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Abstract: Nonheme iron dioxygenases catalyze vital reactions 

for human health particularly related to aging processes. They 

are involved in the biosynthesis of amino acids, but also the 

biodegradation of toxic compounds. Typically they react with 

substrate through oxygen atom transfer, although often with the 

assistance of a co-substrate like -ketoglutarate that is 

converted to succinate and CO2. Many reaction processes 

catalyzed by the nonheme iron dioxygenases are 

stereoselective or regiospecific and hence understanding the 

mechanism and protein involvement in the selectivity is 

important for the design of biotechnological applications of these 

enzymes. In this Account I will review recent work of our group 

on nonheme iron dioxygenases and include background 

information on their general structure and catalytic cycle. 

Examples of stereoselective and regiospecific reaction 

mechanisms we elucidated are for the AlkB repair enzyme, 

prolyl-4-hydroxylase and the ergothioneine biosynthesis enzyme. 

Finally, I cover an example where we bioengineered S-p-

hydroxymandelate synthase into the R-p-hydroxymandelate 

synthase. 

1. Introduction 

Iron is the most common transition metal on earth and hence 

many natural processes utilize an iron active site. Mononuclear 

iron in nature is bound to proteins either in a heme macrocyclic 

ligand or through direct interactions with amino acid side chains 

in a nonheme iron environment.[1,2] Heme proteins are versatile 

groups of enzymes with a large variety of chemical and 

biological functions. Thus, the cytochromes P450 are heme 

monoxygenases, where the metal is linked to the protein via a 

thiolate bridge of a cysteinate residue.[1,3] Their functions are 

typically in the liver where they initiate the biodegradation of 

metabolites as well as the biosynthesis of essential hormones. 

By contrast, heme peroxidases link the heme to the protein via a 

histidine linkage and reduce H2O2 substrate to two water 

molecules,[4] whereas the heme catalases usually have a 

tyrosinate axial ligand and convert H2O2 to molecular oxygen 

and water.[5] As heme is a tetradentate ligand, the heme iron 

systems typically have five ligand positions of the metal 

occupied and the sixth ligand position is reserved for molecular 

oxygen (or hydrogen peroxide). Hence substrates cannot bind 

the metal directly and are activated in the vicinity of the heme 

group.  

A large class of mononuclear iron enzymes lacks the heme 

ligand system and binds the metal directly to the protein, and 

consequently is called the nonheme iron enzymes.[2] Thus, in 

nonheme iron dioxygenases, by contrast to the heme 

monoxygenases, peroxidases and catalases, the metal binds 

the protein via usually three amino acid side chains. The most 

common ligand features of nonheme iron dioxygenases is 

binding of the iron to two histidine and one carboxylate group of 

either an Asp or Glu residue as a 2-His/1-carboxylate facial 

orientation. As such that leaves three ligand positions of the 

metal open, where substrate, co-substrate and dioxygen can 

bind. Although in some nonheme iron dioxygenases the 

substrate binds the metal directly this is not the case for all of 

them. Hence, there is a large variety in substrate binding as well 

as metal coordination environment in nonheme iron 

dioxygenases and consequently in reactivity patterns with 

substrates. Interestingly, several of these enzymes catalyze a 

stereoselective or regiospecific reaction mechanism and their 

origins are still poorly understood.  

To understand how enzymes react with substrates and what the 

effect of the protein environment is on the catalytic reaction 

mechanism as well as the origin of the stereo- and 

regioselectivity of product formation, many computational 

studies have been performed.[6] In our group, we studied 

enzymatic reaction mechanisms computationally using active 

site models as well as quantum mechanics/molecular mechanics 

(QM/MM) on full enzymatic systems.[7] Our work has given 

insight into the intricate details of fast reaction mechanisms 

within an enzyme and identifies the active oxidant and the rate 

determining step in the reaction mechanism. Moreover, in 

several enzymes the reaction is stereoselective and/or 

regiospecific and sometimes even a thermochemically 

unfavorable reaction is catalyzed. Computational modelling 

assists with the understanding of reaction mechanisms and can 

even be used to predict changes in product distributions upon 

active site mutations. As such computational modelling is an 

important tool in chemical biology that often is performed 

alongside experimental studies. In this Account I will review 

recent highlights from our group on understanding the 

mechanism and activity of nonheme iron dioxygenases and also 

give an example how we bioengineered a nonheme iron 

dioxygenase and changed its catalytic function and product 

distributions. 

  

 

De Visser is a Reader in Computational 

Biocatalysis at the University of Manchester 

and has been based in the Manchester 

Institute of Biotechnology since 2004. His 

research interests are in the field of Inorganic 

Reaction Mechanisms and Computational 

Chemistry. The research of the de Visser 

group is mainly focused on the understanding 

of biological and biomimetic transition metal 

containing systems. His group uses a 

combination of density functional theory 

methods on model systems and quantum mechanics/molecular mechanics 

on enzyme structures. Key research areas investigated by the de Visser 

group cover the mechanistic features and substrate activation of the 

cytochromes P450 and nonheme iron dioxygenases and halogenases. Over 

the years, de Visser has published close to 200 publications in range of 

scientific journals. 

 

  

[a] Dr S.P. de Visser 

Manchester Institute of Biotechnology and School of Chemical 

Engineering and Analytical Science 

The University of Manchester 

131 Princess Street, Manchester M1 7DN (United Kingdom) 

E-mail: sam.devisser@manchester.ac.uk  

  

 

 
 

 

mailto:sam.devisser@manchester.ac.uk


PERSONAL ACCOUNT          

3 

 

 

Figure 1. Crystal structure coordinates (1GQW pdb file) of taurine/KG dependent dioxygenase with active site structure highlighted. 

2. Nonheme iron dioxygenases 

Although nonheme iron dioxygenases have been reviewed in 

detail previously,[1d,2] I will start this Account with a short 

description of the typical features of their structure and reactivity 

and give a general overview on the consensus catalytic cycle. 

These nonheme iron dioxygenases participate in vital reaction 

processes in the human body related to biosynthesis and 

biodegradation. Thus, one of the most common amino acids in 

collagen is 4-hydroxyproline, which is synthesized in the body 

from proline by the nonheme iron dioxygenase prolyl-4-

hydroxylase.[8] Its biochemical function in the body is, therefore, 

related to aging and hence understanding its catalytic 

mechanism is relevant for human health.  

Another nonheme iron dioxygenase with big relevance for 

human health is cysteine dioxygenase (CDO),[9] which catalyzes 

the first step in the catabolism of cysteine. Thus, cysteine is a 

toxic amino acid at high concentrations that is synthesized in the 

body from methionine. At elevated concentrations, cysteine is 

believed to lead to neurodegenerative diseases such as 

Alzheimer’s and Parkinson’s diseases. Therefore, the body has 

biodegradation machinery in action that metabolizes cysteine to 

keep its concentration within acceptable levels. This process 

starts with CDO that converts cysteinate into cysteine sulfinic 

acid on an iron center using one molecule of O2.
[9] In subsequent 

steps, cysteine sulfinic acid is oxidized to cysteic acid and 

decarboxylated to form taurine. Another nonheme iron 

dioxygenase, taurine/-ketoglutarate (KG) dioxygenase (TauD) 

takes taurine as a substrate and hydroxylates it at the C2 

position, which thereafter leads to dissociation of sulfate from 

the product.[10]  

Clearly, the human body contains a large array of nonheme iron 

dioxygenases with important functions for human health. In the 

past few decades many structures of nonheme iron enzymes 

have been deposited at the protein data bank,[11] which enables 

detailed computational studies on their mechanism and reactivity. 

As mentioned above, the nonheme iron dioxygenases lack an 

organic cofactor, such as a heme and bind the protein directly. I 

will start, therefore, with a short summary of the typical features 

of the nonheme iron structure followed by a brief discussion on 

their catalytic cycle. More details can be found in earlier reviews 

on this topic.[1d,2,12] In the third chapter then several examples of 

recent computational studies from our group are given that focus 

on the regioselectivities of the rate-determining steps of the 

reaction mechanism.  

2.1. Structure 

In contrast to heme oxygenases and catalases, nonheme iron 

dioxygenases have the metal bound to the protein directly and 

usually through interactions with three amino acid side chains. 

Typically, these are from two histidine and one aspartic acid 

residue that give a facial 2-His/1-Asp orientation. An example of 

a nonheme iron dioxygenase active site structure and protein is 

given in Figure 1 for substrate and -ketoglutarate (KG) bound 

taurine/KG dependent dioxygenase (TauD) as taken from the 

1GQW protein databank (pdb) file.[11,13] As can be seen from 

Figure 1 the protein contains several -helices and -pleated 

sheets and has the iron co-factor located in the inner core of the 

protein, well shielded from the surface. 
  

KG

His255

His99 Asp101

taurine

Arg270

Arg266
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Figure 2. Consensus catalytic cycle of nonheme iron/KG utilizing dioxygenases. SubH stands for substrate and the amino acid labelling is from TauD. 

The iron binds the protein through the imidazole side chains of 

His99 and His255 and the carboxylate group of Asp101. In addition, 

KG occupies two of the remaining ligand sites of the metal and 

binds via the carboxylate and -keto positions, whereas the 

other terminal carboxylic acid group is held in position through a 

salt bridge with Arg266. Consequently, KG is tightly bound in the 

pocket and held in position through hydrogen bonding and 

covalent interactions. The last ligand position of the metal is 

vacant in the 1GQW structure and will be occupied by molecular 

oxygen in a later stage of the catalytic cycle. Substrate taurine 

(H3N
+CH2CH2SO3

–) is bound in a pocket nearby the metal that is 

lined with a number of aromatic and polar residues, one of those 

is Arg270 that forms a salt bridge with the sulfate group. 

2.2. Catalytic cycle 

Many experimental and computational studies have focused on 

the intermediates in the catalytic cycle and for the enzyme 

taurine/KG dioxygenase (TauD) a number of short-lived 

intermediates were experimentally trapped and characterized.[14] 

As such TauD has become the template of nonheme iron 

dioxygenases research in general. Based on these 

spectroscopic and kinetics studies a catalytic cycle (Figure 2) 

was devised that has gained support from computational 

modelling.[15] In general, all computational studies come to the 

same conclusion and support the experimental assignment. 

The catalytic cycle starts from the resting state (structure A in 

Figure 2), which has the iron(II) bound to the protein via the 

typical 2-His/1-carboxylate motif and in TauD these ligands are 

His143, Asp145 and His227. The remaining three ligand positions 

are occupied with water molecules. Upon KG binding (structure 

B) two waters are displaced and only the water molecule trans 

to His227 is left. Substrate (SubH) binding releases also this final 

water molecule and makes space for O2 to bind as an iron(III)-

superoxo complex (structure C). This intermediate is short-lived 

and has never been detected, but computational modelling 

predicts the terminal oxygen atom to attack the -keto position 

of KG to form a bicyclic ring structure D.[15ab] Also structure D is 

short-lived and has weakened C–C bond strength, so that it 

rapidly collapses to persuccinate through loss of CO2 (structure 

E). The subsequent dioxygen bond cleavage gives succinate 

and an iron(IV)-oxo species (structure F), which has been 

spectroscopically characterized with resonance Raman, electron 

paramagnetic resonance and Mössbauer spectroscopy 

measurements.[14]  
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Figure 3. Potential energy landscape for the conversion of the iron(III)-superoxo species into the iron(IV)-oxo species. Labelling as in Figure 2 with energies 

calculated using a model complex in kcal mol
‒1

 with values taken from Ref 
[15b]

. 

In the final stage of the catalytic cycle the actual substrate 

(taurine) activation takes place through a hydrogen atom 

abstraction to form an iron(III)-hydroxo complex (structure G) 

followed by OH rebound to form alcohol products. The alcohol 

product and succinate are released from the protein and the 

vacant iron ligand positions reoccupied with water molecules to 

close the catalytic cycle. 

The potential energy profile for the quintet spin state of oxygen 

activation starting from the iron(III)-superoxo complex is shown 

in Figure 3 with data taken from Ref. [15b]. A small activation 

energy via transition state (5TSCD) of about 10.4 kcal mol–1 

separates the iron(III)-superoxo from the bicyclic ring structure 

(5D). However, this intermediate encounters only a small 

transition state (2.6 kcal mol–1 via 5TSDE) for decarboxylation to 

form the persuccinate intermediate 5E with large exothermicity. 

As such, the lifetimes of 5C and 5D are expected to be short and 

indeed no conclusive experimental evidence of these structures 

exists. The persuccinate structure cleaves the O–O bond via 

barrier 5TSEF to form the iron(IV)-oxo in another exothermic step. 

The latter was trapped and experimentally characterized and the 

modelling agreed well with the experimental assignments.  

In the final stage, the iron(IV)-oxo picks up a hydrogen atom 

from taurine and rebounds the OH to form alcohol products. [16] In 

many nonheme iron dioxygenases this process is 

stereoselective or regiospecific and in recent years we covered 

several computational studies on the nature of these selectivities, 

which we will discuss in the next section of this Account.  

3. Computational modelling on the 
mechanism of nonheme iron dioxygenases 

In the following several examples from our own group are given 

with results of computational studies on the mechanisms of 

substrate activation by nonheme iron dioxygenases. All of these 

follow the consensus catalytic cycle of Figure 2, although with 

some minor tweaks and additions based on the specific reaction 

mechanism. However, in general the nonheme iron 

dioxygenases follow a catalytic cycle that is split into two stages: 

(1) formation of an iron(IV)-oxo species and (2) substrate 

activation by the iron(IV)-oxo species. 

3.1. Bioengineering of S-p-hydroxymandelate synthase into 

R-p-hydroxymandelate synthase 

The nonheme iron dioxygenase S-p-hydroxymandelate synthase 

performs an essential precursor step in the biosynthesis of 

vancomycin type antibiotics,[17] whereby it converts p-

hydroxyphenylpyruvate into S-p-hydroxymandelate enantio- and 

stereospecifically. The reaction takes place on a nonheme iron 

center with the use of one molecule of O2, Scheme 1, and 

follows a catalytic cycle similar to that described above in Figure 

2. However, since the substrate already contains an -keto acid 

moiety, no additional KG co-substrate is needed and the p-

hydroxyphenylpyruvate binds the iron directly through the -keto 

and carboxylate  groups. Then the sole use of molecular oxygen 

on the iron center converts substrate into S-p-hydroxymandelate 

products.  

 

Scheme 1. Reaction catalyzed by S-p-hydroxymandelate synthase. 

Comment [SdV1]: Add drawings of 

aKG & Succ. 
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Figure 4. Calculated reaction pathways for hydrogen atom abstraction by an iron(IV)-oxo species from the pro-S and pro-R positions of 2-phenylacetate. Energies 

are in kcal mol
–1

 and calculated at the E+ZPE level of theory obtained at UB3LYP. Optimized geometries of the transition states give bond lengths in angstroms 

and the imaginary frequency in the transition state in cm
–1

. 

As such the catalytic cycle starts with p-hydroxyphenylpyruvate 

and O2 binding to an iron center and the oxygen atom transfer to 

substrate followed by decarboxylation to form 2-phenyl-acetate 

and an iron(IV)-oxo species. Several computational and 

experimental studies have been reported on its catalytic 

mechanism.[18,19] One key experimental result assigned a rate-

determining hydrogen atom abstraction step in the reaction 

performed by the iron(IV)-oxo intermediate, which was 

determined from kinetics studies by replacing the transferring 

hydrogen atom by deuterium. The rate constant change led to a 

significant kinetic isotope effect; therefore, the hydrogen atom 

abstraction is rate determining.[20] 

A p-hydroxymandelate bound crystal structure of the enzyme 

was reported that showed the metal to be bound to the typical 2-

His/1-Glu ligand motif with the amino acids His151, His241 and 

Glu320.
[21] Although the substrate binding position is aligned with 

aromatic and aliphatic amino acid residues, also two polar 

residues (Ser201 and Thr241) were identified and proposed to be 

involved in substrate positioning. The focus of our studies on this 

enzyme was to attempt to bioengineer the S-p-

hydroxymandelate synthase into the R-p-hydroxymandelate 

synthase through active site mutations. A feat of this kind had 

never been succeeded before for a nonheme iron dioxygenase. 

The bioengineered protein; therefore, should give a complete 

enantioselectivity reversal in the reaction mechanism as 

compared to the wildtype structure. 

The work started with a density functional theory (DFT) study on 

an active site model of S-p-hydroxymandelate synthase, 

whereby we selected the iron with its first coordination sphere 

ligands: imidazole groups for His151 and His241, propionate for 

Glu320, ethanol for Ser201, the terminal side chain of Glu305 and 

substrate 2-phenyl-acetate, see Figure 4.[22] For the non-metal 

ligated groups constraints were used during the geometry 

optimization to keep them in the area they occupy in the crystal 

structure. We calculated the hydrogen atom abstraction of both 

hydrogen atoms from carbon atom C2 of the substrate that give 

the pro-R and pro-S hydrogen atom abstraction barriers (5TSH) 

and intermediates (5Int). The obtained energy landscape of the 

gas-phase model is shown in Figure 4. In the gas-phase both 

pathways are close in energy as there are no protein 

perturbations that prevent one orientation over the other. 

Similarly, the driving force for hydrogen atom abstraction from 

the pro-R and pro-S positions is very close and so are their 

geometric features (insets of Figure 4) as expected from a gas-

phase model complex. 

Subsequently, we took the optimized geometries of the quintet 

spin hydrogen atom abstraction transition states (5TSH,R and 
5TSH,S) and inserted those structures back into the crystal 

structure coordinates.[22] Obviously, the 5TSH,S structure fitted in 

neatly without major stereochemical repulsions of protein 

residues of the enzyme. By contrast, the pro-R hydrogen atom 

abstraction barrier did not fit in and clashed with existing protein 

residues in the substrate binding pocket, which is not surprising 

as the enzyme is not supposed to proceed through this reaction 

pathway. We did then created enzyme mutants that (i) made 

space for the R-enantiomer to bind properly and (ii) blocked 

space for the S-enantiomer. Thus, based on the ideal binding 

position of 5TSH,R from the gas-phase DFT calculations we 

proposed a triple mutant structure that would be able to bind the 

pro-R substrate but not the pro-S hydrogen atom abstraction 

transition state, namely the Ser221Met/Val223Phe/Tyr359Ala 

triple mutant. In particular, the mutations at positions 221 and 

223 fill up the space where the aromatic ring of the S-

enantiomer is normally positioned and prevents ideal binding of 

the S-orientation. On the other hand, the Tyr359Ala mutation 

makes space in the substrate binding pocket to bind the 

substrate into the preferred pro-R orientation. 

Using the information from the computational modelling, a 

number of single, double and triple mutants were created for S-

p-hydroxymandelate synthase in the laboratory including the 

Ser221Met/Val223Phe/Tyr359Ala triple mutant as proposed by 

the calculations.[22] Subsequently, product distributions of S- and 

R-p-hydroxymandelate were measured. Indeed as predicted 

from the modelling, the triple mutant gives >97% of the R-

enantiomer.  

 

  

5TSH,R
5TSH,S

rCH = 1.268

rOH = 1.280

rFeO = 1.790

i1426 cm1

rCH = 1.258

rOH = 1.300

rFeO = 1.793

i1323 cm1
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Figure 5. QM/MM derived reaction mechanism for the hydroxylation of methylated adenine residue by AlkB repair enzymes. Energies are in kcal mol
–1

 and 

calculated at the E+ZPE level of theory obtained at UB3LYP. 

Consequently, the computational modelling predicted how to 

bioengineer a nonheme iron dioxygenase and change its 

enantioselectivity of the reaction. To be specific, we converted 

S-p-hydroxymandelate synthase into R-p-hydroxymandelate 

synthase. This is the first example where a nonheme iron 

dioxygenase was bioengineered to obtain an enantioselectivity 

reversal.  

3.2. Mechanism of AlkB repair enzyme 

Nonheme iron enzymes with important functions for human 

health are the DNA and RNA repair enzymes called AlkB.[23] 

These enzymes take alkylated DNA bases and through an alkyl 

hydroxylation and deformylation step revert them back to their 

original bases. Thus, during the DNA transcription the DNA 

bases of the mother strand are alkylated to prevent DNA 

polymerase damaging the original strand. In addition, chemical 

modification of DNA and RNA strands by reaction with 

chemicals, such as methylhalides or methylmethane sulfonate, 

lead to the formation of alkylated DNA bases. AlkB repair 

enzymes are the natural defense system against DNA damaging. 

The AlkB enzyme structure contains an active site iron that in a 

nonheme conformation is linked to the protein via interactions 

with His131, Asp133 and His187.
[24] It is also known to use dioxygen 

and KG to hydroxylate methylated DNA bases. As the 

mechanism was unclear, and the apparent oxygen binding 

position at a relatively far distance from the substrate methyl 

group that should be activated, we decided to study its 

mechanism with quantum mechanics/molecular mechanics 

(QM/MM) on a complete and solvated enzyme structure.[6,25] In 

QM/MM the complete enzyme plus solvent layer is considered, 

but only the inner center, the active site, is calculated with 

quantum chemical methods, while the rest is treated by classical 

mechanics.[26] These calculations not only take the geometric 

features of the protein into consideration but also include the 

long-range electrostatic perturbations of the MM region into the 

QM Hamiltonian.   

We find a novel mechanism as highlighted in Figure 5 for the 

step starting with the iron(IV)-oxo species (5R), which is in a 

quintet spin ground state. Thus, molecular oxygen is expected to 

approach iron from the top and bind trans to His131. Attempts to 

bind O2 in alternative positions closer to the substrate failed and 

we did not manage to converge these geometries. Based on the 

QM/MM results the catalytic cycle of AlkB repair enzymes 

includes an additional step with respect to Figure 2, whereby the 

iron(IV)-oxo rotates from trans to His131 to trans to His187, see 

Figure 5. This isomerization has a barrier of 9.0 kcal mol–1 (via 
5TSiso) and leads to the rotated iron(IV)-oxo species (5R’). The 

rotation and isomerization is gated by an active site Arg residue 

(Arg210) that is in hydrogen bonding distance with the oxo group 

and moves position during the rotation. 

In the rotated form, i.e. 5R’, the oxo group is close to the methyl 

group of methylated adenine and will pick up a hydrogen atom to 

form an iron(III)-hydroxo species via a hydrogen atom 

abstraction barrier (5TSH). Finally, an OH rebound gives the 

alcohol product complex (5P). The hydrogen atom abstraction is 

rate determining and as it happens we located two different 

electromers at 12.2 and 12.6 kcal mol‒1 above 5R in energy, 

namely 5TSH, and 5TSH,. These two transition states connect to 

two close-lying iron(III)-hydroxo intermediates with different 

electronic configuration labeled 5IH, and 5IH,. The final radical 

rebound from both intermediates gives the same product 

complex 5P.  
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Figure 6. Electron transfer pathways for hydrogen atom abstraction via the 
5
 and 

5
-pathways. Electrons are represented by a dot and a line between the dots is 

a chemical bond occupied by two electrons. 

Nonheme iron reactivities often display these - and -pathways 

during substrate activation.[27] To understand the difference in 

electronic configuration of the pair of structures 5TSH,/
5IH, on 

the one hand and 5TSH,/
5IH, on the other hand, we show in 

Figure 6 a valence bond diagram that gives the electron 

distribution for each of the structures and the electron transfer 

and bond breaking/forming processes during the reaction. These 

types of diagrams we used previously to explain the origin of 

bifurcation processes in chemical catalysis[28] and to rationalize 

trends and substrate activation reactions.[29] 

In short, the valence bond diagram displays electrons as a dot 

and a chemical bond occupied by two electrons as a line with 

two dots. In the reactant state (5R), the iron(IV)-oxo is in the 

quintet spin state with molecular occupation xz
2 *xz

1 yz
2 *yz

1 

*xy
1 *z2

1. The xz/*xz and yz/*yz couples represent the 

antibonding interactions of the metal and oxo groups along the 

Fe‒O bond in the xz and yz planes, respectively. These two 

pairs of orbitals correspond to two three-electron bonds and in 

addition to those two unpaired electrons there are two more in 

*xy (in the xy-plane with His187, Asp133 and succinate) and the 

*z2 orbital (along the Fe‒O axis). Finally there are two electrons 

in the C‒H bond of the substrate in the CH orbital. Upon 

homolytic cleavage of C‒H bond of the substrate, the CH 

molecular orbital splits back into two atomic orbitals (2pC and 

1sH) with one electron each. The electron in the 1sH orbital pairs 

up with an electron on the oxo group (in 2pO) and forms a new 

OH orbital in the iron(III)-hydroxo intermediate. The 2pO electron 

comes from reverting the xz/*xz three-electron bond to atomic 

orbitals that transfers two electrons to iron and leaves oxygen 

with one. 

Technically, homolytic cleavage of the CH bond can give an up-

spin in 2pC and a down-spin in 1sH or vice versa. In the case the 

2pC electron is up-spin, the total spin on the metal-hydroxo 

fragment will add up to quartet spin to keep the overall quintet 

spin state. As a result, the two electrons originating from the 

xz/*xz orbitals that transfer to iron will have opposite spins and 

transfer to 3dxz (as up-spin) and *xy (as down-spin). Due to the 

latter electron transfer this pathway is called the 5
-pathway. 

In the alternative pathway (5
-pathway, top of Figure 6), the 

breaking of the xz/*xz orbital leads to splitting into 2pO (down-

spin), 3dxz (up-spin) and *x2-y2 (up-spin). This pathway will have 

the substrate radical with a down-spin electron and the metal 

with five unpaired electrons in 3dxz, *xy, *yz, *z2 and *x2-y2. 

Usually in nonheme iron(IV)-oxo species the 5
-pathway is well 

lower in energy than the 5
-pathway.[30] However, due to the 

rotation and the change in orbital energy levels in 5R’ the two 

pathways become competitive and both are accessible for AlkB. 

Nevertheless, both pathways lead to the same final product and 

it will not have an effect on product distributions. 

3.3. Stereoselectivity of prolyl-4-hydroxylase 

Prolyl-4-hydroxylase (P4H) is an important nonheme iron 

dioxygenase with relevance for human health that catalyzes the 

regio- and stereospecific hydroxylation of proline residues in a 

peptide chain to R-4-hydroxyproline (Scheme 2).[8,31] Thus, R-4-

hydroxyproline is an very common amino acid in collagen and is 

involved in the crosslinking and stabilization of its triple helix 

structure. As such understanding the mechanism of substrate 

activation by P4H is relevant to aging processes in the body and 

has received considerable attention.  
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Figure 7. QM/MM optimized geometry of the iron(IV)-oxo species of wildtype P4H enzymes. The protein substrate is in orange and the enzyme backbone in 

green, Succ stands for succinate. 

 

Scheme 2. Reaction catalyzed by P4H enzymes. 

Our initial studies on this protein used an active site model 

complex that only contained the first coordination sphere amino 

acids of the iron and substrate and lacked the full protein 

environment. The reaction pathways of proline hydroxylation at 

the C3, C4 and C5 positions by an iron(IV)-oxo reactant were 

investigated with density functional theory methods.[32] It was 

found that thermochemically the favorable pathway is C5 

hydroxylation in contrast to what is observed in P4H in Nature. 

This is not surprising as generally hydrogen atom abstraction 

barriers by metal-oxo oxidants correlate linearly with the strength 

of the C‒H bond of the substrate that is broken.[33] Consequently, 

the most favorable process in the gas-phase should always 

correspond to activation of the weakest C‒H bond of the 

substrate. As the C4‒H bond dissociation energy is larger than 

the C5‒H bond dissociation energy in proline, based on the 

relative bond strength the most favorable product should be 5-

hydroxyproline as observed with the gas-phase model.  

We expected the origin of this selectivity to have to do with the 

protein environment. Thus, increasing the model size with 

aromatic active site residues, such as Tyr140 and Trp243, changed 

the regioselectivity in favor of C4-hydroxylation.[32]  

More recently, we did a detailed QM/MM study on P4H and 

focused on the substrate hydroxylation of all six hydrogen atoms 

at the C3, C4 and C5 positions (back and front) of wildtype and 

mutant structures and explored the effect of the protein 

environment on the selectivity and activity.[34] Our QM/MM study 

considered a large QM region that included the iron with first 

coordination sphere groups, the proline residue from the protein 

chain, the active site Tyr140 and Trp243 side chains and three 

water molecules. Figure 7 shows the optimized geometry of the 

iron(IV)-oxo species of wildtype, which is in a quintet spin 

ground state. The substrate approaches the iron(IV)-oxo species 

in a cleft lined up by the Tyr140 and Trp243 residues. Furthermore, 

the oxo group forms hydrogen bonding interactions with the 

phenol group of Tyr140 and via a bridging water molecule also to 

Trp243. Hence, the oxo group is in a very rigid position and 

locked in a specific orientation through a strong hydrogen 

bonding network of interactions.  

Subsequently, the hydrogen atom abstraction reaction was 

calculated with QM/MM, whereby each of the aliphatic hydrogen 

atoms on C3, C4 and C5 (back as well as front) were activated, 

see Table 1 for details. As the substrate is located in a very rigid 

orientation and oxidant approach is hampered by bulky aromatic 

residues, e.g. Tyr140 and Trp243, but also through hydrogen 

bonding interactions, we find a large variety of hydrogen atom 

abstraction barriers for these hydrogen atom abstraction 

positions. Thus, despite the fact that the bond dissociation 

energies for all six C‒H bonds of proline are within 10 kcal mol‒1, 

the range in hydrogen atom abstraction barriers is well larger 

than that. In particular, for wildtype only three hydrogen atom 

abstraction barriers are below 30 kcal mol‒1, namely from H4b, 

His227

His143

Tyr140

Trp243

Succ
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H4f and H5b. The other three aliphatic hydrogen atoms (H5f, H3b 

and H3f) are selectively blocked through positioning of the 

substrate and substrate approach. Thus, substrate binding and 

orientation is critical in P4H enzymes and guides the proline 

residue into the proper configuration, so that the preferred 

hydrogen atom in abstracted. Indeed, the lowest energy 

hydrogen atom abstraction barrier found from the QM/MM 

calculations is the pathway leading to R-4-hydroxyproline, which 

is the experimentally observed and expected product. Therefore, 

the QM/MM calculations predict the correct regio- and 

stereoselectivity for the reaction. 

 

Table 1. QM/MM calculated hydrogen atom abstraction barriers from various 

C‒H bonds of proline by P4H and mutants.
[a] 

Variant E
‡
C4b E

‡
C4f E

‡
C5b others

[b]
 

WT 20.7 21.7 26.2 >30 

Y140F 57.3 56.3 39.2 >30 

Y140G 19.0 16.4 43.5 >30 

W243F 21.8 26.4 18.4 >30 

W243G 35.5 75.9 41.8 >30 

R161D 60.4 60.8 45.4 >30 

R161Q 46.1 48.3 >30 >30 

E127D 11.6 20.8 12.5 >30 

E127Q 25.0 >30 20.1 >30 

[a] Energies in kcal mol
‒1

. [b] barriers for hydrogen atom abstraction from H5f, 

H3b and H3f. 

The combined density functional theory and QM/MM 

calculations on P4H enzyme activity show that the 

regioselectivity of proline hydroxylation does not follow the 

thermodynamically most favorable pathway as that should lead 

to 5-hydroxyproline products instead.[32,34] Therefore, the shape 

and size of the substrate binding pocket and the approach of the 

oxidant by substrate must determine the selectivity and enable a 

regioselective activation of the unfavorable C4 position 

efficiently. 

To understand the importance of specific amino acid residues in 

P4H enzymes better, we made single mutants, whereby either 

the Tyr140, Trp243, Arg161 or Glu127 amino acids were replaced by 

other residues. Figure 8 displays the active site structure of P4H 

and highlights the position of these individual residues. As 

mentioned above, Tyr140 is in hydrogen bonding distance to the 

iron(IV)-oxo group (in purple in Figure 8) and has its aromatic 

residue parallel to His143. Substrate approaches the iron(IV)-oxo 

species in a cleft shielded by Tyr140, Trp243 and Asp145 with the 

C4 position of the substrate pointing towards the oxo group. The 

substrate protein chain (Ser-Pro)5 bends around the Trp243 

residue and is held in position by hydrogen bonding interactions 

of the side chains of Arg161 (parallel to Trp243) and Glu127. 

 

Figure 8. P4H active site structure as calculated with QM/MM and the position 

of amino acid residues with respect to substrate. 

Mutants were manually created computationally by replacing the 

aromatic residues Tyr140/Trp243 with either Phe or Gly, while the 

polar residues Glu127/Arg161 were substituted by Asp or Gln. After 

the mutants were created, the proteins were solvated and a 

molecular dynamics (MD) simulation run. From the MD 

simulation starting points for the QM/MM calculations were taken 

and the hydrogen atom abstraction of all six positions of proline 

were calculated again (Table 1). As can be seen from the 

summary in Table 1, these single mutants give a dramatic shift 

in substrate activation, selectivity and activity with respect to 

wildtype enzyme. Thus replacing Tyr140 by a Phe group leads to 

the loss of the hydrogen bond with the oxo group and raises the 

hydrogen atom abstraction barriers dramatically. This effect is 

not as dramatic as replacing Tyr140 by Gly as it fills the pocket 

with water molecules that take over its role. However, in the 

Tyr140Gly mutant the substrate has more flexibility and 

hydrogen atom abstraction of H4f becomes the lowest energy 

hydrogen atom abstraction barrier. Therefore, the Tyr140Gly 

mutant gives loss of selectivity, while the Tyr140Phe mutant 

shows complete loss of activity. For the Trp243Phe mutant also 

loss of selectivity is seen, whereby the lowest hydrogen atom 

abstraction barrier is found for H5b. 

Apart from the active site Tyr140 and Trp243 residues, we also 

investigated mutants of the Glu127 and Arg161 residues. These 

two amino acids are located in a substrate loop and hold it in 

tight conformation. Both Arg mutants become inactive and 

hence Arg161 is essential for substrate positioning in the active 

site. Only a minor change in hydrogen atom abstraction barriers 

is seen when Glu127 is replaced by Asp, but a mutation into Gln 

makes H5b the most likely hydrogen atom abstraction position. 

Therefore, minor changes to the protein through single mutation 

can lead to inactivity of P4H enzymes or regioselectivity 

switches. As such the substrate binding position is tightly 

controlled by the protein environment. 

  

Substrate

His227

His143 Asp145

Succ

Tyr140

Trp243 Arg161

Glu127
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Figure 9. Substrate bound active site structures of CDO (left) and EgtB (right) as taken from the 4IEV and 4X8D pdb files. TMH stands for N--trimethyl histidine 

and GC for -glutamyl cysteine. 

3.4. Ergothioneine Biosynthesis enzyme 

There are several nonheme iron dioxygenases in nature that 

bind and activate sulfur-containing substrates, such as cysteine 

residues. These cysteine-activating nonheme iron dioxygenases 

often bind the iron to the protein via a 3-His rather than the 2-

His/1-Asp coordination scheme.[9,35] Thus, cysteine dioxygenase 

(CDO) bind cysteine to an iron center through the amide and 

thiolate groups and links to the protein through a 3-His linkage, 

Figure 9.[36] It has a tight substrate binding pocket where the 

amide and carboxylate groups of cysteine interact with polar 

side chains of active site residues Tyr58, Arg60, and Tyr157. We 

studied the mechanism for the conversion of cysteine into 

cysteine sulfinic acid with a range of computational techniques, 

including density functional theory calculations on model 

complexes as well as QM/MM.[37] The general reaction 

mechanism for CDO involves cysteine and dioxygen binding 

followed by the attack of the terminal oxygen atom on sulfur to 

form a bicyclic ring structure similar to structure D in Figure 2 

above. Then O‒O bond cleavage gives an iron(IV)-oxo species 

and cysteine sulfoxide and forms final products cysteine sulfinic 

acid through a second oxygen atom transfer reaction.  

 

Scheme 3. Reaction catalyzed by EgtB enzymes. 

 

Using computational modelling it was shown that replacing one 

of the His ligands of CDO by Asp changes the individual barriers 

of the reaction mechanism and affects the kinetics.[37b] In 

particular, substrate cysteinate is found to bind weaker when a 

carboxylate ligand is ligated to the iron in the same coordination 

plane and hence the cysteine dioxygenation process is more 

efficient when iron is ligated to neutral His groups only. 

Another nonheme iron dioxygenase that binds a cysteinate-

based substrate is the ergothioneine biosynthesis enzyme 

(EgtB) and its substrates bound structure is shown on the right-

hand-side of Figure 9. EgtB binds N--trimethyl histidine (TMH) 

and -glutamyl cysteine (GC) as substrates directly to the iron 

and links them together by forming a C‒S bond and in addition 

performs a sulfoxidation, i.e. EgtB is a sulfoxide synthase 

(Scheme 3). Its active site shows similarities to CDO, where the 

metal is bound to three histidine residues (His51, His134, His138), 

but also has polar active site residues such as Tyr377, Arg87 and 

Arg90 with unknown function. Interestingly, although EgtB utilizes 

O2 on an iron center that binds a cysteinate residue, the wildtype 

structure is not known to perform cysteine dioxygenase reactivity. 

To find out how the protein avoids cysteine dioxygenation in 

EgtB enzymes and catalyzes a sulfoxide synthase reaction 

instead, a QM/MM study was performed.[38] 

Figure 10 shows the QM/MM calculated reaction mechanism for 

substrate activation by EgtB enzymes starting from the quintet 

spin iron(III)-superoxo reactant structure (5Re). The lowest 

energy mechanism is initiated by proton transfer from a nearby 

Tyr residue to the superoxo group (via 5TSPT) to form the 

iron(III)-hydroperoxo (5I1) species in an almost thermoneutral 

step. This intermediate is inactive but withdraws electron density 

from the sulfur and makes it more radical-type, so that it is able 

to attack the C2 position of the imidazole ring of TMH (via 

transition state 5TSCS) to link the two substrates together via a 

covalent C‒S bond (5I2). The C‒S bond formation, however, 

weakens the Fe‒S bond and polarizes charge density back to 

iron, which makes the iron(III)-superoxo less acidic.  

CDO

(a)

His88

His86 His140

Tyr157

Tyr58

Arg60

EgtB

(b)

His134

His51

His138

Tyr377 Arg90

Arg87

GC

TMH
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Figure 10. QM/MM calculated reaction mechanisms of sulfoxide synthase versus cysteine dioxygenase pathways in EgtB. Data taken from Ref 
[38]

. 

This triggers a simultaneous proton transfer from iron(III)-

hydroperoxo back to Tyr377 that leaves an iron(II)-superoxo 

structure. The C‒S bond formation between the imidazole group 

of TMH and the cysteinate of GC has lifted the aromaticity in 

the imidazole ring and changed the hybridization of C2 from sp2 

to sp3. Therefore, the C2‒H bond in 5I2 is reduced from an 

aromatic to an aliphatic bond, and hence has considerably 

weakened. This ipso-hydrogen atom can then be abstracted by 

the iron(II)-superoxo species, so that the imidazole ring relaxes 

back to aromaticity (5I3) and gains a large amount of 

exothermicity. Finally, the iron(II)-hydroperoxo complex reacts 

with oxygen atom transfer to complete the sulfoxide synthase 

mechanism to form products.  

As such, computation suggests a mechanism for sulfoxide 

synthase in EgtB that starts with the formation of the C‒S bond 

by inactivation of dioxygen through a nearby tyrosine residue 

and weakening of the Fe‒S bond. Only after the C‒S bond is 

completed and the histidine group of TMH back in its aromatic 

form (through proton release), the sulfoxidation happens. 

Several alternative reaction mechanisms were tested but were 

found well higher in energy. In particular, the alternative pathway 

for oxygen atom transfer from iron(III)-superoxo reactants, 

similar to the one in CDO, was also tested but a barrier (via 
5TSCDO) of 13.1 kcal mol‒1 was found. Hence, the initial proton 

transfer step to Tyr377 by-passes the otherwise favorable oxygen 

atom transfer from iron(III)-superoxo. Therefore, Tyr377 may 

have an essential function in EgtB to guide the reaction 

mechanism to the sulfoxide synthase pathway, by temporarily 

inactivating molecular oxygen through protonation that then 

weakens the Fe‒S bond and triggers the C‒S bond formation. 

Indeed, mutation of the active site Tyr377 residue led to CDO-

type activity in EgtB in agreement with our proposed 

mechanism.[39] 

4. Conclusion 

Nonheme iron dioxygenases show large versatility in substrate 

activation and in many cases natural systems produce products 

regioselectively or stereospecifically. Understanding the nature 

of the protein, and particularly the second coordination sphere 

effects, requires either large computational model structures or 

QM/MM on the full enzyme. The models and methods used in 

computational modelling are able to reproduce experimental 

observations and give detailed insight into short-lived reactive 

intermediates of enzymes. Furthermore, in several cases our 

modelling led to predictions that encouraged experimentalists for 

future studies. For instance in the S-p-hydroxymandelate 

synthase example given here, the modelling predicted how 

mutants would give different product distributions. Indeed when 

these mutants were made a complete eneantioselectivity 

reversal in the product distributions were obtained. 

Consequently, computational modelling adds valuable insight 

alongside experimental studies. 
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