au, 2TS-2Au and 1TS-2Au. The transition state 1TS-1Au corresponds to 

the π-activated transition state, which occupies half of the biotin-binding vestibule, with a 

second, unligated biot-Au 2 occupying the neighbouring biotin-binding site. The transition 

state 2TS-2Au is similar to 1TS-1Au but includes two gold complexes, each activating an 

alkyne via π-coordination. Finally, the transition state 1TS-2Au contains two gold complexes 

interacting with a single alkyne substrate via σ,π-coordination (Figure 25a).  

Molecular modelling of biot-Au 2·Sav WT provides the best fit for the pseudo-transition state 

1TS-1Au when inserted into the catalytic vestibule of Sav (Table 21 and Figure 53). Worse 

complementarities were computed for 2TS-2Au and severe clashes with the amino acids on 

position 121 were predicted for 1TS-2Au. All these pseudo-transition state structures are 

rather solvent exposed, with minimal impact of the second coordination sphere, resulting in 

similar energy barriers and similar predicted regioselectivity compared to the free cofactor. 

Both the free cofactor and biot-Au 2·Sav WT are thus predicted to favour π−activation to 

afford quinazolinone 3. Gratifyingly, in vitro experiments support the model, revealing that 

biot-Au 2·Sav WT affords exclusively quinazolinone 3 (Figure 23c). 

In the case of biot-Au 2·Sav K121A, similar or worse fitting scores compared to Sav WT are 

computed for all pseudo-transition states, except for 1TS-2Au. In fact, the score associated 

per cofactor reveals that the binding affinity of 1TS-2Au is close to the value obtained for 

1TS-1Au (that corresponds to a single transition state geometry with no geometric constraint 

from the adjacent Sav monomer; Table 21). These results suggest that a single-point mutation 
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K121A improves the docking score of 1TS-2Au compared to 1TS-1Au. This reflects a modest 

shift in favour of σ,π-alkyne coordination which should allow for the formation of the anti-

Markovnikov product indole 2. These findings are supported by experiments: the 

regioselectivity (3/2) varies from 100:0 (for biot-Au 2·Sav WT) to 83:17 for biot-Au 2·Sav 

K121A (Figure 23c and Table 9). 

X-ray-quality crystals of biot-Au 2·Sav-SOD (including various mutants) were obtained 

through cocrystallization (Figure 37 and Table 17). Although a resolution down to 1.8 Å was 

achieved, the SOD lid could not be fully resolved due to its high flexibility (pdb: 7ALX). We 

thus set out to model the structure of Sav-SOD K121A, starting with homology modelling, 

followed by a long classical MD (200 ns; Figure 25b and Figure 51)176. The resulting models 

are stable with the SOD lid presenting the highest degree of flexibility (root-mean-square 

fluctuation 2.63 Å). Next, we docked biot-Au 2 into the system. Good complementarities 

were obtained by collective motion of the entire SOD lid (Figure 52 and Figure 53). This 

hydrophobic lid contributes to shield both cofactors from the solvent. A second MD (300 ns) 

placed both biot-Au 2 cofactors sufficiently close to synergistically engage in σ,π-activation of 

a terminal alkyne (Figure 54 - Figure 56). To our delight, biot-Au 2·Sav-SOD K121A indeed 

displayed the highest 5-endo-dig regioselectivity (that is, 62:38 for 3/2) and TONs of up to 40 

(Figure 23c and Table 9). We thus selected biot-Au 2·Sav-SOD K121A for directed evolution. 

Docking of the three pseudo-transition state models into Sav-SOD K121A reveals that the best 

complementarity is obtained for 1TS-1Au and 1TS-2Au (especially for transition state TS5; 

Figure 25c,d). Scoring values for 2TS-2Au were extremely low as there is limited space for 

such a large pseudo-transition state in the Sav-SOD’s vestibule (Table 21). This also suggests 

that the possibility of another substrate approaching 1TS-2Au to form 2TS-2Au is unlikely in 

chimeric Sav-SOD. Depending on the transition state, the substrate or substrates occupy 

different positions within the active site (Figure 25c versus Figure 25d). The most notable 

difference is a 180 degree rotation of the substrate between 1TS-1Au (6-exo-dig) compared 

to 1TS-2Au (5-endo-dig). Further residue-contribution analysis of 1TS-2Au and 1TS-1Au (to 

afford 5-endo-dig and 6-exo-dig products, respectively) in the active ArM were performed. 

Calculations were carried out using Cytoscape177 as implemented in UCSF Chimera178 (for a 

qualitative analysis of the main interactions along the MD simulations) followed by MMGBSA 

(to extract indicative energetic values; Figure 57, Figure 58, Table 22 and Table 23). Direct 
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interactions of Au with close-lying amino acids are very weak (for example, purely van der 

Waals contacts). Both pseudo-transition state structures reveal common interactions 

between the coordinated substrate 1 and the residues SOD-N8, SOD-I9, SOD-A3 and Sav-

N118. For 1TS-1Au, additional contacts were identified: from Sav-S112 to S122, especially 

T114. This increased number of contacts is traced back to the high level of flexibility of the 

1TS-1Au versus the 1TS-2Au. As the SOD lid is highly flexible (and disordered in the X-ray 

structure), we selected close-lying residues belonging to Sav rather than the SOD lid. 

Accordingly, the following amino acids were selected for the directed evolution campaign: 

S112, T114, T115, N118, K121 and S122 (Figure 25e). 
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Figure 25 Analysis of the transition state structure and close-lying amino acid residues in chimeric Sav. b, Schematic 

representation of postulated gold-catalysed hydroamination reaction mechanisms within the biotin-binding vestibule. b, 

X-ray crystal structure of biot-Au 2·Sav-SOD K121A (magenta) overlaid with the MD model (blue; Figure 37 for details). c,d, 

Computed transition states for the biot-Au 2-catalysed 6-exo-dig (1TS-1Au) and for the 5-endo-dig cyclization (1TS-2Au) 

docked within Sav-SOD K121A. e, Close-up view of the X-ray structure of biot-Au 2 Sav-SOD K121A. Anomalous electron 

density (displayed as red mesh at 5σ (the cut-off point of the intensity of the electron density represented in standard 

deviation units) assigned to Au and modelled with a 50% occupancy; no electron density for Cl was detected. Electron density 

map (2Fo-Fc, corresponding to the electron-density difference map of the Fo: measured structure factors from the diffraction 

patterns and Fc: structure factor amplitudes calculated from the model) for the biot-Au 2 (displayed as grey mesh at 1σ). 

biot-Au 2 (green stick), close-lying amino acid residues (magenta stick representation), Au as golden sphere, Cl as green 

sphere and the protein as a cartoon representation. 

 

Directed evolution of the HAMase based on Sav-SOD. Having engineered an evolvable 

hydrophobic environment lining the biotin-binding vestibule and identified promising 

residues, we set out to optimize the HAMase by directed evolution. Building on the 

computational insight, we selected biot-Au 2·Sav-SOD K121A as the starting point for the 

iterative saturation mutagenesis. The free cofactor biot-Au 2 did not display considerable 

HAMase activity in the absence of Sav, either using MES buffer or CFEs (Table 9 and Table 24). 

We hypothesize that as biot-Au 2 is insoluble in the aqueous CFE, the gold is shielded from 

poisoning by the cellular debris (in particular soluble thiols). Upon compartmentalization 

within Sav, a soluble and active ArM results, whereby the protein (partially) shields the 

cofactor from these detrimental metabolites, thus restoring catalytic activity, as previously 

observed in related studies.99,129 We were delighted to observe HAMase activity upon 

addition of biot-Au 2 to E. coli CFE (BL21 DE3) containing Sav and Sav-SOD (Table 24). This 

strategy allows bypassing the laborious protein purification step and complements our 

previous high-throughput screening platforms based on periplasmic and surface 

display.18,37,68  
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Table 9 Selected Results of evolved ArMs using purified HAMasesa. The best hits for either regioisomer are highlighted in bold 
b,c and were tested on preparative scaled,e.  

Entry Sav-Mutants Total TONa Selectivity (3:2) 
1 no streptavidin 0.3 ± 0.1 100:0 

2 Sav K121A 21.2 ± 0.9 82:18 
3 Sav-SOD K121A 39.3 ± 1.9 62:38 

4 Sav-SOD N118G K121G S122G 57.5 ± 4.7 45:55 
5 Sav-SOD S112N N118G K121G S122G 64.6 ± 2.1 32:68 

6 Sav-SOD S112N T114S T115N N118G 
K121G S122G 

51.2 ± 3.5b 

39d 
4:96b 

8:92d 
7 Sav-SOD N118S K121F S122G 38.6 ± 1.0 99:1 

8 Sav-SOD S112T N118S K121F S122G 42.0 ± 1.1 97:3 

9 Sav-SOD S112T T115A N118S K121F 
S122G 

333 ± 57c 

94e 
99:1c 

>99:1e 
aThe analytical experiments were carried out in quadruplicates. The combined turnover for both 
products in relation to [biot-Au 2] is displayed as mean ± SD (n=4). The quinazolinone:indole 
ratio (3:2) with standard reaction conditions: Vtot 200 µL (VDMSO 15 µL), [Sub] 5 mM, [biot-Au 2] 
50 µM, [Sav] 100 µM, [MES-buffer] 50 mM, pH 5, 37 °C for 24 h.; bOptimized reaction conditions 
5-endo-dig with the following changes: Vtot 100 µL (VMES 45 µL, VDMSO 20 µL), [Sub] 15 mM, 
[Diamide] 15 mM, [biot-Au 2] 100 µM, [Sav] 200 µM, 37 °C for 72 h; cOptimized reaction 
conditions 6-exo-dig with the following changes: Vtot 400 µL (365 µL of MES-buffer 50 mM, pH 5) 
[Sub] 2.5 mM, [biot-Au 2] 2.5 µM, [Sav] 5 µM, 39 °C for 72 h; dPreparative reaction (0.2 mmol): 
72% yield of indole 2 and 6% yield of quinazolinone 3; ePreparative reaction (0.1 mmol): 47% 
yield of quinazolinone 3 and no isolable trace of indole 2.  

 

First, positions N118, K121 and S122 were mutated simultaneously using a library consisting 

of NDT codons at these three positions (Figure 26a, Table 25 and Figure 59 and Figure 60).179 

For this purpose, thirteen 96-well plates, representing 24% coverage, were grown. Each well 

was subjected to a biotin-4-fluorescein (B4F) binding assay to identify biotin-binding Sav-SOD 

mutants that were then evaluated in catalysis. Twelve hits including Sav-SOD N118G K121G 

S122G (GGG hereafter) and Sav-SOD N118S K121F S122G (SFG hereafter) were quantified by 

ultra performance liquid chromatography and mass spectrometry (UPLC-MS) and displayed 

either the highest TON or the highest regioselectivity. They were sequenced, expressed, 

purified by affinity chromatography and tested in vitro. Next, the twelve hits were subjected 

to another round of directed evolution targeting position S112 with 18 possible amino acid 

combinations using VMA and NDT codons (Table 11 and Table 25). The best six hits were 

expressed, purified and evaluated. Mutants Sav-SOD S112N N118G K121G S122G (N-GGG) 

and Sav-SOD S112T N118S K121F S122G (T-SFG) were identified as most promising for 

5-endo-dig product 2 and 6-exo-dig product 3, respectively. These two quadruple mutants 

were subjected to another round of mutagenesis, targeting simultaneously positions T114 

and T115. 
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From this screening campaign, the following trends emerge: large amino acids at position 

K121 favour the 6-exo-dig product 3, suggesting that the clashes observed via computational 

studies between K121 and the σ,π-gold intermediate are also valid for other mutants. 

Reaction conditions used for CFE experiments tend to favour the formation of 6-exo-dig 

product 3. After two rounds of directed evolution starting from Sav-SOD K121A, clear 

evolutionary trajectories favouring either regioisomer emerge (the scaffold GGG favours the 

indole 2 and SFG favours the quinazolinone 3 pathway; Figure 26b and Figure 59). To validate 

these trends, the most promising Sav chimeras were expressed in shake flasks and purified. 

Marked improvement of activity and selectivity over various generations was observed. 

Ultimately, we identified two chimeras Sav-SOD S112N T114S T115N N118G K121G S122G (N-

SN-GGG) and Sav-SOD S112T T115A N118S K121F S122G (T-A-SFG) for the production of 

either regioisomer: biot-Au 2·Sav-SOD T-A-SFG and Sav-SOD N-SN-GGG afforded 333 and 51 

TONs with a ratio 3/2 of 99:1 and 4:96, respectively (Figure 26c, Table 9 and Table 25). To 

further validate these results, the two best chimeras were scaled up (>500 mg) and the two 

HAMases were tested on a preparative scale (0.1 mmol and 0.2 mmol, respectively): biot-Au 

2·Sav-SOD T-A-SFG afforded quinazolinone 3 with 47% isolated yield and no isolable amount 

of indole 2 (>99:1 regioselectivity) while biot-Au 2·Sav-SOD N-SN-GGG afforded 

quinazolinone 3 and indole 2 in 6% and 72% isolated yield, respectively (8:92 regioselectivity; 

Figure 61 - Figure 63).  
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Figure 26 Directed evolution of a HAMase based on Sav-SOD. a, Streamlined protocol for the genetic optimization of 

biot-Au 2·Sav-SOD in CFE using a 96-well plate assay. b,c, Scatterplot of 2,500 CFE experiments (b) displaying the two 

evolutionary trajectories Sav-SOD ggg (red) and Sav-SOD SFg (blue), for amino acid positions selected for mutagenesis (c), 

ultimately leading to the identification of biot-Au 2·Sav-SOD T-A-SFg and biot-Au 2·Sav-SOD N-SN-ggg. Reaction conditions 

for 96-well CFE screening: Vtot, 400 μl (VDMSO, 20 μl); [Sub], 2.5 mM; [cofactor], 6.25 μM; MES-buffer/Lysis-buffer, 1:1; pH, 

~5.5; sealed at 37 °C for 4 days. Evolution trajectory (c) of HAMase using purified Sav isoforms of the evolution of 

biot-Au 2·Sav-SOD. Reaction conditions for catalysis with purified protein samples: Vtot, 200 μl (VDMSO, 15 μl); [Sub], 5 mM; 

[cofactor], 50 μM; [Sav], 100 μM; [MES buffer], 50 mM; pH, 5; 37 °C for 24 h; except optimized reaction conditions (marked 

with *) for 6-exo-dig: Vtot, 400 μl (365 μl of MES buffer, 50 mM, pH 5); [Sub], 2.5 mM; [biot-Au 2], 2.5 μM; [Sav], 5 μM; 39 °C 

for 72 h; and for 5-endo-dig: Vtot, 100 μl (VMES, 45 μl); [Sub], 15 mM; [diamide], 15 mM; [biot-Au 2], 100 μM; [Sav], 200 μM; 

37 °C for 72 h. 

 

Dual gold mechanism and substrate scope. To confirm that the 5-endo-dig product 2 isolated 

using the evolved HAMases Sav-SOD N-SN-GGG and Sav-SOD T-A-SFG indeed results from a 

dual gold mechanism—rather than a single gold mechanism—we carried out preparative-

scale reactions in D2O. The dual-activation mechanism proceeds via a di-aurated 

intermediate, which then undergoes deutero-deauration to regenerate the catalyst and 

release the (di-deuterated) product 2-d2 (Figure 65). Gratifyingly, both 1H NMR and high-

resolution MS studies confirm that the isolated indole 2-d2 is indeed equally di-deuterated at 

its C2 and C3 positions (>98% by 1H NMR; Figure 65 and Figure 66). We thus conclude that the 

formation of the indole 2 through either evolved HAMase indeed proceeds via a dual gold 
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mechanism. Finally, six structurally related ethynylureas 1a–1f were tested for their 

regioselective cyclization in the presence of the two evolved chimeric HAMases (Table 10 and 

Table 27). In some cases, the limited solubility and water stability of these aromatic ureas 

proved challenging. Nevertheless, both chimeras afforded preferentially either the 

quinazolinone (Sav-SOD T-A-SFG) or the indole (Sav-SOD N-SN-GGG) products. 

 

Table 10 Substrate scope using the fourth generation of biot-Au 2 · Sav-SOD mutants obtained with the optimized reaction 

conditions for either 5-endo-diga or 6-exo-digb products.  

            Substrate 
 
 
 
Mutant 

      
Sav-SOD S112N 
T114S T115N 
N118G K121G 
S122Ga 

45.9 
(7:93)  

35.9 
(19:81) 

22.0 
(15:85) 

15.3 
(1:99) 

5.2 
(4:96) 

6.9 
(50:50) 

Sav-SOD S112T 
T115A N118S 
K121F S122Gb 

104.7 
(96:4)  

35.3 
(97:3) 

41.7 
(97:3) 

26.0 
(97:3) 

16.7 
(85:15)c 

6.0 
(96:4)c 

The combined turnover for both products is displayed in relation to [biot-Au 2] as well as the quinazolinone:indole ratio (3:2). 
aOptimized reaction conditions 5-endo-dig: Vtot 100 µL (VMES 45 µL, VDMSO 20 µL), [Sub] 15 mM, [Diamide] 15 mM, [biot-Au 2] 
100 µM, [Sav] 200 µM, [MES-buffer] 50 mM, pH 5, 37 °C for 24 h; bOptimized reaction conditions 6-exo-dig: Vtot 400 µL (VMES 
365 µL, VDMSO 12 µL) [Sub] 2.5 mM, [biot-Au 2] 6.25 µM, [Sav] 12.5 µM, [MES-buffer] 50 mM, pH 5, 39 °C for 48 h; c with 
following changes: [biot-Au 2] 2.5 µM, [Sav] 5 µM, for 24 h. For a summary of results using the unoptimized reaction 
conditions used in Table 1, see Table 27. 

 

3.2.6 Conclusions 

 

Natural metalloenzymes often rely on dual catalysis to functionalize challenging substrates. 

Capitalizing on the unique topology of the biotin-binding vestibule of Sav, we designed an 

artificial HAMase that proceeds via a σ,π-activation of a terminal alkyne by two biotinylated 

gold cofactors. To ensure the positioning of the two gold moieties, Sav’s biotin-binding 

vestibule was equipped with a hydrophobic lid, borrowed from sodC.83 In silico modelling of 

the resulting chimeric HAMase provided insight into the two mechanistic manifolds and 

revealed close-lying amino acid residues to target by directed evolution, to favour the 

preferential formation of the anti-Markovnikov product indole 2 over the Markovnikov 

product quinazolinone 3. These two products result from the dual gold σ,π-activation and the 
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single gold π-activation reaction manifolds, respectively. Thus far, optimization of ArMs’ 

performance has mostly been focused on optimizing enantioselectivity.18,149 In addition to 

displaying remarkable levels of enantiocontrol, enzymes excel at imposing catalyst control to 

address regioselectivity challenges. Herein, we combined protein engineering and directed 

evolution to fine-tune the second coordination sphere around the abiotic cofactor to control 

the regioselectivity of the hydroamination reaction. Despite its pronounced thiophylicity, the 

biotinylated cofactor biot-Au 2 could be used in the presence of E. coli CFE, thus simplifying 

the directed evolution campaign. We tentatively assign this feature to the cofactor’s 

insolubility in the reaction medium. Upon solubilization resulting from binding to Sav, the 

cofactor is partially shielded from thiols, thus affording biocompatible, active and selective 

artificial HAMases. Current efforts are aimed at integrating this versatile dual-activation 

reaction in vivo to complement the natural metabolism.  

 

3.2.6 Experimental 

 

General information. Chemicals were purchased from Sigma Aldrich, Acros Organics, Alfa 

Aesar or Fluorochem and used without further purification. Water used for molecular biology 

and in the catalytic reactions was purified by Milli-Q Advantage system. All catalytic reactions 

were carried out with non-degassed solvents under air. Temperature was maintained using 

Thermowatch-controlled heating blocks. 1H NMR (500 MHz) and 13C NMR (126 MHz) spectra 

were recorded at room temperature on a Bruker 500 MHz or 600 MHz spectrometer. Data 

are summarized with the coupling constants described as follows: chemical shift, multiplicity 

(s = singlet, d = doublet, t = triplet, q = quartet, m = multiplet, br = broad signal, bs = broad 

singlet, dd = doublet doublets, dt = doublet triplets, dq = doublet quartets, td = triplet 

doublets, ddd = doublet of doublet of doublets, ddt = doublet of doublet of triplets, dtd = 

doublet of triplet of doublets, dddd = doublet of doublet of doublet of doublets), coupling 

constants in Hertz (Hz). Chemical shifts (δ) are reported in ppm relative to the residual solvent 

peak. Peaks were fully assigned using 2D-NMR spectroscopy including COSY, NOESY, HMBC 

and HMQC. The NMR spectra were analysed using MestreNova© NMR data processing 

software. High-resolution mass spectrometry (HR-MS) was performed on a Bruker maXis II 

QTOF ESI mass spectrometer coupled to a Shimadzu LC. Prior to HR-MS submission, all 
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samples were characterized via direct injection or LC from solutions in MeOH (gold complex 

synthesis) or MeCN (substrate synthesis) on a Shimadzu LCMS-2020. Native-MS was 

performed via direct injection (aqueous buffer) to a Bruker maXis II QTOF ESI mass 

spectrometer. Fluorescence assays were recorded on a Tecan fluorimeter Infinite M1000Pro. 

Samples were prepared on a clear 96-well plate. Measurements settings for Fluorescence Top 

Reading: Excitation Wavelength 485 nm, Emission Wave length 520 nm, Excitation Bandwidth 

5 nm, Emission Bandwidth 5 nm, Gain 94 (100%), Number of slashes 10, Flash frequency 

400 Hz, Integration time 20 µs, Lag time 0 s, Settle Time 100 ms. Molecular biology reagents 

were purchased from New England Biolabs (NEB), Integrated DNA Technologies (IDT), and 

Macherey-Nagel and were used as described in the accompanying protocols. Mutations were 

verified by Sanger sequencing performed by Microsynth (Balgach, Switzerland). 

 

Synthesis of biot-4DMN. The synthesis of biot-4DMN dye was achieved with slight 

modification of previously published protocols.180 

 

6-(dimethylamino)-1H,3H-benzo[de]isochromene-1,3-dione: C1  

 

A round bottom flask was charged with 4-Bromo-1, 8-naphthalic anhydride (5.00 g, 

18.1 mmol, 1 eq) and of CuSO4 * 5H2O (315 mg, 1.26 mmol, 0.07 eq) and DMF (100 mL). The 

reaction was heated (1.5 h at 140 ºC). After cooling to room temperature, the brown crude 

was precipitated with water (1 L), dried and collected. The resulting solid was further purified 

by silica column chromatography using CH2Cl2/methanol as an eluent to yield C1 as an orange 

solid (3.0 g, 12.43 mmol, 69%).  

HR-MS (ESI, pos): m/z calcd. for C14H11NO3H+ 242.0812 found 242.0808 [M+H]+. 
1H NMR (500 MHz, DMSO-d6) δ 8.58 (dd, J = 8.5, 1.1 Hz, H2), 8.46 (dd, J = 7.3, 1.1 Hz, H4), 8.32 

(d, J = 8.4 Hz, H9), 7.76 (dd, J = 8.5, 7.3 Hz, H3), 7.19 (d, J = 8.4 Hz, H10), 3.16 (s, H12/H13). 
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13C NMR (126 MHz, DMSO-d6) δ 161.52 (C6), 160.35 (C7), 157.29 (C11), 134.28 (C9), 133.15 

(C2), 132.50 (C4), 132.49 (C2), 125.00 (C3), 123.64 (C1), 118.84 (C5), 112.67 (C10), 107.94 

(C8), 44.25 (C12/C13). 

 
1H NMR (500 MHz, DMSO-d6) δ 8.58 (dd, J = 8.5, 1.1 Hz, H2), 8.46 (dd, J = 7.3, 1.1 Hz, H4), 

8.32 (d, J = 8.4 Hz, H9), 7.76 (dd, J = 8.5, 7.3 Hz, H3), 7.19 (d, J = 8.4 Hz, H10), 3.16 (s, 
H12/H13). 

13C NMR (126 MHz, DMSO-d6) δ 161.52 (C6), 160.35 (C7), 157.29 (C11), 134.28 (C9), 133.15 

(C2), 132.50 (C4), 132.49 (C2), 125.00 (C3), 123.64 (C1), 118.84 (C5), 112.67 (C10), 107.94 
(C8), 44.25 (C12/C13). 

N-(2-(6-(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethyl)pivalamide: C2 

 
A round-bottom flask charged with C1 (676 mg, 2.8 mmol, 1 eq), tert-butyl (2-

aminoethyl)carbamate (492 mg, 3.08 mmol, 1.1 eq) and anhydrous potassium carbonate 

(774 mg, 5.6 mmol, 2 eq) was refluxed (24 h) in ethanol (25 mL). The resulting solution was 

concentrated under vacuum and dissolved in a minimal amount of CH2Cl2. The solution was 

then washed with aq. HCl (0.5 M, 100 mL), followed by water and saturated sodium 

bicarbonate. Removal of the CH2Cl2 yielded C2 as an orange solid (995 mg, 2.60 mmol, 92%). 

TLC: Rf = 0.8 (Alumina, EtOAC).  

HR-MS (ESI, pos): m/z calcd. for C21H25N3O3H+ 384.1918 found 384.1912 [M+H]+. 
1H NMR (500 MHz, DMSO-d6) δ  8.47 (d, J = 8.5 Hz, 1H, C2H), 8.41 (d, J = 7.2 Hz, 1H, C4H), 8.30 

(d, J = 8.2 Hz, 1H, C9H), 7.72 (t, J = 8.0 Hz, 1H, C3H), 7.19 (d, J = 8.4 Hz, 1H, C10H), 6.85 (t, J = 

6.2 Hz, 1H, HN), 4.10 (t, J = 5.9 Hz, 2H, C14H), 3.23 (d, J = 6.1 Hz, 2H, C15H), 3.06 (s, 6H, C12H, 

C13H), 1.23 (s, 9H, C17H, C18H, C19H). 
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13C NMR (126 MHz, DMSO-d6) δ 163.81(C6), 163.15 (C7), 156.37 (C11), 155.68 (C16), 132.03 

(C9), 131.19 (C2), 130.32 (C4), 129.69 (C, 124.92, 124.26, 122.60, 113.81, 112.96, 77.39, 44.38, 

37.86, 28.08. 

 

2-(2-aminoethyl)-6-(dimethylamino)-1H-benzo[de]isoquinoline-1,3(2H)-dione : C3 

 
The Boc-protected dye C2 (500 mg, 1.3 mmol, 1 eq) was dissolved in diethylether (10 mL) on 

ice and HCl in dioxane (4 M, 3.25 mL, 10 eq) was added. The solution was allowed to warm to 

RT and stirred for 4 hours. The solvent was then removed and the product was dried to yield 

C3 · HCl as a red-orange salt (415 mg, 1.3 mmol, quant).  

MS-Direct Injection: (ESI, pos) m/z: 284 [100 %, M+H]+. 
1H NMR (500 MHz, DMSO-d6) δ   8.53 (d, J = 8.5 Hz, 1H, C1H), 8.46 (d, J = 7.2 Hz, 1H, C5H), 

8.35 (d, J = 8.3 Hz, 1H, C9H), 8.02 (s, 3H, C16H), 7.77 (t, J = 7.9 Hz, 1H, C6H), 7.23 (d, J = 8.3 Hz, 

1H, C8H), 4.29 (t, J = 6.1 Hz, 2H, C14H), 3.17 – 3.12 (m, 2H, C15H), 3.10 (s, 6H, C13H). 
13C NMR (126 MHz, DMSO-d6) δ  164.30 (C12), 163.54 (C11), 156.62 (C7), 132.28 (C9), 131.64 

(C1), 130.56 (C5), 129.88 (C3), 125.01 (C6), 124.15 (C2), 122.58 (C4), 113.50 (C10), 112.95 

(C8), 44.43 (C13), 37.54 (C15), 37.26 (C14). 

 

N-(2-(6-(dimethylamino)-1,3-dioxo-1H-benzo[de]isoquinolin-2(3H)-yl)ethyl)-5-((3aS,4S,6aR)-

2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)pentanamide: biot-4DMN 

 

Biotin-pentafluorophenol (50 mg, 0.12 mmol, 1 eq) was dissolved in DMF (5 mL) and C3 · HCl 

(42.85 mg, 0.132 mmol, 1.1 eq) were added to the solution. The reaction was started by 

addition of triethylamine (50 uL, 0.36 mmol, 3 eq), and the reaction mixture was stirred 

(18 h). The volatiles were evaporated in vacuo and CH2Cl2 (2 mL) was added. The suspension 
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was filtered and the pure biotinylated fluorophore biot-4DMN was isolated by column 

chromatography (Al2O3, CH2Cl2:MeOH 9:1) as an orange solid (41 mg, 0.08 mmol, 67%).  

HR-MS (ESI, pos): m/z calcd. for C26H31N5O4SH+ 510.2170 found 510.2167 [M+H]+. 
1H NMR (500 MHz, DMSO-d6) δ 8.52 (dd, J = 8.5, 1.2 Hz, 1H, C1H), 8.46 (dd, J = 7.2, 1.1 Hz, 1H, 

C5H), 8.35 (d, J = 8.2 Hz, 1H, C9H), 7.87 (t, J = 6.1 Hz, 1H, C16H), 7.77 (dd, J = 8.5, 7.3 Hz, 1H, 

C6H), 7.23 (d, J = 8.3 Hz, 1H, C8H), 6.37 (d, J = 21.8 Hz, 2H, C25H, C23H), 4.30 (dd, J = 7.8, 4.9 

Hz, 1H, C24H), 4.12 (t, J = 6.1 Hz, 2H, C14H), 4.06 (ddd, J = 7.4, 4.5, 1.6 Hz, 1H, C21H), 3.39 – 

3.35 (m, 2H, C15H), 3.09 (s, 6H, C13H), 3.00 (ddd, J = 8.5, 6.3, 4.4 Hz, 1H, C26H), 2.80 (dd, J = 

12.4, 5.1 Hz, 1H, C20H), 2.57 (d, J = 12.4 Hz, 1H, C21H), 1.94 (t, J = 7.4 Hz, 2H, C16H), 1.57 – 

1.49 (m, 1H, C19H), 1.39 (qd, J = 8.4, 5.7, 4.5 Hz, 2H, C17H), 1.28 – 1.16 (m, 2H, C18H). 
13C NMR (126 MHz, DMSO-d6) δ 172.64 (C17), 164.32 (C12), 163.67 (C11), 163.14 (C26), 

156.92 (C7), 132.61 (C9), 131.79 (C1), 130.91 (C5), 130.20 (C3), 125.47 (C6), 124.75 (C2), 

123.04 (C4), 114.17 (C10), 113.49 (C8), 61.40 (C28), 59.65 (C24), 55.80 (C22), 44.88 (C13), 

36.88 (C15), 35.72 (C18), 28.54 (C19), 28.44 (C21), 25.63 (C25). 

 

Cloning & expression of Sav-SOD K121A. The Sav-SOD chimera gene was synthesized and 

cloned in to the NcoI and EagII restriction sites of the pET28 vector by Gene Universal Inc. 

(Newark, DE). Site directed mutagenesis was achieved using the primers listed in Table 11, 

followed by BsaI/DpnI digestion and ligated using T4 ligase. Mutations were verified by Sanger 

sequencing performed by Microsynth (Balgach, Switzerland). The expression and purification 

of Sav and Sav-SOD proteins were achieved using auto induction media (ZYP-5052) followed 

by cell lysis and purification using iminobiotin agarose affinity chromatography as previously 

described.105 
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Figure 27 SDS-PAGE analysis of Sav and Sav-SOD soluble protein fractions after thermal shift assay (TSA) analysis in the 

presence and absence of excess biotin as cofactor. 1) Sav sample after TSA 2) Sav and biotin sample after TSA 3) Sav-SOD 

sample after TSA 4) Sav-SOD with biotin sample after TSA. 

 

 
Figure 28 SDS-PAGE Analysis and B4F binding assay of E.coli lysate expressing Sav and Sav-SOD mutants. a Coomassie blue 

staining of total cell lysates. Lane: 1-Ladder, 2-Sav, 3-Sav-SOD and 4-Sav-SOD-K121A b. B4F biotin binding assay. Lane 1-

Ladder, 2-Sav, 3-Sav-SOD, 4-Sav-SOD-K121A. 

 

Sequence of Sav-SOD expression plasmid. pET-28a-Sav-SOD VECTOR SEQUENCE 

Sav_SOD (3,4-loop) 
CGTGATCAGGCAGGTATTACCGGCACCTGGTATAATCAGCTGGGTAGCACCTTTATTGTTACCGCAGGCGCAGATGGTGCACT

GACCGGTACGTATGAAAGCGCAGTTGGTGCCGGCGCCGACAACTTTGCCAACATTCCGCCAGAACGCTACGTCCAGGTCAATG

GGACTCCGGGTCCCGACGAGACGACGTTGACCACCGGCGACGCCGGCAAGAATGCAGAAAGCCGTTATGTTCTGACAGGTCGT

TATGATAGCGCACCGGCAACCGATGGTAGCGGCACCGCACTGGGTTGGACCGTTGCATGGAAAAATAACTATCGTAATGCACA

TAGCGCAACCACCTGGTCAGGTCAGTATGTTGGTGGTGCAGAAGCACGCATTAATACCCAGTGGCTGCTGACCAGCGGCACTA

CTGAAGCAAATGCCTGGAAAAGCACCCTGGTTGGTCATGATACCTTTACCAAAGTTAAACCGAGCGCAGCAAGCATTGATGCA

GCAAAAAAAGCCGGTGTGAATAATGGTAATCCGCTGGATGCAGTTCAGCAGTAA 

Legend for Sav_SOD: Sav_Domain; sodC_Dimerization_Domain 

Library generation. Mutant plasmid libraries were transformed into BL21 (DE3) cells and 

selected on LB-Agar plates containing kanamycin (50 mg/L). Individual colonies were used and 

inoculated in auto-induction media (500 µL) containing kanamycin (100 mg/L) in a deep-well 

plate and grown for 24 hours at 30 °C. Cells were harvested, frozen and lysed in Tris-buffer 

(20 mM, pH 7.4) containing DNAse (0.05 mg/mL) and lysozyme (1 mg/mL). After 

centrifugation, the resulting cell free extract (CFE) was used to determine the relative free 

biotin binding sites.105 (BBS) and then used for catalysis trials. Wells with exceptionally low 

BBS (< 20%) were discarded. 
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Auto-induction media composition: tryptone (10 g/L), yeast extract (5 g/L), KH2PO4 (6.8 g/L), 

Na2HPO4 (7.1 g/L), (NH4)2SO4 (3.3 g/L), glycerol (5 g/L), glucose-monohydrate (0.55 g/L) and 

lactose (2 g/L) dissolved in miliQ water. 

 
Table 11 Primers used for saturation mutagenesis. 

Name SEQUENCE  

oRP265 TATAAGGTCTCAAGCANDTGCATGGNDTNDTACCCTGGTTGGTCATGATACC NDT(118, 121, 122) 

oRP266 CATATGGTCTCTTGCTTCAGTAGTGCCGGAGGTCAGCAGCCACTGGGTATT Rev (118, 121, 122) 

oRP299 TATAAGGTCTCAAGCATCTGCATGGTTTGGTACCCTGGTTGGTCATGATACC pFC101 

oRP300 TATAAGGTCTCAAGCAGTTGCATGGGATTGTACCCTGGTTGGTCATGATACC pFC102 

oRP301 TATAAGGTCTCAAGCAGTTGCATGGGGTTATACCCTGGTTGGTCATGATACC pFC103 

oRP302 TATAAGGTCTCAAGCAGGTGCATGGGGTGGTACCCTGGTTGGTCATGATACC pFC104 

oRP303 TATAAGGTCTCAAGCACATGCATGGTTTGGTACCCTGGTTGGTCATGATACC pFC105 

oRP304 TATAAGGTCTCAAGCAGGTGCATGGTCTGGTACCCTGGTTGGTCATGATACC pFC106 

oRP309 TATAAGGTCTCAAGCACTTGCATGGAGTCGTACCCTGGTTGGTCATGATACC pFC107 

oRP310 TATAAGGTCTCAAGCAGGTGCATGGTTTTGTACCCTGGTTGGTCATGATACC pFC108 

oRP313 TATAAGGTCTCAAGCAGGTGCATGGTTTGGTACCCTGGTTGGTCATGATACC pFC109 

oRP314 TATAAGGTCTCAAGCAAGTGCATGGTGTTGTACCCTGGTTGGTCATGATACC pFC110 

oRP315 TATAAGGTCTCAAGCAGGTGCATGGATTGGTACCCTGGTTGGTCATGATACC pFC111 

oRP316 TATAAGGTCTCAAGCAGGTGCATGGTATAGTACCCTGGTTGGTCATGATACC pFC112 

oNI84 TATAAGGTCTCAAGCAGGTGCATGGTATGGTACCCTGGTTGGTCATGATACC pFC113 

oRP306 CTATAAGGTCTCGCTGCTGACCNDTGGCACTACTGAAGCA NDT S112 

oRP307 CTATAAGGTCTCGCTGCTGACCVMAGGCACTACTGAAGCA VMA S112 

oRP308  CTATAAGGTCTCGCTGCTGACCVMAGGCACTACTGAAGCA Rev S112 

oNI65 CTAAATGGTCTCGTGGTTGTTGACCACAGGCACTACTGAAG S112T 

oNI66 CTAAATGGTCTCGTGGTTGTTGACCAATGGCACTACTGAAG S112N 

oRP319 CATTAGGTCTCAACCACTGGGTATTAATGCGTG Rev S112 2 

oNI98 GATTACTGGTCTCAATGGCNDTNDTGAAGCAGGTGCATGG NDT (T114, T115) N-GGG 

oNI99 GATTACTGGTCTCAATGGCVMAVMAGAAGCAGGTGCATGG VMA (T114, T115) N-GGG 

oNI124 CATATGGTCTCTTGCTTCATTGCTACCATTGGTCAGCAGCCACTGGG T114S T115N  

oNI125 TATAAGGTCTCAAGCAGGTGCATGGGGCGGCACCCTGGTTGGTCATGATACC S112N N118G K121G S122G 

oNI131 GATTACTGGTCTCGCCTGTTGTCAACAACCACTGGG pFC101S112T-rev 

oNI132 GATTACTGGTCTCACAGGCVMAVMAGAAGCATCTGCATGGTTTGG 

pFC101S112T-T114VMA-

T115VMA 

oNI133 GATTACTGGTCTCACAGGCNDTNDTGAAGCATCTGCATGGTTTGG pFC101S112T-T114NDT-T115NDT 

oNI134 CATATGGTCTCTTGCTTCTGCAGTGCCATTGGTCAGCAGCCACTGGGTATT T115A 

 

Determination of the biotin-binding sites. First, a solution of B4F (1 µM) in MOPS (50 mM, 

pH = 7.4) was prepared. Then, 200 µL of this B4F solution was added to a clear micro well-
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plate, followed by 10 µL of cell-free extract (cfe). The negative control contained 10 µL of lysis 

buffer (LB). The positive control (SavSTD) contained 10 µL of 40 µM Sav as 100% saturation 

point. It should be noted that, the lysis buffer and protein components can alter the B4F 

fluorescence up to 10-20%. The fluorescence of each well was measured using a Tecan 

fluorimeter Infinite M1000Pro. The total concentration of Sav should be linear within this 

region and calculated using the following equation: 

                       

                             [SAVCFE](µM) =[(FCFE-FSAVSTD)- (FLB-FSAVSTD)]/(-FLB-FSAVSTD)*20 

        

FCFE = Fluorescence intensity of Cell free extract 

FSAVSTD = Fluorescence intensity of Sav Standard to bind all free BF4 

FLB = Fluorescence intensity of Lysis buffer  

 

ITC analysis. Biotin binding affinities were measured using a Microcal VP-ITC as previously 

described by Stayton and coworkers.181 Sav-SOD solutions were prepared at 40 µM in 50 mM 

sodium phosphate buffer containing 100 mM sodium chloride at pH = 7.75 and titrated with 

5 µL injections of buffer containing 250 µM biotin. Measurements were performed at 10, 25 

and 40 °C. Biotin binding constant Ka, enthalpy h, and number of binding sites at each 

temperature were calculated using ITC data analysis origin software (MicroCal).  
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Figure 29 Variable temperature ITC analysis of biotin binding to Sav-SOD K121A. 

 

Table 12 Thermodynamic parameters for biotin binding to Sav and Sav mutant proteins   

 Ka ∆G° ∆H° T∆S° REF 

Protein (M–1) (kcal/mol) (Kcal/mol) (Kcal/mol)  

Wild typea 2.5 · 1013 - 18 - 24.9 (0.4) - 6.6 (0.4) Chu181 

CP51/46a 2.3 (0.4) · 107 - 10.0 - 13.8 (0.8) - 3.8 (0.8) Chu181 

Sav-SOD K121Aa 2.4 (0.3) · 108 - 11.4 - 20.9 (0.5) - 9.49 (0.5) This paper 
aCollected at 25 ºC.  

 
Table 13 Thermodynamic parameters for biotin binding to Sav-SOD K121A as a function of temperature.   

Temp Ka ∆G ∆H T∆S  

(Kelvin) (M–1) (kcal/mol) (kcal/mol) (kcal/mol)  

283.3 6.1 (0.5) · 108 - 11.38 - 19.0 (0.3) - 7.62  

298.3  2.4 (0.3) · 108 - 11.44 - 20.9 (0.5) - 9.49  

313.3 4.0 (0.5) · 108 - 10.86 - 23.3 (1.1) - 12.4  

 

Fluorescent-probe binding assay of Sav mutants. Fluorescence emission spectra using the 

dielectric sensitive probe biot-4DMN was recorded on a Tecan M100 micro-plate reader using 

KD (nM)                     1.6                                             4.17                                         25.2
T (°C)                          10                                               25                                            40
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40 mM sodium phosphate buffer pH = 7.0 employing 1.25 mM of Sav K121A or Sav-SOD 

K121A with 40 µM biot-4DMN (from a 2 mM DMSO stock solution). The excitation 

wavelength was 420 nm and the emission spectra were collected every 1 nm from 450 – 

850 nm.  

 
Figure 30 Fluorescence intensity profiles of the solvatochromatic probe biot-4DMN irradiated at 420 nm in the presence and 

absence of Sav hosts. Shown in black is fluorescence of 40 μM biot-4DMN in the absence of a Sav protein host. Red is in the 

presence of 1.25 mM Sav K121A. Blue is in the presence of 1.25 mM Sav-SOD K121A. 

 

Thermal shift assays for protein melting-point determinations. Protein melting curves were 

determined using the protein thermal shift reagent kit (Applied Biosystems) as directed using 

a StepOne Real Time PCR system and buffer described for ITC analysis. A total sample volume 

of 20 µL/well was used with a final concentration of 5.25 mg/mL of protein and +/– 

(0.25 mg/mL) biotin. The melting curves of 3 independent wells were averaged and protein 

melting points estimated at the temperature with the minimum value on the dF/dT curve. 
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Figure 31 Protein melting curves for Sav-K121A and Sav-SOD K121A in the presence and absence of excess biotin cofactor. 

The curves corresponding to buffer only (black), Sav K121A(magenta), Sav K121A in the presence of 1 mM biotin (salmon), 

Sav-SOD K121A (blue), Sav-SOD K121A in the presence of 1 mM biotin (teal) are shown. Protein melting points of 60.9 and 

74.6 ºC are estimated for Sav K121A and Sav-SOD K121A respectively.  

 

Protein ESI-MS characterization. Proteins were dissolved in Mili-Q water, 0.1% formic acid 

pH = 2.5 with a final concentration of 0.2 mg/mL and clarified by centrifugation. A HPLC 

(Shimadzu, equipped with a JupiterÒ 5 µm C4 300 Å)-ESI QTof (Bruker maXis II QTOF ESI) 

system was used to record the data. The ESI-QTof mass spectrometer was calibrated with ESI-

Tof TuneMix (Agilent). The charge envelope from 800-1200 m/z was deconvoluted using the 

Compass DataAnalysis software (Bruker Daltonics) with the Maximum Entropy set-up. The 

results are summarized in the HR-MS section. 
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Figure 32 Charge state envelope of streptavidin (top) with the deconvoluted mass (bottom) observed by the HR-MS 

experiments. Sav-SOD K121G (left) and Sav-SOD S112N T114S T115N N118G K121G S122G (right) were taken as examples. 

Table 14 Theoretical and observed masses for selected streptavidin mutants used in this study. 

Mutant Mass expected (Da) Mass observed (D 

Sav WT 16424.93 16425.56 

Sav K121G 16353.81 16354.72 

Sav K121A 16367.83 16339.64 

Sav-SOD WT 19981.73 19981.17 

Sav-SOD K121G 19910.61 19911.73 

Sav-SOD K121A 19924.64 19925.20 

Sav-SOD N118S K121F S122G 19943.68 19943.54 

Sav-SOD N118G K121G S122G 19823.53 19825.15 

Sav-SOD S112T N118S K121F S122G 19957.71 19959.22 

Sav-SOD S112N N118G K121G S122G 19850.56 19852.48 

Sav-SOD S112T T114T T115A N118S K121F S122G 19927.69 19927.95 

Sav-SOD S112N T114S T115N N118G K121G S122G 19849.53 19849.10 

 

Native-MS spectra of Sav mutants. Native mass spectrometry was performed using an 

adapted protocol based on Eckard and Spiess.115 The lyophilized protein was dissolved in a 10 

mM ammonium acetate pH 8.0 solution to a final concentration of 2 mg/mL. 1.2 eq of biot-

Au 2 in DMSO were added and the sample was incubated for 15 min at room temperature. 

The spectrum was then recorded by direct injection with a syringe pump at a flow rate of 5 

µL/min using the maXis II Q-ToF (Bruker) ESI-MS. ESI Low Concentration Tuning Mix from 

Agilent was used as calibrant. The tetramer of streptavidin and the Sav-SOD mutants, as well 

as the complex with biot-Au 2 could be detected between 3300-7000 m/z. The charge states 

were deconvoluted using the Compass DataAnalysis software (Bruker Daltonics) with the 

Maximum Entropy set-up. The results are summarized in Table 15 and Table 16. 
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Table 15 Mass adducts of Sav WT with different equivalents of biot-Au 2 per tetramer. 

 Mass calculated (Da) Mass measured (Da) Deviation (ppm) 

Sav WT 65699.72 65703.55 + 58.30 

Sav WT + biot-Au 2  66458.00 66461.36 - 50.56 

Sav WT + 2 biot-Au 2  67216.28 67219.36 + 45.82 

Sav WT + 3 biot-Au 2  67974.57 67976.98 -35.45 

Sav WT + 4 biot-Au 2  68732.86 68733.75 -12.95 

 

 
Figure 33 Native MS analysis of HAMases. a Native MS spectrum the charge states of apo Sav WT and b deconvoluted 

spectrum of apo Sav WT; c Native MS spectrum the charge states of biot-Au 2 · Sav WT, d deconvoluted spectrum of biot-

Au 2 · Sav WT, highlighting the presence of (up to) four biot-Au 2 cofactors embedded in homotetrameric Sav WT (See Table 

15  for calculated and measured masses). 

Table 16 Summary of native-MS experiments confirming the incorporation of up to four biot-Au 2 per tetramer for Sav-SOD 

K121A and Sav-SOD S112N T114S T115N N118G K121G S122G (N-SN-GGG). 

 Mass calculated (Da) Mass measured (Da) Deviation (ppm) 

Sav_SOD K121A  79698.56 79738.13 + 496.50 

Sav_SOD K121A + biot-Au 2  80456.85 80501.57 + 555.83 

Sav_SOD K121A + 2 biot-Au 2  81215.14 81258.19 + 530.07 

Sav_SOD K121A + 3 biot-Au 2  81973.43 82040.43 + 817.34 

Sav_SOD K121A + 4 biot-Au 2  82731.72 82820.94 + 1078.43 

Sav_SOD N-SN-GGG 79398.12 79407.00 + 111.84 

Sav_SOD N-SN-GGG + biot-Au 2  80156.41 80162.00 + 69.74 

Sav_SOD N-SN-GGG + 2 biot-Au 2  80914.70 80922.00 + 90.22 

Sav_SOD N-SN-GGG + 3 biot-Au 2  81672.99 81678.00 + 61.34 

Sav_SOD N-SN-GGG + 4 biot-Au 2  82431.28 82436.00 + 57.26 

 

 

a c 

b d 

c 
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Figure 34 Native MS-Spectrum of Sav-SOD K121A. The upper window displays the charge states and the bottom window 

displays the deconvoluted spectrum (see Table 16 for calculated masses). 

 

 
Figure 35 Native MS-Spectrum of the biot-Au 2 · Sav-SOD K121A complex. The upper window contains the charge states and 

the bottom window displays the deconvoluted spectrum (see Table 16 for calculated masses). The spectrum confirms the 

incorporation of up to four biot-Au 2 per Sav-SOD tetramer. 
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Figure 36 Native MS-Spectrum of the biot-Au 2 · Sav-SOD S112N T114S T115N N118G K121G S122G complex. The upper 

window contains the charge states while the bottom window displays the deconvoluted spectrum (seeTable 16 for calculated 

masses). The spectrum confirms the incorporation of up to four biot-Au2 per Sav-SOD tetramer. 

 

Crystallization and data processing. For co-crystallization experiments, 10 µL of biot-Au 2 

(20 mM in DMSO) was added to a 2 mg/mL protein (in 1 mL 20 mM Tris-HCl, pH 7.4) solution. 

After 18 h of soaking at rt, the solution was subjected to concentration and buffer-exchange 

(water) using a Nanosep Centrifugal Device with an Omega Membrane (3K, Pall). Crystals 

grew within 21 days and were flash frozen. X-ray diffraction patterns were collected at 100 K 

at the Swiss Light Source beam line PXIII at a wavelength of 0.999 Å and analysed with CCP4i2 

Suite. 

The structure was resolved using the streptavidin structure pdb:4irw as model. Amino acid 

residues 1-12, 135-159 of the Sav core and the SOD loop are not resolved in the electron 

density, presumably due to the flexibility of these regions. In the biotin-binding pocket, 

residual electron density in the Fo-Fc map was observed (Figure 37b), as well as one 

anomalous density ellipsoid per Sav monomer (Figure 37a). The cofactor biot-Au 2 could be 

modelled with an occupancy of 100%, with the exception of the gold and chloride atoms. 
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Their lowered occupancy (Au: 50%, Cl: 0%), is traced back to partial de-coordination of the 

gold and/or chloride during crystallization.  

Despite the use of a “racemic” mixture of the biotinylated NHC-ligand, only the 

(S)-configuration of the NHC was detected in the biotin-binding site. Only three of the four 

mesityl groups could be unambiguously localized in the Fo-Fc electron density map. The point 

mutation K121A could be clearly distinguished. The structure was uploaded to the pdb 

database under the code: 7ALX.  
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Table 17 Data processing and crystal structure refinement statistics. 

 Sav-SOD K121A 

Data collection  

Space group P 42 21 2 

Cell dimension  

a, b, c(Å) 102.53, 102.53, 59.08  

a, b, g(°) 90, 90, 90 

Resolution (Å) 45.85 – 1.80  

Rmerge 11.8 (61.6) 

I/s(I) 18.9 (5.4) 

CC1/2 0.99 (0.96) 

Completeness (%) 100 (100) 

Redundancy 24.4 (27.2) 

Refinement  

Resolution (Å) 45.85 – 1.80 

No. reflections 28298 

Rwork/Rfree 18.2 / 22.1 

No. atoms  

Protein 3591 

biot-Au 2 164 

Water 159 

B factors  

Protein 29 

biot-Au 2 36 

Water 37 

R.M.S. deviations  

Bond lengths (Å) 0.013 

Bond angles (°) 2.17 
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Figure 37 Close-up view of the refined partial X-ray structure of biot-Au 2 · Sav-SOD K121A. a) Anomalous electron density 

(displayed as blue mesh at 5s) assigned to Au and modelled with a 50% occupancy; no electron density for Cl was detected. 

b) Electron density map (2Fo-Fc) for the biot-Au 2 (displayed as grey mesh at 1s).  c) Superposition of the partial X-ray 

structure of biot-Au 2 · Sav-SOD K121A with the SOD-lid obtained from the MD simulation. The biot-Au 2 is represented as 

colour-coded stick, and Au as yellow sphere. Sav-SOD K121A is displayed as surface (the Sav monomers in different shades of 

blue and the SOD-lid in grey) and the mutations K121A and the symmetry related K121’A are highlighted as magenta sticks. 

 

 a)                                                                   b) 

 c)                                                                    

K121A 

K121’A 

6.5 Å  

(S)-biot-Au 2                                               (S)-biot-Au 2 

 (S)-biot-Au 2                                               (S)-biot-Au 2 
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3.2.7 Appendix 

 
 

Figure 38 Synthesis of biotinylated gold complexes:(i) Ag2O, CH2Cl2, rt, 4 h then (CH3)2SAuCl, CH2Cl2, rt, 16 h, (ii) TFA, CH2Cl2, 

rt, 2 h, then biotin pentafluorophenyl ester, NEt3, DMF, rt, 16 h, (iii) (CH3)2SAuCl, K2CO3, acetone, 65 °C, 90 min, (iv) biotin 

mesylate, KI, K2CO3, acetone, reflux, 2 days, (v) HCl(g), CH2Cl2, rt, 4 h then Boc-Gly pentafluorophenyl ester, NEt3, DMF, rt, 

16 h. 
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Figure 39 Cofactor screening using purified Sav samples: [biot-Au 2] = 1 mol%, [Sav] = 2 mol%, MES-buffer pH = 5, 37 °C and 

24 h reaction time. All reactions were performed in duplicate. 

 

Figure 40 HABA displacement titration of biotin and biotinylated cofactors biot-Au 2 and Me2biot-Au 2 in the presence of 

Sav-SOD K121A, Sav-SOD S112N T114S T115N N118G K121G S122G and Sav-SOD S112T T114T T115A N118S K121F S122G. 

For procedure see [12].  
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Figure 41 Time course of the HAMase conversion using biot-Au 2 · Sav-SOD K121A: [biot-Au 2] 1 mol%, [Sav] = 2 mol%, MES-

buffer pH 5, 37 °C. 

 
Figure 42 Reactivity of biot-Au 2 · Sav-SOD K121A in different aqueous buffer: [biot-Au 2] 1 mol%, [Sav] 2 mol%, pH 5, 37 °C, 

24 h reaction time. 

 
Figure 43 Reactivity of biot-Au 2 · Sav-SOD K121A at different pH in MES-Buffer: [biot-Au 2] 1 mol%, [Sav] 2 mol%, 37 °C and 

72 h reaction time.  
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Figure 44 Performance of chimeric streptavidin with different substrate concentrations. Reaction conditions: [biot-Au 2] = 1 

mol%, [Sav] = 2 mol%, MES-buffer pH = 5, 37 °C and 28 h reaction time.  

 
Figure 45 Reactivity of biot-Au 2 · Sav-SOD K121A with varying cofactor concentrations. Reaction conditions: [Sav] = 2x[biot-

Au 2], MES-buffer pH = 5, 37 °C and 24 h reaction time.  

 

 

Figure 46 Screening Sav mutants bearing mutations on position K121 or S112: [biot-Au 2] 1 mol%, [Sav] 2 mol%, MES-buffer 

pH 5, 37 °C and 5 days reaction time. 
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Figure 47 DFT B3LYP-D3 optimized structures of transition states in water for 5-endo-dig and 6-exo-dig additions by p- and 

s,p-activation modes of biot-Au 2 with their computed barriers. The Gibbs energies of activation for the non-biotinylated 

IMes ligand are displayed in parenthesis. Atomic colouring code: yellow, gold; blue, nitrogen; red, oxygen; grey, carbon; 

hydrogen atoms omitted for clarity.  

 
Figure 48 Comparison of the computed barriers for the reactions yielding the 6-exo dig (quinazolinone 3) and the 5-endo-dig 

(indole 2) addition products by both p- and s,p-activation modes in water (𝜀 = 78.39) and in solvents of varying dielectric 

constant, using the transition states depicted in Figure 47. 
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Figure 49 Difference between the barriers (ΔΔG
‡
) for the 6-exo-dig and the 5-endo-dig additions for both π and σ,π-activation 

modes in water (𝜀 = 78.39) and in solvents of different dielectric constant, computed using the transition states depicted in 

Figure 47. 

 
Figure 50 a DFT B3LYP-D3 computed transition states in water for the alkyne’s C–H deprotonation, either by an aspartate 

residue a of through a water molecule b. Atomic coloring code: yellow, gold; blue, nitrogen; red, oxygen; grey, carbon and 

white, hydrogen. 
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Figure 51 MD convergence analysis corresponding only to the SOD regions of initial MD of SAV-SOD (200 ns): RMSD, all-to-

all RMSD, PCA, cluster counting and RMSF (pink corresponds to SOD regions). The representative of the most populated 

cluster is represented with SOD region in pink and its loop 1-8 in green. 
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Figure 52 MD convergence analysis of MD of SAV-SOD with cofactors biot-Au 2 (300 ns): RMSD, all-to-all RMSD, PCA, cluster 

counting and RMSF. Superposition of most representative cluster of this MD (MD of SAV-SOD with cofactors - light blue) and 

without them (initial MD of SAV-SOD - gray) with SOD relevant loops SOD1-8 highlighted in green. 
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Figure 53  Docking Study of biot-Au 2 into Sav WT (a-c) and chimeric Sav (d-f). Clashes of the transition state with residual 

amino acids are highlighted with green lines. While docking 1TS-1Au in Sav WT allows for multiple poses, Sav-SOD clearly 

favors one single cofactor-substrate orientation. 
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Figure 54 MD convergence analysis of MD of Sav-SOD with 1TS-1Au (5-endo-dig) (300 ns): RMSD, all-to-all RMSD, PCA, cluster 

counting and RMSF. 
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Figure 55 MD convergence analysis of MD of Sav-SOD with 1TS-1Au (6-exo-dig) (300 ns): RMSD, all-to-all RMSD, PCA, cluster 

counting and RMSF. 
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Figure 56 MD convergence analysis of MD of Sav-SOD with 1TS-2Au (5-endo-dig) (300 ns): RMSD, all-to-all RMSD, PCA, cluster 

counting and RMSF. 
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Figure 57 Residues contribution network extracted from MD simulations of Sav-SOD K121A with: a) 1TS-1Au (6-exo-dig), b) 

cofactors (biot-Au 2) and c) 1TS-2Au (5-endo-dig). Network nodes represent protein residues, biotin (BTN), TS5/6 or atoms 

(Cl, Au) and edges represent VdW interactions (black-grey straight lines) or hydrogen bonds (blue dashed lines). Edges are 

colour-weighted by the number of interactions in each frame. 

 

 
Figure 58 Residues contribution network extracted from MD simulations of Sav-SOD K121A comparing 1TS-2Au (5-endo-dig) 

and 1TS-1Au (6-exo-dig) interactions. Common interacting residues coloured in grey, 1TS-1Au interactions in orange and 1TS-

2Au interactions in yellow. Edges represent VdW interactions (black-grey straight lines) or hydrogen bonds (blue dashed 

lines). 
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Figure 59 Scatterplot of 2500 cell-free-extract experiments covering 4 Generations of chimeric streptavidin analysed via UPLC-

MS after preselection via B4F-assay displaying the two evolution trajectories of HAMase. 

 
Figure 60 Work-flow for the directed evolution of Sav-SOD K121A using cell-free extracts for screening. 
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Figure 61 Stacked 1H NMR spectra of isolated and the reference indole 2 in DMSO-d6. 

 

 
Figure 62 UPLC-MS DAD (100-500 nm) and PDA (254 nm) Chromatogram of isolated indole 2 (5.37 min). 
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Figure 63  Stacked 1H NMR spectra of isolated and the reference quinazolinone 3 in DMSO-d6. 

 

 
Figure 64  UPLC-MS DAD (100-500 nm) and DAD (300 nm) Chromatogram of isolated quinazolinone 3 (2.71 min). 
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Figure 65  Isotopic product-distribution of the HAMase biot-Au 2 · Sav-SOD N-SN-GGG carried out in D2O. a Deuteration 

profile of quinazolinone 3 and indole 2 resulting from the gold-catalysed hydroamination. For the quinazolinone 3, all 

highlighted protons/deuterons are readily exchanged in D2O/H2O; b 1H NMR analysis of the indole 2-d2 isolated from 

preparative reactions in H2O (top) and D2O (bottom, the urea N–H is readily exchanged in the presence of traces of H2O) and 

c HR-MS analysis of 2-d2 resulting from the reaction performed in D2O. 
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Figure 66 Stacked 1H NMR spectrum confirming the inertness of indole 2 and 2-d2 towards deuterium-proton exchange at the 

indole’s C2 and C3 positions (highlighted in red). In contrast, the urea proton (blue) is readily exchanged. 

Table 18 Tabulation of data displayed in Figure 39. 

 Cofactor only Sav WT Sav K121L Sav K121A Sav-SOD K121A 

 

TON 
quinaz-
olinone  

3 

TON 
indole  

2 

TON 
quinaz-
olinone  

3 

TON 
indole  

2 

TON  
quinaz-
olinone  

3 

TON  
indole  

2 

TON 
quinaz-
olinone  

3 

TON  
indole  

2 

TON  
quinaz-
olinone  

3 

TON  
indole  

2 

biot-Au 1 0 0 4.6  0 19.5 0 18.6  3.0  26.8  4.7  

biot-Au 2 0 0 11.6  0 29.5  0.2  14.7  2.9  22.1  14.3  

biot-Au 3 0 0 2.7  0 20.1  0 20.5  0.4  18.5  0 

biot-Au 4 0 0 0 0 0 0 1.7  0 12.8  0 

biot-Au 5 0 0 11.4 0 7.4  0 9.5  0 16.0  0 
Me2biot-

Au 2 
0 0 0 0 0 0 0 0 1.55  0.7  

 

Table 19 Summary of the HAMAse activity screening using Sav mutants: [biot-Au 2] 1 mol%, [Sav] 2 mol%, MES-buffer pH 5, 

37 °C and 5 days reaction time.  

Sav Mutants TON quinazolinone 3 TON indole 2 
K121L 72.4  0.8  
K121M 67.0  0.8  
K121F 62.5  0 
K121I 60.8  0.8  
K121T 60.6  0.9  

reference indole 2  
recorded in DMSO-d6 

indole 2 isolated from the HAMase 

carried out in H2O stirred at 37 °C 

for 16 h in D2O prior to 1H NMR, 

recorded in D2O:DMSO-d6 (2:1) 

Following purification, 2-d2 was 
dissolved in H2O:DMSO-d6 and 
stirred at 37 °C for 16 h prior to  
1H NMR, spectra recorded in 
H2O:DMSO-d6 (2:1) 

indole 2-d2 isolated from the 

HAMase carried out in D2O 

recorded in D2O:DMSO-d6 

(2:1) 
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K121V 60.1  0.8  
K121E 60.1  0 
K121W 56.4  0.4  
K121D 52.3  0 
K121N 52.1  0 
K121S 50.1  0.4  
K121C 47.0  0.2  
K121P 44.3  0.9  
K121Q 39.2  0 
K121A 33.1  0.9  
K121H 27.3  0 
K121G 25.5  1.9  
S112E 17.7  0 
S112T 12.3  0.4  
S112G 10.6  0 
S112D 10.5  0.5  
S112F 9.6  0 
S112Y 9.5  0.5 
S112C 8.0 0 
K121R 7.6  0 
S112H 7.2  0.2  
S112N 7.2  0.6 
WT 6.9  0 
S112M 6.7 0.3  
S112P 6.0 0.4  
S112L 4.2  0.2  
S112A 4.2  0 
biot-Au 2 only 2.8  0.6  
S112K 2.0  0.1  
S112R 1.3  0.1  
WT without biot-Au 2 0.1  0 

 

Table 20 Evaluation of the reactivity and stability of various gold-complexes and gold-based ArM. 

Au-Complex Mutant Additives TON  
quinazolinone 3 

TON 
indole 2 

(CH3)2SAuCl - none 0 0.2  

AuSIMes - none 1.3  0.6  

AuIMes - none 0.3  0.2  

AuSIPr - none 0.2  0.0  

AuIPr - none 0.3 0.0  

biot-Au 2 - none 1.3  0.2  

AuSIMes Sav K121L none 0 0.3  
biot-Au 2 Sav K121L none 47.5 2.1  
biot-Au 2 Sav-SOD K121A none 33.1 20.5  
biot-Au 2 Sav-SOD K121A 10% cell lysate 14.7 5.1  
biot-Au 2 Sav-SOD K121A 50% cell lysate 12.9  2.3  
biot-Au 2 Sav-SOD K121A 2 mol% GSH redc 28.7  9.5  
biot-Au 2 Sav-SOD K121A 20 mol% GSH redc 22.3  6.2  
biot-Au 2 Sav-SOD K121A 100 mol% GSH redc 7.4  1.2  
biot-Au 2 Sav-SOD K121A 100 mol% GSH redd 7.4 1.4  
biot-Au 2 Sav-SOD K121A 100 mol% GSH oxd 33.6  12.8  
biot-Au 2 Sav-SOD K121A 1 mol% biotind 19.0  10.2  
biot-Au 2 Sav-SOD K121A 2 mol% biotind 12.0  3.8  
biot-Au 2 Sav-SOD K121A 2 mol% biotinc 15.9  3.7  
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biot-Au 2 Sav-SOD K121A 4 mol% biotind 6.7  1.8  
biot-Au 2 Sav-SOD K121A 100 mol% Diamided 20.2  34.2  
biot-Au 2 - 100 mol% Diamided 10.0  3.4  

aReaction conditions: Vtot 200 μL (VDMSO 15 μL), [Sub] 5 mM, [biot-Au 2] 50 µM, [Sav] 100 µM, MES-buffer pH 5 + cell lysate, 

37 °C for 72 h. bTurnover Number cAdditive added before cofactor incubation dAdditive added after cofactor incubation 

 

Table 21 GaudiMM scoring values using scoring function Ligscore for TS5 (5-endo-dig mechanism) and TS6 (6-exo-dig 

mechanism) models. Three different systems were calculated, lower scores highlight a better complementarity: 1) 1TS-1Au: 

Docking of p-activated TS (one biot-Au 2) into one monomer of Sav using Ligscore and clashes in GaudiMM. 2) 2TS-2Au: 

Docking of two p-activated TS (two biot-Au 2) into two adjacent monomers of Sav. Simultaneous docking calculations with 

GaudiMM using Ligscore and clashes. 3) 1TS-2Au: Docking of s,p -activated TS (two biot-Au 2) into two adjacent monomers. 

Simultaneous docking calculations with GaudiMM and distance restriction for Au atoms (3 Å). To compare scoring values for 

systems with one and two Au centres, the energy of interaction by gold complex are presented (bold values). 

 Sav WT Sav K121A Sav-SOD K121A 

 TS5 TS6 TS5 TS6 TS5 TS6 

1TS-1Au -71.83 -72.22 -62.74 -61.17 -65.5 -62.54 

2TS-2Au 
-118.04  

-59.02 

-119.78 

-59.89 

-94.99 

-47.50 

-80.55 

-40.28 

-31.44 

-15.72 

-19.99 

-10.00 

1TS-2Au 
-83.25  

-41.63 

-82.01 

-41.00 

-109.94 

-54.97 

-81.68 

-40.84 

-98.99 

-49.50 

-60.70 

-30.35 

 

Table 22 Decomposition of total energy (kcal/mol) for most relevant residues of SOD chains using MMGBSA and based on 

cytoscape analysis for encapsulated pseudo-transition states TS5 (5-endo-dig) 1TS-2Au (s,p activation mode) and TS6 (6-exo-

dig) 1TS-1Au (p-activation mode) as well as the cofactor only (last column). 

 1TS-2Au (5-endo-dig) 1TS-1Au (6-exo-dig) Cofactor (biot-Au 2) 

Gly 2 (SOD1) -1.887 -0.083 -0.027 

Ala 3 (SOD1) -4.053 -1.671 -1.624 

Asp 4 (SOD1) -0.026 0.237  -0.018 

Ala 7 (SOD2) -0.102 -2.108 -1.644 

Asn 8 (SOD2) -2.19 -4.930 0.224 

Ile 9 (SOD2) -1.045 -0.577 -2.248 

Pro 10 (SOD2) -0.023  -0.099  -0.04 

Pro 11 (SOD2) -0.014 -0.384 -0.087 

Pro 23 (SOD2) -0.015 -0.369 -0.002 
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Table 23 Decomposition of total energy (kcal/mol) for most relevant amino acid residues of Sav chains using MMGBSA and 

based on cytoscape analysis for embedded pseudo-transition states TS5 (5-endo-dig) 1TS-2Au (s,p activation mode) and TS6 

(6-exo-dig) 1TS-1Au (p activation mode) as well as the biot-Au 2 cofactor only (last column). 

 

Table 24 Investigation of E. coli strains for cell-free extract catalysis with various ratios of MES buffer (pH 5, 50 mM) to cell-

free extract (cfe) before directed evolution. 

E.Coli Strain Mutant Amount of cfe (%) TON quinazo-linone 3 TON indole 2 

BL21(DE3) emptyV 100 0 0 

BL21(DE3) Sav_WT 100 0 0 

BL21(DE3) Sav_K121L 100 0 0 

BL21(DE3) emptyV 50 0 0 

BL21(DE3) Sav_WT 50 1 0 

BL21(DE3) Sav_K121L 50 11 0 

BL21(DE3) emptyV 30 0 0 

BL21(DE3) Sav_WT 30 2 0 

BL21(DE3) Sav_K121L 30 15 0 

SHuffle-T7 emptyV 50 0 0 

SHuffle-T7 Sav_WT 50 0 0 

SHuffle-T7 Sav_K121L 50 0 0 

SHuffle-T7 emptyV 30 0 0 

SHuffle-T7 Sav_WT 30 0 0 

SHuffle-T7 Sav_K121L 30 0 0 

 

 1TS-2Au (5-endo-dig) 1TS-1Au (6-exo-dig) Cofactor (biot-Au 2) 

Ser 112 (Sav1) -0.615 -1.001 -1.415 

Gly 113 (Sav1) 0.034 -0.011 -0.158 

Thr 114 (Sav1) -0.329 -3.019 -0.115 

Thr 115 (Sav1) -0.004 -0.369 -0.001 

Glu 116 (Sav1) 0.007 -0.020  0.051 

Ala 117 (Sav1) 0.048 0.008 0.047 

Asn 118 (Sav1) -0.186 -0.380 -0.028 

Ala 119 (Sav1) -0.121 -0.162 -0.101 

Trp120 (Sav1) -2.482 -3.003 -3.079 

Ala 121 (Sav1) -1.019 -0.937 -0.673 

Asn122 (Sav1) -0.296 -0.383 -0.172 



  

96 

 

Table 25 Selected Results of evolved ArMs with and without SOD loop. a b 

Mutant TON quinaz-olinone 3 TON indole 2 TON Total Selectivity for indole 2 

Sav K121A 18.0 3.5 21.5 16.4% 

Sav K121A 17.0 3.9 20.9 18.7% 

Sav K121A 18.7 4.0 22.7 17.6% 

Sav K121A 17.6 3.3 20.9 15.8% 

Sav-SOD K121A 25.5 16.2 41.7 38.8% 

Sav-SOD K121A 24.1 16.1 40.2 40.1% 

Sav-SOD K121A 24.7 12.4 37.1 33.4% 

Sav-SOD K121A 23.6 15.5 39.1 39.6% 

Sav-SOD N118G K121G S122G 27.5 33.9 61.4 55.2% 

Sav-SOD N118G K121G S122G 25.5 30.2 55.7 54.2% 

Sav-SOD N118G K121G S122G 27.0 34.7 61.7 56.3% 

Sav-SOD N118G K121G S122G 24.0 28.0 51.9 53.9% 

Sav-SOD N118S K121F S122G 38.6 0.4 39.0 1.0% 

Sav-SOD N118S K121F S122G 37.9 0.5 38.3 1.2% 

Sav-SOD N118S K121F S122G 37.3 0.4 37.7 1.0% 

Sav-SOD N118S K121F S122G 39.6 0.5 40.1 1.1% 

Sav_SOD S112N N118G K121G S122G 21.9 44.8 66.7 67.2% 

Sav_SOD S112N N118G K121G S122G 20.9 44.7 65.6 68.1% 

Sav_SOD S112N N118G K121G S122G 21.1 44.5 65.6 67.8% 

Sav_SOD S112N N118G K121G S122G 20.2 41.8 62.0 67.4% 

Sav_SOD S112T N118S K121F S122G 40.4 1.1 41.5 2.6% 

Sav_SOD S112T N118S K121F S122G 42.5 1.2 43.7 2.8% 

Sav_SOD S112T N118S K121F S122G 40.2 1.0 41.3 2.5% 

Sav_SOD S112T N118S K121F S122G 40.8 1.1 41.9 2.7% 

Sav_SOD S112N T114S T115N N118G 

K121G S122G 

18.1 55.1 73.2 75.2% 

Sav_SOD S112N T114S T115N N118G 

K121G S122G 

17.6 46.0 63.6 72.3% 

Sav_SOD S112N T114S T115N N118G 

K121G S122G 

18.5 52.3 70.9 73.8% 

Sav_SOD S112N T114S T115N N118G 

K121G S122G 

17.6 46.5 64.1 72.5% 

Sav_SOD S112T T115A N118S K121F 

S122G 

41.5 2.9 44.4 6.5% 

Sav_SOD S112T T115A N118S K121F 

S122G 

41.7 3.1 44.8 6.9% 

Sav_SOD S112T T115A N118S K121F 

S122G 

43.0 3.5 46.5 7.6% 
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Sav_SOD S112T T115A N118S K121F 

S122G 

41.0 3.0 44.0 6.8% 

 

Table 26 Optimized Reaction Screening with top Hits in quadruplets. 

Mutant TON quinaz-

olinone 3 

TON indole 

2 

TON 

Total 

Selectivity for 

indole 2 

Sav-SOD S112N T114S T115N N118G K121G S122G – 

OPTIMIZED 1 

1.8 46.5 48.3 96.3% 

Sav-SOD S112N T114S T115N N118G K121G S122G – 

OPTIMIZED 2 

1.7 47.2 48.8 96.6% 

Sav-SOD S112N T114S T115N N118G K121G S122G – 

OPTIMIZED 3 

2.1 53.9 55.9 96.3% 

Sav-SOD S112N T114S T115N N118G K121G S122G – 

OPTIMIZED 4 

1.9 49.8 51.8 96.3% 

Sav-SOD S112T T115A N118S K121F S122G – OPTIMIZED 1 265.0 2.4 267.4 0.9% 

Sav-SOD S112T T115A N118S K121F S122G – OPTIMIZED 2 308.3 2.7 311.0 0.9% 

Sav-SOD S112T T115A N118S K121F S122G – OPTIMIZED 3 349.2 2.2 351.4 1.0% 

Sav-SOD S112T T115A N118S K121F S122G – OPTIMIZED 4 397.3 3.8 401.1 0.6% 

Optimized reaction conditions for quinazolinone 3: Vtot 400 µL (365 µL MES-buffer pH 5) [Sub] 2.5 mM, [biot-Au2] 2.5 µM, 

[Sav] 5 µM, 39 °C for 72 h and for indole 2: Vtot 100 µL (VMES 45 µL, VDMSO 20 µL), [Sub] 15 mM, [Diamide] 15 mM, [biot-Au 2] 

100 µM, [SAV] 200 µM, 37 °C for 72 h. Both sets of experiments were quenched with MeOH to a total volume of 800 µL before 

UPLC MS analysis. 
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Table 27 Substrate scope using the evolved biot-Au 2 · Sav-SOD chimeras under standard reaction conditionsa used for 

directed evolution and under reaction conditions optimized for 5-endo-digb and 6-exo-digc products. 

            Substrate 

 

 

 

Mutant 

      

Sav-SOD S112N 

T114S T115N 

N118G K121G 

S122G 

16.7  

(36:64) a 

21.5 

(16:84) a 

2.3 

(44:56) a 

6.3 

(32:68) a 

6.2 

(34:66) a 
0 a 

45.9  

(7:93) b 

35.9 

(19:81) b 

22.0 

(15:85) b 

15.3 

(1:99) b 

5.2 

(4:96) b 

6.9 

(50:50) b 

Sav-SOD S112T 

T115A N118S 

K121F S122G 

13.2 

(93:7) a 

10.2 

(86:14) a 

4.0 

(97:3) a 

3.9 

(90:10) a 

7.3 

(91:9) a 

1.5 

(91:9) a 

104.7 

(96:4) c 

35.3 

(97:3) c 

41.7 

(97:3) c 

26.0 

(97:3) c 

16.7 

(85:15) c,d 

6.0 

(96:4) c,d 

The combined turnover for both products is displayed as well as the quinazolinone:indole ratio (3:2). aStandard Reaction 

conditions for directed evolution see Table 24; b Reaction conditions optimized for 5-endo-dig product: Vtot 100 µL (VMES 

45 µL, VDMSO 20 µL), [Sub] 15 mM, [Diamide] 15 mM, [biot-Au 2] 100 µM, [Sav] 200 µM, [MES-buffer] 50 mM, pH 5, 37 °C 

for 24 h; c Reaction conditions optimized for 6-exo-dig product: Vtot 400 µL (VMES 365 µL, VDMSO 12 µL) [Sub] 2.5 mM, [biot-

Au 2] 6.25 µM, [Sav] 12.5 µM, [MES-buffer] 50 mM, pH 5, 39 °C for 48 h; d with following changes: [biot-Au 2] 2.5 µM, [Sav] 

5 µM, for 24 h. 
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Figure 67 1H NMR Spectrum of C1 in DMSO-d6. 

 
Figure 68 13C NMR Spectrum of C1 in DMSO-d6. 
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Figure 69 1H NMR Spectrum of C2 in DMSO-d6. 

Figure 70 13C NMR Spectrum of C2 in DMSO-d6. 
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Figure 71 1H NMR Spectrum of C3 in DMSO-d6. 

 
Figure 72 13C NMR Spectrum of C3 in DMSO-d6. 
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Figure 73 1H NMR Spectrum of biot-4DMN in DMSO-d6. 

 
Figure 74 13C NMR Spectrum of biot-4DMN in DMSO-d6. 
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3.3 Gold-triggered Drug-Release Systems 

 

3.3.1 Outline and Authors 

A modified version of this work was first published by and reproduced with permission from 

Fadri Christoffel: Christoffel, F. Directed Evolution of Gold-based Artificial Metalloenzymes 

and Design of Gold-triggered Drug-Release Systems and can be found under the DOI: 

https://edoc.unibas.ch/84356/ 

 

TRW, VS and FC conceived and designed the study. FC and VS developed the gold- catalyzed 

“close-to-release” cyclization of pro-furan substrates. NVI prepared the Sav isoforms. NVI and 

BL prepared the LM3 and the TATE peptide on rink amide and trityl resin, respectively. FC and 

NVI developed the peptide functionalization with gold-NHC complexes. FC and NVI analysed 

the data. 

 

3.3.2 Introduction 

 

In order to fight diseases, scientists rely also on so-called biorthogonal reactions, which stands 

for chemical transformations that can take place in vivo (in cellulo) without interfering with 

native biochemical processes.182 One of the strategies used is to decorate a drug with 

a cleavable protecting group. This strategy minimizes the prodrug's toxicity and releases the 

drug as a result of the metal-catalyzed uncaging reaction.183–185  However, until recently, the 

spectrum of in-vivo cleavable protecting groups was mostly limited by the repertoire of 

natural enzymes.186 These enzymes, or metalloproteins, contain first-row transition metals 

such as copper, iron, and zinc and are catalyze a large variety of reactions in the cell. 

Accordingly, these can also be used to cleave a protecting group from a prodrug. To 

complement these natural enzymes, abiotic transition metal-catalyzed reactions have been 

introduced into living cells and organisms. They mainly are based on second row and third 

row transition metals. The implementation of these transition metal catalyst to living systems 

comes with a range of challenges. The inherent cytotoxicity of the abiotic catalysts needs to 

be overcome, the efficient uptake by the cell, the localization, and one needs to circumvent 

the deactivation of the catalyst by proteins (enzymes), thiols, and other cell components.99 
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Two metals were extensively used over the last decades for these in vivo  uncaging-reactions, 

namely ruthenium and palladium. The reactions included the uncaging of allyls187,188, 

allyloxycarbonyls (Alloc)160,189–191, allenes192, azides193, propargyls153,194–196, 

propargyloxycarbonyls (Proc)197–200 and napthyls185 (Figure 75).   

 

 
Figure 75 Bioorthogonal reactions applied in vivo. Uncaging reactions releasing the product (blue disk) and the synthesis 

of bioactive molecules or fluorophores. The figure was adapted from Lozhkin et al.186 and reproduced with the permission of 

the authors. 

Usually, the reactions were designed to uncage fluorescent molecules such as rhodamine 

and/or coumarin. Following this approach, the reaction control in vivo and in vitro is 

facilitated, as the products can be detected at very low concentrations. The first report of 

such bioorthogonal uncaging reaction in living systems was published in 2006 by Meggers and 

co-workers. In their work, they showed that the ruthenium-catalyzed Alloc-cleavage of 

rhodamine110 can be carried out in HeLa cells.201 Since then, the reaction was further 

expanded to other organisms.189,191,200,202–204 In contrast to these reactions catalyzed by Ru 

and Pd, the gold catalyzed uncaging reactions are underrepresented. In 2017, the groups of 

Unciti-Broceta and Tanaka recognized the potential and developed the first gold-catalyzed 
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propargyl and Poc-uncaging reactions in biological medium or living systems.96,205 Some of 

the advantages of the gold catalysts are the remarkable biocompatibility, low toxicity, good 

reactivity at room temperature, and a propensity to coordinate to alkynes, the most widely 

used biorthogonal functional group. However, thiols such as glutathione or cysteine, present 

at significant concentrations in cells, are known to poison the catalysts. Therefore, either by 

smart catalyst design or by compartmentalization of the catalyst in an oxidazing environment 

–which leads to the oxidation of glutathione–, the catalyst may be protected and remain 

active.  

In the past 20 years, somatostatin receptors (SSTR) have been used for imaging and treatment 

purposes of neuroendocrine tumors, as the somatostatin receptors of subtype 2 and 5 are 

overexpressed on these cells and can be targeted by the cyclic tetradecapeptide somatostatin 

(SS). However, the short in vivo half-life of somatostatin (1–2min) precluded clinical 

applications of radiolabeled agents based on this targetting peptide.206 Therefore, an 

intensive effort was invested into identifying a number of new cyclic and acyclic analogs of 

SS, with favorable in vivo properties. The cyclic disulfide containing octapeptide derivative of 

SS, octreotide, was the first analog to be used in clinical protocols, as it displayed high affinity 

for SSTR2 and SSTR5, the receptors mainly overexpressed on (human) neuroendocrine 

tumors.207 The main feature of this peptide, which was necessary for its properties, was the 

disulfide tether, stabilizing the type II’ s-turn structure centered at the D-Trp8-Lys9 sequence, 

which is considered to be essential for interacting with the cognate SSTRs.208 In 1996, Bass et 

al. could show that the inversion of chirality at positions 1 and 2 of the octapeptide converted 

an agonist into a potent antagonist.209  Simplified, antagonist can be seen as “blockers” of the 

target-receptor, that upon binding, reduce or inhibit (completely) the activity of the system. 

Some of the antagonists are widely used as APIs, such as antihistamines and b-blockers. 

Agonists, on the other hand, are compounds that upon binding to the target receptor, lead 

to an active response of the cell. Insuline or oxytocin are some examples for agonists.210 These 

agonists usually get internalized upon binding, therefore allowing for an attached cargo to be 

delivered into the cell. Antagonists on the other side, display very low internalization rates 

and remain primarily on the cell surface. In the field of Theranostics (Therapy & Diagnostics), 

both agonists and antigonists are used. By attaching a radioactive compound/drug to the 

targeting peptide, the delivery of the radioactive moiety (in)to the desired target cell allows 
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for targeted radiotherapy and labelling of the tumors, even at highly metastatic stages.211 For 

our studies, we focused on one antagonist (LM3) and one agonist (TATE), which have been 

shown to be versatile anchoring motifs for the imaging and therapy of tumor cells (Figure 

76).212–214  

   
Figure 76 Somatostatin and their analogues. The recognition site for the receptor is labeled in red for all the peptides. a 

Somatostatin b Octreotide c TATE d LM3 

 

3.3.3 Results and Discussion 

 

In recent years it has been shown, that the generating aromatic intermediates is an efficient 

tool to design “close-to-release” probes.185,215 Driven by our progress in the generation and 

utilization of highly active gold ArMs, we were interested in adapting them for bioorthogonal 

uncaging reactions. Nishibayashi et al. showed in 2008 that they could cyclize a substituted 

3-butyne-1,2-diols into furans with the elimination of water in the presence of ruthenium 

catalysts.216 Inspired by their work, we aimed at designing a novel “close-to-release” protocol 

based on profuran substrates  
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Figure 77). The payload of choice was umbelliferone, as coumarin-based fluorophores have a 

large difference in fluorescence intensity upon release.217 Furthermore, several active 

pharmaceutical ingredients (API) contain coumarin moieties.218–221  

 

 
 

Figure 77 Modification of the ruthenium-catalyzed [Ru] dehydrative intramolecular cyclization to a gold-catalyzed [Au] “close-

to-release” reaction. Reproduced with permission of the author from 222. 

Capitalizing of the propensity of Au(I) to catalyze intramolecular hydroalkoxylation of alkynes, 

we investigated the capability of gold-based ArMs36,161 to catalyze an intramolecular 

cyclization with subsequent 1,2-elimination under aqueous conditions. To our delight, blue 

fluorescence could be observed after a couple hours following mixing the substrate with the 

Au-based ArM. We therefore performed a simple pre-screening for the evaluation of the 

optimal cofactor protein host system. A black 96 well plate was sampled with different 

biotinylated gold complexes biot-Au 1-5 and Sav as well as Sav-SOD mutants in various 

combinations. A clear preference for biot-Au 2 as the optimal cofactor and Sav-SOD K121A as 

the optimal Sav construct was observed (Figure 78). This combination yielded after three 

hours 68% conversion of caged umbelliferone 4, using a 5 mol% catalyst loading. 
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Figure 78 Fluorescence screening of caged umbelliferone 4. a The “close-to-release” reaction of caged umbelliferone 4 to 

furan and umbelliferone in MES buffer was screened at a 10 mol% and  5 mol% catalyst loading. b Photograph of the dark 

96-well plate after 24 h of reaction time under UV illumination. c Heatmap displaying the catalytic results of the screening 

after 3 h of reaction. Reproduced with permission of the author from 222. d Chemical structure of the Au(I) catalyst used. 

Even though the initial results were promising; the turnover remained moderate (12-13TON). 

Nevertheless, with the aim of using gold catalyzed “close-to-release” reaction in vivo, we 

collaborated with the Fani Group from the University Hospital of Basel. The SSTR targeting 

cyclic peptides p-Cl-Phe-cyclo(D-Cys-Tyr-D-4-amino-Phe(carbamoyl)-Lys-Thr-Cys)D-Tyr-NH2 

(LM3) and H-D-Phe-Cys-Phe-D-Trp-Lys-Thr-Cys-Thr-OH (TATE) were synthesized. 223,224 As 

mentioned in the introduction, LM3 acts as an antagonist, whereas TATE acts as an agonist.  

O OHOOO OO
[Au] = 10 or 2 mol%
[Sav] = 20 or 4 mol%

MES-buffer pH 5
37 °C, 3h

4 5

HO

a

b c

d
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Taking advantage of their properties, we planned to functionalize the peptides with the gold 

catalysts in order to generate cancer-targeting catalysts. This may allow the targeting of the 

cancer cells, whereas in a second step the caged, and thus less active, chemotherapeutics 

would be added and converted in or on the cancer cell to the active compound. To test the 

system, we first relied on the caged umbelliferone for this specific close-to-release reaction. 

A similar approach as in with the Sav ArMs was pursued. In a first step the NHC ligands were 

functionalized with gold, yielding a gold complex. In a second step, the protecting group of 

the amine was removed and the NHC-Au(I) was coupled to the carboxylic acid moiety of a 

succinic acid modified LM3 and TATE (Figure 80). This carboxylate moiety was installed, by 

the reaction of the primary amine with succinic anhydride. After washing, the functionalized 

peptides were cleaved from the resin and precipitated by addition of cold diethyl ether. To 

monitor the coupling efficiency, we relied on the standard three step Kaiser test225 which 

revealed the presence of free amines through the formation of a purple chromophore (Figure 

79). To remove the protecting groups from the peptides, both a mild and a harsher cleaving 

protocol were evalutated. If 5% TFA was used, TATE could be cleaved without removing the 

amino acid sidechains protecting groups. In contrast, by using 95% TFA we would cleave TATE-

Au and simultaneously remove all protecting groups on the peptide (Figure 81). For LM3-Au, 

by HRMS analysis the desired compound could not be detected, however a pattern slightly 

lower in m/z, suggesting the potential decomposition of the urea moiety on the D-4-amino-

Phe(carbamoyl) fragment was observed (Figure 86). To exclude the possibility of partial 

decomposition of the peptide resulting from the ionization mode, the complex was also 

measured with an MALDI-Tof (HRMS), yielding nearly the same mass peak (ESI m/z = 1637.74 

vs. MALDI m/z = 1640.87). Therefore, the exact composition of the peptide complex needs to 

be investigated in more detail. 
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Figure 79 Kaiser Test. a The reaction of ninhydrin with amino acids leads to a complex reaction resulting in the formation of 

Ruhemann’s Purple, a strong purple chromophore. b Eppendorf tubes displaying common color patterns resulting from 

samples treated with the Kaiser Test. Reproduced with permission of the author from 222. 

 
Figure 80 Synthesis of TATE-Au and LM3-Au on trityl resin and rink amide resin, respectively. Reaction monitoring was 

performed via a Kaiser test and subsequently confirmed via HPLC into HR-MS. As the reaction was carried out on an analytical 

scale, the exact yields of the gold-functionalized peptides could not be determined precisely (ca. 1 mg crude product for both 

LM3-Au and TATE-Au). Reproduced with permission of the author from 222. 
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Prior to upscaling, we tested the TATE-Au and LM3-Au as catalysts for the hydroarylation of 

pro-coumarin 9 and the close-to-release reaction of pro-furan 4. The reactivity was also 

compared to the performance of biot-Au 2 · Sav-SOD K121A (Figure 82). Initial screenings in 

MeCN:H2O (1:1) highlighted the ability of both gold-functionalized peptides to catalyze the 

hydroarylation of pro-coumarin 9 almost quantitatively, clearly outperforming the ArM under 

these conditions (Table 30). 

 
Figure 81 HPLC into HR-MS Spectrum of TATE-COOH+ and TATE-Au2+. Reproduced with permission of the authors from 222. 

 
Figure 82 Screening the gold-functionalized peptides for the intramolecular hydroarylation and the close-to-release reaction.1 

substrate only 2 biot-Au 2 · Sav-SOD K121A 3 TATE-Au (batch 1) 4 TATE-Au (batch 2). 

a b

1         2        3        4 1        2       3      4
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The “close-to-release” reaction did not proceed in aqueous acetonitrile, however, using MES 

buffer (50 mM, pH 5), the biot-Au 2 · Sav-SOD K121A led to quantitative conversion. The 

functionalized peptides also catalyze the reaction, but with a modest conversion (11% for 

LM3-Au and 7% for TATE-Au) at 5% catalyst loading. 

 

Table 28 Selected Results of LM3-Au and TATE-Au-catalyzed intramolecular cyclization reactions. Reproduced with 

permission of the authors from 222. 

Entry Au-Catalyst Substrate Solvent Conversiona 
0 - 4 MES pH 5 0% 

1 - 4 MeCN:H2O (1:1) 0% 

2 biot-Au 2 · Sav-SOD K121A 4 MES pH 5 99% 

3 LM3-Au 4 MeCN:H2O (1:1) 1% (0%b) 

4 LM3-Au 4 MES pH 5 11% (0%b) 

5 TATE-Au 4 MES pH 5 7% (1%c) 

6 - 9 MES pH 5 0% 

7 - 9 MeCN:H2O (1:1) 0% 

8 biot-Au 2 · Sav-SOD K121A 9 MeCN:H2O (1:1) 37% 

9 LM3-Au 9 MES pH 5 0% 

10 LM3-Au 9 MeCN:H2O (1:1) 97% 

11 TATE-Au 9 MeCN:H2O (1:1) 99% (96%c) 
aThe conversion was determined via UPLC-MS at 321 nm. Reaction condition Vtot 500 µL, [Sub] 1 mM, [Au] 20 µM 
and [Sav] 40 µM (ArM) or ca 0.5 mg/mL (peptide), 39 °C for 3 days. b LM3-Au synthesized via sequential coupling 
of protected succinic acid followed by gold complex. c TATE-Au cleaved under mild conditions (5% TFA, 5% TIPS 
in CH2Cl2)  

 

 

3.3.4 Conclusion 

 

A new “close-to-release” reaction, resulting from a gold-catalyzed hydroalkoxylation and 

spontaneous 1,2-elimination, has been developed. The reaction leads to the release of 

umbelliferone as a payload. It may be amenable to the release of a drug cargo in vivo. This 

reaction is catalyzed by chimeric ArM biot-Au 2 · Sav-SOD K121A to afford quantitative 

conversion (i.e. 50 TONs). With in vivo applications in mind, we tested the peptides LM3-Au 

and TATE-Au for their catalytic performance on the hydroarylation of pro-coumarin substrate 

9, as well as the releasing umbelliferone from substrate 4. However, the nature of the solvent 

significantly affects the conversion, which may complicate complicate in vivo applications. To 

avoid poisoning of the gold catalyst by cellular components, the LM3-Au complex may prove 
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more attractive as it should not be internalized by the somatostatin receptors mechanism 

upon binding to its target. Herein, we could also establish the first proof-of-concept of gold-

catalysis on cancer-targeting peptides by utilizing a newly designed, biorthogonal close-to-

release reaction resulting from a gold-catalyzed hydroalkoxylation coupled with a 

spontaneous 1,2-elimination of a cargo. 

 

3.3.5 Experimental 

 

General information. Chemicals were purchased from Sigma Aldrich, Acros Organics, Alfa 

Aesar or Fluorochem and used without further purification. High-resolution mass 

spectrometry (HR-MS) was performed on a Bruker maXis II QTOF ESI mass spectrometer 

coupled to a Shimadzu LC or a MALDI 8020 (MALDI-Tof) from Shimadzu. Fluorescence assays 

were recorded on a Tecan fluorimeter Infinite M1000Pro. Samples were prepared on a clear 

96-well plate.  

 

Peptide synthesis. The cyclic peptides were prepared with the help of the M. Fani Group at 

the University Hospital of Basel according to reported procedures by Nico Igareta and Boris 

Lozhkin.211,226 The peptide LM3 was synthesized by parallel standard Fmoc solid-phase 

synthesis on RinkAmide MBHA resin as previously published.212 The Fmoc-protected p-Cl-Phe-

OH, D-Tyr(tBu)-OH, Cys(Acm)-OH, Thr(tBu)-OH, Lys(Boc)-OH, D-4-amino-Phe-carbamoyl(tBu)-

OH, Tyr(tBu)-OH, and D-Cys(Acm)-OH (Acm 5 acetamidomethyl) were used in a 2-equivalent 

excess. Fmoc removal was achieved with 20% piperidine in N,N-dimethylformamide in two 

10-min treatments. Cyclization was performed with 10 eq. of iodine in DMF overnight. Final 

cleavage of the peptide from the resin and deprotection was achieved by adding a 95 % TFA, 

2.5 % triisopropylsilane and 2.5 % H2O solution to the resin and shaking it for 4h at room 

temperature. The peptide was precipitate in ice cold diethyl ether and washed several times 

with ice cold diethyl ether and dried at high vacuum.  

 

Gold complex. The gold complex 7 was prepared according to a reported procedure.161 

The LM3 and TATE peptides on the resin (rink amide and trityl resin respectively) were 

transferred into peptide-synthesizer plastic vessel with filter inlet (10 mL) and sealed with a 
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septum. To ensure a dry and oxygen-free environment, nitrogen was purged from below 

through the vessel, allowing for continuous mixing and easy access for the addition of further 

reagents via a syringe. To remove the solvent through the bottom filter, the nitrogen line was 

swapped from bottom to top. Parafilm was used to seal the system for longer reaction times. 

Fmoc-cleaving Procedure: The Peptide-containing resin (ca 25 mg) was soaked in DMF (3 mL) 

under nitrogen purging (30 min). The solvent was removed and the resin washed with DMF 

(2 mL). The Fmoc-group was removed by the addition of piperidine in DMF (25%, 3 mL). After 

purging (30 min), the solvent was removed, the resin was washed with DMF (2 mL) and the 

deprotection step was repeated one more time. Afterwards, the solvent was removed and 

the resin washed with DMF (3x2 mL). A spatula tip of resin was transferred to an Eppendorf 

vial to perform a Kaiser test.227 In short, three solutions must be prepared for this test: (a) 

ninhydrin (500 mg) in ethanol (10 mL), (b) phenol (80 mg) in ethanol (10 mL) and (c) aq. KCN 

(2 mL, 0.001 M) in pyridine (100 mL). From each of these three solutions, ~20 µL are 

transferred to the Eppendorf vial containing the sample. The vial is heated to reflux (>10 min) 

upon which the solution turned blue if amines are present in the solution. The presence of a 

deep blue solution qualitatively confirms the successful deprotection of Fmoc from the 

peptide. 

The resin was removed from the plastic vessel and transferred to a glass vial containing 

succinic anhydride (15 mg) and DMF (2 mL). The mixture was shaken in a thermoshaker 

(90 min, 80 °C). After the mixture cooled down (rt), it was transferred with the resin into the 

plastic vessel. The solvent was removed, and the resin was washed with dry DMF (3x2 mL). A 

second Kaiser test was performed in which the solution remained clear, thus confirming the 

absence of free amines. 

Deprotection of gold complex 7: The Boc-protected complex 7 (48 mg, 0.07 mmol) was 

dissolved in CH2Cl2 (4 mL/mmol) and HCl gas was bubbled through the solution in the dark 

(1 . The HCl gas was generated by the dropwise addition of concentrated sulfuric acid to 

ammonium chloride in a second flask and transferred via cannula into the reaction mixture 

(the controlled release of HCl gas from the system must be guaranteed to avoid 

overpressure). The solution was stirred in the dark (1 h, rt) while the deprotection step was 

monitored by thin-layer chromatography (MeOH/CH2Cl2 1:9) or a Kaiser test. The solvent was 

evaporated (high vacuum) and the resulting solid was dissolved in dry DMF (2 mL). 
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Coupling of the gold complex 8 to the peptides: In case the resin was stored temporarily after 

the addition of succinic anhydride, the resin should be soaked with dry DMF (30 min), purged 

and then washed with dry DMF (2 x 2 mL) before further proceeding. HATU (27 mg, 

0.07 mmol), DIPEA (24 µL, 0.14 mmol) and dry DMF (1.5 mL) were sequentially added to the 

vessel. The mixture was purged (10 min) and the pH was monitored to ensure basic 

conditions. If required, DIPEA was added. Finally, the deprotected gold complex 8, dissolved 

in dry DMF (2 mL) was added to the mixture. The seal was reinforced with Parafilm and the 

mixture was purged with N2 overnight. The solvent was removed and the resin was washed 

with dry DMF (5 x 2 mL). 

Cleaving from the resin:228 Two cleaving procedures were tested: (1) harsh conditions with 

TFA:TIPS:H2O (95.0:2.5:2.5) and (2) milder conditions with CH2Cl2:TFA:TIPS (92.5:5.0:2.5). 

Therein, the corresponding “cleaving mixtures” (2 mL) were added to the resin in the plastic 

vessel. The mixtures were purged (90 min, rt). Under harsh conditions a color change from 

yellow to dark grey was observed. The filtrate was collected in a V-shaped microwave vial. 

The gold-functionalized peptides were precipitated by the addition of ice-cold diethyl ether 

and isolated via centrifugation. RP-HPLC may be necessary to further purify the desired 

compounds LM3-Au2 and TATE-Au2. 

 

 

Figure 83 a Peptide-coupling Setup and Kaiser test samples of b Fmoc-cleaved resin and c succinic acid coupled resin. 

Reproduced with permission of the author from 222. 

 

a b

c
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ESI-MS characterization. The peptides were dissolved in Mili-Q water, 0.1% formic acid pH = 

2.5 with a final concentration of 0.2 mg/mL and clarified by centrifugation. A HPLC (Shimadzu, 

equipped with a JupiterÒ 5 µm C4 300 Å)-ESI QTof (Bruker maXis II QTOF ESI) system was 

used to record the data. The ESI-QTof mass spectrometer was calibrated with ESI-Tof TuneMix 

(Agilent). The Compass DataAnalysis software (Bruker Daltonics) was used for data analysis. 

 

Table 29. MS settings for peptide mass spectral analysis. 

Source Type ESI Ion Polarity Positive Set Nebulizer 2.0 Bar 

Focus Not active Set Capillary 4500 V Set Dry Heater 200 °C 

Scan Begin 150 m/z Set End Plate Offset -500 V Set Dry Gas 8.0 l/min 

Scan End 2750 m/z Set charging Voltage 0 V Set Divert Valve Source 

  Set Corona 4000 nA Set APCI Heater 200 °C 

 

MALDI-MS characterization. MALDI-TOF mass spectra were recorded on a Shimadzu MALDI 

8020. As a matrix sinapinic acid was used (10 mg/mL). The peptide complex solution (0.5 µl, 

1:1000 compared to the matrix, in DCM) was sandwiched within twice 0.5 µl of the matrix 

solution.   

 

 
Figure 84 ESI-HRMS spectrum of the cyclized unprotected TATE. 
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Figure 85 ESI-HRMS spectra of the un- and cyclized unprotected LM3. 

 
Figure 86 a ESI-MS b MALDI MS spectrum of the “LM3-Au2 complex”. 
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Chapter 4. Chimeric ATHase 
 

4.1 Introduction 

 

Chiral amines are structural units in nearly 40% of all pharmaceuticals and also widely used in 

the production of agrochemicals.68 As such, the synthesis of enantiopure amines has attracted 

significant research interest in academia and industry. Common synthetic strategies may be 

broadly categorized as chemical, utilizing homogenous catalysts,229 or biological,230 using 

enzymes such as imine reductases, transaminases, phenylalanine ammonia lyases and amine 

dehydrogenases.231–233 More recently, various artificial metalloenzymes have also been used 

for the synthesis of enantiopure amines.67,69,94 The Ward group has extensively explored the 

use of artificial transfer hydrogenases (ATHases) based on the biotin-(strept)avidin 

technology for the reduction of ketones and imines.66–69,76 These efforts were inspired by the 

work of Noyori et al., who showed that imines could be effectively reduced by 

[(η6-arene)Ru(S,S-TsDPEN)Cl] in the presence of a 5:2 formic acid:triethylamine azeotropic 

mixture in acetonitrile.234 For various isoquinolines, an enantiomeric excess (ee) of up to 97% 

was achieved, revealing the critical importance of the chiral metal center in dictating 

enantioselectivity. As proposed by Noyori et al., and established in subsequent studies, the 

active species in the imine reduction is a chiral Ir–hydride, which is formed following 

coordination and decarboxylation of formate.  

Initially, the Ward group investigated the diversity of Noyori-type catalyst 

[(ηn-arene)M(biot-p-L)Cl] featuring a biotinylated supporting ligand. The metal and arene 

(benzene, p-cymene, mesitylene, durene, and hexamethyl benzene for M = Ru; 

pentamethylcyclopentadienyl for M = Rh, Ir) as well as the location of the substituent on the 

biotin moiety (ortho, meta, or para) were varied (Figure 87a),40 and the resulting twenty-one 

racemic metal complexes were used for the reduction of acetophenone, 

p-bromoacetophenone, and p-methylacetophenone in the presence of streptavidin. These 

experiments revealed that the capping arene has a significant influence on the activity and 

selectivity of the ATHase, and only the para-substituted ligand, Biot-p-L, afforded significant 

conversions. Further, it was found that the Ru-based catalysts outperformed the Rh- and 
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Ir-based systems. From docking studies, using [(p-cymene)Ru(biot-p-L)H] and wild-type 

streptavidin, residues S112 and S122 were proposed to lie in the closest proximity to the 

metal center. Nineteen mutants were generated from saturation mutagenesis at position 

S112 and used as protein scaffolds for the ATHase, and it was found that aromatic and cationic 

residues yielded the highest enantioselectivities for (R)- and (S)-products, respectively.  

 

 
Figure 87: Initial studies of the artificial transfer hydrogenase for cyclic imines based on the biotin-(strept)avidin technology.67 

a The Noyori-type catalyst used in the studies with different arene ligands and metals. b Reaction scheme of the reduction of 

the salsolidine precursor and results thereof. 

In 2008, the Ward laboratory reported the single-crystal X-ray diffraction structure of 

[(η6-benzene)Ru(biot-p-L)Cl]·Sav-S112K, a promising (S)-selective ATHase for the reduction of 

acetophenone derivatives.66 This structure helped to identify the K121 residue of an adjacent 

monomer as another close-lying residue of the metal center. Furthermore, residue L124 was 

found to be in close contact with the sulfonamide moiety of the ligand. Importantly, the Ru—

Cl center was determined to have an absolute (S)-configuration, as also observed in the 

(S)-selective homogenous system developed by Noyori et al.66,234 A second round of 

saturation mutagenesis was aimed at positions K121 and L124, and screening revealed that 

position K121 is more crucial for optimizing enantioselectivity. It was speculated that this 

effect might be due to the influence of the side chain 121, both on the piano-stool complex 

itself and on the trajectory of the incoming prochiral substrate. 
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In the reduction of imines, the iridium complex [Cp*Ir(biot-p-L)Cl] outperformed the Ru- and 

Rh-based catalysts when incorporated in Sav-WT (Figure 87b).67 Two different mechanisms 

have been proposed for the asymmetric transfer hydrogenation of imines using 

homogeneous catalysts, the first being a concerted outer-sphere mechanism and the second 

one involving an ionic pathway, where the imine is protonated prior to hydride transfer from 

the metal center to the carbon of the C=N bond.8,76,235 As noted above, the absolute 

configuration of the metal center in the transition state of the reaction is crucial for 

enantioselectivity. This was shown by Ikariya and Koike, who demonstrated for a 

homogenous ruthenium system that the chiral ligand dictates the absolute configuration of 

the metal hydride, which in turn determines the enantioselectivity.236 In the case of the 

ATHase, two possible enantioselectivity determining mechanisms may operate, and both may 

contribute to enantiodiscrimination. Similar to the homogenous system, the second 

coordination sphere of the host protein may favor the formation of a single [Cp*Ir(biot-p-L)H]-

diastereomer, which then induces the enantioselectivity (i) or simply one of the two resulting 

ATHase enantiomers is more reactive towards the substrate, but there is no influence of the 

second coordination sphere on the selectivity of the hydride formation (ii).  

Single-crystal X-ray diffraction analysis of the ATHase [Cp*Ir(biot-p-L)Cl]·Sav-S112A revealed 

that cofactors are able to occupy all four binding sites within the protein without any steric 

clashes, and the configuration at the Ir—Cl center is (S).67 Thus it was proposed that the 

protein environment discriminates between two diastereomers of [Cp*Ir(biot-p-L)H] and 

dictates the absolute configuration of the metal. Furthermore, based on the close proximity 

of the Ir centers of the two adjacent monomers (5.1 Å) (Figure 88a), interactions during the 

catalytic process seemed very likely. Interestingly, upon increasing the molar ratio of 

[Cp*Ir(biot-p-L)Cl] to Sav-112A from 1:1 to 4:1, gradual erosion of enantioselectivity was 

observed (Figure 88c).76 Furthermore, the corresponding catalytic efficiency decreased from 

kcat/KM = 0.22 min−1mM−1 to 0.011 min−1mM−1. In contrast, the enantioselectivity of 

[Cp*Ir(biot-p-L)H]·Sav-S112K remained nearly constant when the catalyst:tetramer ratio was 

varied from 1:1 to 4:1, and the corresponding activity decreased only by 1.5 fold. From 

computational analysis, it was also found that in the absence of Sav, [Cp*Ir(biot-p-L)H] is not 

configurationally stable and instead affords a racemic metal intermediate in the transfer 

hydrogenation, thus leading to a racemic product mixture. Based on analysis of the catalytic 
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activity, single-crystal X-ray diffraction data, and computations, it was proposed that the 

reaction involves a non-concerted mechanism with a transition state wherein there is a CH⋅⋅⋅π 

interaction between the substrate and the Cp* moiety was proposed (Figure 88c). In the case 

of the [Cp*Ir(biot-p-L)H]·Sav-S112A, the ratio of cofactor to protein is crucial, whereas for 

[Cp*Ir(biot-p-L)H]·Sav-S112K an "induced key-and-lock" mechanism was postulated, where 

all four biotin-binding sites can accommodate a (RIr)-[Cp*Ir(biot-p-L)H] cofactor and 

therefore a nearly constant rate and enantioselectivity were observed.40,235  

 

 
Figure 88: a Crystal structure of [Cp*Ir(Biot-p-L)Cl]·S112A displayed as a tetramer, highlighting the close proximity of the two 

biotinylated cofactors. b Proposed mechanism for the reduction of the salsolidine precursor. The reaction takes place via a 

non-concerted mechanism as described by Dürrenberger et al.67 c Dependency of the cofactor:biotin binding sites ratio for 

the reduction of the salsolidne precursor from the studies by Robles et al.76 

In 2013, the Ward group reported the optimization of an additional ATHase based on the 

biotin-streptavidin technology, wherein they linked the biotin anchor to the cyclopentadienyl 

moiety to generate a widely applicable d6-piano stool rhodium complex with three 

coordination sites available for catalysis and/or activation via additional ligands. By 

introducing a histidine (either K121H or S112H) in close proximity to the rhodium center, a 

dual anchoring strategy with a supramolecular (biotin) and dative (over His) binding was 

achieved.71 This strategy enhanced the enantioselectivity of the ATHase for the reduction of 

a salsolidine precursor (Figure 88b) compared to the use of Sav-WT. In a follow-up study, 
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instead of a dual anchoring strategy, a library of bidentate diamines, amino acids and amino 

amides were screened as ligands to tune the reactivity of the ATHase for the reduction of 

1-phenyl-3,4-dihydroisoquinoline to 1-phenyl-1,2,3,4-tetrahydroisoquinoline.237 ATHases 

featuring enantiopure α-amino amides as ligands were found to be the most promising, for 

example [Ir(biot-en-η5-Cp*)(L-ThrNH2)Cl)]·Sav-WT yielded the (S)-product with ee as high as 

63% and turnover numbers (TONs) as high as 190. Additionally, the versatility of such ATHases 

extends to the creation of enzyme cascades.238–240 In 2018, Hestericová et al. carried out a 

directed evolution campaign on the [Cp*Ir(biot-p-L)Cl]·Sav system using a straightforward 

procedure allowing screening in cell-free extracts.68 Two mutants with increased reaction 

rates and enantioselectivities for the reduction of 1-phenyl-3,4-dihydroisoquinoline were 

found: Sav S112A-N118P-K121A-S122M yielded an ee of 95% for the (R)-enantiomer and 

Sav S112R-N118P-K121A-S122M-L124Y afforded 86% ee for the (S)-enantiomer.  

Following the development of highly active and selective ATHases based on the biotin-

streptavidin technology, subsequent efforts were directed toward optimizing the nature of 

the protein host. As mentioned in 2.1 Why engineer (strept)avidin?, Pellizzoni et al. 

introduced different chimeric streptavidins as protein scaffolds and demonstrated that 

corresponding ATHase activity could be increased by as much as seven-fold compared to Sav-

WT.73 Soon thereafter, Wu et al. introduced the so-called single-chain dimer streptavidin to 

the repertoire [Cp*Ir(biot-p-L)Cl]-based ATHases.69 With this new chimeric streptavidin 

variant, they addressed the previously mentioned unfavourable interactions between the two 

adjacent (cis) complexes in the biotin-binding vestibule and expanded the genetic 

optimization potential. Of note, the newly generated ATHase achieved unrivaled levels of 

activity and selectivity for the reduction of challenging prochiral imines. Building on the 

previous work summarized above, we endeavored to design a new ATHase featuring chimeric 

Sav-SOD as the protein scaffold (see Figure 89), and we studied the impact of the protein on 

the reactivity and selectivity of the ATHase in the reduction of cyclic imines.  

 

4.2 Kinetics and Mechanism 

 

In 1913, Michaelis and Menten introduced a basic kinetic model of enzymes.241 They 

postulated that for the case of a simple enzyme-catalyzed reaction involving the conversion 
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of substrate (S) to product (P), the mechanism consists of two steps. In the first step the 

enzyme-substrate complex (ES) is formed with an association rate of k1, followed by the 

second step, where the chemical transformation takes place with a first-order rate (k2) before 

the product (P) is released by the enzyme. Assuming that the second step is rate-limiting (k1 

>> k2), the enzyme-substrate complex is in thermodynamic equilibrium with the free enzyme 

and substrate. 

 

 

Furthermore, the equilibrium constant for the first step can be described as follows: 

 

 

 

Because the concentration of the substrate is typically much higher than that of the enzyme 

([S]>>[E]) in biotransformations, the concentration of the enzyme-substrate complex remains 

constant during the reaction. In 1925 Haldane and Briggs242 made a more general "steady-

state" approximation than the assumption of equilibrium, and based on this expressed the 

Michaelis-Menten equation as follows: 

 

 

 

By plotting the initial rate (v0) versus substrate concentration [S], a hyperbolic curve, 

indicating the maximal reaction rate (Vmax), can be obtained. If the reaction of interest meets 

the parameters of the basic Michaelis-Menten model, i.e., it involves the formation of only 

one particular enzyme-substrate complex and if all binding steps are fast, k2 represents the 

catalytic constant kcat. This constant is the equivalent of the turnover frequency (TOF) used in 

the context of homogenous catalysis and can be described as follows: 
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Where [E]0 is the total enzyme concentration ([E]0 = [E] + [ES]). One other important constant 

for the Michaelis-Menten equation is KM, which represents the concentration at which the 

rate v0 is equal to half Vmax.  
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4.3 Shielding the Active Site: A Chimeric Streptavidin Super-Oxide-Dismutase 

as  Host Protein for Asymmetric Transfer Hydrogenation. 

 

4.3.1. Outline of Author Contributions  

 

A modified version of this work was first published by the Royal Society of Chemistry: Igareta, 

N.V., Tachibana, R., Spiess, D.C., Peterson, R.L., Ward, T.R., Spiers Memorial Lecture: Shielding 

the active site: a streptavidin superoxide-dismutase chimera as a host protein for asymmetric 

transfer hydrogenation. Faraday Discussions, Advance Article (2023) and can be found under 

the DOI: https://doi.org/10.1039/D3FD00034F  

 

TRW, RLP, and NVI conceived of and designed the study. NVI, DCS, RLP contributed to 

mutagenesis, protein expression, protein purification. RLP and NVI performed the catalytic 

experiments. RT performed the computational calculations.  NVI performed the 

crystallization, X-ray structure determinations and the (native) MS experiments. 

 

4.3.2 Abstract 

 

By anchoring of a metal cofactor within a host protein, so-called artificial metalloenzymes can 

be generated. Such hybrid catalysts combine the versatility of transition metals to catalyze 

new-to-nature reactions with the power of genetic-engineering to evolve proteins. With the 

aim of gaining better control over second coordination-sphere interactions between the 

streptavidin host-protein (Sav) and a biotinylated cofactor, we engineered a hydrophobic 

dimerization domain, borrowed from superoxide dismutase C (SOD), on Sav’s biotin-binding 

vestibule. The influence of the SOD dimerization domain (DD) on the performance of an 

asymmetric transfer hydrogenase (ATHase) resulting from anchoring a biotinylated Cp*Ir-

cofactor –[Cp*Ir(biot-p-L)Cl] 1– with Sav-SOD is reported herein. We show that, depending on 

the nature of the residue at position Sav-S112, the introduction of the SOD DD on the biotin-

binding vestibule leads to an inversion of configuration of the reduction product, as well as a 
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fivefold increase in catalytic efficiency. The findings are rationalized based QM/MM 

calculations combined with X-ray crystallography. 

 

4.3.3 Introduction 

 

Artificial metalloenzymes (ArMs) consist of catalytically-competent cofactors anchored within 

a protein host.1 These systems uniquely combine the synthetic tunability of homogenous 

catalysis with the evolutionary malleability of nature’s fundamental protein building blocks 

to yield new chemistries. One of the first ArMs was reported by Wilson and Whitesides in 

1978. They demonstrated that anchoring an achiral biotinylated rhodium cofactor in avidin 

affords a hybrid catalyst for the asymmetric hydrogenation of prochiral alkenes.2 Since that 

seminal report, advancements in the fields of homogenous catalysis and molecular biology 

have resulted in the development of a large variety of ArMs featuring different cofactors and 

diverse protein scaffolds, including carbonic anhydrase,3 hemoproteins,4,5 

prolyloligopeptidase,6 nitrobindin,7 human serum albumin,8 and (strept)avidin.2,9  

Over the last two decades, the Ward laboratory has extensively developed streptavidin 

(Sav)-biotin technology to create a wide range of ArMs exhibiting unique biochemistry.10–13 

However, due to the inherent structure of the Sav host, the metal cofactors remain relatively 

solvent-exposed and accessible (Figure 89a and b), whereas in many natural metalloenzymes, 

the cofactors (e.g., metal ions, heme, pterins, etc.) are often deeply buried. A significant 

advantage of this feature of biological systems is that so-called secondary coordination 

sphere interactions can be exploited to alter cofactor reactivity and/or enhance 

chemoselective substrate modification. 

Our group has explored numerous strategies for enclosing the streptavidin biotin-binding 

vestibule in order to furnish corresponding ArMs with a more defined substrate-binding 
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pockets. These strategies have included the insertion of (GGS)n loop extensions, chimeric-Sav 

genes containing small synthetic and natural peptide domains ranging from 24 to 60 residues 

in size, and the encapsulation of Sav within proteins or nanoparticle host scaffolds.14–17 

However, these approaches are not amenable to high-throughput methodologies because of 

limited protein production levels or necessary time-consuming refolding and/or extensive 

processing workflows. To circumvent the challenges faced with previous Sav designs, we 

recently introduced a chimeric streptavidin variant (Figure 89c and d) as a scaffold for an 

artificial hydroaminase (HAMase) based on dual-gold activation of alkynes.18 In that study, we 

introduced the dimerization domain (DD) of the superoxide dismutase C (SOD) from M. 

tuberculosis (pdb 1pzs)19 to the 3,4-loop of streptavidin (Figure 89e). By directed evolution, 

the second coordination sphere around the abiotic cofactor was further optimized to control 

the regioselectivity of the hydroamination reaction, leading to two mutants for either the 

single gold π-activation or dual gold σ,π-activation reaction. Encouraged by these results, we 

sought to utilize the Sav-SOD chimera as a protein host for an ATHase featuring the “racemic-

at-metal” biotinylated d6-piano stool complex [Cp*Ir(biot-p-L)Cl] (1) as a cofactor. Herein, we 

present the results of our investigation for the reduction of cyclic imines. 
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Figure 89: a Schematic representation of tetrameric streptavidin (Sav) and b surface representation of Sav (pdb 3pk2) 

centered on one of the two biotin binding vestibules; each chain is represented by a different color and the surface of the 

vestibule is highlighted in orange. c Schematic representation of Sav-SOD, illustrating the potential shielding of the metal 

center of the cofactor and d surface representation of Sav-SOD centered on the biotin binding vestibule, highlighting the 

shielding of the vestibule (orange surface) by the DD (turquoise and grey surface). Origami representations of the monomer 

of e SOD including and  the DD between the b-sheets 8 and 9 and (pink highlight)  and f chimeric Sav-SOD including the DD 

inserted between the b -sheets 3 and 4.36 

4.3.4 Results and Discussion  

 

Biochemical properties of the Sav-SOD Chimera. Based on our previous studies73 and reports 

of cyclic permuted streptavidin (CPSav),62,246 we engineered the dimerization domain of SOD 

into the 3-4, 4-5, 5-6, 7-8 loop of streptavidin, as well as the CPSav, to generate the chimeric 

Sav-SOD scaffold. Additionally, an N-terminal SUMO-tag was added to decrease the risk of 

aggregation and increase the solubility of the fused protein. Initial protein production 

experiments revealed that the chimera with the DD at the 3,4-loop was the only construct 

that yielded a soluble and biotin-binding tetrameric protein. In order to compare the chimeras 

more directly with the Sav-WT, and with the goal of streamlining the protein production, a 

chimeric Sav-SOD variant with the DD at the 3,4-loop without the SUMO-tag was used for 

protein production in soluble titers approaching that of our native Sav construct. Analysis of 

the purified isolated chimeric Sav-SOD protein using mass spectrometry confirmed expression 

fidelity and confirmed that no post-translation processing events occurred during the course 
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of expression and purification (Figure 18). Alterations in the protein sequence in the Sav 3,4-

loop have been shown to alter the binding properties of biotin to the Sav host in the so-called 

“Strep-Tactin”, “Traptavidin”, and CPSav engineered families of proteins.247 As we have 

shown, this is not the case for the Sav-SOD construct.36 Furthermore, analysis of the binding 

of [Cp*Ir(biot-p-L)Cl] (1) within Sav and Sav-SOD using isothermal titration calorimetry (ITC) 

revealed very similar binding properties (Figure 98). For example, the systems exhibit similar 

dissociation constants of 8.7 nM (KD_Sav) and 7.5 nM (KD_Sav-SOD), which are indicative of high 

binding affinity (Table 35). With the chimeric Sav in hand, we sought to test the utility of the 

scaffold for development of an artificial transfer hydrogenase ATHase featuring 1 as a 

cofactor. 

 

Impact of SOD Domain on ATHase Activity. We selected six structurally-related bicyclic 

asymmetric imines (2-7) to afford the corresponding enantioenriched amine products (8-13) 

(Figure 90a).11,23 The ATHase based on Sav and cofactor 1 ( 1 · Sav hereafter, Figure 90b) is 

well-studied using sodium formate as a hydride source.11,17,23–25 For this system, the stepwise 

reaction involves the formation of the IrIII–H by hydride transfer from formate, followed by 

hydride transfer to the prochiral imine carbon, yielding the enantioenriched amine (Figure 

90c). The C-H bond-forming reaction has been proposed to occur via a non-concerted 

mechanism involving a CH⋅⋅⋅π interaction between the substrate and the Cp* ligand of the 

cofactor,23 and it has been shown that the Sav host can impact substrate turnover and 

enantioselectivity.11,16,17,23–27 Most notably, single alanine substitution targeting residues 

S112 and K121, located within 5–10 Å from the biotin vestibule, have shown to impact 

significantly ATHase activity.11,24,28 Thus, we sought to commence our Sav-SOD chimeric host 

studies with the single alanine mutant targeting the S112 and K121 positions on the Sav. For 

simplicity, the amino acid numbering for Sav-SOD was kept the same as for Sav, despite the 

presence of the SOD 34 amino acid insert in the L3,4 loop (Figure 89).   
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Figure 90: a Structure of the cyclic imine substrates (2-7) used for the ATHase studies with their corresponding products (8-

13). b Illustration of the structure of the cofactor [Cp*Ir(biot-p-L)Cl] (1) used in this study. c Schematic representation of the 

transfer hydrogenation mechanism. 

Mass spectrometry was used to confirm the ATHase assembly resulting from the 

incorporation of 1 within Sav-SOD-S121A and Sav-SOD-K121A, yielding 1·Sav-SOD-S112A and 

1·Sav-SOD-K121A, respectively. We observed mass ion peaks with ~767 m/z units per 

equivalent of 1 bound to each tetrameric Sav-SOD host (Figure 93). Both Sav-SOD ATHases 

effectively reduce prochiral imine substrates in excellent yields in the presence of sodium 

formate (NaHCO2) as a sacrificial hydride donor, at 37 °C and pH between 6.0 and 7.0. The 

results from the activity assay using the ATHases, as well as the free cofactor in the absence 

of a protein host, are collected in .  

 

Table 30. In all cases, the turnover number (TON) achieved with the Sav-SOD ATHases is 

comparable to or exceeds that achieved with the benchmark Sav ATHases.  

For the structurally-related quinoline and dihydroisoquinoline substrates bearing a methyl 

substituent on the prochiral imine (2, 3, and 4), the preferred enantiomer of products (8, 9, 

and 10) formed by the Sav-SOD ATHases was the same as that formed by the ATHase with the 
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corresponding Sav scaffold. In contrast, an inversion in the preferred enantiomer was found 

to occur between the S112A mutants for substrate 5, which possesses a bulky phenyl moiety 

at the prochiral carbon. In particular, 1·Sav-S112A yields primarily the (R)-11 product (64% ee) 

in 78% yield, while 1·Sav-SOD-S112A generates the (S)-11 product (27% ee) in 77% yield. 

Strikingly, 1·Sav-K121A and 1·Sav-SOD-K121A produce the same (R)-11 product with 66% and 

58% ee, respectively. Importantly, the conversion after 48 hours achieved by 1·Sav-SOD-

K121A is more than double that achieved by 1·Sav-K121A (86% vs. 40%).  

 

Table 30: Selected results for the asymmetric transfer hydrogenation catalyzed by Sav and Sav-SOD based ATHases. The 

reactions were performed with 10 mM substrate at 37 °C for 48 h (see Supporting Information for details). The conversion is 

displayed with the enantioselectivity in parentheses. Positive % ee values correspond to the (R)-product and negative % ee 

values correspond to the (S)-product. For product 12, the absolute configuration was not determined. 

 

From previous crystallographic analysis of [Cp*Ir(biot-p-L)Cl]·Sav-S112A (pdb 3pk2), 

combined with QM/MM studies, we suggested that the reduction of 4 proceeds through a 

non-concerted mechanism involving a CH···π interaction between the substrate and 

[Cp*Ir(biot-p-L)H], with possible involvement of the residue K121 in the protonation 

step.23,29,30 However, based on the trends observed for product formation from substrates 2-

7, we hypothesize that the DD in the Sav-SOD scaffold renders the ATHase activity and 

selectivity more sensitive to aminoacid substitutions, thus highlighting the influence of the 

DD on the positioning of the prochiral substrate. The increased yields obtained with the Sav-

Product No Protein Sav WT Sav 
S112A

Sav 
K121A

Sav-SOD 
S112A

Sav-SOD 
K121A

8 44 (-4) 49 (-71) 46 (-68) 48 (-46) 47 (-20) 70 (-77)

9 28 (-5) 63 (41) 74 (20) 93 (28) 84 (62) 100 (59)

10 82 (-2) 62 (29) 84 (75) 96 (9) 100 (69) 100 (-5)

11 58 (-1) 80 (58) 78 (64) 40 (66) 77 (-27) 86 (58)

12 6 (4) 7 (-7) 7 (-5) 7 (2) 21 (-57) 9 (-36)

13 87 (-2) 87 (-25) 94 (32) 100 (-18) 100 (58) 100 (37)

N
H
*

NH*

NH

O

O *

NH*

N

O

O *

N
H

NH

O

*



  

132 

 

SOD ATHases may result from the more hydrophobic binding vestibule provided by the DD.18 

This is in line with the previous observation that the activity of 1·Sav was positively affected 

by the mutation of the cationic residue at position 121 with a hydrophobic residue.26,31   

Distinctions between the Sav and Sav-SOD ATHases are more apparent for the Crispine A 

precursor (6) and harmaline (7). The cationic substrate 6 is structurally related to 4 but 

contains a confined bicyclic iminium moiety. Most notably, 1·Sav-SOD-S112A produces 12 

with 57% ee, compared to the modest 5% ee observed when using 1·Sav-S112A. Furthermore, 

the chimeric streptavidin converted 3 times more substrate than the cofactor alone (6 % conv. 

vs. 21 % conv.). With the ring-expanded harmaline (7), we observe a moderate level of 

enantioselectivity for the dihydroharmaline product 13 with 1·Sav-S112A ((R)-13 with 32% ee) 

and 1·Sav-K121A ((S)-13 with 18% ee). However, both Sav-SOD S112A and Sav-SOD K121A 

based ATHases yielded the same (R)-product 13 with 58% and 37% ee, respectively. These 

results support the hypothesis that the DD shielding of the biotin binding vestibule overides 

the enantioselectivity-preference enforced by the mutations at position S112 or K121.  

To support the latter hypothesis, we collected X-ray diffraction data for single crystals of 

1·Sav-SOD-S112A, prepared by co-crystallizing Sav-SOD-S112A with [Cp*Ir(biot-p-L)Cl] 1 over 

the course of 35 days (see Supporting Information for details). The structure was solved with 

a resolution of 1.8 Å. Residual electron density in the biotin-binding vestibule was apparent 

from the 2Fo−Fc map and could be modeled with the [Cp*Ir(biot-p-L)] cofactor. Further, the 

location of iridium was well localized from anomalous dispersion (Figure 91b). Overlaying the 

structure of the iridium complex in 1·Sav-S112A (pdb 3pk2)23 with the structure of the 

complex in 1·Sav-SOD-S112A (pdb 7b74) enables a direct comparison of the position of the 

cofactor and metal center within the protein scaffolds (Figure 91b). In both cases, the ATHase 

bears an Ir(S)-configuration metal center, and the location of the both cofactors are similar 

(RMSD = 0.260 Å).  It should be noted that the dimerization domain in 1·Sav-SOD-S112A could 

not be fully resolved due to its high flexibility. Given the similar location of the cofactors in 

the Sav and Sav-SOD ATHases, we propose that the distinct enantioselectivity of 1·Sav-SOD-

S112A is by-and-large influenced by secondary coordination sphere interactions introduced 

by the dimerization domain. In order to investigate this possibility further, we used quantum 

mechanics/molecular mechanics (QM/MM) to identify the most likely transition state 

involved in the reduction of imine 5 by 1·Sav-SOD-S112A. 
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Figure 91: Superposition of crystal structures of ATHse isoforms 1·Sav-S112A (pdb 3pk2) and 1·Sav-SOD-S112A (pdb 7b74).  

The [Cp*Ir(biot-p-L)Cl] of 3pk2 is represented as blue stick model (atoms are color-coded; nitrogen = blue, oxygen = red, 

carbon = blue and sulfur = yellow) with the Ir as a sphere. The [Cp*Ir(biot-p-L)Cl] of 7b74 is represented as green stick model 

(atoms are color-coded; nitrogen = blue, oxygen = red, carbon = green and sulfur = yellow) with the Ir as a sphere. The Sav-

SOD-S112A protein is represented as a surface and cartoon model. The monomers are color coded in cyan and gray. The 

residues 50-83 could not be resolved in the crystal structure, probably due to disorder. a Close-up view of the biotin binding 

vestibule, showing the well-fitting superpostion of the [Cp*Ir(biot-p-L)Cl] . b Close-up view of the the biotin binding vestibule 

of 7b74 with the modeled [Cp*Ir(biot-p-L)Cl]  in the residual electron density obtained from the diffraction measurements. 

The 2Fo-Fc difference map is displayed as dark grey mesh (1σ) and the anomalous electron density is displayed as red mesh 

(8σ). The occupancy of the Iridium was set to 60%.  

 

Quantum mechanics/molecular mechanics calculations. As noted above, the SOD lid could 

not be fully resolved in the crystal structure of 1·Sav-SOD-S112A. In order to generate a 

structure for computational analysis, the crystal structure obtained in this study was 

supplemented with a sampled structure obtained from molecular dynamics MD simulations 

in our previous study of the Sav-SOD based HAMAse.18 Only the Ir(S) configuration of 

[Cp*Ir(biot-p-L)H]  –corresponding Ir(R)- [Cp*Ir(biot-p-L)Cl] observed in the X-ray structure–   

was considered in Sav-SOD-S112A. Indeed, with Ir(R)-[Cp*Ir(biot-p-L)H], the hydride cannot be 

delivered to the prochiral imine as it points towards the bottom of the biotin-binding 

vestibule. Several initial poses were examined for binding of imine 5 in the ATHase, and all of 

a                                                     b
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these converged to four possible transition states (see Figure 100 and Table 31). Of these 

possible transition states, TS1 and TS3 lead to the (S)-product 11, whereas TS2 and TS4 lead 

to the (R)-product 11. The calculations revealed that the TS3 conformation is the most stable 

for 1·Sav-SOD-S112A (Figure 92a, b). We also performed analogous calculations for 

1·Sav-S112A, and in this case, the cofactor is more solvent-exposed, so that both 

Ir-configurations of the [Cp*Ir(biot-p-L)H] were included in the computation. This leads to 

four additional possible transition states in addition to TS1-TS4 (see Figure 101 and Table 31). 

The most favorable transition state for the conversion of 5 by the Sav-S112A ATHase is TS4, 

which preferentially yields the (R)-product 11 (Figure 92c, d). Interestingly, in absence of the 

SOD lid, substrate 5 can approach so that the bulky phenyl group is oriented towards the 

solvent, thereby reducing steric hindrance and making this particular conformation more 

stable than those found in the other transition states. In contrast, the presence of the SOD lid 

in 1·Sav-SOD-S112A cause steric hindrance and destabilization of the substrate in TS4. For 

both 1·Sav-SOD-S112A and 1·Sav-S112A, the transition state is positively charged, and the 

presence of the lysine at position 121 may therefore be destabilizing. On the other hand, in 

the case of the Sav-SOD ATHase, the SOD lid may stabilize the transition state, given that it 

contains many negatively-charged amino acid residues. Therefore, the negatively tilted 

electric field around the catalyst may lower the transition state energy, which may have 

increased the reaction rate. 
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Figure 92: a Representation of favored transition state TS3 for the reduction of 5 by 1·Sav-SOD-S112A. b Modeled transition 

state TS3 in 1·Sav-SOD-S112A. c Major product formed from TS4. d Proposed favored transition state TS4 for the reduction of 

5 by 1·Sav-S112A. In b and d, the protein is represented as cartoon with different colors for each Sav monomer. The solvent-

accessible surface of the protein is represented in transparent white. Cofactor 1 (green) and substrate 5 (orange) are 

represented as a stick model (atoms are color coded; N = blue, O = red, C = green and S = yellow). The hydrogen atom is 

displayed as a purple sphere. 

Table 31 Calculated major products and energies differences of the predicted possible transition states for reduction of 

substrate 5 by 1·Sav-SOD-S112A or 1·Sav-S112A to the lowest energy transition state. 

Transition state Major product 
Energy of transition state (kcal/mol) 

Sav-SOD Sav 

TS1 (S) 27.13 13.16 

TS2 (R) 32.47 25.21 

TS3 (S) 0.00 17.29 

TS4 (R) 4.65 0.00 

TSi (S) - 12.17 

TSii (R) - 1.46 

TSiii (R) - 21.16 

TSiv (S) - 14.82  
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Kinetics of Imine reduction using PDQ. The marked differences between the Sav and Sav-

SOD ATHase products for substrate 5 warranted further kinetic investigation. Thus, we 

performed a Michaelis-Menten kinetic study in 300 mM MOPS buffer (pH = 6.0) with fixed 

concentrations of sodium formate (2 M). As determined previously for Sav-based 

ATHases,11,24,32 we observed imine saturation kinetic profiles. A summary of these data is 

presented in Table 32 and Figure 95-96. 

Substrate-dependent ATHase activity profiles were obtained at 25 and 37 °C. At 37 °C, the 

Sav-SOD ATHase systems exhibited approximately a doubled turnover number (kcat) those of 

their Sav-based counterparts, and the Michaelis constant (KM) for the Sav-SOD ATHases were 

approximately 2.5 times those of the parent Sav ATHases. At 25 °C, the catalytic activity for 

1·Sav-SOD-K121A and 1·Sav-K121A were equivalent, with a kcat values of 3.92 min–1 and 3.61 

min–1, respectively. However, at 25 °C, 1·Sav-SOD-S121A maintains a high activity of 11.71 

min–1 that is approximately five times higher than that of 1·Sav-S121A. 

 

Table 32: Results from the saturation kinetic experiments with the substrate 5. The PDQ-dependent kinetic profiles were 

determined at 25 and 37 °C with a total reaction volume of 400 µL and a fixed concentration for streptavidin (Sav) or Sav-

SOD (30 µM), cofactor (15 µM), MOPS (300 mM) and sodium formate (2 M). The reaction was initiated upon addition of the 

substrate stock solution yielding a final substrate concentration ranging from 5–50 mM. Aliquots (50 µL) of the reaction were 

collected at 10, 20, 30, 45, 60, 90 min time intervals, quenched and analyzed by GC-MS. Full details are collected in the 

Supporting Information. 

 ATHase kcat (min-1) KM (mM) kcat/KM (min-1 mM-1) 

25 °C 

Sav S112A 2.13 6.02 0.35 

Sav K121A 3.93 9.51 0.41 

Sav-SOD S112A 11.71 14.19 0.83 

Sav-SOD K112A 3.61 4.10 0.88 

37°C 

Sav S112A 6.44 15.15 0.43 

Sav K121A 7.88 10.64 0.74 

Sav-SOD S112A 13.83 38.96 0.35 

Sav-SOD K112A 16.00 29.20 0.55 
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We next sought to investigate whether the rate acceleration observed for the Sav-SOD 

ATHases results from greater efficiency in Ir–H complex formation or in sequential imine 

reduction. We therefore collected additional ATHase activity profiles with varying 

concentrations of the sacrificial hydride donor sodium formate from 0.25 to 4.0 M. We 

performed these experiments at 25 °C with an initial concentration of 50 mM for the imine 

substrate 5 to ensure all ATHases were operating above their respective KM values. The kinetic 

results of this study are presented in Figure 97. We found that the KM of sodium formate is 

significantly lower for 1·Sav-SOD-S112A than 1·Sav-S112A (approximately 0.78 M vs. >2.74 

M), which might be a result of interactions with the DD, facilitating the formation of the active 

reductant [Cp*Ir(biot-p-L)H]. Furthermore, in the case of 1·Sav-S112A, we found that the 

activity decreases with increasing formate concentration, although this inhibition is not 

observed for 1·Sav-SOD-S112A.  The trends in kcat are less clear. In the case of 1·Sav-S112A, a 

substrate inhibition seems to occur. Due to the limited solubility of sodium formate in 

aqueous solution, it was not possible to reach the saturation points for either Sav or Sav-SOD. 

However, the catalytic efficiency (kcat/KM) was found to be higher for the Sav-SOD ATHases 

(17.71 vs 1.87 M−1min−1 and 6.70 vs. 2.83 M−1min−1 for Sav-SOD-S112A vs. Sav-S112A and Sav-

SOD-K121A vs. Sav-K121A respectively). The iridium–hydride forming reaction was found to 

be 5.5-fold more efficient for 1·Sav-SOD-S112A than 1·Sav-S112A (11.71 vs. 2.13 M−1min−1) 

and about the same (3.61 vs. 3.93 M−1min−1) for 1·Sav-SOD-K121A and 1·Sav-K121A. 

Therefore, we propose that the increased yields observed for the Sav-SOD constructs may be 

in part due to more efficient formation of the hydride catalyst. 

 

Conclusion. In summary, we have tested the chimeric streptavidin Sav-SOD as a scaffold for 

an ATHase incorporating [Cp*Ir(biot-p-L)Cl] 1 as a cofactor. The dimerization domain presents 

a secondary coordination environment that is inherently hydrophobic and capable of 

shielding tethered biotinylated cofactors from the aqueous milieu, akin to natural enzymatic 

systems. Our investigation of Sav-SOD based ATHases has shown that, depending on the 

nature of the substrate, the dimerization domain can alter the catalytic efficiency and 

selectivity of iridium-catalyzed imine transfer hydrogenation reactions. In particular, in the 

case of the substrate 1-phenyl-3,4-dihydroisoquinoline (5), 1·Sav-SOD and 1·Sav ATHases 

exhibit different enantioselectivities. Single-crystal X-ray diffraction data revealed that the 
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configuration of the cofactor in both systems, 1·Sav-S112A and 1·Sav-SOD-S112A, is the same, 

although both ATHases afford opposite enantiomers of amine 11. QM/MM calculations 

suggest that the transition states formed during reduction differ for the two ATHAses, 1·Sav-

S112A and 1·Sav-SOD-S112A, providing a rationale for their differing enantioselectivity. 

Further catalytic experiments will need to be performed in order to fully characterize the 

reactivity of the Sav-SOD ATHases. However, this study further highlights the versatility of the 

Sav-SOD scaffold and the power of directed evolution for tuning and optimizing the selectivity 

and reactivity of ArMs.33 

 

4.3.4 Experimental 

 

General information. Chemicals were purchased from Sigma Aldrich, Acros Organics, Alfa 

Aesar or Fluorochem and used without further purification. Water used for molecular biology 

and in the catalytic reactions was purified by Milli-Q Advantage system. All catalytic reactions 

were carried out with non-degassed solvents under air. Temperature was maintained using 

Thermowatch-controlled heating blocks. Gas chromatography–mass spectrometry (GC-MS) 

analysis was run on a Shimadzu GCMS-QP2020. A normal phase HPLC instrument from Agilent 

with a Chiralpak IB column (5 μm, 4.6 mm × 250 mm, Daicel) and a UPC2 system (Waters) was 

used to analyze the samples. High-resolution mass spectrometry (HR-MS) was performed on 

a Bruker maXis II QTOF ESI mass spectrometer coupled to a Shimadzu LC. The transfer 

hydrogenation co-factor [Cp*Ir(biot-p-L)Cl] was synthesized as previously reported.40 Imine 

reduction yields were determined using an internal standard or substrate to production 

response factor. Chiral amine retention times and enantiomeric excess (ee) yields were 

determined using authentic and racemic standards. Molecular biology reagents were 

purchased from New England Biolabs (NEB), Integrated DNA Technologies (IDT), and 

Macherey-Nagel using accompanying protocols. Protein concentrations were determined by 

the calculated A280 molar absorptivity coefficients using the ProtParam tool (ExPASy) of 41940 

M–1 cm–1 and 43430 M–1 cm–1 for wild type Sav and Sav-SOD respectively. 

 

Cloning and expression of Sav and Sav-SOD mutants. The Sav-SOD chimera gene was 

synthesized and cloned into the NcoI and EagII restriction sites of the pET28 vector by Gene 
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Universal Inc. (Newark, DE). Site directed mutagenesis was achieved using the primers listed 

in Table 33, followed by BsaI/DpnI digestion and ligated using T4 ligase. Mutations were 

verified by Sanger sequencing performed by Microsynth (Balgach, Switzerland). The 

expression and purification of Sav and Sav-SOD proteins were achieved using auto induction 

media (ZYP-5052) followed by cell lysis and purification using iminobiotin agarose affinity 

chromatography as previously described.105 

 

Table 33 Primers used for mutagenesis. 

 

ATHase Kinetic Measurements. The 1-phenyl-3,4-dihydroisoquinoline (PDQ)-dependent 

kinetic profiles were determined at 25 and 37 °C, with a total reaction volume of 400 μL. The 

final concentrations of the reactions were as follows: streptavidin (Sav) or Sav-SOD (30 µM), 

cofactor (15 µM), MOPS buffer (300 mM) and sodium formate (2 M). The in situ assembly of 

the ATHase was achieved by adding a solution of [Cp*Ir(biot-p-L)Cl] in 

N,N-dimethylformamide (DMF) (4 mM) to a solution of the scaffold protein for 10 min at room 

temperature. The volume was adjusted to 160 µL with Mili-Q water and 200 µL of a of MOPS 

(300 mM) and sodium formate (2 M) buffer solution was added. The reaction was initiated 

upon addition of a 10× substrate stock solution (40 µL) yielding a final substrate concentration 

ranging from 5–50 mM. An aliquot (50 µL) of the reaction was collected at 10, 20, 30, 45, 60, 

90 min time intervals and quenched by the addition of 40 µL freshly prepared 0.2 M reduced 

glutathione. Reaction aliquots were diluted with Mili-Q water (200 µL) and made basic with 

the addition of 50 μL of 20% wt/vol aqueous NaOH. The organic products were extracted with 

dichloromethane (600 µl), dried with anhydrous sodium sulfate and analyzed by GC-MS.  

Formate dependent reaction kinetics were performed using the same procedure using 200 

µL of MOPS (300 mM) buffer stock solutions (pH = 6.0) with varying sodium formate 

concentrations. The reaction was initiated upon the addition of 40 µL 0.5 M PDQ.  

 

Oligo Sequence  

oRP222A CATATggtctcTTTGCTTCAGTAGTGCCGGCGGTCAGCAGCCACTGGGTATT S112A 

oRP225S CATATggtctcTTTGCTTCAGTAGTGCCGCTGGTCAGCAGCCACTGGGTATT S112S (WT) 

oRP226K TATAAggtctcAGCAAATGCCTGGAAAAGCACCCTGGT K121K (WT) 

oRP231A TATAAggtctcAGCAAATGCCTGGGCAAGCACCCTGGT K121A 
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Protein ESI-MS determination. Proteins were dissolved in Mili-Q water, 1% formic acid (pH = 

2.5) with a final concentration of 0.2 mg/mL and clarified by centrifugation. A HPLC 

(Shimadzu, equipped with a JupiterÒ 5 µm C4 300 Å)-ESI QTof (Bruker Daltonics, ESI MaxisII 

QTof MS) system was used to record the data. The ESI-QTof mass spectrometer was 

calibrated with ESI-Tof TuneMix (Agilent). The charge envelope from 2800–4500 m/z for the 

Sav-SOD and from 2500–4000 m/z for the Sav, was deconvoluted using the Compass 

DataAnalysis software (Bruker Daltonics) with the Maximum Entropy setup. For samples with 

[Cp*Ir(biot-p-L)Cl], the proteins were dissolved in Mili-Q water with a concentration of 0.5 

mg/mL and 4 equiv. of the cofactor. After 15 min, the samples were diluted with Mili-Q water, 

1% of formic acid (pH = 2.5) to a final protein concentration of 0.2 mg/mL and clarified by 

centrifugation. The charge envelope from 2800–4500 m/z was deconvoluted using the 

Compass DataAnalysis software (Bruker Daltonics) with the Maximum Entropy setup. 

 

 
Figure 93: Exact mass of Sav-SOD chimeras and ArMs.  a Deconvoluted mass spectra of Sav-SOD-K121A chimera. b 

Deconvoluted mass spectra of 1·Sav-SOD-K121A. c deconvoluted mass spectra of Sav-SOD-S112A chimera. d Deconvoluted 

mass spectra of 1·Sav-SOD-S112A. 

Single-crystal X-ray diffraction analysis of [Cp*Ir(biot-p-L)Cl]·Sav-SOD-S112A. Protein 

crystals were obtained using a sitting drop vapor diffusion experiment. The lyophilized protein 

mutant (Sav-SOD-S112A) was dissolved in a 20 mM Tris-HCl solution (pH = 7.0) to a 

concentration of 2.5 mg/mL. A 10 mM solution of [Cp*Ir(biot-p-L)Cl] in dimethylsulfoxide 

(DMSO) (5 μL) was added to the solution and the mixture was incubated at room temperature 

overnight. After concentration to 25 mg/mL by ultracentrifugation (Amicon® ultra centrifugal 

a b

c d

79699.20 79864.39

79733.47

80500.99
81268.43

79868.96

80636.833

81435.49
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filters, Merck; cut-off of 10 kDa), crystals were grown by sitting drop vapor diffusion using 20 

%w/v PEG 3350, 0.2 M KF as crystallization buffer. Crystals grew after 30 days and were flash 

frozen in liquid nitrogen without further cryoprotection. Protein crystal diffraction data  was 

collected at 100 K at the Swiss Light Source beam line PXI with a wavelength of 1.0 Å and 

analyzed with CCP4i2 Suite.110 Crystal indexing, integration and scaling were carried out with 

XDS and reflections were merged with AIMLESS. PHASER MR was used to solve the structure 

by molecular replacement with pdb 2bc3 as input model. For structure modeling, water 

picking and electron density visualization the software COOT was used. Amino acid residues 

1-14, 51-85 and 172-196 are not resolved in the electron density, presumably due to disorder.  

Residual electron density was observed the biotin binding pocket and in the biotin vestibule 

from the Fo−Fc map. Furthermore, anomalous dispersion was observed in the vestibule. 

Modeling of cofactor [Cp*Ir(biot-p-L)Cl] into the electron density projected the iridium in the 

position of the anomalous density peak (Figure 94).  

 

Figure 94 Single-crystal X-ray diffraction structure of [Cp*Ir(biot-p-L)Cl]·Sav-SOD-S112A highlighting the biotin binding site of 

two facing monomers of Sav-SOD-S112A with a and without b [Cp*Ir(biot-p-L)Cl] modeled as a stick model, with the iridium 

represented as a sphere. The 2Fo−Fc map is shown as a grey mesh with 1.0 s. The anomalous density obtained from the 

measurement is shown in red (5.0 s). 

 

a                                                     b
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Table 34 Data processing and crystal structure refinement statistics. 

Data collection [Cp*Ir(biot-p-L)Cl]·Sav-SOD S112A  

Space group P 1 21 1 

Cell dimension  

a, b, c (Å) 57.28, 57.31, 88.03 

a, b, g (°) 90, 94.62, 90 

Resolution (Å) 47.98–1.0 

Rmerge 15.9 (127.0) 

I/s(I) 9.2 (1.56) 

CC1/2 1.00 (0.55) 

Completeness (%) 98.3 (98.0) 

Refinement  

Resolution (Å) 47.98–1.85 

No. reflections 15314 

Rwork/Rfree 20.2 / 22.6 

  

Transfer hydrogenation reactions for the determination of the product yield. To test the 

reduction of the prochiral imines with the Sav-SOD-based ATHases, reactions were run for 24 

hs at 37 °C. The following stock solutions were prepared: (i) Substrates (400–500 mM in 

DMSO, ethyl acetate or H2O); (ii) [Cp*Ir(biot-p-L)Cl] (4 mM in DMF); (iii) protein scaffold (400 

µM in H2O) and (iv) MOPS-formate buffer (600 mM MOPS with 4 M sodium formate, pH = 

6.0). These solutions were added in the following order and concentrations to a HPLC glass 

vial (total reaction volume 200 µL): 1) [Cp*Ir(biot-p-L)Cl] 50 µM, 2) Sav 100 µM, 3) buffer 300 

mM, 2 M and 4) substrate 10 mM. Solutions 1)-3) were added sequentially, and incubated for 

10 min at room temperature for assembly of the ATHase. The reaction was initiated upon the 

addition of 4) and run in an Eppendorf thermocycler (37 °C, 1000 rpm) for 24 h. The reactions 

were quenched by the addition of 20 % w/v NaOH (50 µL), at which point the internal 

standard was added to the reaction vessel and extracted with 600 µL ethyl acetate. The 

organic phase was collected and analyzed.  
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Chiral amine analysis. The conversions and enantiomeric excesses were carried out either on 

an Agilent HPLC or an ACQUITY UPC2 Waters system using chiral columns and running 

conditions as detailed below.  

Analysis of 2, (S)-8 and (R)-8 was performed with a Chiralpak IC column (5 μm, 4.6 mm × 250 

mm, Daicel) using a constant flow rate (2.5 m/min). Biphenyl was used as internal standard. 

The following program was set up for analysis: 98% CO2 and 2% IPA (0.1% DEA) from 0–4 min; 

linear increase to 80% CO2 and 20% IPA (0.1% DEA) from 4–6 min; linear decrease to 98% CO2 

and 2% IPA (0.1% DEA) from 6–8 min; keep at 98% CO2 and 2% IPA (0.1% DEA) from 8–10 min. 

Retention times: 2.3 min for biphenyl, 3.7 min for (R)-8, 3.9 min for (S)-8, 7.3 min for 2. The 

compounds were quantified based on the relative substrate areas and internal standard area 

(absorbance at 254 nm) using a response factor of 0.5023.  

Analysis of 3, (S)-9 and (R)-9 was performed with a Chiralpak IC column (5 μm, 4.6 mm × 250 

mm, Daicel) using constant 90% CO2 and 10% IPA (0.1% DEA) at a constant flow rate (2.5 

mL/min) on a Waters UPC2. 1-Methoxynaphthalene was used as internal standard. The 

retention times were 2.1 min for 1-methoxynaphthalene, 5.6 min for 3, 9.3 min for (R)-9, 10.2 

min for (S)-9. The compounds were quantified based on the relative substrate peak areas and 

the internal standard area (absorbance at 210 nm) using a response factor of 0.1213. 

Analysis of 4, (S)-10 and (R)-10 was performed using a Chiralpak ID column (5 μm, 4.6 mm × 

250 mm, Daicel) at a constant flow rate (2.5 mL/min) UPC2. Biphenyl was used as an internal 

standard. The program was set up as follows: 85% CO2 and 15% IPA (with 0.3% diethylamine, 

DEA) from 0–1 min; then linear increase to 75% CO2 and 25% IPA (0.3% DEA) from 1–10 min; 

then linear decrease to 85% CO2 and 15% IPA (0.3% DEA) from 10-12 min; keep at 85% CO2 

and 15% IPA (0.3% DEA) from 12–14 min. Retention times were 1.5 min biphenyl, 6.2 min for 

4, 8.6 min for (R)-10, 9.5 min for (S)-10. The compounds were quantified based on the relative 

substrate and product peak areas (absorbance at 280 nm) using a response factor of 2.9108. 

Analysis of 5, (S)-11 and (R)-11 was performed with a Chiralpak IA column (5 μm, 4.6 mm × 

250 mm, Daicel) by UPC2. Biphenyl was used as internal standard. The program was set up 

with 80% CO2 and 20% IPA (0.1% DEA) at a constant flow rate (2.5 mL/min). The retention 

times were 1.7 min for biphenyl, 2.4 min for 5, 5.0 min for (R)-11, 8.1 min for (S)-11. The 

compounds were quantified based on the relative substrate peak areas and the internal 

standard area (absorbance at 210 nm) using a response factor of 1.2368. 
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Analysis of 6, (S)-12 and (R)-12 was performed with a a Chiralpak ID column (5 μm, 4.6 mm × 

250 mm, Daicel) by UPC2. 2-methylindoline was used as internal standard. The program was 

set up as follows: 80% CO2 and 20% IPA (with 0.3% diethylamine, DEA) at a constant flow rate 

(2.5 mL/min). Retention times: 1.77 min for 2-methylindoline, 7.9 min for (1)-12 and 8.9 for 

(2)-12. The compounds were quantified based on the relative peak areas and the internal 

standard area (absorance at 286 nm) using a response factor of 0.7281. 

Analysis of 7, (S)-13 and (R)-13 was performed with a Chiralpak ID column (5 μm, 4.6 mm × 

250 mm, Daicel) by UPC2. 2-methylindoline was used as internal standard. The program was 

set up as follows: 85% CO2 and 15% IPA (with 0.3% diethylamine, DEA) from 0–1.5 min; then 

linear increase to 63% CO2 and 37% IPA (0.3% DEA) from 1.5–2.3 min; this ratio was kept to 6 

min; then the ratio was linear decrease to 85% CO2 and 15% IPA (0.3% DEA) from 6–6.2 min; 

keep at 85% CO2 and 15% IPA (0.3% DEA) from 6.2–6.5 min. Retention times: 2.0 min for 2-

methylindoline, 4.6 min for 7, 5.4 min for (R)-13 and 5.8 for (S)-13. The compounds were 

quantified based on the relative substrate peak areas and the internal standard area 

(absorbance at 293 nm) using a response factor of 6.1247. 

 

Kinetic measurements analysis. GC-MS measurements for reaction kinetics on substrate 5 

(PDQ) were carried out on a Shimadzu, GCMS-QP2020 equipped with an Agilent HP1-1MS  

column (length: 30 m; Diameter: 0.25 mm; Film: 0.25 µM). A single acquisition mode was used 

with m/z values of 175–180. The product was quantified based on the relative product peak 

area and the substrate area using a response factor of 1.19. 
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Figure 95 Michaelis-Menten kinetic profiles for the reduction of 5 (PDQ) in 2 M sodium formate buffer pH at 37 °C. 

 
Figure 96 Michaelis-Menten kinetic profiles for the reduction of 5 (PDQ) in 2 M sodium formate buffer pH at 25 °C 
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Figure 97 Michaelis-Menten kinetic profiles for the reduction of 5 (PDQ) (50 mM) with varying concentrations of sodium 

formate at 25 °C. 

ITC analysis. Biotin binding affinities were measured using a Microcal VP-ITC as previously 

described by Stayton and Coworkers.181 A 10 µM solution of [Cp*Ir(biot-p-L)Cl] in 50 mM 

sodium phosphate buffer containing 100 mM sodium chloride at pH = 7.75 with 2.5 % DMSO 

was titrated with 5 µL injections of Sav-S112A or Sav-SOD-S112A solutions (100 µM, 50 mM 

sodium phosphate, 100 mM sodium chloride, 2.5% DMSO, pH = 7.75). The reference cell 

contained the same buffer as the protein and cofactor solution. Measurements were 

performed at 25 °C. The [Cp*Ir(biot-p-L)Cl]  binding constant Ka, enthalpy h, and number of 

binding sites at each temperature were calculated using ITC data analysis origin software 

(MicroCal).  

 

Table 35 Thermodynamic parameters for [Cp*Ir(biot-p-L)Cl]  binding to Sav and Sav-SOD mutant proteins determined in this 

work. All data were collected at 25 °C. Standard deviations are given in parentheses. 

Protein Ka (M–1) ∆G° (kcal/mol) ∆H° (Kcal/mol) T∆S° (Kcal/mol)  

Sav-S112A 1.15(0.20) × 108 −14.8 −14.5(0.6) −0.3   

Sav-SOD-S112A 1.27(0.31) × 108 −13.8 −13.6(0.9) −0.2   
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Figure 98: ITC analysis of a [Cp*Ir(biot-p-L)Cl]·Sav-S112A and b [Cp*Ir(biot-p-L)Cl]·Sav-SOD-S112A . 

  

a b
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4.3.5 Appendix 

 

In the case of the ATHase, the Michaelis Menten saturation kinetics is a bit more challenging, 

as two substrates (hydride (A) and imine (B)) react to give two products (CO2 (P1) and amine 

(P2)). Therefore, this reaction might not be applicable per se to the Michaelis-Menten 

mechanism. Nevertheless, the reaction proceeds most probably via a so-called “ping pong” 

mechanism, where the first substrate (formate (A)) binds to the enzyme and is then released 

as the first product (CO2 (P1)), leaving a hydride bound to the enzyme. In a second step, the 

modified enzyme (EA) reacts with the second substrate (imine (B)) to yield the second product 

(amine (P2)). The mechanism can therefore be illustrated as follows: 

 

 

 

The rate equilibrium for this mechanism is: 

 

 

 

where Vmax is the maximum velocity and Ka and Kb are the limiting Michaelis constants for A 

and B that are seen at saturation with B or A, respectively. If the reaction indeed follows the 

“ping pong” mechanism, the Lineveawer-Burk plot would look like that displayed in Figure 99. 

In a double-reciprocal plot, the reciprocal initial velocity is plotted against the reciprocal 

substrate concentration (in this case, the PDQ concentration). A linear regression analysis can 

then be carried out in order to obtain the negative reciprocal value for the KM as the x-axis 

intercept, the reciprocal value for the kcat as the y-axis intercept and the catalytic activity 

(kcat/KM) as the slope. However, more importantly, by varying the concentration of the second 

substrate (in our case, formate) and measuring the initial velocity at different concentrations 

of the first substrate (PDQ), we would obtain the same slope but different KM and kcat values. 

Therefore, by using the Lineveawer-Burk plot and the right experimental conditions, we can 

gain more information about the reaction mechanism of the ATHase based on Sav and Sav-

SOD. 

E + A              EA             EA + P1 + B              EAB              E + P2
k1A k2 k1B k3

=v
Vmax [A][B]

KA [B] + KB[A] + [A][B]
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Figure 99: The characteristic parallel-lined reciprocal plots (Lineweaver-Burk) of “ping-pong” kinetics. As the concentration of 

the second substrate increases, Vmax increases, as well as does the KM for the first substrate.  

One further aspect which was inspected previously by the group is the influence of the ratio 

of [Cp*Ir(biot-p-L)Cl] and the biotin binding sites. This ratio was fixed at 1:2 in order to 

minimize the full occupation of the binding sites, with the goal of minimizing possible steric 

repulsion between cofactors that might lead to a decreased enantioselectivity. In order to 

further optimize the reaction conditions, a screening of the catalyst:protein ratio would be 

beneficial.   

1/[S]

1/[v]

[S2] increasing

-1/KM
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Figure 100 Possible transition states for the ATHase studied. 

 

Figure 101 Additional transition states for the Sav based ATHase studied with substrate 5. 
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Figure 102 Chromatogram and calibration curve for 2. Left: UPC2 trace for the imine 2, amine (R)- and (S)-8 and the internal 

standard biphenyl in 10 mM concentrations. Right: calibration curve for (R)- and (S)-8 versus internal standard. The calibration 

was made in a range from 0.5 mM to 5 mM. 
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Figure 103 Chromatogram and calibration curve for 3. Left side UPC2 trace for the imine 3, amine (R)- and (S)-9 and the 

internal standard 1-methoxynaphthalene at 10 mM concentrations. On the right side the calibration curve for (R)- and (S)-9 

versus internal standard using the UPC2 method. The calibration was made in a range from 0.5 mM to 5 mM. 
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Figure 104 Chromatogram and calibration curve for 4. Left side UPC2 trace for the imine 4, amine (R)- and (S)-10 and the 

internal standard biphenyl at 10 mM concentrations. On the right side the calibration curve for (R)- and (S)-10 versus internal 

standard using the UPC2 method. The calibration was made in a range from 0.5 mM to 5 mM. 
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Figure 105 Chromatogram and calibration curve for 5. Left side UPC2 trace for the imine 5, amine (S)-11 and the internal 

standard biphenyl in 10 mM concentrations. On the right side the calibration curve for (S)-11 versus internal standard using 

the UPC2 method. The calibration was made in a range from 0.5 mM to 5 mM. 
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Figure 106 Chromatogram and calibration curve for 12. Left side UPC2 trace for the amines 12 and the internal standard 2-

methylindoline at 10 mM concentration. On the right side the calibration curve for 12 versus internal standard using the UPC2 

method. The calibration was made in a range from 0.5 mM to 5 mM. 
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Figure 107 Chromatogram and calibration curve for 7. Left side UPC2 trace for the imine 7, amine (R)-13 and (S)-13 and the 

internal standard 2-methylindoline in 10 mM concentrations. On the right side, the calibration curve for (R)-13 and (S)-13 

versus internal standard using the UPC2 method. The calibration was made in a range from 0.5 mM to 5 mM. 

 

  

Time
-0.00 1.00 2.00 3.00 4.00 5.00 6.00

0.0

2.0e-3

4.0e-3

6.0e-3

8.0e-3

1.0e-2

1.2e-2

1.4e-2

1.6e-2

1.8e-2

2.0e-2

2.2e-2

2.4e-2

2.6e-2

2.8e-2

3.0e-2

3.2e-2

3.4e-2

20200316_HarmCal6  (3) PDA Ch2 293nm@4.8nm
Range: 4e-24.59

4.10

1.98

1.12

0.01
1.17

5.39

5.83

N
H

NHO

N
H

NHO

N
H

NO

H
N

(R)

(S)

y = 6.1247x
R² = 0.9934

0

1

2

3

4

5

6

7

8

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Ar
ea

 h
ar

m
al

in
e/

Ar
ea

 2
-m

et
hy

lin
do

lin
e

[harmaline]/[2-methylindoline]

Calibration harmaline/2-methylindoline

N
H

NO

H
N

Time
-0.00 1.00 2.00 3.00 4.00 5.00 6.00

0.0

2.0e-3

4.0e-3

6.0e-3

8.0e-3

1.0e-2

1.2e-2

1.4e-2

1.6e-2

1.8e-2

2.0e-2

2.2e-2

2.4e-2

2.6e-2

2.8e-2

3.0e-2

3.2e-2

3.4e-2

20200316_HarmCal6  (3) PDA Ch2 293nm@4.8nm
Range: 4e-24.59

4.10

1.98

1.12

0.01
1.17

5.39

5.83

N
H

NO

H
N

H
N

y = 6.1247x
R² = 0.9934

0

1

2

3

4

5

6

7

8

0 0.2 0.4 0.6 0.8 1 1.2 1.4

Ar
ea

 h
ar

m
al

in
e/

Ar
ea

 2
-m

et
hy

lin
do

lin
e

[harmaline]/[2-methylindoline]

Calibration harmaline/2-methylindoline

N
H

NHO

N
H

NHO
(R)

(S)

N
H

NHO
(R)

N
H

NHO
(S)



  

157 

 

Chapter 5. Characterization of ArMs 
 

5.1 Structural Characterization of ArMs 

 

5.1.2 Native Mass Spectroscopy and X-Ray Crystallography  

 

Depending on the information needed, different approaches are can be routinely used to 

analyze the ArMs. Mass spectral analysis (tryptic digestion, e.g.) may be used to characterize 

the protein's primary structure. However, if high-resolution structural information for the 

protein is needed, X-ray crystallography may be the way to go.251,252  This high-resolution 

approach allows identifying ligand binding sites and conformational changes in a protein 

structure after binding a ligand, which may offer the possibility to identify close-lying 

positions that may be targeted by site-saturation mutagenesis to improve the ArMs’ 

performance. A complementary method would be to use NMR analysis of an isotopically- 

labeled protein. 

Furthermore, to gain information about the composition, stoichiometry, and subunit 

assemblies of proteins, native mass spectroscopy (native MS) can be used. An advantage of 

native MS, compared to the other methods, is the possibility of identifying the ligand with the 

highest affinity by inspecting a mixture of the protein target and different ligands 

simultaneously. Furthermore, the high sensitivity, speed, selectivity, and the requirement of 

a low sample amount (concentration pmol-fmol, V < 100 µl) render this method attractive for 

the investigation of ArMs.253,254 In this chapter, I summarize my efforts to characterize ArMs 

by X-ray crystallography and (native) mass spectral analysis. 

 

5.2 Native Mass Spectroscopy for Streptavidin based ArMs 

 

 At the end of the last century, the introduction of matrix-assisted laser desorption/ionization 

(MALDI) by Tanaka et al.255 and electrospray ionization (ESI) by Fenn et al.256 as ionization 

methods for mass spectral analysis opened the door for the inspection of biomolecular 

compounds by mass spectroscopy (MS). The great potential of the methods was noticed and 
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honored with the Nobel Prize in chemistry in 2002. Shortly after introducing the ionization 

methods, non-covalent assemblies were shown to be preserved in the gas phase and analyzed 

by mass spectrometry.257–259 Even though the experiments showed that it was possible to 

transfer intact protein complexes into the gas phase  and analyze them by MS, the term native 

MS was introduced only in 2004.260  

The ionization mode of the samples is different in both methods. In MALDI, a rapid photo-

volatilization of biomolecules embedded in an ultraviolet-absorbing matrix followed by mass 

analysis is used, usually yielding a singly charged species. In ESI, a high electrical potential is 

applied to a capillary containing the solution, causing an accumulation of ions at the tip of the 

capillary, which in turn promotes the evolution of charged droplets carrying the precursors of 

the charged gas-phase ions. By electrostatic repulsion, finally, droplet fission is achieved, 

leading to the gas-phase ions (multi-charged). 

After the introduction of soft ionization methods, significant developments in mass analyzers 

also had to be achieved to increase the applications of native mass spectrometry for the 

analysis of biomolecules. Nowadays, usually a quadrupole time-of-flight (Q-ToF) mass 

spectrometer, composed of a quadrupole mass filter, a hexapole collision-gas cell, and a ToF 

mass analyzer261 is used for native MS experiments. The m/z values of the compounds are 

detected by ToF mass analyzers by the principle, that the time taken by ions to travel a known 

field-free distance under a high vacuum is directly related to their m/z ratios. By the addition 

of a reflector at the end of the flight tube, furthermore the difference in the kinetic energy 

distribution of the same m/z ions is corrected, and peak broadening and decreased resolution 

is avoided.262 While ToF detectors have no theoretical upper mass limit, conventional 

quadrupoles allow an acquisition up to only m/z 2000 - 4000.261 By reducing the frequency, 

however, in native MS,  the m/z-selection range can be increased up to m/z 32’000.263    

Most of the native MS studies up to date rely on ESI, ionizing the protein complexes from an 

aqueous ammonium acetate buffer. However, other buffers like ammonium bicarbonate or 

triethylammonium bicarbonate (TEAB) at a near-neutral pH can be used. Nevertheless, the 

transfer into the gas phase can lead to a pH change, as shown for ammonium acetate, 

therefore the term buffer for ammonium acetate in native MS studies might be misleading.264 

Usually, concentrations between 10 mM and 500 mM are used, nevertheless, if needed the 

concentration can be raised up to 1 M. Furthermore, different disrupting agents like DMSO, 
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methanol and others can be used, in order to study the stability of the protein complexes. 

When the protein complex gets transferred to the gas phase, ion signals at different m/z 

values, forming a Gaussian distribution, can be observed. These peaks are also called the 

charge-state envelope or charge-state distribution (CSD). The charges thereof result from the 

different amounts of the protons at the surface of the protein complex. Each charge state 

observed in the spectrum differs from its adjacent charge states by one proton. This useful 

characteristic is exploited to calculate the mass of the protein complex.254 Furthermore, it is 

accepted that the folded protein structure can accommodate fewer charges as an denatured 

species, and therefore, the charge state distribution can be used as a reference for protein 

intactness.265 Nevertheless, in native MS,  the experimentally determined mass of a protein 

or protein complex is usually higher than its theoretical mass. The shift arises from incomplete 

desolvation and salt adducts, and remaining buffer. However, by activation of the ions, using 

carefully balanced energy, the difference can be minimized. Furthermore, using a method of 

activation, which is based on collisions with gas molecules and is called collision-induced 

dissociation (CID), investigations of the stability of the complexes can be run.  

As mentioned in the chapter’s introduction, information about the composition, 

stoichiometry and the subunit assemblies of proteins can be gained by native MS of protein 

complexes. Furthermore, it has been shown that dissociation constants of noncovalent 

complexes can be obtained from native MS experiments.266–268 Therefore, we investigated 

different ArMs for their composition by native MS. This method can be of particular interest 

when no crystal structure of the ArM can be obtained (yet). 

 

5.2.1 Outline of the Authors Contribution 

 

TRW and NVI conceived and designed the study. NVI performed the (native) MS experiments. 

MP trained NVI on the instrument and gave advices. 

 

5.2.2 Investigation of streptavidin ArMs by native MS 

 

Already in 1995 Schwartz et al.  inspected the binding properties of biotin by streptavidin by 

native MS.269 Inspired by their work we aimed at introducing the method to our lab and adapt 
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it to the Bruker maXis II QTOF ESI system used within our department. As mentioned in the 

introduction, next to the use of a volatile buffer, soft ionization settings are needed, in order 

to transfer the protein complexes to the gas phase without disrupting their quaternary 

structure. Therefore, we adapted the settings of the mass spectrometer accordingly. When 

using denaturing conditions (0.2 mg/mL protein in H2O, 0.1 % formic acid pH 1) we observed 

as expected a wider charge state distribution from +13 to +21 (Figure 108), in contrast to the 

charge states observed (+16 to +19) during native MS conditions (2 mg/mL, 50 mM 

ammonium acetate pH 6.8). This difference arises, as in the folded state, some of the amino 

acid residues which might be charged, are not accessible for the buffer. If the protein was 

incubated prior to the measurement with 10 eq. of biotin, the charge states for the 

streptavidin·biotin complex had a lower charge of exactly 4 each (Figure 110), as expected by 

the incorporation of the, at neutral pH, singly negatively charged biotins. To our delight, the 

deconvoluted spectrum was in accordance to the calculated mass (Table 36). As not only the 

absolute mass, giving information about the stoichiometry of the ligand protein complex, but 

also the charge of the ligand can be evaluated by native MS, this method could be used to 

complement the identification methods already used in our lab for the ArMs. Therefore, we 

tried to use native MS analysis to identify some ArMs, for which the crystal structure was yet 

to be obtained. One of the examples is the complex of Sav-S112A-K1211A with a bis-

biotinylated iron porphyrin (biot2-Fe-pp) (Figure 111, Figure 112). To our surprise, two 

different species could be observed, one being the tetrameric protein complex with two bis-

biotinylated ligands and the other being the tetrameric protein complex containing three bis-

biotinylated ligands. We hypothesized that it might be possible for streptavidin to bind more 

than two bis-biotinylated ligands, if the second biotin point outwards of the binding pocket. 

Nevertheless, the crystal structure, which will be discussed in the next section, revealed that 

in the soaked crystals, exclusively contained two bis-biotinylated ligands per tetramer. 

Furthermore, by increasing the CID energy to the maximum of 200 eV we were able to both 

disrupt the tetrameric complex, and obtain the apo-streptavidin monomer (Figure 113). This 

property could be used in future to determine the dissociation constant.266 Another bis-

biotinylated ligand used in our lab is the iron sulfur cluster (biot2-Fe4S4, Figure 111). As the 

crystal structure of the ArM consisting of the cluster ligand and streptavidin was only obtained 

recently, we first aimed at determining the incorporation of the ligand into streptavidin by 
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native MS. To our delight, even though the cluster is oxygen sensitive, we were able to obtain 

the mass spectrum of the ArM in its tetrameric state. As can be appreciated in (Figure 114) 

the deconvoluted spectrum correlates well with the expected mass for the tetrameric Sav-

WT di-bis-biotinylated iron sulfur cluster. Furthermore, as explained for the case of the 

streptavidin·biotin complex, the charge states of the cluster complex have a difference of -3 

compared to the apo-protein. This difference arises from the charged bis-biotinylated iron 

sulfur cluster. However, the expected charge would be only -2, therefore the results should 

be taken with a grain of salt. In order to displace the cluster during the measurement and 

detect it, equally to the experiment for the iron porphyrin (biot2-Fe-pp), the CID energy was 

increased and the isotope pattern at the expected m/z region for the Fe4S4-cluster (biot2-

Fe4S4) was inspected and compared to the simulated one (Figure 115). As mentioned, the 

cluster has a charge of -2, therefore to see in the positive mode of the MS, the species needs 

to be 3 times positively charged. The chemical formula is then C40H55Fe4N8O6S10 instead of 

C40H52Fe4N8O6S10. Both spectra match and the isotope pattern is identical. This supports the  

hypothesis that the cluster remains intact incorporation and subsequent displacement from 

Sav. We could thus show that the incorporation of the cluster into streptavidin is possible and 

could be displaced by the isCID. 

 

 
Figure 108 Denaturing MS of Sav-WT. a Charge state distribution of the unfolded, monomeric protein, with various charge 

states of higher charge (13-21 per monomer). b Deconvoluted spectrum. 
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Figure 109 Native mass spectrum of Sav-WT. a Charge state distribution of the folded tetrameric protein, with lower charge 

states (16-19, per tetramer). b Deconvoluted spectrum. 

 
Figure 110 Native mass spectrum of Biotin·Sav-WT. a Charge state distribution of the folded tetrameric protein with 4 bound 

biotins, with lower charge states (12-15, per tetramer). b Deconvoluted spectrum. 
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Figure 111 a Iron porphyrin cofactor (biot2-Fe-pp) used for the native MS studies. b biot2-Fe4S4 cofactor used for the native 

MS studies. 

 
Figure 112 Native mass spectrum of biot2-Fe-pp·Sav-S112AK121A. a Charge state distribution of the folded tetrameric 

protein, with lower charge states (17-19, per tetramer). b Deconvoluted spectrum. 
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Figure 113 Native mass spectrum of biot2-Fe-pp·Sav-S112AK121A with isCID set to 200 eV. a Charge state distribution of the 

folded monomeric protein b Deconvoluted spectrum. 

 
Figure 114 Native mass spectrum of biot2-Fe4S4·Sav-WT. a Charge state distribution of the folded monomeric protein b 

Deconvoluted spectrum. 
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Figure 115 Native mass spectrum of biot2-Fe4S4·Sav-WT with isCID set to 200 eV focusing on the m/z region for the Fe4S4-

cluster. a measured spectrum. b simulated spectrum of the singly positively charged (3 times protonated) Fe4S4-cluster. 

Table 36 Calculated and observed masses for the different streptavidin variants measured by MS. 

Protein Calculated mass (Da) Observed mass (Da) 

Streptavidin WT (monomer) 16424.93 16425.56 

Streptavidin WT (tetramer) 65699.72 65704.48 

Streptavidin WT + 4 biotin 66676.96 66680.66 

Sav S112A K121A + 2 biot2-Fe-pp 67765.50 67762.33 

Streptavidin WT + 2 biot2-Fe4S4 68273.38 68273.62 

 

As discussed previously, native MS analysis is not restricted to streptavidin and can be 

adapted to any protein, which is ionizable by ESI. Therefore, this method should be 

considered, in case that there is no crystal structure available (yet), especially, as next to the 

stoichiometric information, also the dissociation constant could be calculated from the 

observed spectrum. In the next two sections native and “denaturing” mass spectral analysis 

were used to investigate chimeric streptavidin proteins, as well as human carbonic anhydrase 

II ArMs. Especially, in the case of the hCAII based ArMs we were able to show that native MS 

is a good complementary method for analysis of ArMs and should be implemented to the labs 

working with ArMs. 

 

5.2.3 Experimental 

 

Streptavidin (0.2 mg/mL) was dissolved in water: formic acid (1000:1). The protein 

concentration was determined by a NanoDrop microvolume spectrophotometer (Thermo 
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Fisher Scientific, USA) and adjusted to 0.2 mg/mL (MQ-H2O). A HPLC (Shimadzu, equipped 

with a JupiterÒ 5 µm C4 300 Å)-ESI QTof (Bruker Daltonics, ESI Maxis II QTof MS) system was 

used to record the data. As eluent water: formic acid (A, 1000 : 1) and acetonitrile : formic 

acid (B, 1000 : 1) were used. The time program was as follows; 2 min 10% B, 7 min 10-55%, 2 

min 55%, 2 min 55-65%, 2 min 65%, 2 min 65-10%, 8 min 10%. 

 
Table 37. MS settings for protein mass spectral analysis. 

Source Type ESI Ion Polarity Positive Set Nebulizer 2.0 Bar 

Focus Active Set Capillary 4500 V Set Dry Heater 220 °C 

Scan Begin 150 m/z Set End Plate Offset -500 V Set Dry Gas 8.0 l/min 

Scan End 2750 m/z Set charging Voltage 0 V Set Divert Valve Source 

  Set Corona 4000 nA Set APCI Heater 200 °C 

 

To assemble the ArMs, the protein was dissolved in ammonium acetate (50 mM , pH 6.8) or 

ammonium carbonate (50 mM, pH 8.5) to a concentration of 2 mg/mL, supplemented with 

0.1 mM cofactor and incubated while shaking (18 h, 25°C, 600 rpm). Electrospray ionization 

(ESI) low concentration tuning mix from Agilent was used as calibrant. The samples were 

directly injected into the high-resolution MS (HRMS) with a syringe pump using a flow rate of 

5 µL/min. The ESI source parameters were optimized for the streptavidin analysis. The charge-

state distribution from 3000-6000 m/z was deconvoluted using the Compass Data Analysis 

software (Bruker Daltonics) with the maximum entropy setup. 

 

Table 38 MS settings for native MS analysis of the tetrameric streptavidin (complex).  

Source Type ESI Ion Polarity Positive Set Nebulizer 1.8 Bar 

Focus Active Set Capillary 4000 V Set Dry Heater 220 °C 

Scan Begin 1000 m/z Set End Plate Offset -500 V Set Dry Gas 3.0 l/min 

Scan End 12000 m/z Set charging Voltage 2000 V Set Divert Valve Source 

  Set Corona 0 nA Set APCI Heater 0 °C 

 

One problem we faced with the bis-biotinylated iron sulfur cluster is its stability in the 

presence of traces of oxygen. Therefore, the samples were prepared in degassed solutions 
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and the incubation was set up in the glove box. After 18h of incubation time, the samples 

were transferred in the glove box to a 50 µL Hamilton® syringe and directly injected to the 

MS. To verify, if the stability of the complex might be increased by using a different buffer, 

ammonium carbonate (50 mM (NH4)2CO3, pH 8.5) was used instead of ammonium acetate. 

 

5.3 Mass spectral analysis of scdSav 

 

The results were first published by and reproduced with permission from ACS:  

Wu, S., Zhou, Y., Rebelein, J. G., et al. Breaking Symmetry: Engineering Single-Chain Dimeric 

Streptavidin as Host for Artificial Metalloenzymes.  J. Am. Chem. Soc. 141, 40, 15869–15878 

(2019) and can be found under the DOI: https://doi.org/10.1021/jacs.9b06923 

 

5.3.1 Mass spectral analysis 

 

In order to detect the dimer of scdSav method of the mass spectrometer was optimized as 

collected in Table 39. The experiments were run as follows: A scdSav solution (0.2 mg/mL) in 

a water-methanol (1:1) mixture supplemented with 0.1 % formic acid and was clarified by 

centrifugation. The supernatant was analyzed by direct injection on an electrospray ionization 

time-of-flight mass spectrometer (Bruker maXis II QTOF ESI), calibrated to a streptavidin 

standard. To calculate the mass of the (scdSav)2 the charge envelope from 2600 to 48000 m/z 

was used (Figure 116). The results of the scdSav mass spectrometry are provided in Table 40. 

 

Table 39 MS settings for protein mass spectral analysis. 

Source Type ESI Ion Polarity Positive Set Nebulizer 1.4 Bar 

Focus Active Set Capillary 4500 V Set Dry Heater 220 °C 

Scan Begin 500 m/z Set End Plate Offset -500 V Set Dry Gas 9.0 l/min 

Scan End 6000 m/z Set charging Voltage 0 V Set Divert Valve Source 

  Set Corona 0 nA Set APCI Heater 0 °C 
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Figure 116 Mass spectra of the dimers of scdSav. a Charge state envelope of AASK. B Deconvoluted mass spectra of AASK. c 

Charge state envelope of SKSA. d Deconvoluted mass spectra of SKSA. In Table 40 the masses of the rest of proteins used in 

the study are shown and compared to the theoretical mass. 

Table 40 Results from the mass spectral analysis of the study with the scdSav. * The scdSav mutants KKKK and KAKK could 

not be ionized. 

scdSav () * Theoretical mass of the dimer (Da) Measured mass (Da) 

SKSK 69701.66 69701.11 

AKSK 69669.66 69670.83 

SKAK 69669.66 69670.21 

AKAK 69637.66 69639.8 

RKSK 69839.88 69840.32 

SKRK 69839.88 69840.03 

RKRK 69978.1 69980.32 

KKSK 69783.86 69786.42 

SKKK 69783.86 69786.02 

SASK 69587.48 69587.3 

AASK 69555.48 69556.8 

SAAK 69555.48 69556.36 
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SAKK 69523.48 69521.89 

RASK 69725.7 69725.09 

SARK 69725.7 69724.05 

RARK 69863.92 69863.29 

KASK 69669.66 69670.32 

SAKK 69669.66 69670.26 

SKSA 69587.48 69587.05 

AKSA 69555.48 69554.49 

SKAA 69555.48 69557.76 

AKAA 69523.48 69523.09 

RKSA 69725.7 69726.36 

SKRA 69725.7 69725.78 

RKRA 69863.92 69863.46 

SASA 69473.28 69472.77 

AASA 69441.28 69439.79 

SAAA 69441.28 69440.23 

AAAA 69409.28 69406.73 

RASA 69611.5 69612.33 

RARA 69749.72 69751.39 

scd(SARK)mv1 69695.66 69693.94 

scd(SARK)mv2 69607.64 69606.81 
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 5.4 A Dual Anchoring Strategy for the Directed Evolution of Improved Artificial 

Transfer Hydrogenases Based on Carbonic Anhydrase 

  

 5.4.1 Outline of the Authors Contribution 

 

A modified version of this work was first published by and reproduced with permission from 

ACS: Stein, A., Chen, D., Igareta, N.V. et al. A Dual Anchoring Strategy for the Directed 

Evolution of Improved Artificial Transfer Hydrogenases Based on Carbonic Anhydrase. ACS 

Cent. Sci. 7, 11, 1874–1884 (2021) and can be found under the DOI: 

https://doi.org/10.1021/acscentsci.1c00825  

 

T.R.W., J.G.R. and C.Y. conceived and designed the study. C.Y. and D.C. contributed to the 

synthesis of the substrates, products and complexes. J.G.R. and A.S. contributed to 

mutagenesis, protein expression and protein purification. J.G.R and A.S. performed the 

crystallization, X-ray structure determinations. N.V.I. performed the LC-MS and native MS 

experiments. Y.C., J.G.R., D.C., A.S. performed the catalytic experiments, designed the 

screening protocol and recorded the data. T.R.W., J.G.R., Y.C., A.S., D.C. and N.V.I. analyzed 

the data. T.R.W., J.G.R., Y.C., A.S., D.C. and N.V.I.  wrote the manuscript. All authors have given 

approval to the final version of the manuscript. 

 

5.4.2 Abstract 

 

Artificial metalloenzymes result from anchoring a metal cofactor within a host protein. Such 

hybrid catalysts combine the selectivity and specificity of enzymes with the versatility of 

(abiotic) transition metals to catalyze new-to-Nature reactions in an evolvable scaffold. With 

the aim of improving the localization of an arylsulfonamide-bearing iridium-pianostool 

catalyst within human carbonic anhydrase II (hCAII) for the enantioselective reduction of 

prochiral imines, we introduced a covalent linkage between the host and the guest. Herein 

we show that a judiciously positioned cysteine residue reacts with a p-nitropicolinamide 

ligand bound to iridium to afford an additional sulfonamide covalent-linkage. Three rounds 

of directed evolution, performed on the dually-anchored cofactor, led to improved activity 
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and selectivity for the enantioselective reduction of harmaline (up to 97 % ee (R) and > 350 

turnovers on a preparative scale). To evaluate the substrate scope, the best hits of each 

generation were tested with eight substrates. X-ray analysis, carried out at various stages of 

the evolutionary trajectory, was used to scrutinize i) the nature of the covalent linkage 

between the cofactor and the host as well as ii) the remodeling of the substrate-binding 

pocket. 

 

5.4.3 Introduction 

 

Artificial metalloenzymes (ArMs) expand the repertoire of biocatalysed 

reactions.93,98,148,185,270–275 ArMs combine attractive features of organometallic catalysts –such 

as broad substrate scope and large reaction repertoire– with characteristics of enzymes, 

including high turnover numbers, unrivalled stereoselectivity and biocompatibility. Such 

hybrid catalysts result from the incorporation of an abiotic metal cofactor within a protein.276–

281 Four distinct anchoring strategies have been pursued to date: covalent,282–284 

supramolecular,26,285,286 dative287–289 and metal substitution.18,290,291 As the “repurposed 

active site” seldom matches snugly the structure of the cofactor · substrate complex, the 

cofactor is poorly localized, potentially limiting the effect of mutations on the catalytic 

performance of ArMs.67 With the aim of firmly localizing an abiotic cofactor, several groups 

have engineered additional interactions between the cofactor and the host protein, 

ultimately leading to improved activities and selectivities for ArMs based on myoglobin,292,293 

LmrR,150,151,294,295 streptavidin, etc.71  

To complement our efforts centered around streptavidin-based ArMs, our group has reported 

the use of human carbonic anhydrase II (hCAII) as host protein for the assembly and 

optimization of an artificial transfer hydrogenase102,154,296 (ATHase hereafter) and artificial 

metathase.297 hCAII provides an attractive scaffold due to its monomeric globular structure 

(30 kDa), high affinity for aromatic-sulfonamides and its large funnel-shaped hydrophobic 

access to the active site.298,299 Thanks to its monomeric nature, hCAII can readily be displayed 

on E. coli’s outer-membrane, significantly simplifying the ArMs assembly and the whole-cell 

screening procedure. In a previous study, we identified cofactor 1 (Figure 117a) as a promising 

cofactor for the transfer hydrogenation using wild-type hCAII (hCAIIWT) as a protein 
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scaffold.102 Enantiopure amines represent attractive targets both as pharmaceutical 

ingredients and agrochemicals.300–303 Following a seminal report in 2011,304 imine reductases 

have firmly highlighted their versatility for the production of enantiopure amines.305–308 These 

complement homogeneous catalysts for the reduction of prochiral enamines and imines.309–

311 Capitalizing on our previous efforts in ATHases, we set out to introduce a covalent anchor 

between the IrCp* cofactor and hCAII. We hypothesized that the resulting firm localization of 

the cofactor may positively affect both the TONs and the stereoselectivity of the resulting 

ATHase. 

Building on the abundant literature covering ligation of cysteines with electrophiles312 

including maleimides,313 nitro pyridines,314 halogenoalkanes,315 alpha-halocarbonyls,316 

Mukaiyama regents317 and sulfones,318 we envisioned engineering a suitably-positioned 

cysteine residue that would undergo a nucleophilic addition on the cofactor bearing an 

electrophilic moiety. Herein, we report on our efforts to design and evolve an ATHase 

equipped with a dual-anchoring system. 

 

5.4.4 Results  

Design of a dual anchoring strategy for carbonic anhydrase. Building on our previous hCAII-

based ATHase,102 the requirements for the cofactor design were set as follows: i) an 

arylsulfonamide anchor for anchoring to hCAII, ii) an ethyl spacer between the anchor and 

the IrCp* moiety, iii) a picolinamide chelate for increased transfer hydrogenation activity319 

and iv) an electrophilic substituent on the pyridine, susceptible of nucleophilic attack by a 

suitably-positioned cysteine (Figure 117). We envisioned that cofactor 2 would efficiently 

bind to hCAII thanks to the arylsulfonamide linker and would be further anchored via a 

nucleophilic aromatic substitution (SNAr) with a suitably-positioned cysteine residue present 

in the protein vestibule (Figure 117c). Moreover, we hypothesized that the SNAr may further 

increase the activity of the IrCp* picolinamide complex by increasing the electron-donating 

ability of the ligand.320 Cofactor 2 was synthesized in two steps from commercially-available 

starting materials (Scheme 1). Next, hCAIIWT was crystallized by sitting drop vapor diffusion 

and the crystals were crosslinked with glutaraldehyde prior to soaking with cofactor 2. The 

resulting X-ray diffraction data was solved at 1.41 Å resolution. Inspection of the X-ray 

structure 2 · hCAIIWT reveals that both glutamate 69 (E69) and isoleucine 91 (I91) residues lie 
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closest to the electrophilic nitro group of the picolinamide. The shortest contacts to one 

oxygen of the nitro group to cofactor 2 for these two residues are Cg of E69 and Cg1 of I91 

(3.4 Å and 3.6 Å, respectively, Figure 117b). Accordingly, we expressed and purified the single 

mutants hCAIIE69C and hCAIII91C and evaluated their catalytic performance towards the 

transfer hydrogenation of harmaline 3 and dihydroisoquinolinium 4 precursor to crispine A 4-

H2. ATHases 1 · hCAIIWT, 1 · hCAIIE69C and 1 · hCAIII91C perform poorly for the reduction of 

substrate 3 (Table 47).  In contrast, ATHases 2 · hCAIIWT, 2 · hCAIIE69C and 2 · hCAIII91C catalyze 

the enantioselective reduction of both substrates. Strikingly, the position of the cysteine 

residue affects the resulting enantioselectivity: for both substrates, opposite enantiomers are 

preferentially produced in the presence of 2 · hCAIIE69C and 2 · hCAIII91C, respectively (Table 

41). To assemble the ArMs, cofactor 2 (0.1 mM) and hCAIIWT, E69C or I91C (0.1 mM) were 

incubated (6 h) at room temperature using carbonate buffer (50 mM, pH 9.4). Transfer 

hydrogenation was performed using substrate (2 mM) and ArMs (10 µM) in MOPS buffer 

containing NaHCO2 (1 M) as the hydride source. Reduction of harmaline 3 using 2 · hCAIIWT 

gave (R)-3-H2 with a good yield (68%, after 16 h) and a moderate enantioselectivity (26% ee). 

In contrast, 2 · hCAIIE69C gave (R)-3-H2 with a comparable yield (66%) but with an increased ee 

= 50%. Interestingly, 2 · hCAIII91C also gave a good yield (66%) and a reverse ee = -38% for (S)-

3-H2 (Table 41, entry 1-3). The difference in enantioselectivity suggests different binding 

poses for harmaline in the larger binding pocket of 2 · hCAIII91C compared to 2 · hCAIIE69C 

(Figure 136 and Figure 138). More strikingly, the reduction of iminium 4 by 2 · hCAIIWT gave a 

low conversion (6%) and hardly any enantioselectivity (Table 41, entry 4). In contrast, 2 · 

hCAIIE69C led to a slightly higher yield (13 %) and ee (-50%) (Table 41, entry 5). Mutant 2 · 

hCAIII91C gave higher yield (30%) but low enantioselectivity (15%, Table 41, entry 6). Taken 

together, these results highlight the power of the dual anchoring strategy, giving rise to an 

increased enantioselectivity for substrates 3 and 4 compared to the parent hCAIIWT. To further 

improve the catalytic performance of the dually-anchored ATHases, we relied on directed 

evolution.20,321,322  



  

174 

 

 

 

Figure 117 Strategy to assemble dually anchored ArMs. (a) Structure of the cofactors 1–2, (b) X-ray structure of cofactor 2 

(depicted as sticks, Ir and Zn as color-coded spheres) bound to hCAWT (depicted as cartoon representation). Distances between 

the Onitro and the residue glutamate E69 and isoleucine I91 (depicted as sticks) are highlighted, (c) Schematic representation 

of the expected and observed dual anchoring within engineered hCAIIE69C and hCAIII91C. 

Table 41 Catalytic Performance of ATHases Constructed by Anchoring Cofactor 2 to hCAIIWT, hCAIIE69C, and hCAIII91C      
aReactions were performed for 16 h using hCAII (10 μM), cofactor 2 (10 μM), and substrate (2 mM) in MOPS/NaHCO2 buffer 

(pH 7.4, 0.34 M, 0.85 M). 

 Protein Substrate Yield (%) TON ee (%) 

1 WT 

 

68 136 26 (R) 

2 E69C 68 132 50 (R) 

3 I91C 66 132 38 (S) 

4 WT 

 

6 12 7 

5 E69C 13 26 -50 

6 I91C 30 60 15 

N
H

N

O 3
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To confirm the dual anchoring of the cofactor 2 within hCAIIE69C and hCAIII91C, the two variants 

were incubated with cofactor 2 (16 h, pH 9.4, 50 mM (NH4)2CO3). The unbound cofactor 2 was 

removed and the buffer was exchanged (25 mM Tris-HCl, pH 7.4) by ultrafiltration. The 

resulting ArMs were crystallized by sitting drop vapor diffusion (see SI). To our delight, the 

crystals diffracted to a good resolution for 2 · hCAIIE69C (1.51 Å) and for 2 · hCAIII91C (1.04 Å).  

The electron density highlights the cofactor’s localization within hCAIIE69C (Figure 134) and 

hCAIII91C (Figure 119b-c). As observed for 2 · hCAIIWT, the arylsulfonamide anchor of cofactor 

2 is bound to the zinc ion of hCAII. An additional bond was identified between the 

picolinamide moiety and the engineered cysteine residues. Unexpectedly, the well-resolved 

electron density revealed the presence of a pyridine-sulfonamide linkage (Figure 119b-c, 

Figure 134 and Figure 135b), rather than the anticipated thioether moiety (Figure 117). For 2 

· hCAIII91C, the pyridine-sulfonamide bond is fully formed, resulting in a complete occupancy 

(100 %) for the IrCp*(picolinamide) moiety (Figure 119c, Figure 135b and Figure 135e). For 2 

· hCAIIE69C, the IrCp*(picolinamide) moiety with the pyridine-sulfonamide linkage has a lower 

occupancy (~70%) (Figure 134). Two additional cofactor positions with a free cysteine E69C 

were refined (Figure 134c). The incomplete formation of the pyridine-sulfonamide bond for 

hCAIIE69C may be caused by the somewhat unfavorable geometry that cofactor 2 has to adopt 

to form the pyridine-sulfonamide linkage (Figure 136). The dihedral angle between C6-C7-C8-

N1 serves as an indicator for the strain on cofactor 2.  Within hCAIIE69C the dually-anchored 

cofactor 2 has an acute dihedral angle (102.2°), which is significantly smaller than the dihedral 

angle observed for the non-covalently bound cofactor 2 in hCAIIWT (158.6°). The dihedral 

angle for 2 in hCAIII91C (134.0°) is closer to the angle of 2 in hCAIIWT (158.6°) suggesting a more 

relaxed geometry of 2 in hCAIII91C. The observed difference of the dihedral angles of 2 in 

hCAIIE69C and hCAIII91C might explain the difference between the incomplete and quantitative 

formation of the pyridine-sulfonamide bond for these two hCAII mutants, respectively. 

Compared to 2 · hCAIIWT, the presence of the pyridine-sulfonamide linkage leads to the 

relocation of the Ir-picolinamide complex in hCAIII91C, providing slightly more space for 

substrate binding (Figure 136 and Figure 138). The Ir-ion of ATHase 2 · hCAIII91C is displaced 

(1.0 Å) as well as the N2 of the nitro precursor is shifted (3.4 Å) in 2 · hCAIII91C compared to 2 

· hCAIIWT (Figure 137). Cofactor 2 is stabilized via H-bonds with glutamine 92 (Q92) and 

threonine 198 (T198) and by p-stacking with phenylalanine (F130) in hCAIII91C (Figure 138). In 
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all three X-ray structures of 2 · hCAIIWT, E69C and I91C, the Ir in 2 has an (S)-configuration. In 

contrast to previous reports on ATHases, the absolute configuration of the metal does not 

correlate with the configuration of the products.76 Indeed, both 2 · hCAII E69C and 2 · hCAIII91C 

contain cofactor 2 with an (S)-configuration at the Ir-Cl, but convert substrate 3 and 4 

preferentially to opposite enantiomers.  H aving established a powerful method to dually 

anchor the cofactor 2 to hCAII scaffolds bearing a judiciously-positioned cysteine residue, we 

set out to optimize the ATHase activity by directed evolution.20,321,322 

 

Directed evolution. To improve the activity of ATHases based on the dual anchoring strategy, 

we selected hCAIII91C as a scaffold for directed evolution. The selection of hCAIII91C over 

hCAIIE69C is based on the following considerations: i) the bioconjugation is quantitative, thus 

affording a single and well-defined localization of the cofactor 2 within the “active site”, and 

ii) more space is available for the prochiral substrate to approach the Ir–H moiety. To 

streamline directed evolution, we selected an E. coli surface display for hCAII.102 This strategy 

was favored over the periplasmic compartmentalization in light of the following factors: i) the 

cofactor concentrations are roughly similar –as determined by ICP-MS– and ii) the 

accessibility for the substrate are coupled with a defined reaction environment (i.e. 

extracellular vs. peptidoglycan environment).102 For E. coli surface display, hCAII was fused at 

its N-terminus with a truncated E. coli lipoprotein Lpp (residues 1−9), followed by the first five 

β-sheets of OmpA (residues 46−159, Figure 118). Initial experiments were performed with 

hCAIIWT and hCAIII91C evaluating the effect of varying concentrations of cofactor 2 in the 

presence of either substrate 3 or 4. In line with the reactions performed with purified hCAII 

samples (Table 41), the conversion of substrate 3 was higher than that of substrate 4. 

Accordingly, harmaline 3 was selected as the substrate for the directed evolution campaign. 

To minimize the background reaction resulting from unspecifically-bound cofactor 2 (e.g., in 

the presence of E. coli bearing an empty plasmid), its concentration was set to 5 μM (Figure 

139). 
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Figure 118 In cellulo assembly of artificial transfer hydrogenases (ATHases). hCAII is displayed on the cell surface of E. coli by 

fusion to a truncated lipoprotein and the outer membrane protein A (Lpp-OmpA). Following incubation with the sulfonamide-

bearing IrCp* piano-stool complex 2, the resulting ArM catalyzes the enantioselective reduction of harmaline 3 in the presence 

of NaHCO2 as hydride source. 

 

Next, we designed site saturation mutagenesis libraries for hCAIII91C, focusing on the five 

closest residues to the chloride ligand of 2 as determined in the X-ray structure of 2 · hCAIII91C 

(Figure 119b). The closest lying positions are: L60, N62, N67, E69 and Q92. To minimize the 

screening effort, we relied on a “small-intelligent” focused library approach by combining 

NDT, VMA and TGG codons.323 We omitted the ATG codon to exclude methionine, thus 

affording a non-redundant library encoding 19 amino acids. We developed a workflow for the 

growth, expression and catalysis by E. coli displaying hCAII mutants in a 96-well format (Figure 

119a). After induction of hCAII, followed by overnight expression (30 °C), the cells were 

harvested by centrifugation and washed with a [Cu(gly)2] buffer to oxidize traces of 

thiols.324,325 Next, the cells were resuspended in a buffer (pH 9.4, 50 mM (NH4)2CO3) 

containing the cofactor 2 and incubated (1 h at 30 °C) to afford the dually-anchored ArMs on 

the cell surface. The supernatant was removed by centrifugation, the cells were resuspended 

in the reaction buffer (pH 7.4, 0.4 M MOPS) containing substrate 3 (50 µM) and NaHCO2 (1 
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M). The 96-well plate was then shaken (16 h at 30°C, 300 rpm). Cells were sedimented by 

centrifugation, and the supernatant was transferred to a reaction tube (1.5 mL) for work-up. 

Finally, each sample was analyzed by supercritical fluid chromatography (SFC, using 2-methyl 

indoline as internal standard) to determine the product concentration and enantioselectivity. 

This procedure enables the screening of hundreds of mutants per week, substantially 

increasing the throughput compared to the conventional workflow that relies on purified 

mutants. The first round of directed evolution was performed by constructing a combinatorial 

library, mutating simultaneously asparagine 67 (N67) and glutamate 69 (E69), which are 

located 5.6 Å and 6.5 Å from the chloride ligand of cofactor 2, respectively. Upon screening 

(> 650 colonies), we identified two mutants displaying an increased cell-specific activity 

compared to 2 · hCAIIWT and 2 · hCAIII91C. The ATHase 2 · hCAIIN67G-E69R-I91C had a higher cell 

specific activity (1.8 ± 0.2 (average ± s.d.) fold) compared to 2 · hCAIII91C and an enhanced 

enantioselectivity for (R)-3-H2 (80.0 ± 2.9% ee). To explore the influence of the pyridine-

sulfonamide anchor, we expressed hCAIIN67G-E69R lacking the I91C mutation. The 

corresponding 2 · hCAIIN67G-E69R, afforded a markedly reduced ee (10.0 ± 1.2 %) and a reduced 

activity compared to 2 · hCAIIN67G-E69R-I91C for the reduction of harmaline 3. Interestingly, the 

second identified mutant, 2 · hCAIIN67L-E69Y-I91C afforded (S)-3-H2 with a slightly higher cell 

specific activity compared to 2 ·hCAIII91C (1.2 ± 0.1-fold) and moderate ee (-48.0 ± 10.7%). Two 

additional rounds of directed evolution at positions L60 and N62 afforded a quintuple mutant 

hCAIIL60F-N62Y-N67G-E69R-I91C, which displayed a higher cell specific activity (2.8 ± 0.3-fold) and a 

similar ee (79 ± 0.4%) for enantiomer (R)-3-H2 compared to 2 · hCAIII91C. Starting from the (S)-

selective ATHase 2 · hCAIIN67L-E69Y-I91C, the directed evolution campaign afforded the quadruple 

mutant hCAIIL60W-N67L-E69Y-I91C which displayed the highest cell-specific activity (4.3 ± 0.4 fold) 

compared to hCAIII91C and an improved ee (-59 ± 1.8%) for (S)-3-H2 (Figure 119e). The purified 

mutants hCAIIN62D-N67L-E69Y-I91C and hCAIIL60W-N62D-N67L-E69Y-I91C displayed higher activities than the 

parent hCAIIN67L-E69Y-I91C for several substrates as summarized below (Table 42). All mutants 

resulting from the site saturation mutagenesis library at position Q92 displayed a decreased 

activity. We hypothesize that the H–bond interaction between Q92 and the cofactor 2 plays 

an important role in maintaining the cofactor’s position within the active site of the ATHase 

to favor the pyridine-sulfonamide linkage (Figure 119b and Figure 120). 
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Figure 119 Directed evolution of ArMs resulting from the dual anchoring of cofactor 2. a) A streamlined screening workflow 

was developed that enables expression of hCAII mutants and subsequent evaluation of their activity and selectivity in a 96 

well-plate format. b-d) X-ray characterization of the ATHase 2 · hCAIII91C. b) Fo-Fc difference map displayed as green mesh at 

3s without and c) with cofactor 2. d) hCAIII91C is depicted as transparent grey surface and orange cartoon. Amino acids in 

the proximity of the cofactor are highlighted as sticks and labelled, the H-bond between Q92 and cofactor 2 is depicted as 

red dashes. The five residues (L60, N62, N67, E69 and Q92) closest to the catalytic iridium in hCAIII91C were randomized by 

site saturation mutagenesis. e) Summary of the results of the directed evolution for the production of tetrahydroharmine 3-

H2. For each round of site saturation mutagenesis, the cell specific activity (product concentration/O.D.) and the enantiomeric 

excess (ee) of selected mutants are displayed as bar chart (TON, dark blue; ee, orange; enantiomer: R, positive, highlighted 

in gold; S, negative, highlighted in pink). Data are presented as the average of three independent replicate cultures and 

include the standard deviation. For the site-saturation library of Q92 no further improved mutant was identified. 

The hCAII mutant proteins were expressed in 2 L cultures and purified (up to 100 mg 

lyophilized protein). Transfer hydrogenation was then performed on harmaline 3 with 

purified proteins and cofactor 2 to validate the results obtained from the whole cell 

experiments. From the in vitro validation, we can draw the following conclusions: i) TON and 
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stereoselectivity of the evolved ATHases are higher than the parent cofactor 2 and 2 · hCAIIWT 

(Table 42, entry 2-3), confirming the efficiency of our strategy, ii) concerning (R)-selectivity, 2 

· hCAIIN67G-E69R-I91C is the best mutant, affording enantiomer (R)-3-H2 (96% ee, 451 TON; Table 

42, entry 5), iii) the best ATHase for (S)-3-H2, only moderate ee are observed, with 2 · hCAIIN67L-

E69Y-I91C (-62% ee) and 2 · hCAIIL60W-N67L-E69Y-I91C (-49% ee; Table 42, entry 8-9), iv) compared to 

2 · hCAIIN67G-E69R-I91C, a reduced enantioselectivity was observed for the third and fourth 

generation ArMs. For the (S)- but also for the (R)-selective ArMs, the in vitro activity deviates 

from the observed whole cell transfer hydrogenation. In vitro, we observed that 2 · hCAIIN67L-

E69Y-I91C (458 TON) is more active than 2 · hCAIIL60W-N67L-E69Y-I91C (221 TON) this activity profile 

contrasts with the whole cell assays. These observations suggest that the expression levels of 

hCAIIN67L-E69Y-I91C and hCAIIL60W-N67L-E69Y-I91C may differ from each other on the surface of E. coli. 

Next, we performed the transfer hydrogenation on a preparative scale in the presence of 

harmaline 3 (0.5 mmol) with 2 · hCAIIN67G-E69R-I91C and 2 ·hCAIIL60W-N67L-E69Y-I91C (0.2 mol%). The 

ATHase 2 ·hCAIIN67G-E69R-I91C performs very well (97% ee, 75% isolated yield, 84 h) for (R)-3-H2 

and ArM 2 · hCAIIL60W-N67L-E69Y-I91C afforded (S)-3-H2 with good yield and moderate ee (86% 

yield, -43% ee, 84 h). Relying on hCAIII91C as a starting point, the directed evolution of a dually-

anchored ATHase led to the identification of significantly improved artificial metalloenzymes, 

both in terms of activity (up to 451 TONs) and selectivity (up to 97% ee for (R)-3-H2 and -62 % 

ee for (S)- 3- H2). 
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Table 42 Selected Catalytic Results Obtained with Purified 2·hCAIImutants for the Transfer Hydrogenation of 

Harmaline 3a. aReactions were performed over 16 h using hCAII (10 µM), cofactor 2 (10 µM), and substrate (5 mM) 

in MOPS/NaHCO2 buffer (pH 7.4, 0.34 M, 0.85 M). Values are the mean values of duplicate experiments. bExperiments 

were performed on a preparative scale with 0.5 mmol of harmaline 3. 

 Mutants TON ee (%) 

1 None 311 0 

2 hCAII 149 31 (R) 

3 hCAIIE69C 278 48 (R) 

4 hCAIII91C 265 39 (S) 

5 hCAIIN67G-E69R-I91C 451 96 (R) 

6 hCAIIN62Y-N67G-E69R-I91C 460 73 (R) 

7 hCAIIL60F-N62Y-N67G-E69R-I91C 415 74 (R) 

8 hCAIIN67L-E69Y-I91C 458 62 (S) 

9 hCAIIN60W-N67L-E69Y-I91C 221 9 (S) 

10 hCAIIN67G-E69R-I91C* 375 97 (R) 

11 hCAIIN60W-N67L-E69Y-I91C* 430 43 (S) 

 

We attempted to crystallize the complexes of cofactor 2 bound to the best mutant of each 

directed evolution round. The most (R)-selective ATHase 2 · hCAIIN67G-E69R-I91C afforded crystals 

suitable for X-ray analysis. The overall structures of 2 · hCAIII91C and 2 · hCAIIN67G-E69R-I91C are 

virtually identical, reflected by a Ca RMSD (0.340 Å). Moreover, the position of cofactor 2, 

including the pyridine-sulfonamide linkage resulting from the dual anchoring, the interactions 

between hCAIIN67G-E69R-I91C and the protein as well as the (S)-configuration of the Ir–Cl, is the 

same in these two mutants (Figure 137c and Figure 138d). These observations confirm that 

the dual anchoring locks the cofactor 2 in a defined configuration and position. On the one 

hand, the mutation of asparagine N67 to glycine generates more space (63.7 Å3)326 for the 

substrate to approach the Ir–H moiety. On the other hand, the exchange of glutamate E69 by 

a cationic arginine might lead to cation-π interactions with the electron-rich substrate 3. We 

thus hypothesize that mutations N67G and E69R may improve the binding of the substrate, 

thereby giving rise to increased TONs and enantioselectivity (Table 42 and Table 43). Due to 

the dual anchoring of cofactor 2, N67 and E69 are not needed for cofactor binding, as 

previously described for the computational improvement of the hCAII binding pocket. 



  

182 

 

 

 
 

Figure 120 Crystal structure of the evolved 2·hCAIIN67G-E69R-I91C. The protein is depicted as an orange cartoon and as a 

transparent gray surface. The cofactor 2 is displayed in color-coded sticks, and Ir-atoms and Zn-atoms are depicted as purple 

and gray spheres, respectively. Amino acids in the proximity of the cofactor are highlighted as green sticks, labeled, mutated 

amino acids are highlighted in green, and the H-bond between Q92 and cofactor 2 is depicted as red dashes. 

 

Covalently anchoring. As pointed out by an insightful referee, Flemming and coworkers 

reported that a sulfonamide linkage was formed as a product resulting from the 

photoreduction of an aromatic nitro group which was trapped by a thiol, followed by redox 

chemistry at both the nitrogen and sulfur atoms.327  

In order to confirm that the bioconjugation step is not the result of photoreduction caused 

by the X-ray beam, the ATHases 2 · hCAIIE69C, 2 · hCAIII91C and 2 · hCAIIN67G-E69R-I91C as well as 

the control ATHase 2 · hCAIIWT were subjected to MS analysis. 

i) Under native MS conditions, 2 · hCAIIWT 2 · hCAIIE69C, 2 · hCAIII91C and 2 · hCAIIN67G-E69R-I91C 

afford, after deconvolution, a main mass signal at 29836.9 Da, 29812.1 Da, 29827.0 Da and 

29797.7 Da, respectively (Table 43 and Figure 121-123).  These masses correspond to the 

ATHases (hCAII plus cofactor 2).  To further investigate the formation of the sulfonamide 

linkage, cofactor 2 and hCAIIN67G-E69R-I91C were incubated in the dark and under ambient light. 

Native MS revealed almost identical masses, either with or without light: 29797.7 Da and 
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29797.8 Da, respectively (Figure 124 and Figure 125). We thus conclude that the formation 

of the covalent sulfonamide linkage does not require light and is not the result of X-ray photo-

damage.  

ii) Under denaturing MS conditions, 2 · hCAIIE69C, 2 · hCAIII91C 2 · hCAIIN67G-E69R-I91C afford signals 

at 29749.0 Da, 29763.9 Da, and 29733.5 Da, respectively (Table 43 and Figure 126-128). These 

correspond to the mass of the bioconjugates, minus the Zn ion. For the above ArMs, a mass 

of ~675 Da was observed for cofactor 2 under native and denaturing conditions. This 

corresponds to the cofactor 2 without the Cl ion. This confirms that cofactor 2 remains tightly 

bound to hCAIIE69C, hCAIII91C and hCAIIN67G-E69R-I91C, despite the loss of the Zn-sulfonamide 

dative bond under denaturing conditions. For the ArM lacking the covalent sulfonamide 

linkage (i.e., 2 · hCAIIWT), only the mass of apo hCAIIWT (29098.2 Da, minus the Zn ion and no 

cofactor bound) is detected (Table 43). iii) Tryptic digest of 2 · hCAIIE69C, 2 · hCAIII91C and 

2 · hCAIIN67G-E69R-I91C revealed that the fragments containing the cysteine had a modification of 

~675 Da (Table 48, Figure 130-132). The modification of 675 Da corresponds to the cofactor 

lacking Cl – as observed for both native and denaturing MS. Furthermore, the modification of 

~675 Da was detected either for the fragment containing C69 (for 2 · hCAIIE69C) or C91 (for 

2 · hCAIII91C and 2 · hCAIIN67G-E69R-I91C). Again here, the modification was observed even in the 

absence of UV light. In contrast, analysis of 2 · hCAIIWT digested by trypsin did not reveal any 

peptide containing a modification of ~675 Da.  

From this data, we conclude that the sulfonamide bioconjugation results from the proximity 

of the aromatic nitro group and the thiol and does not require UV irradiation. It should be 

noted however that, based on X-ray and MS data, we cannot exclude the formation of a 

sulfonate rather than sulfonamide covalent linkage. 

To confirm the positive influence of the covalent bioconjugation on catalytic performance, 

the enantioselective reduction of harmaline 3 was monitored in the presence of 2 · hCAIIWT, 

2 · hCAIIE69C and 2 · hCAIIN67G-E69R-I91C (Figure 140). From these data, the following trends 

emerge:  

i) The catalytic performance (both yield and ee) of 2 · hCAIIWT and 2 · hCAIIE69C is little affected 

by incubation time following the mixing of the cofactor 2 and the host hCAII (Figure 140a-b). 

As revealed by X-ray crystallography (Figure 134c) and MS analysis (Figure 122, Figure 127), 
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prolonged incubation only leads to partial formation of the sulfonamide covalent linkage in 2 

· hCAIIE69C. 

ii) In contrast, for 2 · hCAIIN67G-E69R-I91C, the catalytic performance is affected by the incubation 

time, prior to the addition of substrate 3 and formate. The catalytic performance of the 

covalently-anchored ArM 2 · hCAIIN67G-E69R-I91C (resulting from 6 hours incubation) clearly 

outperforms the non-preincubated 2 · hCAIIN67G-E69R-I91C (Figure 140c). 

iii) As the pH requirements for the bioconjugation step and catalysis differ (pH = 9.4 and 7.4, 

respectively), the covalent anchor is not formed in significant amounts under catalytic 

conditions. 

We thus conclude that both cofactor localization and catalytic performance of 2 · hCAIIN67G-

E69R-I91C are positively affected by the presence of an additional covalent linkage between the 

host protein and the catalytically active piano stool cofactor 2. 

 

Table 43 Mass spectrometry analysis of selected ATHases aProtein mass plus Zn (65.4 Da) and one H2O (18.0 Da). 
bProtein mass plus Zn (65.4 Da) and cofactor 2 without Cl (675.1 Da). cProtein mass without Zn. dProtein mass plus 

cofactor 2 without Cl (675.1 Da). eSimilar masses are highlighted in light green. 

Native MS 

Protein Mobs. main peak (Da) Mcalc. apoproteina (Da) Mcalc. ATHaseb (Da) 

2 · hCAIIWT 29836.9 29181.2 29838.3 

2 · hCAIIE69C 29812.1 29155.3 29812.4 

2 · hCAIII91C 29827.0 29171.2 29828.3 

2 · hCAIIN67G-

E69R-I91C 
29797.7 29141.3 29798.4 

Denaturing MS 

Protein Mobs. main peak (Da) Mcalc. apoproteina (Da) Mcalc. ATHaseb (Da) 

2 · hCAIIWT 29098.2 29097.8 29772.9 

2 · hCAIIE69C 29749.0 29071.9 29747.0 

2 · hCAIII91C 29763.9 29087.8 29762.9 

2 ·hCAIIN67G-

E69R-I91C 
29733.5 29057.9 29733.0 
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Substrate screening. To evaluate the substrate scope, the purified hCAII mutants were 

screened for the transfer hydrogenation of various substrates 4-11. The substrates 5-7 are 

derived from β-carbolines and substrates 8-11 from dihydroisoquinoline. Selected results are 

displayed in Table 44 and the full screening data can be found in the SI (Table 49-52). The 

same conditions were used for all substrates. Mutants hCAIIN62D-N67L-E69Y-I91C and hCAIIL60W-N62D-

N67L-E69Y-I91C obtained during the directed evolution were also tested for catalysis. From the 

screening, the following trends are apparent: All substrates were converted with good TON 

(> 200 for at least one ArM) and with moderate to good enantioselectivity. Substrates with 

electron-rich substituents give higher TON compared to electron-poor substrates. Finally, 

lower TON give lower enantioselectivity. As model substrate we investigated the 

enantioselective reduction of substrate 4 to crispine A. Mutations from the parent hCAIII91C 

are deleterious for 2 · hCAIIN67G-E69R-I91C but further mutations at positions N62 and L60 

improve the TON (219) and the ee (62%) for 2 · hCAIIL60F-N62Y-N67G-E69R-I91C (Table 44, Entry 1). 

Mutations N67L and E69Y have a positive effect on enantioselectivity (76% ee, SI) and the last 

generation improved both ee (86%) and TON (355) for 2 ·hCAIIL60W-N62D-N67L-E69Y-I91C (Table 44, 

Entry 2). Next, we tested harmalane 5, whose structure is similar to harmaline 3 but lacks the 

electron donating methoxy group in position 7. The ArM 2 · hCAIIN62Y-N67G-E69R-I91C gives the 

best results with complete conversion and good ee (500 TON, 87% ee (R)) (Table 44, entry 3) 

highlighting the tolerance towards substitutions on the indole moiety. For the electron-

deficient harmalane-analog 6, the TONs decrease compared to substrate 5 (Table 52):  

2 · hCAIIN67G-E69R-I91C yields the best ee (80% (S)) and moderate TON (191). Instead, 

2 · hCAIIL60W-N62D-N67L-E69Y-I91C produces the opposite enantiomer (72% ee (R), 249 TON) (Entry 

5-6). I nterestingly, 2 · hCAIIN67G-E69R-I91C is the most selective mutant for harmaline 3 as well 

as substrate 6. The reduced activity of the ATHases for this substrate may be traced back to 

steric hindrance and mismatched electronics caused by the p-nitrophenyl group. In contrast, 

the electron-rich substrate 7 affords higher TONs at the cost of a lower ee (Table 53). The best 

ArM 2 · hCAIII91C gave (S)-7-H2 (296 TON, 68% ee, Table 44, Entry 7). Next, we turned our 

attention to dihydroisoquinolines. The less-hindered substrate 8 gives high TON but moderate 

enantioselectivity, with the most enantioselective ArM being 2 · hCAIIN67L-E69Y-I91C (500 TON, 

59% ee (S), Table 44, Entry 9). To evaluate the tolerance of transfer hydrogenation towards 

substrates presenting steric hindrance next to the imine moiety, we tested substrates 9-11.328
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Substrate 9 is reduced with good activities but low stereoselectivity (Table 55). The most 

promising ArM is 2 · hCAIIL60F-N62Y-N67G-E69R-I91C (415 TON, -55% ee, Table 44, Entry 12). Next, the 

steric hindrance was increased by introducing an o-methoxyphenyl substituent in substrate 

10. The results (Table 56) are rather different from the previous ones, the mutants derived 

from 2 · hCAIIN67G-E69R-I91C give lower turnovers compared to the mutants derived from 

2 · hCAIIN67L-E69Y-I91C. The best ArM for substrate 10 is 2 · hCAIIN62D-N67L-E69Y-I91C (338 TON, 75% 

ee) (Table 44, Entry 13). It should be noted that 2 · hCAIIE69C gives the opposite enantiomer (-

71% ee, 242 TON, Table 44, Entry 14). Finally, substrate 11 incorporating an o-chloro 

substituent was evaluated. In this case, both TON and enantioselectivities are low compared 

to the other substrates (Table 57) with the most promising catalyst being 2 · hCAIIN62D-N67L-E69Y-

I91C (Table 44, Entry 15).  

 

Table 44 Selected Results of the Substrate Screening in the presence of Evolved ATHasesa. aThe reactions were performed 

using cofactor 2 (10 μM), hCAII (10 μM), and substrate (5 mM) in NaHCO 2 /MOPS buffer (850 mM/ 340 mM, 25 °C, 16 h). 

The reported TON and ee are the mean values of independent duplicates. Complete screening data are included in the 

Supporting Information (Table 49-41). 

 Substrate Mutants TON ee (%) 

1 

 

hCAIIL60F-N62Y-N67G-E69R-I91C 219 62 

2 hCAIIL60W-N62D-N67L-E69Y-I91C 355 86 

3 

 

5: 

R = Me 

6: 

 
7: 

 

hCAIIN62Y-N67G-E69R-I91C 500 87 (R) 

4 hCAIIL60W-N67L-E69Y-I91C 189 72 (S) 

5 hCAIIN67G-E69R-I91C 191 80 (S) 

6 hCAIIL60W-N62D-N67L-E69Y-I91C 249 72 (R) 

7 hCAIII91C 296 68 (S) 

8 hCAIIL60W-N62D-N67L-E69Y-I91C 372 43 (R) 

9 

 

8: 
R’ = OMe 

R = Me 

9: R’ = H 

hCAIIN67L-E69Y-I91C 500 59 (S) 

10 hCAIIN62Y-N67G-E69R-I91C 422 58 (R) 

11 hCAIIE69C 250 -56 

12 hCAIIL60F-N62Y-N67G-E69R-I91C 415 -55 
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13 

 
10: R’ =H 

 
11: R’ =H 

 

hCAIIN62D-N67L-E69Y-I91C 338 75 

14 hCAIIE69C 242 -71 

15 hCAIIN62D-N67L-E69Y-I91C 215 -51 

16 hCAIIN62Y-N67G-E69R-I91C 47 47 

 

5.4.5 Conclusion 

 

With the aim of firmly anchoring the Ir-pianostool cofactor 2 within hCAII, we introduced a 

nucleophilic residue hCAIII91C in the proximity of the p-nitropicolinamide ligand bound to the 

catalytically-competent Ir-ion. Rather than affording the anticipated SNAr reaction, a 

pyridine-sulfonamide linkage was formed, thus resulting in a dually-anchored cofactor. 

Starting from 2 · hCAIII91C, three rounds of directed evolution were performed using E. coli cell 

surface-display. This led to the identification of the (R)-selective ATHase 2 · hCAIIN67G-E69R-I91C 

(up to 96% ee and 451 TONs) for tetrahydro-harmine (R)-3-H2. The opposite enantiomer (S)-

3-H2 was obtained using 2 · hCAIIL67L-E69Y-I91C (-63% ee, 458 TON). We hypothesize that 

mutation N67G generates more space for the substrate to access the cofactor whereas the 

mutation E69R stabilizes the substrate by cation-p interactions. 

A substrate scope, carried out with the best mutants, revealed a marked substrate-

dependency, thus requiring independent directed evolution efforts for each substrate. This 

suggests that, starting from 2 · hCAIII91C, the evolutionary trajectory has crafted a close fit 

between the active site and the Ir–H····harmaline transition state, which is less suitable for 

structurally-unrelated substrates. The presence of a single and well-defined cofactor 

conformation within hCAII resulting from the dual anchor, leads to increased TONs and an 

improved enantioselectivity. Locking the cofactor in place via an additional covalent bond 

allows randomizing neighboring amino acids to improve catalytic performance without 

affecting the position of the cofactor. Accordingly, an ArM with a dual anchor is a propitious 

starting point for a directed evolution campaign. Finally, the unanticipated reaction between 
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an aromatic nitro group and a cysteine is a welcome addition to the well-established cysteine 

bioconjugation tools. 

5.4.6 Experimental 

 

Electron-Spray Ionization Mass Spectra (ESI-MS) were recorded on a Bruker FTMS 4.7T 

bioAPEX II. High-resolution mass spectra (HRMS) were measured on a Bruker maXis II QTOF 

ESI mass spectrometer. 

 

Native MS analysis. The experiments were adapted from the inhibitor binding studies to hCAI 

examined by Zoppi et al.329 To assemble the ArMs, the protein was dissolved in ammonium 

carbonate buffer (50 mM (NH4)2CO3, pH 9.4) to a concentration of 2 mg/mL, supplemented 

with 0.1 mM cofactor 2 (10 mM stock in DMSO) and incubated while shaking (18 h, 25°C, 600 

rpm). For hCAIIN67G-E69R-I91C two sets of samples were prepared. The first set of samples were 

prepared in amber vials and wrapped with aluminum foil to avoid irradiation. For the second 

set, transparent vails were used. After incubation, the buffer was exchanged to remove the 

unbound cofactor by ultracentrifugation (Amicon® ultra centrifugal filters, Merck; cut-off of 

10 kDa; 14’000 g, 5 min RT; dilution buffer: 20 mM NH4C2H3O2, pH 8.5). The concentration 

and dilution steps were repeated three times. The protein concentration was determined 

with a NanoDrop microvolume spectrophotometer (Thermo Fisher Scientific, USA) and 

adjusted to 2 mg/mL (20 mM NH4C2H3O2, pH 8.5). Electrospray ionization (ESI) low 

concentration tuning mix from Agilent was used as calibrant. The samples were directly 

injected into the high-resolution MS (HRMS) with a syringe pump using a flow rate of 5 

µL/min. The ESI source parameters were optimized for the hCAII analysis. The charge-state 

distribution from 2200-3000 m/z was deconvoluted using the Compass Data Analysis 

software (Bruker Daltonics) with the maximum entropy setup. 

 

Table 45 MS settings for native MS analysis of the hCAII complexes.  

Source Type ESI Ion Polarity Positive Set Nebulizer 1.8 Bar 

Focus Active Set Capillary 4000 V Set Dry Heater 220 °C 

Scan Begin 1000 m/z Set End Plate Offset -500 V Set Dry Gas 3.0 l/min 

Scan End 8000 m/z Set charging Voltage 2000 V Set Divert Valve Source 
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  Set Corona 0 nA Set APCI Heater 0 °C 

 

Denaturing MS analysis. To assemble the ArMs, the protein was dissolved in ammonium 

carbonate buffer (50 mM (NH4)2CO3, pH 9.4) to a concentration of 2 mg/mL, supplemented 

with 0.1 mM cofactor 2 (10 mM stock in DMSO) and incubated while shaking (2 h, 25°C, 600 

rpm). The buffer was exchanged to remove the unbound cofactor by ultracentrifugation 

(Amicon® ultra centrifugal filters, Merck; cut-off of 10 kDa; 14’000 g, 5 min RT; dilution buffer: 

(NH4C2H3O2, pH 8.5)). The concentration and dilution steps were repeated three times. The 

protein concentration was determined by a NanoDrop microvolume spectrophotometer 

(Thermo Fisher Scientific, USA) and adjusted to 0.2 mg/mL (MQ-H2O). A HPLC (Shimadzu, 

equipped with a JupiterÒ 5 µm C4 300 Å)-ESI QTof (Bruker Daltonics, ESI Maxis II QTof MS) 

system was used to record the data. As eluent water: formic acid (A, 1000 : 1) and acetonitrile 

: formic acid (B, 1000 : 1) were used. The time program was as follows; 2 min 10% B, 7 min 

10-55%, 2 min 55%, 2 min 55-65%, 2 min 65%, 2 min 65-10%, 8 min 10%. The formic acid in 

the mobile phase leads to a pH drop in the sample, which denatures the protein leading to 

the release of the Zn ion and the cofactor 2 if it is not covalently bound (e.g. hCAIIWT). An 

internal calibration with Na-formate was performed for each sample. The charge-state 

distribution from 650-1300 m/z was deconvoluted using the Compass Data Analysis software 

(Bruker Daltonics) with the maximum entropy setup. 

 

Table 46. MS settings for protein mass spectral analysis. 

Source Type ESI Ion Polarity Positive Set Nebulizer 2.0 Bar 

Focus Active Set Capillary 4500 V Set Dry Heater 220 °C 

Scan Begin 150 m/z Set End Plate Offset -500 V Set Dry Gas 8.0 l/min 

Scan End 2750 m/z Set charging Voltage 0 V Set Divert Valve Source 

  Set Corona 4000 nA Set APCI Heater 200 °C 
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Figure 121 Native MS of 2 · hCAIIWT a) Charge-state distribution of 2 · hCAIIWT. b) Deconvoluted spectrum of a). The peak at 

29836.9 Da corresponds to the mass of 2 · hCAIIWT with Zn (Mcalc = 29838.3 Da) and the adduct with one water molecule 

29855.3 Da (Mcalc = 29856.3 Da). 

 

 
Figure 122 Native MS of 2 · hCAIIE69C a) Charge-state distribution of 2 · hCAIIE69C. b) Deconvoluted spectrum of a). The main 

peak at 29812.1 Da corresponds to the mass of 2 · hCAIIE69C with Zn (Mcalc = 29812.4 Da). 
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Figure 123 Native MS of 2 · hCAIII91C a) Charge-state distribution of 2 · hCAIII91C. b) Deconvoluted spectrum of a). The peak at 

29849.2 Da corresponds to the mass for 2 · hCAIII91C with Zn (Mcalc = 29828.3 Da) and the adduct with one water molecule 

29849.2 Da (Mcalc = 29846.3 Da). 

 
Figure 124 Native MS of 2 · hCAIIN67G-E69R-I91C. a) Charge-state distribution of 2 · hCAIIN67G-E69R-I91C. b) Deconvoluted spectrum 

of a). The main peak at 29797.7 Da corresponds to the mass of 2 · hCAIIN67G-E69R-I91C with Zn (Mcalc = 29797.7 Da). The sample 

was incubated under laboratory light.  
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Figure 125 Native MS of 2 · hCAIIN67G-E69R-I91C incubated and measured in the dark a) Charge-state distribution of 2 · hCAIIN67G-

E69R-I91C. b) Deconvoluted spectrum of a). The main peak at 29797.8 Da corresponds to the mass of 2 · hCAIIN67G-E69R-I91C with 

Zn (Mcalc = 29797.7 Da). 

 
Figure 126 Denaturing MS of 2 ·hCAIIWT.  a) Charge-state distribution of 2 ·hCAIIWT. The charge state at 677.14 m/z 

corresponds to the free cofactor, which is released. b) Deconvoluted spectrum of a). The main peak at 29098.2 Da corresponds 

to the mass of hCAIIWT, without Zn (Mcalc = 29098.2 Da). Due to the pH drop caused by the addition of 0.1% formic acid from 

the mobile phase, the tertiary structure is disrupted and the Zinc, as well as the cofactor 2, are displaced from the ArM. 
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Figure 127 Denaturing MS of 2 ·hCAIIE69C.  a) Charge-state distribution of 2 ·hCAIIE69C. b) Deconvoluted spectrum of a). The 

main peak at 29749.0 Da corresponds to the mass of 2 · hCAIIE69C, without Zn (Mcalc = 29747.0 Da). Due to the pH drop caused 

by the addition of 0.1% formic acid from the mobile phase, the tertiary structure is disrupted and the Zinc is displaced from 

the ArM. 

 
Figure 128 Denaturing MS of 2 ·hCAIII91C. a) Charge-state distribution of 2 ·hCAIII91C. b) Deconvoluted spectrum of a). The main 

peak at 29764.0 Da corresponds to the mass for 2 · hCAIII91C without Zn (Mcalc = 29762.9 Da). Due to the pH drop caused by 

the addition of 0.1% formic acid, the tertiary structure is disrupted and the Zinc is displaced from the ArM.  
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Figure 129 Denaturing MS of 2 ·hCAIIN67G-E69R-I91C. a) Charge-state distribution of 2 ·hCAIIN67G-E69R-I91C. b) Deconvoluted 

spectrum of a). The main peak at 29733.5 Da corresponds to the mass of 2 · hCAIIN67G-E69R-I91C without Zn (Mcalc = 29733.0 Da). 

Due to the pH drop caused by the addition of 0.1% formic acid, the tertiary structure is disrupted and the Zinc is displaced 

from the ArM. 
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5.4.7 Appendix 

 

 
Figure 130 Tryptic digest of hCAIIE69C and 2 · hCAIIE69C analyzed by LC-MS/MS. MS/MS spectrum of hCAIIE69C (a) and 2 · 

hCAIIE69C (b). The analyzed peptide sequence, measured and theoretical mass, modification and quality indicators are shown. 

The list of analyzed ions from (a) and (b) are given in (c) and (d), respectively. Carbamidomethylation is abbreviated with 

CAM. 

 

AA B B Ions (Da) Y Y Ions (Da)

I 1 114.09 Missing 22 3,123.31 Missing
L 2 227.18 Missing 21 3,010.23 Found
N 3 341.22 Found 20 2,897.14 Found
N 4 455.26 Found 19 2,783.10 Missing
G 5 512.28 Found 18 2,669.06 Found
H 6 649.34 Found 17 2,612.03 Missing
A 7 720.38 Found 16 2,474.98 Missing
F 8 867.45 Found 15 2,403.94 Found
N 9 981.49 Found 14 2,256.87 Missing
V 10 1,080.56 Missing 13 2,142.83 Missing

C69+675 11 1,858.68 Found 12 2,043.76 Found
F 12 2,005.75 Missing 11 1,265.64 Found
D 13 2,120.78 Found 10 1,118.57 Missing
D 14 2,235.80 Found 9 1,003.54 Found
S 15 2,322.83 Found 8 888.52 Found
Q 16 2,450.89 Found 7 801.48 Found
D 17 2,565.92 Missing 6 673.42 Found
K 18 2,694.02 Missing 5 558.40 Found
A 19 2,765.05 Found 4 430.30 Found
V 20 2,864.12 Found 3 359.27 Found
L 21 2,977.20 Missing 2 260.20 Found
K 22 3,123.31 Missing 1 147.11 Missing

D = 618.09 + 57.02 
(CAM) = 675.11 Da

D = 617.11 + 57.02 
(CAM) = 674.13 Da

a)

b)

c) d)AA B B Ions (Da) Y Y Ions (Da)

I 1 114.09 Missing 22 2506.2 Missing
L 2 227.18 Missing 21 2393.12 Found
N 3 341.22 Found 20 2280.03 Found

N+1 4 456.25 Found 19 2165.99 Found
G 5 513.27 Found 18 2050.97 Found
H 6 650.33 Found 17 1993.94 Found
A 7 721.36 Found 16 1856.88 Found
F 8 868.43 Found 15 1785.85 Found
N 9 982.47 Found 14 1638.78 Found
V 10 1,081.54 Found 13 1524.74 Found

C69+57 11 1241.57 Found 12 1425.67 Found
F 12 1388.64 Found 11 1265.64 Found
D 13 1503.67 Found 10 1118.57 Found
D 14 1618.7 Found 9 1003.54 Found
S 15 1705.73 Found 8 888.52 Found
Q 16 1833.79 Found 7 801.48 Found
D 17 1948.81 Found 6 673.42 Found
K 18 2076.91 Found 5 558.4 Found
A 19 2147.95 Found 4 430.3 Found
V 20 2247.01 Found 3 359.27 Found
L 21 2360.1 Found 2 260.2 Found
K 22 2506.2 Missing 1 147.11 Missing

hCAIIE69C
Sequence: (R58)ILNNGHAFNVcFDDSQDKAVLK(G81)    
Measured Mass: 2,505.20 Da    Theoretical mass: 2,448.74 Da    Modifications: Carbamidomethylation (CAM) 57.02 Da and Deamidation 0.98 Da  
Probability: 100%   Hyperscore: 94.28 

2 • hCAIIE69C
Sequence: (R58)ILNNGHAFNVcFDDSQDKAVLK(G81)    
Measured Mass: 3,122.32 Da    Theoretical mass: 2,448.74 Da    Modifications: 673.58 Da Cofactor 2
Probability: 100%   Hyperscore: 62.08 
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Figure 131 Tryptic digest of hCAIII91C and 2 · hCAIII91C analyzed by LC-MS/MS. MS/MS spectrum of hCAII91C (a) and 2 · 

hCAIII91C (b). The analyzed peptide sequence, measured and theoretical mass, modification and quality indicators are shown. 

The list of analyzed ions from (a) and (b) are given in (c) and (d), respectively. Carbamidomethylation is abbreviated with 

CAM. 

  

a)

b)

c) d)

hCAIII91C
Sequence: (R89)LcQFHFHWGSLDGQGSEHTVDK(K112) 
Measured Mass: 2,584.16 Da    Theoretical mass: 2,528.74 Da    Modifications: Carbamidomethylation (CAM) 57.02 Da  
Probability: 100%   Hyperscore: 97.00

2 • hCAIII91C
Sequence: (R89)LcQFHFHWGSLDGQGSEHTVDKK(K113) 
Measured Mass: 3,330.36 Da    Theoretical mass: 2,656.94 Da    Modifications: 673.42 Da Cofactor 2
Probability: 100%   Hyperscore: 67.80 

AA B B Ions (Da) Y Y Ions (Da)
L 1 114.09 Missing 22 2,585.16 Missing

C+57 2 274.12 Found 21 2,472.08 Found
Q 3 402.18 Found 20 2,312.05 Found
F 4 549.25 Found 19 2,183.99 Found
H 5 686.31 Found 18 2,036.92 Found
F 6 833.38 Found 17 1,899.86 Found
H 7 970.44 Found 16 1,752.79 Found
W 8 1,156.51 Found 15 1,615.73 Found
G 9 1,213.54 Found 14 1,429.66 Found
S 10 1,300.57 Found 13 1,372.63 Found
L 11 1,413.65 Found 12 1,285.60 Found
D 12 1,528.68 Found 11 1,172.52 Found
G 13 1,585.70 Found 10 1,057.49 Found
Q 14 1,713.76 Found 9 1,000.47 Found
G 15 1,770.78 Found 8 872.41 Found
S 16 1,857.81 Found 7 815.39 Found
E 17 1,986.86 Found 6 728.36 Found
H 18 2,123.91 Found 5 599.31 Found
T 19 2,224.96 Found 4 462.26 Found
V 20 2,324.03 Found 3 361.21 Found
D 21 2,439.06 Found 2 262.14 Found
K 22 2,585.16 Missing 1 147.11 Missing

AA B B Ions (Da) Y Y Ions (Da)
L 1 114.09 Missing 23 3,331.35 Missing

C+675 2 892.21 Found 22 3,218.26 Missing
Q 3 1,020.27 Missing 21 2,440.14 Found
F 4 1,167.34 Found 20 2,312.08 Missing
H 5 1,304.40 Found 19 2,165.02 Found
F 6 1,451.46 Found 18 2,027.96 Found
H 7 1,588.52 Found 17 1,880.89 Found
W 8 1,774.60 Found 16 1,743.83 Found
G 9 1,831.62 Found 15 1,557.75 Found
S 10 1,918.66 Found 14 1,500.73 Found
L 11 2,031.74 Found 13 1,413.70 Found
D 12 2,146.77 Found 12 1,300.61 Found
G 13 2,203.79 Missing 11 1,185.59 Found
Q 14 2,331.85 Found 10 1,128.56 Found
G 15 2,388.87 Found 9 1,000.51 Found
S 16 2,475.90 Missing 8 943.48 Found
E 17 2,604.94 Missing 7 856.45 Found
H 18 2,742.00 Found 6 727.41 Found
T 19 2,843.05 Missing 5 590.35 Found
V 20 2,942.12 Found 4 489.3 Found
D 21 3,057.15 Found 3 390.23 Found
K 22 3,185.24 Found 2 275.21 Found
K 23 3,331.35 Missing 1 147.11 Missing

D = 618.09 + 57.02 
(CAM) = 675.09 Da
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Figure 132 Tryptic digest of hCAIIN67G-E69R-I91C and 2 · hCAIIN67G-E69R-I91C analyzed by LC-MS/MS. MS/MS spectrum of 

hCAIIN67G-E69R-I91C (a) and 2 · hCAIIN67G-E69R-I91C (b). The analyzed peptide sequence, measured and theoretical mass, 

modification and quality indicators are shown. The list of analyzed ions from (a) and (b) are given in (c) and (d), respectively. 

Carbamidomethylation is abbreviated with CAM. 

D = 746.19 –128.17 (K) 
+ 57.02 (CAM) = 
675.01 DaD = 618.09 + 57.02 

(CAM) = 675.11 Da

a)

b)

c) d)AA B B Ions (Da) Y Y Ions (Da)

G 1 58.03 Missing 31 3,501.60 Missing
G 2 115.05 Missing 30 3,444.58 Missing
P 3 212.1 Missing 29 3,387.56 Found
L 4 325.19 Found 28 3,290.51 Found
D 5 440.21 Found 27 3,177.42 Found
G 6 497.24 Missing 26 3,062.40 Found
T 7 598.28 Missing 25 3,005.37 Found
Y 8 761.35 Found 24 2,904.33 Missing
R 9 917.45 Missing 23 2,741.26 Missing
L 10 1,030.53 Missing 22 2,585.16 Missing

C+57 11 1,190.56 Missing 21 2,472.08 Missing
Q 12 1,318.62 Missing 20 2,312.05 Found
F 13 1,465.69 Missing 19 2,183.99 Missing
H 14 1,602.75 Found 18 2,036.92 Missing
F 15 1,749.82 Found 17 1,899.86 Found
H 16 1,886.88 Found 16 1,752.79 Missing
W 17 2,072.96 Found 15 1,615.73 Found
G 18 2,129.98 Found 14 1,429.66 Found
S 19 2,217.01 Found 13 1,372.63 Missing
L 20 2,330.09 Found 12 1,285.60 Found
D 21 2,445.12 Found 11 1,172.52 Found
G 22 2,502.14 Found 10 1,057.49 Found
Q 23 2,630.20 Found 9 1,000.47 Found
G 24 2,687.22 Found 8 872.41 Found
S 25 2,774.25 Missing 7 815.39 Found
E 26 2,903.30 Found 6 728.36 Found
H 27 3,040.35 Found 5 599.31 Found
T 28 3,141.40 Found 4 462.26 Found
V 29 3,240.47 Found 3 361.21 Found
D 30 3,355.50 Found 2 262.14 Found
K 31 3,501.60 Missing 1 147.11 Missing

hCAIIN67G-E69R-I91C
Sequence: (K80)GGPLDGTYRLcQFHFHWGSLDGQGSEHTVDK(K112)
Measured Mass: 3,500.60 Da    Theoretical mass: 3,445.73 Da    Modifications: Carbamidomethylation (CAM) 57.02 Da
Probability: 100%   Hyperscore: 76.63 

2 • hCAIIN67G-E69R-I91C
Sequence: (K80)GGPLDGTYRLcQFHFHWGSLDGQGSEHTVDKK(K113)
Measured Mass: 4,246.81 Da    Theoretical mass: 3,573.90 Da    Modifications: 672.91 Da Cofactor 2
Probability: 100%   Hyperscore: 58.59 

AA B B Ions (Da) Y Y Ions (Da)

G 1 58.03 Missing 32 4,247.79 Missing
G 2 115.05 Missing 31 4,190.77 Missing
P 3 212.1 Missing 30 4,133.75 Found
L 4 325.19 Found 29 4,036.69 Found
D 5 440.21 Found 28 3,923.61 Found
G 6 497.24 Missing 27 3,808.58 Found
T 7 598.28 Missing 26 3,751.56 Missing
Y 8 761.35 Missing 25 3,650.51 Missing
R 9 917.45 Missing 24 3,487.45 Missing
L 10 1,030.53 Missing 23 3,331.35 Missing

C+675 11 1,808.65 Missing 22 3,218.26 Missing
Q 12 1,936.71 Missing 21 2,440.14 Missing
F 13 2,083.78 Missing 20 2,312.08 Missing
H 14 2,220.84 Missing 19 2,165.02 Missing
F 15 2,367.91 Missing 18 2,027.96 Missing
H 16 2,504.97 Missing 17 1,880.89 Found
W 17 2,691.05 Missing 16 1,743.83 Found
G 18 2,748.07 Missing 15 1,557.75 Found
S 19 2,835.10 Missing 14 1,500.73 Found
L 20 2,948.18 Found 13 1,413.70 Found
D 21 3,063.21 Missing 12 1,300.61 Found
G 22 3,120.23 Missing 11 1,185.59 Found
Q 23 3,248.29 Missing 10 1,128.56 Found
G 24 3,305.31 Missing 9 1,000.51 Found
S 25 3,392.34 Missing 8 943.48 Found
E 26 3,521.39 Missing 7 856.45 Found
H 27 3,658.45 Missing 6 727.41 Found
T 28 3,759.49 Missing 5 590.35 Found
V 29 3,858.56 Found 4 489.3 Found
D 30 3,973.59 Missing 3 390.23 Found
K 31 4,101.68 Missing 2 275.21 Found
K 32 4,247.79 Missing 1 147.11 Missing
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Figure 133 Tryptic digest of 2 · hCAIIWT analyzed by LC-MS/MS. MS/MS spectrum of 2 · hCAIIWT from the peptide with amino 

acid E69 (a) and I91 (b). The analyzed peptide sequence, measured and theoretical mass, and quality indicators are shown. 

The list of analyzed ions from (a) and (b) are given in (c) and (d), respectively. 

 

 

 

 

 

 

 

 

2 • hCAIIWT

Sequence: (R58)ILNNGHAFNVEFDDSQDK(A77) 
Measured Mass: 2,061.94 Da    Theoretical mass: 2,063.17 Da    Modifications: None 
Probability: 100%   Hyperscore: 64.86 

b)

c) d)

a)

2 • hCAIIWT

Sequence: (R89)LIQFHFHWGSLDGQGSEHTVDK(K112) 
Measured Mass: 2,537.21 Da    Theoretical mass: 2,538.76 Da    Modifications: None
Probability: 100%   Hyperscore: 64.21

AA B B Ions (Da) Y Y Ions (Da)

I 1 114.09 Missing 18 2,062.95 Missing
L 2 227.18 Missing 17 1,949.86 Missing
N 3 341.22 Found 16 1,836.78 Found
N 4 455.26 Found 15 1,722.74 Found
G 5 512.28 Found 14 1,608.69 Found
H 6 649.34 Found 13 1,551.67 Found
A 7 720.38 Found 12 1,414.61 Found
F 8 867.45 Found 11 1,343.58 Found
N 9 981.49 Found 10 1,196.51 Found
V 10 1,080.56 Found 9 1,082.46 Missing

E69 11 1,209.60 Found 8 983.4 Found
F 12 1,356.67 Found 7 854.35 Found
D 13 1,471.70 Found 6 707.28 Found
D 14 1,586.72 Found 5 592.26 Found
S 15 1,673.76 Found 4 477.23 Found
Q 16 1,801.81 Found 3 390.2 Found
D 17 1,916.84 Found 2 262.14 Found
K 18 2,062.95 Missing 1 147.11 Missing

AA B B Ions (Da) Y Y Ions (Da)

L 1 114.09 Missing 22 2,538.22 Missing
I91 2 227.18 Missing 21 2,425.13 Found
Q 3 355.23 Found 20 2,312.05 Found
F 4 502.3 Missing 19 2,183.99 Found
H 5 639.36 Found 18 2,036.92 Found
F 6 786.43 Found 17 1,899.86 Found
H 7 923.49 Found 16 1,752.79 Found
W 8 1,109.57 Missing 15 1,615.73 Missing
G 9 1,166.59 Found 14 1,429.66 Found
S 10 1,253.62 Found 13 1,372.63 Found
L 11 1,366.71 Missing 12 1,285.60 Found
D 12 1,481.73 Found 11 1,172.52 Found
G 13 1,538.75 Found 10 1,057.49 Found
Q 14 1,666.81 Missing 9 1,000.47 Found
G 15 1,723.83 Missing 8 872.41 Found
S 16 1,810.87 Missing 7 815.39 Found
E 17 1,939.91 Missing 6 728.36 Missing
H 18 2,076.97 Missing 5 599.31 Found
T 19 2,178.02 Missing 4 462.26 Found
V 20 2,277.08 Missing 3 361.21 Found
D 21 2,392.11 Found 2 262.14 Found
K 22 2,538.22 Missing 1 147.11 Missing
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Scheme 1: a) HOBt, EDCI·HCl, DIPEA, DMF, 70 °C, 16 h, 32%. b) [IrCp*Cl2]2, EtOH, 80 °C, 2 h, 64%. 

 

 
Figure 134 Dual anchoring of cofactor 2 to hCAIIE69C. (a, b, c) Dually-anchored cofactor 2 bound to hCAIIE69C (pdb: 7ONQ); (b) 

the 2Fo-Fc difference map is displayed as blue mesh (1s); (c) the anomalous electron density of the Zn and Ir-atom is 

highlighted as red mesh (5s). hCAII is depicted as orange cartoon and as transparent grey surface. The cofactor 2 is shown in 

cyan sticks, the Ir-atoms and Zn-atoms are depicted as purple and grey spheres respectively. Amino acids in the proximity of 

the cofactor are highlighted as sticks and labelled, mutated amino acids are highlighted in green. Chloride, pink; nitrogen, 

blue; oxygen, red; sulfur, yellow.  
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Figure 135 Crystal structures of cofactor 2 bound to hCAIIWT, hCAIII91C, hCAIII91C-N67G-E69R. (a, d) Wild type hCAII with bound 

cofactor 2 (PDB: 7ONP); (b, e) dually-anchored cofactor 2 bound to hCAIII91C through a sulfonamide moiety (pdb: 7ONV); (c, 

f) evolved hCAIII91C-N67G-E69R with the dually- anchored cofactor 2 (pdb: 7ONM). hCAII is depicted as orange cartoon and as 

transparent grey surface. Cofactor 2 is shown in cyan sticks, the Ir-atoms and Zn-atoms are depicted as purple and grey 

spheres respectively. The 2Fo-Fc difference map is shown as blue mesh (1s) in (a-c). The anomalous electron density of the Ir-

atom is shown as red mesh (5s) in (d-f). Amino acids in the proximity of the cofactor are highlighted as sticks and labelled, 

mutated amino acids are highlighted in green. Chloride, pink; nitrogen, blue; oxygen, red; sulfur, yellow. The S-O distance in 

(b, c, e, f) ranges from 1.43 to 1.57 Å. 
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Figure 136 Comparison of dually-anchored cofactor 2 to hCAIIE69C and hCAIII91C. The ATHase 2 · hCAIII91C is displayed in cyan 

and 2 · hCAIIE69C in magenta. The Ir-atoms and Zn-atoms are depicted as purple and grey spheres, respectively. Amino acids 

in the proximity of the cofactor are highlighted as sticks and labelled; chloride, pink; nitrogen, blue; oxygen, red; sulfur, 

yellow.  

 
Figure 137 Comparison of the cofactor’s position bound to hCAIWT, hCAIII91C and hCAIII91C-N67G-E69R. (a) Overlay of hCAIIWT and 

hCAIII91C with bound cofactor 2; (b) overlay of hCAIIWT and hCAIII91C-N67G-E69R with bound cofactor 2; (c) overlay of hCAIII91C and 

hCAIII91C-N67G-E69R with bound cofactor 2. hCAII is depicted as orange cartoon. The cofactor 2 is displayed in cyan sticks, the Ir-

atoms and Zn-atoms are depicted as purple and grey spheres, respectively. The movement of the Ir and N2 atoms between 

hCAIIWT and the mutants is highlighted.  Amino acids in the proximity of the cofactor are highlighted as sticks and labelled, 

mutated amino acids are highlighted in green. Chloride, pink; nitrogen, blue; oxygen, red; sulfur, yellow.  
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Figure 138 Visualizing the binding of cofactor 2 to hCAIII91C, hCAIIE69C and hCAIII91C-N67G-E69R. (a) Visualization of the interactions 

between hCAIII91C and cofactor 2 identified by PoseView330. The protein is depicted. as orange cartoon, amino acids in the 

proximity of the cofactor are highlighted as sticks and labelled, mutated amino acids are highlighted in green. Chloride, pink; 

nitrogen, blue; oxygen, red; sulfur, yellow. Schematic representation of the interaction between hCAIII91C/hCAIII91C-N67G-E69R (b), 

hCAIIE69C (c) and cofactor 2. The interactions of hCAIII91C and hCAIII91C-N67G-E69R with cofactor 2 are identical.  
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Figure 139 Comparison between background activity (purple) and cell activity (grey) at different cofactor 2 concentrations 

(µM).  

 

Figure 140 Effect of cofactor 2 incubation time on the catalytic activity of ArMs 2 · hCAII. All reactions were performed using 

harmaline (5 mM), ArM (10 μM), formate/MOPS buffer (850 mM/340 mM, pH 7.4).  a) ArM 2 · hCAIIWT, b) ArM 2 · hCAIIE69C, 

c) ArM 2 · hCAIIN67G-E69R-I91C. The ee and yield are identical after 6 and 24 preincubation for ArM 2 · hCAIIN67G-E69R-I91C. 
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Table 47 Catalysis results obtained from 1 ·hCAII ArMs for the asymmetric transfer hydrogenation of harmaline 3. 

 

 

Catalyst Yield (%)  TON  ee (%) 

Cofactor 1 15 (± 2) 30 2 (± 0) (R) 

1 ·hCAIIWT 9 (± 2) 18 19 (± 3) (R)  

1 ·hCAIII91C 13 (± 1) 26 26 (± 3) (R) 

1 ·hCAIIE69C 11 (± 1) 22 14 (± 5) (S) 

1 ·hCAIIN67G-E69R-I91C 8 (± 2) 16 54 (± 3) (S) 

Reaction conditions: substrate (2 mM), ArM (10 μM), formate/MOPS buffer (850 mM/340 mM, pH 7.4), 25 oC, 16 h. The 

reactions were performed in separate duplicates, standard deviation in parentheses. 

 

Table 48 LC-MS/MS analysis of trypically digested proteins and ATHases 

 Counts 

Protein/ATHase Total spectrum Cofactor 2 modification (675.1 Da) 

hCAIIWT 4652 0 

2 · hCAIIWT 2923 0 

hCAIIE69C 2564 0 

2 · hCAIIE69C 3108 74 

hCAIII91C 5184 0 

2 · hCAIII91C 4485 232 

hCAIIN67G-E69R-I91C 4909 0 

2 · hCAIIN67G-E69R-I91C 2693 143 
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Table 49 Screening of purified hCAII mutant proteins for the asymmetric transfer hydrogenation of harmaline 3. 

 
Catalyst yield (%)  TON  ee (%) 

Cofactor 2 62 (± 4) 311 1 (± 2) (S) 

2 ·hCAIIWT 49 (± 1) 247 37 (± 1) (R)  

2 ·hCAIII91C 76 (± 2) 381 35 (± 0) (S) 

2 ·hCAIIE69C 56 (± 1) 278 48 (± 3) (R) 

2 ·hCAIIN67G-E69R-I91C 90 (± 4) 451 96 (± 1) (R) 

2 ·hCAIIN62Y-N67G-E69R-I91C 92 (± 1) 460 73 (± 0) (R) 

2 ·hCAIIL60F-N62Y-N67G-E69R-I91C 83 (± 7) 415 74 (± 1) (R) 

2 ·hCAIIN67L-E69Y-I91C 92 (± 1) 458 63 (± 1) (S) 

2 ·hCAIIN62D-N67L-E69Y-I91C 92 (± 1) 460  46 (± 1) (S) 

2 ·hCAIIL60W-N62D-N67L-E69Y-I91C 88 (± 1) 440 23 (± 1) (S) 

2 ·hCAIIL60W-N67L-E69Y-I91C 44 (± 2) 221 49 (± 0) (S) 
a2 ·hCAIIN67G-E69R-I91C 93 (± 2) 467 98 (± 1) (R) 
a2 ·hCAIIN62Y-N67G-E69R-I91C 97 (± 7) 484 75 (± 0) (R) 
a2 ·hCAIIL60F-N62Y-N67G-E69R-I91C 60 (± 4) 301 74 (± 4) (R) 

Reaction condition: substrate (5 mM), ArM solution (10 μM), formate/MOPS buffer (850 mM/340 mM, pH 7.4), 25 °C, 16 h. 

The reactions were performed in separate duplicates, standard deviation in parentheses. aThe reaction was performed under 

the degassing condition for 16 h. 
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Table 50 Screening of purified hCAII mutants for the asymmetric transfer hydrogenation of substrate 4. 

 
Catalyst Yield (%)  TON  ee (%) 

Cofactor 2 4 (± 0) 22 19 (± 1) 

2 ·hCAIIWT 5 (± 0) 24 19 (± 17) 

2 ·hCAIII91C 21 (± 1) 104 12 (± 0) 

2 ·hCAIIE69C 16 (± 0) 81 -57 (± 2) 

2 ·hCAIIN67G-E69R-I91C 13 (± 1) 67 16 (± 5) 

2 ·hCAIIN62Y-N67G-E69R-I91C 26 (± 3) 130 55 (± 4) 

2 ·hCAIIL60F-N62Y-N67G-E69R-I91C 44 (± 4) 219 62 (± 4) 

2 ·hCAIIN67L-E69Y-I91C 24 (± 2) 119 75 (± 1) 

2 ·hCAIIN62D-N67L-E69Y-I91C 49 (± 1) 243 82 (± 2) 

2 ·hCAIIL60W-N62D-N67L-E69Y-I91C 71 (± 7) 355 86 (± 3) 

2 ·hCAIIL60W-N67L-E69Y-I91C 8 (± 0) 42 78 (± 1) 
Reaction condition: substrate (5 mM), ArM solution (10 μM), formate/MOPS buffer (850 mM/340 mM, pH 7.4), 25 °C, 16 h. 

The reactions were performed in separate duplicates, standard deviation in parentheses. 
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Table 51 Screening of purified hCAII mutants for the asymmetric transfer hydrogenation of substrate 5. 

 
Catalyst Yield (%)  TON  ee (%)  

Cofactor 2 21 (± 2) 107 11 (± 3) (S) 

2 ·hCAIIWT 14 (± 1) 70 30 (± 3) (R) 

2 ·hCAIII91C 36 (± 2) 182 54 (± 1) (S) 

2 ·hCAIIE69C 20 (± 5) 101 2 (± 8) (R) 

2 ·hCAIIN67G-E69R-I91C 42 (± 0) 211 80 (± 5) (R) 

2 ·hCAIIN62Y-N67G-E69R-I91C 100 (± 9) 500 87 (± 1) (R) 

2 ·hCAIIL60F-N62Y-N67G-E69R-I91C 71 (± 1) 355 72 (± 6) (R) 

2 ·hCAIIN67L-E69Y-I91C 50 (± 8) 250 67 (± 5) (S) 

2 ·hCAIIN62D-N67L-E69Y-I91C 28 (± 7) 141 52 (± 3) (S) 

2 ·hCAIIL60W-N62D-N67L-E69Y-I91C 50 (± 2) 252 14 (± 3) (R) 

2 ·hCAIIL60W-N67L-E69Y-I91C 38 (± 21) 189 72 (± 0) (S) 
 Reaction condition: substrate (5 mM), ArM solution (10 μM), formate/MOPS buffer (850 mM/340 mM, pH 7.4), 25 °C, 16 h. 

The reactions were performed in separate duplicates, standard deviation in parentheses. 
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Table 52 Screening of purified hCAII mutants for the asymmetric transfer hydrogenation of substrate 6. 

 
Catalyst Yield (%)  TON  ee (%)  

Cofactor 2 17 (± 9) 87 4 (± 12) (R) 

2 ·hCAIIWT 11 (± 2) 57 54 (± 3) (R) 

2 ·hCAIII91C 16 (± 3) 80 18 (± 5) (S) 

2 ·hCAIIE69C 20 (± 6) 99 25 (± 2) (R) 

2 ·hCAIIN67G-E69R-I91C 38 (± 2) 191 80 (± 5) (S) 

2 ·hCAIIN62Y-N67G-E69R-I91C 12 (± 1) 60 42 (± 4) (S) 

2 ·hCAIIL60F-N62Y-N67G-E69R-I91C 8 (± 2) 40 66 (± 4) (S) 

2 ·hCAIIN67L-E69Y-I91C 10 (± 3) 49 25 (± 2) (R) 

2 ·hCAIIN62D-N67L-E69Y-I91C 35 (± 1) 175 2 (± 3) (S) 

2 ·hCAIIL60W-N62D-N67L-E69Y-I91C 50 (± 9) 249 73 (± 1) (R) 

2 ·hCAIIL60W-N67L-E69Y-I91C 19 (± 1) 95 50 (± 3) (R) 
Reaction condition: substrate (5 mM), ArM solution (10 μM), formate/MOPS buffer (850 mM/340 mM, pH 7.4), 25 °C, 16 h. 

The reactions were performed in separate duplicates, standard deviation in parentheses. 
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Table 53 Screening of purified hCAII mutants for the asymmetric transfer hydrogenation of substrate 7. 

 
Catalyst Yield (%)  TON  ee (%)  

Cofactor 2 100 (± 4) 500 2 (± 2) (R) 

2 ·hCAIIWT 45 (± 3) 224 35 (± 1) (S) 

2 ·hCAIII91C 59 (± 7) 296 68 (± 0) (S) 

2 ·hCAIIE69C 43 (± 8) 214 39 (± 0) (S) 

2 ·hCAIIN67G-E69R-I91C 62 (± 9) 310  26 (± 0) (S) 

2 ·hCAIIN62Y-N67G-E69R-I91C 36 (± 8) 181 15 (± 2) (S) 

2 ·hCAIIL60F-N62Y-N67G-E69R-I91C 47 (± 5) 236 6 (± 0) (R) 

2 ·hCAIIN67L-E69Y-I91C 66 (± 2) 329 0 (± 0) 

2 ·hCAIIN62D-N67L-E69Y-I91C 74 (± 2) 372 43 (± 0) (R) 

2 ·hCAIIL60W-N62D-N67L-E69Y-I91C 78 (± 2) 389 33 (± 1) (S) 

2 ·hCAIIL60W-N67L-E69Y-I91C 52 (± 1) 260 56 (± 0) (S) 
Reaction condition: substrate (5 mM), ArM solution (10 µM), formate/MOPS buffer (850 mM/340 mM, pH 7.4), 25 °C, 16 h. 

The reactions were performed in separate duplicates, standard deviation in parentheses. 
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Table 54 Screening of purified hCAII mutants for the asymmetric transfer hydrogenation of salsolidine 8. 

 
Catalyst Yield (%)  TON  ee (%)  

Cofactor 2 58 (± 3) 289 3 (± 2) (R) 

2 ·hCAIIWT 44 (± 3) 218 7 (± 2) (S) 

2 ·hCAIII91C 65 (± 4) 323 4 (± 0) (S) 

2 ·hCAIIE69C 57 (± 3) 284 15 (± 3) (R) 

2 ·hCAIIN67G-E69R-I91C 74 (± 8) 370 34 (± 0) (R) 

2 ·hCAIIN62Y-N67G-E69R-I91C 84 (± 0) 422 58 (± 0) (R) 

2 ·hCAIIL60F-N62Y-N67G-E69R-I91C 80 (± 6) 398 36 (± 3) (R) 

2 ·hCAIIN67L-E69Y-I91C 91 (± 2) 454 58 (± 3) (S) 

2 ·hCAIIN62D-N67L-E69Y-I91C 88 (± 2) 440 33 (± 2) (S) 

2 ·hCAIIL60W-N62D-N67L-E69Y-I91C 92 (± 5) 461 8 (± 3) (S) 

2 ·hCAIIL60W-N67L-E69Y-I91C 69 (± 0) 343 25 (± 2) (S) 
Reaction condition: substrate (5 mM), ArM solution (10 μM), formate/MOPS buffer (850 mM/340 mM, pH 7.4), 25 °C, 16 h. 

The reactions were performed in separate duplicates, standard deviation in parentheses. 
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Table 55 Screening of purified hCAII mutants for the asymmetric transfer hydrogenation of substrate 9. 

 
Catalyst Yield (%)  TON  ee (%)  

Cofactor 2 76 (± 4) 379 1 (± 1) 

2 ·hCAIIWT 56 (± 5) 278 -42 (± 3) 

2 ·hCAIII91C 66 (± 10) 328 -53 (± 0) 

2 ·hCAIIE69C 50 (± 8) 250 -56 (± 2) 

2 ·hCAIIN67G-E69R-I91C 71 (± 10) 355 -25 (± 3) 

2 ·hCAIIN62Y-N67G-E69R-I91C 63 (± 15) 315 -38 (± 3) 

2 ·hCAIIL60F-N62Y-N67G-E69R-I91C 83 (± 13) 416 -55 (± 0) 

2 ·hCAIIN67L-E69Y-I91C 82 (± 14) 411 -31 (± 1) 

2 ·hCAIIN62D-N67L-E69Y-I91C 75 (± 21) 374 24 (± 3) 

2 ·hCAIIL60W-N62D-N67L-E69Y-I91C 89 (± 20) 443 5 (± 4) 

2 ·hCAIIL60W-N67L-E69Y-I91C 31 (± 11) 156 -56 (± 1) 
Reaction condition: substrate (5 mM), ArM solution (10 μM), formate/MOPS buffer (850 mM/340 mM, pH 7.4), 25 °C, 16 h. 

The reactions were performed in separate duplicates, standard deviation in parentheses. 
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Table 56 Screening of purified hCAII mutants for the asymmetric transfer hydrogenation of substrate 10. 

 
Catalysts Yield (%)  TON  ee (%)  

Cofactor 2 75 (± 12) 373 2 (± 2) 

2 ·hCAIIWT 57 (± 1) 287 -44 (± 1) 

2 ·hCAIII91C 55 (± 3) 274 -56 (± 1) 

2 ·hCAIIE69C 48 (± 4) 242 -71 (± 7) 

2 ·hCAIIN67G-E69R-I91C 44 (± 5) 219 -14 (± 1) 

2 ·hCAIIN62Y-N67G-E69R-I91C 33 (± 2) 167 24 (± 1) 

2 ·hCAIIL60F-N62Y-N67G-E69R-I91C 42 (± 8) 210 42 (± 1) 

2 ·hCAIIN67L-E69Y-I91C 70 (± 16) 348 -18 (± 4) 

2 ·hCAIIN62D-N67L-E69Y-I91C 68 (± 8) 338 75 (± 8) 

2 ·hCAIIL60W-N62D-N67L-E69Y-I91C 57 (± 4) 286 72 (± 0) 

2 ·hCAIIL60W-N67L-E69Y-I91C 27 (± 4) 137 -33 (± 0) 
Reaction condition: substrate (5 mM), ArM solution (10 μM), formate/MOPS buffer (850 mM/340 mM, pH 7.4), 25 °C, 16 h. 

The reactions were performed in separate duplicates, standard deviation in parentheses. 
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Table 57 Screening of purified hCAII mutants for the asymmetric transfer hydrogenation of substrate 11. 

 
Catalysts Yield (%)  TON  ee (%)  

Cofactor 2 36 (± 4) 179 0 (± 2) 

2 ·hCAIIWT 16 (± 1) 82 -25 (± 0) 

2 ·hCAIII91C 24 (± 1) 118 -55 (± 4) 

2 ·hCAIIE69C 15 (± 1) 77 -42 (± 4) 

2 ·hCAIIN67G-E69R-I91C 21 (± 2) 107 5 (± 1) 

2 ·hCAIIN62Y-N67G-E69R-I91C 9 (± 2) 47 47 (± 10) 

2 ·hCAIIL60F-N62Y-N67G-E69R-I91C 7 (± 1) 37 31 (± 3) 

2 ·hCAIIN67L-E69Y-I91C 22 (± 1) 108 -63 (± 1) 

2 ·hCAIIN62D-N67L-E69Y-I91C 43 (± 0) 215 -51 (± 3) 

2 ·hCAIIL60W-N62D-N67L-E69Y-I91C 39 (± 4) 193 -57 (± 2) 

2 ·hCAIIL60W-N67L-E69Y-I91C 12 (± 0) 60 -35 (± 2) 
Reaction conditions: substrate (5 mM), ArM solution (10 μM), formate/MOPS buffer (850 mM/340 mM, pH 7.4), 25 °C, 16 h. 

The reactions were performed in separate duplicates, standard deviation in parentheses. 
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5.5 X-ray Crystallography for Streptavidin based ArMs and more 

 

5.5.1 Outline of the Authors Contribution 

 

T.R.W and N.V.I conceived and designed the study. N.V.I, V.W., M.M, D.C., K.Y. contributed to 

the synthesis of the substrates, probe and complexes. S.K. did the UV-Vis stability 

experiments. F.P.S., R.P.J. and F.L. contributed with helpful advices concerning the 

crystallization. R.T. performed the computational modelling. 

 

5.5.2 Introduction 

 

Alongside mass spectral analysis, protein crystallography is the most widely used method for 

structural characterization of ArMs. However, compared to other methods, X-ray 

crystallography is arguably best-suited to determine the exact atomic coordinates. Protein 

crystallization is based on the phenomenon that, once the solubility limit of the protein is 

reached, a new state or phase will appear, which might finally lead to protein crystal(s). The 

crystallization of proteins depends on creating a solution that is super-saturated in the 

macromolecule but exhibits conditions that do not significantly perturb its natural state.251 

Protein crystallization is a thermodynamic process and, once it begins, will continue under 

kinetic control until super-saturation is lifted.331 In our lab, the crystallization conditions for 

the two scaffolds mainly used, Sav and hCAII, were optimized over the last 15 years.65 In the 

initial studies of Stenkamp et al., it was shown that the C-terminus of the T7-tagged full-length 

streptavidin variant used in our lab occupies the biotin binding site in the crystal structure. 

This property influences the affinity to biotin, as the C-terminus needs to be displaced by 

biotin. Importantly, there are two different space groups in which streptavidin crystallizes: 

I4122 and C121. They differ in the composition of the asymmetric unit. Whereas, in the I4122 

space group, only one monomer is found and based on this structure the tetramer is 

generated by translation and rotation operations. In the C121 space group the whole 

tetramer is found in the asymmetric unit. 

Our group focuses on combining chemical and genetic tools to optimize the catalytic 

performance of the corresponding ArMs. In this process, protein crystallography provides 
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precious insight in the cofactor’s localization, in order to get chemo genetic optimization of 

the system, protein crystallography yield information about the cofactor's precise location to 

guide the optimization process. There are two methods to form the cofactor protein complex 

in crystals: soaking a (fully) grown crystal in a solution containing the cofactor or co-

crystallization, where a protein solution is incubated with a cofactor solution prior to 

crystallization. The advantage of soaking is that we can rely on well-established conditions for 

crystallization. In contrast, new screens need to be set up with the incubated sample to 

identify conditions where the ArMs crystallize, once assembled. Depending on the pH and 

buffer compatibility of the cofactor, the conditions from which the protein crystals grow can 

be adapted slightly. For example, the pH of the standard conditions (pH 4.0) can be increased 

to pH 8.0 in two steps prior to soaking if required by the cofactor’s stability. 

Nevertheless, finding the right conditions under which the crystals grow and the metal 

catalyst is stable might be challenging. Therefore, to obtain structural information of some 

ArMs, both methods were used, starting with the soaking approach under standard 

conditions. The following part presents the crystallization approach for different streptavidin-

cofactor assemblies. 

 

5.5.3 Hydrophobic probe (biot-4DMN) and fluorescent substrate 1 

 

We recently introduced a “hydrophobic” probe to highlight that the SOD loop increases the 

hydrophobicity in the biotin binding vestibule of the Sav-based ArMs (Figure 141).36 To verify 

the binding of the fluorescent moiety within the biotin binding vestibule, Sav-WT crystals 

were grown under the following conditions: 20 mg/mL protein, 0.1 M sodium acetate, 25 % 

w/v PEG 1500 pH 4.0, 1:1 protein to buffer solution, were soaked for 5 h and overnight (20 

h).  

The resulting X-ray diffraction data was solved at 1.45 Å (pdb 8aqd) and 1.85 Å (pdb 8aqj) 

resolution. Inspection of the X-ray structures revealed that in both cases, residual density in 

the biotin biding vestibule and the fluorescent probe biot-4DMN could be modeled into the 

density. In the case of short soaking (5h), two different conformations (1 and 2, 50% 

occupancy each) were found (Figure 142a). However, after overnight soaking, only one 

conformation (100% occupancy) was found (Figure 142b). Nevertheless, by superposing the 
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two structures, it could be seen that the conformation of the extended soaking structure is 

identical to conformation 1 of the shorter soaking structure (Figure 143).  

 
Figure 141 Chemical structure of biot-4DMN a and the fluorescent substrate 1 b. The structural basis on which the substrate 

1 is based on, is highlighted in blue. 

Furthermore, the serine at position 112 of Sav forms a hydrogen bond to the nitrogen in the 

aromatic system and one of the flanking oxygens in conformation 2 for the shorter soaking 

time (pdb 8aqd). Taking this into account, one would guess that conformation 2 is the more 

stable one, therefore being the one observed for structures with prolonged soaking times. 

However, the conformation found was not the conformation 1. Nevertheless, the structures 

indicate the probe's ability to adapt a conformation pointing into the biotin binding vestibule. 

Therefore, it can be used to detect increased hydrophobicity within the vestibule. 

 
Figure 142 a Crystal structures of biot-4DMN·Sav 5h (pdb 8aqd) and b biot-4DMN·Sav 20h (pdb 8aqj). The biot-4DMN is 

represented as stick model in green for a and in cyan for b (atoms are color coded; nitrogen = blue, oxygen = red). The 2Fo-

Fc difference maps are displayed as black mesh (1σ). The protein is represented as a surface model and the biotin binding 

vestibule is labeled in orange color in order to visualize it. The conformations of 8aqd are labeled with 1 and 2. 
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Figure 143 Superposition of crystal structures of biot-4DMN·Sav 5h (pdb 8aqd) and biot-4DMN·Sav 20h (pdb 8aqj). The 

biot-4DMN is represented as stick model in green for biot-4DMN·Sav 5h and in cyan for biot-4DMN·Sav 20h (atoms are color 

coded; nitrogen = blue, oxygen = red). The protein is represented as a surface model with different shades of blue for each 

monomer. The biotin binding vestibule is labeled in orange color in order to visualize it. Conformations of 8aqd are labeled 

with 1 and 2. 

In another study, we modified the scaffold of biot-4DMN to create a substrate 1 (Figure 141) 

susceptible to an alkylation reaction on the isoquinoline moiety. The ultimate goal was to use 

an iridium photocatalyst sitting in the facing biotin binding site to catalyze the 

(enantioselective) alkylation of substrate 1 at the a-position of the nitrogen. In order to 

highlight that substrate 1 binds in the desired way, crystals were grown under standard 

conditions (20 mg/mL protein, 2 M ammonium sulfate, 0.1 M sodium acetate pH 4.0, 1:1 

protein to buffer solution) and soaked overnight (20 h). The resulting X-ray diffraction data 

was solved at 1.55 Å resolution (pdb 7zx9). Inspection of the X-ray structures revealed residual 

density in the biotin biding vestibule, and the fluorescent substrate 1 could be modeled into 

the density (Figure 144b). It could be seen that there are two conformations (50% occupancy 

each) for the substrate. However, one of them, the one sitting closer to the protein surface, 

was the preferred one as it was better resolved. When superposing this conformation with 

one of the crystal structures with the biot-4DMN (pdb 8aqd), it could be shown that they sit 

in a very similar way in the biotin binding pocket (Figure 144c). PoseView, an online tool that 

calculates the possible interactions in a crystal structure, was used to investigate the possible 

interactions. Not surprisingly, the main interactions are still the biotin binding and the 

1

2
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hydrophobic interactions with L124 (Figure 144a). With the three structures, we could show 

that the fluorescent moiety of the biot-4DMN and the substrate 1 are binding within the 

biotin binding vestibule and interact with the protein. Therefore, biot-4DMN could be used 

to detect the hydrophobicity of the Sav biotin binding vestibule, whereas substrate 1 for the 

change in fluorescence upon alkylation. Accordingly, it could be used for high-throughput 

screening by fluorescence measurements relying on a plate reader. 

 
Figure 144 a 2D representation of the interactions of Sav with substrate 1 generated by PoseView (https://proteins.plus/). 

The hydrogen bonds are represented as dotted lines, the hydrophobic interactions are represented as a green line. b Close-

up view of the X-ray structure of substrate 1·Sav (pdb 7zx9). The substrate 1 is represented as stick model in purple (atoms 

are color coded; nitrogen = blue, oxygen = red). The 2Fo-Fc difference map is displayed as black mesh (1σ). The protein is 

represented as a surface model with different shades of blue for each monomer. The biotin binding vestibule is highlighted in 

orange. c superposition of the crystal structure 7zx9 and 8aqd with one (matching) conformation only.   

 

5.5.4 Iron-porphyrin (biot2-Fe-pp) 

 

In 5.2.2 Investigation of streptavidin ArMs by native MS, we investigated the streptavidin 

complex with a bis-biotinylated iron-porphyrin (Figure 111a). As the information provided by 

this tool was ambiguous concerning the stoichiometry and the corresponding geometry of 

the metalloprotein, crystallization of the assembly was attempted. Various soaking 

experiments under aerobic conditions and with different Sav variants (WT, S112A, K121A, 

a                                                                 b

c
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S112A K121A) were unsuccessful. Therefore, cocrystallization and soaking experiments were 

run under anaerobic conditions with the Sav S112A K121A mutant. Finally, the crystal 

structure was obtained by soaking the anaerobically grown Sav S112A K121A crystals under 

the following conditions; 0.1 M MIB 7 pH 22.5 %v/v PEG 1500 and soaking for 48h. The 

resulting X-ray diffraction data of the dark red crystals (Figure 146a) was solved at 1.74 Å (pdb 

7zof). Inspection of the X-ray structures revealed residual density in the biotin biding 

vestibule, and the iron porphyrin could be modeled into the density (Figure 145a). Modeling 

of the iron porphyrin into this electron density projected the iron (80 % occupancy) in the 

position of the anomalous density peak (Figure 145b). 

As expected, the bis-biotinylated iron porphyrin biot2-Fe-pp binds to both biotin binding sites 

flanking the vestibule. Nevertheless, residual electron density was found on both axial 

positions of iron, which could be modeled with imidazole present in the buffer. Furthermore, 

by an X-ray fluorescence measurement prior to subjecting the crystal to X-ray crystallography, 

the typical K-edge energy (7112 eV) for iron could be detected (Figure 146b), indicating that 

iron is indeed present in the crystal. Inspection of second coordination sphere interactions 

between cofactor biot2-Fe-pp and close lying residues reveal a hydrogen bond between the 

sulfonic acid oxygen and the hydrogen from the residue N48 of Sav. With this structure, we 

could localize and verify the binding of the iron porphyrin into the two facing biotin binding 

pockets. However, the imidazole binding to the axial position of the iron porphyrin enforces 

a tilted orientation of the porphyrin ring compared to the protein surface. Accordingly, 

identifying amino acid residues that might be act as axial ligands in the absence of imidazole, 

is challenging based on this structure alone. Nevertheless, this structure unambiguously 

validates the design principle of a bis-biotinylated porphyrin complex that occupies the biotin-

binding vestibule.  
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Figure 145 a X-ray Crystal structure of the iron porphyrin biot2-Fe-pp·SavS112AK121A (pdb 7zof). The iron porphyrin is 

represented as stick model in green (atoms are color coded; nitrogen = blue, oxygen = red, iron = orange and sulfur = yellow). 

The 2Fo-Fc difference map is displayed as black mesh (1σ). The protein is represented as a cartoon model with different 

shades of blue for each monomer. b Close-up view of the biotin binding vestibule revealing the exact location of the iron by 

the anomalous electron density highlighted as red mesh (6σ). The iron porphyrin is represented as stick model in green (atoms 

are color coded; nitrogen = blue, oxygen = red). The protein is represented as a surface model with different shades of blue 

for each monomer. The hydrogen bonds to residues N49 are shown in yellow. Residues N49 are represented as sticks.  

 
Figure 146 a Picture of the soaked crystal revealing the dark red color. b X-ray fluorescence recorded at the SLS X06DA – PXIII 

beamline. The typical K-edge energy (7112 eV) for iron is highlighted with a grey bar.  
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5.5.5 Fe4S4-cluster (biot2-Fe4S4) 

 

In 5.2.2 Investigation of streptavidin ArMs by native MS, we investigated the streptavidin 

complex with a bis-biotinylated Fe4S4-cluster biot2-Fe4S4 (Figure 114 and Figure 115). The 

results from the experiment can be used as proof of concept that the complex is indeed 

formed and the Fe4S4-cluster (biot2-Fe4S4) remains intact after complexation and ionization 

under native MS conditions. In order to gain some information about the exact location of 

the cluster and possible interactions with the streptavidin scaffold, crystallization trials were 

set-up. Because of the fragile nature of the biot2-Fe4S4 under aerobic conditions, the 

crystallization trials were run in an inert gas vinyl tent (Coy Laboratory Products Inc.) 

containing a 95/5 % mixture of N2/H2. Different commercial screens were used (Index, Crystal 

Screen, PEG/Ion screen, JCSG Plus, BCS Screen, PACT premier, SG1 screen), and various 

conditions yielded streptavidin crystals within 21 days. However, soaking approaches were 

initially unsuccessful. Therefore, co-crystallizations with a reduced set of screens were 

evaluated (PEG/Ion screen, JCSG Plus, PACT premier, and Crystal Screen). No crystal was 

observed even after 80 days.  

Going one step back, soaking experiments with different ligands were performed. The ligands 

contained different spacers (glycine (Gly), aspartate (Asp) and proline (Pro)) between the 

valeric acid side chain of biotin, and amine of the di-thiol (Figure 147). Crystals were obtained 

using 0.1 M MIB (malonic acid, imidazole and boric acid (2:3:3 Molar Ratio)) pH 7.0, 25 % w/v 

PEG 1500 after 7 days and could be soaked in the same solution with ligand 2 (Figure 149b). 

The resulting X-ray diffraction data of the soaked crystals was solved at 1.45 Å (pdb 7zxz) with 

a space group of C121, affording one Sav tetramer per asymmetric unit. Inspection of the X-

ray structure revealed residual density in the biotin biding vestibule, and ligand 2 could be 

modeled into the density (Figure 150b). However, cyclization of the aspartic acid was 

observed (Figure 148a). This cyclization is known to happen in solution332, nevertheless, 

usually, this cyclization is only an intermediate step, and the protein is stabilizing the 

succinimide (Figure 149a). 
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Figure 147 Chemical structure of the ligands and the Fe4S4 cluster thereof, evaluated in the crystallography studies. The linker 

region is highlighted in red.  

 
Figure 148 a Chemical structure of the cylized ligand 2. b X-ray Crystal structure of the Fe4S4 cluster biot2-

Fe4S4·SavS112AK121A (pdb 7zxz). The Fe4S4 cluster is represented as stick model in green (atoms are color coded; nitrogen = 

blue, oxygen = red, carbon = green and sulfur = yellow). The 2Fo-Fc difference map is displayed as black mesh (1σ). The protein 

is represented as a cartoon and surface model with different shades of blue for each monomer. 
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Figure 149 a Equilibrium reaction leading to the cyclisation of aspartate. b Chemical structure of the ligand 2 used for the 

crystallographic study. c Chemical structure of the cyclized ligand 2. 

Based on the small molecule crystal structure (ccdc 925636) a model structure of the 

Fe4S4-cluster (biot2-Fe4S4) was computationally modeled (Figure 150c). From the model, it is 

apparent that a suitable spacer would be glycine and the distance between the two facing 

thiol groups binding to the cluster would be 6.5 Å. For comparison, the aspartate spacer 

(ligand 2) yields a distance of 11.7 Å between the two facing thiol groups. Therefore, the focus 

was set on the crystallization of the glycine spacer Fe4S4-cluster (biot2-Fe4S4). Next to the use 

of an oxygen scavenging system333 for co-crystallization under the newly identified 

conditions, also the in-situ formation of the Fe4S4-cluster after soaking with the ligands was 

evaluated. However, both approaches were unsuccessful, therefore a new screen dividing 

each buffer component and combining them in different ratios and pH ranges was set up. 

Streptavidin crystals could be obtained from 0.1 M borate pH 7-8.5 with 25 % w/v PEG 1500.  
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Figure 150 a Chemical structure of biot2-Fe4S4. b Chemical structure of the cyclic ligand 2. c Close-up view of the biotin binding 

vestibule from the computationally modeled structure with the marked distance between the thiol groups of the facing edges 

of the cluster (biot2-Fe4S4).  d Close-up view of the biotin binding vestibule of the crystal structure of ligand 2·SavS112AK121A 

(pdb 7zxz). Distance between the thiol groups of facing ligands is labeled with black dotted lines. The protein is represented 

as a surface model (c and d) with different shades of blue for each monomer. The Fe4S4-cluster is represented as stick model 

in cyan and the ligand 2 is represented as stick model in green (atoms are color coded; nitrogen = blue, oxygen = red, iron = 

orange and sulfur = yellow). The 2Fo-Fc difference map is displayed as black mesh (1σ). 

In order to confirm that the Fe4S4-cluster (biot2-Fe4S4) remains intact under the crystallization 

conditions, the UV/Vis spectra of the complex in aqueous solution spiked with different DMSO 

concentrations (Figure 151) and in the buffer (Figure 152) at different timepoints were 

recorded. As can be appreciated from the characteristic absorption band at around 430 nm, 

biot2-Fe4S4 remained intact in 99% water after 17h under anaerobic conditions. This was a 

good starting point, as Sav crystals typically tend to dissolve in high concentrations of organic 

solvents. Furthermore, as presented in Figure 152, biot2-Fe4S4 remained intact in the 

crystallization buffer, even for 4 days at a pH of 7.5 and 8.5 under strict anaerobic conditions. 
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Figure 151 UV/Vis spectra of the biot2-Fe4S4 in DMSO/water mixtures under anaerobic conditions recorded after 15 min, 1h 

and 17h.  

 

Figure 152 UV/Vis spectra of the  biot2-Fe4S4 in buffers under anaerobic conditions recorded after 15 min, 24h and 48h. a 50 

mM borate, 25 % w/v PEG 1500 b 50 mM MIB (malate, imidazole, boric acid) 25 % w/v PEG 1500.  

Having identified conditions in which the protein crystallizes and the cluster (biot2-Fe4S4) 

remains intact, soaking experiments were run (1, 30, 60 min, 3h, 6h, 18h, and 24h of soaking 

prior to freezing the resulting crystal). After a soaking time of 24h, dark brown crystals were 
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obtained (Figure 153c). In order to have proof that the color comes from iron, an X-ray 

fluorescence spectrum of the crystal was recorded prior to data diffraction measurement. A 

signal for the K-edge of iron was unambiguously identified (Figure 153b). 

 
Figure 153 a Fe4S4-cluster 1 b X-ray fluorescence recorded at the SLS X06DA – PXIII beamline. The typical K-edge energy (7112 

eV) for iron is marked with a grey bar. c Picture of the soaked crystal showing the dark brown color typical for iron complexes.  

The resulting X-ray diffraction of the dark brown crystals was collected and the structure was 

solved at 1.85 Å (pdb 8aq0) in the C121 space group. One tetramer was obtained per 

asymmetric unit. Inspection of the X-ray structure revealed residual density in the biotin 

biding vestibule, and the biot2-Fe4S4 could be modeled into the density (Figure 154a and c). 

Modeling of the biot2-Fe4S4 into this electron density projected the biot2-Fe4S4 in the position 

of the anomalous density peak (Figure 154b and d). However, the anomalous density was not 

well refined, and the electron density for the aromatic di-thiol part was not well defined 

either. This might be caused by the flexibility of the cluster or partial decomposition during 

the measurement or sample handling. 
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Figure 154 Crystal structure of biot2-Fe4S4·SavS112AK121A (pdb 8aq0). The protein is represented as a cartoon model (a and 

c) and surface model (b and d) with different shades of blue for each monomer. The Fe4S4-cluste (biot2-Fe4S4) is represented 

as stick model in green (atoms are color coded; nitrogen = blue, oxygen = red, iron = orange and sulfur = yellow). The 2Fo-Fc 

difference map is displayed as black mesh (1σ). The anomalous electron density highlighted as red mesh (4σ). a and b Close-

up view of the biotin binding vestibule A. c and d Close-up view of the biotin binding vestibule B. 

When superimposing the QM/MM-calculated structure with the crystal structure (Figure 

155), differences are apparent. For example, the location of the cluster in one of the biotin 

binding vestibules is different. This is most probably caused by the input model for the 

calculations, where the position of the biotin-spacer part is not as tightly fixed as it should be. 

 

a                                                                 b

c                                                                 d
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Figure 155 Overlay of the crystal structure of biot2-Fe4S4·SavS112AK121A (pdb 8aq0) and the computationally-modeled 

structure. The protein is represented as a cartoon with different shades of blue for each monomer. The Fe4S4-cluster 

(biot2-Fe4S4) is represented as stick model in green (atoms are color coded; nitrogen = blue, oxygen = red, iron = orange and 

sulfur = yellow) for the crystal structure and in cyan for the computationally modeled structure. a Close-up view of the biotin 

binding vestibule A. b Close-up view of the biotin binding vestibule B. 

 

5.5.6 [Cp*Ir(biot-AQ)Cl] for C-H activation 

 

One of the newly studied reactions in our group is the C-H activation by the [Cp*Ir(biot-AQ)Cl] 

(Figure 156a) cofactor incorporated into streptavidin. In order to identify residues to target 

for directed evolution of the ArM, the structure of two variants [Cp*Ir(biot-AQ)Cl]·SavS112A 

and [Cp*Ir(biot-AQ)Cl]·SavS112I were determined by protein crystallography. Those two 

variants were selected, as the mutation on S112 had a significant influence on the 

enantioselectivity of the reaction. In order to obtain crystal structures with well localized 

ligands, we relied on co-crystallization as this approach often affords a better localization of 

the ligand.  

Crystals of [Cp*Ir(biot-AQ)Cl] ·SavS112A (pdb 8aqy) were obtained using 0.1 M HEPES 7.5 pH, 

10 % w/v PEG 8K and 8 % v/v EG as crystallization buffer within 25 days. The resulting X-ray 

diffraction data of the yellow crystals was solved at 1.65 Å (pdb 8aqy) in a C121 space group. 

Inspection of the X-ray structures revealed residual density in the biotin biding vestibules, and 

[Cp*Ir(biot-AQ)Cl] could be modeled into the density (Figure 156b). Modeling of the 

[Cp*Ir(biot-AQ)Cl] into this electron density projected the iridium in the position of the 

anomalous density peak (Figure 156b). No further anomalous density was found for iridium. 

The occupancy of the metal and Cp* ligand was set to 60% in order to fit better to the 

a                                                                 b
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observed data. This partial occupancy may arise from distortion or decomposition during the 

crystallization, sample handling or measurement. 

Crystals of [Cp*Ir(biot-AQ)Cl] ·SavS112I (pdb 8aqx) were obtained using 0.2 M NaCl, 0.1 M 

BIS-TRIS 6.5 pH and 25 % w/v PEG 3350 as crystallization buffer within 21 days. The resulting 

X-ray diffraction data of the yellow crystals was solved at 1.85 Å (pdb 8aqx) in a C121 space 

group. Inspection of the X-ray structures revealed residual density in the biotin biding 

vestibules, and [Cp*Ir(biot-AQ)Cl] could be modeled into the density (Figure 156c). Modeling 

of the [Cp*Ir(biot-AQ)Cl] into this electron density projected the iridium in the position of the 

anomalous density peak (Figure 156c). No additional anomalous density was found for 

residual iridium. The occupancy of the metal and Cp* ligand was set to 80% in order to fit 

better to the observed data. This partial occupancy can arise from decomposition during the 

crystallization, sample handling or measurement. 

 

 

 
Figure 156 a Structure of [Cp*Ir(biot-AQ)Cl] b Close-up view of the biotin binding vestibule from the crystal structure of 

[Cp*Ir(biot-AQ)Cl]·SavS112I (pdb 8aqx).  c Close-up view of the biotin binding vestibule from crystal structure of [Cp*Ir(biot-

AQ)Cl]·SavS112A (pdb 8aqy).d Close-up view of the biotin binding vestibule with the  anomalous density maps from both 

crystal structures. (blue = 8aqx, red = 8aqy) The protein is represented as a cartoon model (b, c) and surface model (d) with 

different shades of blue for each monomer. [Cp*Ir(biot-AQ)Cl] is represented as stick model in green (8aqx) and cyan (8aqy) 

(atoms are color coded; nitrogen = blue, oxygen = red, iron = orange and sulfur = yellow). The 2Fo-Fc difference map is 

displayed as black mesh (1σ). The anomalous electron density highlighted as red mesh (8σ) (b and c).  
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Comparing both structures, one apparent difference arises; the tert-butyloxycarbonyl of the 

complex points in different directions depending on the mutation of Sav S112. In the case of 

the Sav S112I mutant, the tert-butyloxycarbonyl is pointing towards the S112I residue, 

whereas for Sav S112A, the group point towards the solvent-exposed space. Therefore, two 

different enantiomers of the complex might bind to Sav depending on the mutation of S112. 

In case of the [Cp*Ir(biot-AQ)Cl]·SavS112A a Ir(R) configuration was found and for 

[Cp*Ir(biot-AQ)Cl]·SavS112I a Ir(s) was detected. This could be (part of) the reason why a 

pronounced difference in enantioselectivity in the reaction was observed, depending on the 

nature of the residue at position S112. Nevertheless, this observation cannot be considered 

as the only evidence for selectivity. It needs to be supported by further experiments. An 

additional difference of the structures is the slightly changed position of the iridium (Figure 

156d). In case the metal center is more deeply embedded into the protein, the influence of 

the secondary coordination sphere would be more prominent on the reactivity. 

 

5.5.7 Experimental 

 

General information. Chemicals and crystallization screens were purchased from Sigma 

Aldrich, Jena Biosience, Molecular Dimensions and Hampton Research. 

 

Protein crystallization. Sav and the mutants thereof were expressed and purified as described 

previously.104 Lyophilized Sav was dissolved in ultrapure water (18.2 MΩ·cm, MilliQ, Millipore 

Corporation, Burlington, USA). For sitting-drop vapor diffusion in a 24-well crystallization 

plate Sav (5 µL of a 20 mg/mL stock solution) was mixed with the precipitation buffer (5 µL). 

The drop was equilibrated against a reservoir of the precipitation buffer (700 µL at 20 °C). 

Crystals of Sav grew within three days. For soaking, Sav crystals were individually transferred 

into sitting-drop depressions containing the precipitation buffer (1.5 µL) and the ligand 

solution (0.15 µL, 10 mM in DMSO). After soaking (20 °C) the crystals were flash- frozen in 

liquid nitrogen. The crystallization procedure for anaerobic crystals is adapted as follows; For 

sitting drop vapor diffusion in a 96-well 2-drop plate (SwissSci) 1 μL reservoir solution of 

crystallization screen was combined with 1 μL protein (20 mg/ml) solution under strict 
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exclusion of O2 in an inert gas vinyl tent (Coy Laboratory Products Inc.) containing 95/5 % 

mixture of N2/H2. 

 

High-throughput protein crystallization. The 96 well crystallization screens were set up 

mixing 0.20 µL mother liquor with 0.20 µL protein solution (20 mg/mL) with a robot (Crystal 

Gryphon, Art Robins Instruments, USA; MRC 3-well plates, Jena Bioscience, Germany) and 

stored at 20 °C in an automated imaging system (Formulatrix Rock Imager SONICC). Crystals 

from the screens were picked and directly flash-frozen in liquid nitrogen prior to data 

collection. 

 

Co-crystallization. Protein crystals were obtained using a sitting drop vapor diffusion 

experiment. The lyophilized protein mutants Sav S112A and Sav S112L were dissolved in a 20 

mM Tris-HCl solution (pH = 7.0) to a concentration of 2.5 mg/mL. A 10 mM solution of 

[Cp*Ir(biot-AQ)Cl] in dimethylsulfoxide (DMSO) (5 μL) was added to the solution and the 

mixture was incubated at room temperature overnight. After concentration to 25 mg/mL by 

ultracentrifugation (Amicon® ultra centrifugal filters, Merck; cut-off of 10 kDa), crystals were 

grown by sitting drop vapor diffusion using 0.1 M HEPES 7.5 pH, 10 % w/v PEG 8K and 8 % v/v 

EG or 0.2 M NaCl, 0.1 M BIS-TRIS 6.5 pH and 25 % w/v PEG 3350 as crystallization buffer. 

Crystals grew within 21 days and were flash frozen in liquid nitrogen without further 

cryoprotection.  

 

Data collection and processing. Protein-crystal diffraction data were collected (at 100 K) at 

the Swiss Light Source beam line PSI and PSIII at a wavelength of 1.0 Å. Crystal indexing, 

integration and scaling106,107 were carried out with the program XDS108 and AIMLESS109 

using the graphical interface CCP4i2110 of the CCP4 suite.334  

 

Structure-solution and refinement. The ligand structure files were generated with Phenix and 

eLBOW.335 The structure was solved by molecular replacement using the program PHASER 

MR111 and the structure pdb 3bc2 and 3pk2, devoid of the Ir-cofactor and water molecules. 

For the structure refinement, REFMAC112,113 of the CCP4 Suite was used. For structure 

modelling, water picking and electron-density visualization the software COOT114 was used. 
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Figures were generated with PyMOL (the PyMOL Molecular Graphics System, Version 1.821, 

Schrödinger, LLC). Amino acid residues 1-14 and 172-196 are not resolved in the electron 

density, presumably due to disorder. 
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6. Conclusion and Outlook 
 

In the past, our group mainly relied on the chemical optimization of the catalysts by tuning 

their electronic and steric properties by changing the ligands' chemical properties. 

Furthermore, they could use some degree of genetic optimization by changing the amino acid 

residues of the protein host. However, this optimization was limited by the number of 

residues influencing the reactivity and selectivity. Also, the metal catalyst remained, in many 

cases, rather solvent-exposed. Nevertheless, with chemo-genetic optimization, new-to-

nature reactions with remarkable selectivities and reactivities could be catalyzed by the ArMs. 

Herein, we engineered a chimeric version of streptavidin, with a shielded biotin binding 

vestibule, which mimics an active site of an enzyme more closely. This chimeric host 

significantly broadens the possibilities for genetic optimization of the scaffold for the 

optimization of ArMs. Furthermore, inspired by the scdSav, we generated the chimeric 

scdSav-SOD, which may allow to mutate independently aminoacid residues that line the 

biotin-binding vestibule 

The chimeric Sav-SOD was evaluated for two reactions; the Noyori-type catalyst-based 

artificial transfer hydrogenation and the newly introduced gold(I) biotinylated N-heterocyclic 

carbene complex-based hydroamination reaction. In both cases, the influence of the loop on 

the reactivity and selectivity could be highlighted. 

We furthermore extended the biorthogonal gold(I) catalysis beyond ArM technology by 

functionalizing somatostatin analogs LM3 and TATE with gold(I) N-heterocyclic carbene 

complexes. These gold peptides were shown to be stable and catalytically active for the 

hydroarylation of coumarin analogs without requiring base or additives. The same peptides 

have been shown to be efficient for the release of an alcohol and furan by an intramolecular 

cyclization followed by 1,2-elimination of pro-furan moieties. 

Native mass spectrometry was introduced to the lab to investigate the ArMs and was shown 

to be a powerful tool. Furthermore, different ArMs were crystallized in order gain information 

concerning: i) the stoichiometry of the complexes as well as ii) the details of the molecular 

structure. Most importantly, the crystal structure of the Fe4S4-cluster was obtained. 

Having revealed the influence of the SOD-loop, in future different loops from naturally 

occurring proteins or de-novo designed ones could be implemented to the chimeric Sav 
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approach and used as novel scaffolds for the generation of ArMs. Also, the scdSavSOD could 

be used to study the influence of cofactor:Sav ratios, as well as the symmetry-related amino 

acid residues on ArMs. 

Native mass spectrometry experiments could be further developed in future in order to 

obtain not only information of the ArMs formation and stability, but also to screen for the 

best binding ligands and evaluate the association/dissociation parameters of the ArMs. 

X-ray crystallography is still one of the most powerful approaches concerning the atomic 

structure of ArMs and will be used whenever possible to inspect the ArMs generated. 
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