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IV 

Abstract 

Pisa1 from Pseudomonas sp. DSM6611: A highly enantio- and stereoselective secondary 

alkylsulfatase from Pseudomonas sp. DSM6611 (Pisa1) was heterologously expressed in 

Escherichia coli BL21 and purified to homogeneity for kinetic and structural studies. 

Structure determination of Pisa1 by X-ray crystallography showed that the protein belongs 

to the family of metallo-β-lactamases with a conserved binuclear Zn2+ cluster in the active 

site. In contrast to a closely related alkylsulfatase from Pseudomonas aeruginosa (SdsA1), 

Pisa1 showed preference for secondary rather than primary alkyl sulfates and 

enantioselectively hydrolyzed the (R) enantiomer of rac-2-octyl sulfate yielding (S)-2-

octanol with inversion of absolute configuration as a result of C-O bond cleavage. In order 

to elucidate the mechanism of inverting sulfate ester hydrolysis, for which no counterpart 

in chemical catalysis exists, an invariant histidine residue (His317) near the sulfate binding 

site was identified as the general acid for crucial protonation of the sulfate leaving group. 

Additionally, amino acid replacements in the alkyl-chain binding pocket generated an 

enzyme variant, which lost its stereoselectivity towards rac-2-octyl sulfate. These findings 

are discussed in light of the potential use of this enzyme family for applications in 

biocatalysis. 

ppBat from Bacteroides thetaiotaomicron: In a recent survey of flavin-dependent proteins, 

a putative protease from Bacteroides thetaiotaomicron, a microbe inhabiting the human 

gut, was identified. The structure of the protein (pdb code 3CNE) features a mono nuclear 

zinc site in addition to a flavin, which is sandwiched by two tryptophan residues provided 

by each of the two protomers in the dimeric protein. The zinc ion is coordinated with two 

cysteine-derived thiol groups and two water molecules forming a tetragonal ligation 

sphere. The large distance of ≈ 16 Å between the edge of the flavin cofactor and the zinc 

argues against a direct cooperation between these two cofactors. This intriguing 

combination of unusual cofactors sparked our interest in the protein. In this thesis, the 

biochemical characterization of the flavin as well as the zinc binding site of the protein is 

reported. Moreover it is demonstrated, that the recombinant protein is capable of binding 

not only naturally occurring flavin derivatives, such as lumichrome, riboflavin, FMN and 

FAD but also a variety of chemically modified “artificial”  flavin analogs with KD values in 

the nanomolar range. Additionally, it could be proved that the Trp164 is fundamental for 

binding the flavin cofactors but not for a dimerization of the protein and that the zinc ion 

has a structural role in ppBat.  



  Kurzfassung 

V 

Kurzfassung 

Pisa1 aus Pseudomonas sp. DSM6611: Eine enantio- und stereoselektive Alkylsulfatase 

aus Pseudomonas sp. DSM6611 (Pisa1) wurde heterolog in Escherichia coli BL21 

exprimiert und aufgereinigt, um kinetische und strukturelle Studien an diesem Enzym 

durchzuführen. Die Kristallstruktur von Pisa1 zeigte, dass dieses Protein zur Familie der 

Metallo-ß-Lactamasen gehört und einen konservierten binuklearen Zn2+-Cluster im 

aktiven Zentrum besitzt. Im Gegensatz zu einer ähnlichen Alkylsulfatase aus 

Pseudomonas aeruginosa (SdsA1) bevorzugt Pisa1 sekundäre Alkylsulfate gegenüber 

primären als Substrate für die Hydrolyse. Das Enzym setzt enantioselektiv das (R)-

Enantiomer von rac-2-Octylsulfat zu (S)-2-Octanol um. Dies geschieht unter Inversion der 

absoluten Konfiguration am chiralen Kohlenstoffatom als Resultat einer C-O Spaltung. 

Inverse Sulfatesterhydrolysen sind unter chemischen Bedingungen nicht möglich; im Falle 

von Pisa1 konnte gezeigt werden, dass ein Histidin Rest (His317) in der Nähe der 

Sulfatbindestelle als Säure dient, die für die Protonierung der Sulfat Abgangsgruppe 

benötigt wird. Des Weiteren führten Aminosäureaustausche in der Bindestelle der 

Alkylkette zur Herstellung einer Enzymvariante, welche die Stereoselektivität hinsichtlich 

rac-2-Octylsulfat verlor. 

ppBat aus Bacteroides thetaiotaomicron: In einer Studie über flavinabhängige Enzyme 

wurde eine mögliche Protease aus dem menschlichen Darmorganismus Bacteroides 

thetaiotaomicron identifiziert. Die Kristallstruktur des Proteins (PDB Code: 3CNE) zeigt, 

dass es eine mononukleare Zinkbindestelle und zusätzlich ein Flavin aufweist. Dieses 

Flavin ist zwischen zwei Tryptophanresten aus den beiden Protomeren eingebettet. Das 

Zinkion ist durch die Thiolgruppen von zwei Cysteinresten und zwei Wassermolekülen 

tetragonal gebunden. Eine direkte Kooperation der zwei Kofaktoren ist durch den großen 

Abstand von etwa 16 Å zwischen dem Flavin und dem Zink unwahrscheinlich. Durch 

diese unübliche Kombination dieser zwei Kofaktoren wurde das Interesse an diesem 

Protein geweckt und es wurden sowohl die Flavinbindestelle, als auch die Zinkbindestelle 

biochemisch charakterisiert. Es konnte gezeigt werden, dass ppBat nicht nur natürlich 

vorkommende Flavine wie Lumichrom, Riboflavin, FMN und FAD, sondern auch 

chemisch modifizierte Flavinderivate mit KD-Werten im nanomolaren Bereich bindet. Des 

Weiteren wurde nachgewiesen, dass die Aminosäure Trp164 fundamental für die Bindung 

des Flavinkofaktors, jedoch nicht für die Dimerisierung des Proteins zuständig ist und das 

Zinkion eine strukturstabilisierende Rolle in ppBat aufweist. 
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Chapter 1  Zinc dependent proteins 

 

1.1 Introduction to zinc in biology 

Immediately after iron, the second transition metal for abundance and biological 

importance into mammals is zinc.1 The importance of zinc for the growing of organisms 

and particularly its high concentration in the reproductive organs, infers about the 

participation of this metal in the catalysis of essential metabolic reactions. Nature has 

evolved various structural patterns whereby zinc is bound to protein scaffold. Zinc 

possesses a wide variety of different functions: it stabilizes the structure and the 

conformation of proteins, acts as a catalytic center or participates in the expression of the 

genetic code. Nowadays, more than 300 enzymes have been characterized to contain zinc. 

Interestingly it is the only metal known to have representatives in all enzyme classes.2, 3  

According to the acid-base hard-soft theory4, zinc is classified as a borderline metal thus 

neither hard nor soft. The hard-soft theory is based on the definition of acid and base 

according G. N. Lewis5, which takes into account the electronic configuration of the 

species involved. A Lewis acid is a chemical species which possesses an unoccupied 

atomic or molecular orbital at low energy, whereas a Lewis base is a species which 

possesses a couple of unpaired electrons available to form a chemical bound. The 

feasibility of an acid-base reaction depends on the strength of the couple involved but also 

from another property: the hardness of the acid and the softness of the base. This property 

can only be described qualitatively:6-8 

• Hard bases: the donor atoms have high electronegativity and low polarizability; hence 

they are difficult to oxidize since the electrons of the valence shell are tightly bound. 

• Soft bases: the donor atoms have low electronegativity and high polarizability; hence 

they are easy to oxidize since the electrons of the valence shell are weakly bound. 

• Hard acids: The acceptor atoms possess a small radio, a high positive charge and do 

not contain unpaired electrons in the valence shell; hence they have low polarizability 

and high electronegativity. 

• Soft acids: The acceptor atoms possess a high radio, a small positive charge and 

contain unpaired electrons belonging to p or d orbitals of the valence shell; hence they 

have high polarizability and low electronegativity. 
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In a nutshell, the general rule for the hard-soft acid-base theory foresees that hard acids 

bind preferentially hard bases and soft acids bind preferentially soft bases.  

The chemistry of zinc is dominated by the +2 oxidation state. As mentioned before, it is 

typically a borderline acid thus it binds preferentially borderline bases (i.e. nitrogen donors 

such as a histidine residue). However, this borderline feature allows zinc to bind also hard 

bases (i.e. oxygen donors such as a water molecule) and soft bases (i.e. sulphur donors 

such as a cysteine residue).9, 10 In general zinc-complexes, hence zinc-proteins are 

particularly stable due to the favourable entropic factors coming from the elimination of a 

water molecule in the coordination sphere. Zinc has all the five 3d orbitals completely 

occupied, which leads to a coordination geometry not influenced by electronic factors. In 

fact, d0 and d10 atoms are generally not influenced by stabilization of d orbitals. When a 

metal-protein interaction occurs, the d orbitals of the metal ion lying along the donor 

become destabilized, whereas the d orbitals pointing towards the contrary direction 

become stabilized. Thus, the latter orbitals of the metal ion are occupied first from the 

electrons coming from the donor (i.e. amino acid residues from the protein). In the case of 

Zn+2, this stabilization does not exist since the d orbitals are already completely occupied. 

As a consequence, the only parameter which determines the geometry of the ligands 

around the Zn+2 center is the sterical hindrance of the ligands. These ligands are arranged 

around the metal center in order to minimize the repulsion among themselves. Therefore, 

the zinc center present in zinc proteins commonly adopts a slightly distorted tetrahedral 

geometry, coordinating three or four protein side chains. In fact, the repulsion among the 

ligands is minimized in a tetrahedral coordination. Additionally, the common rule of the 

18 electrons for transition metals is simultaneously satisfied.11, 12 However, also five-

coordinated distorted trigonal bipyramidal geometry has been observed in the metal sites 

of various Zn dependent proteins (Scheme 1).12 

tetrahedral trigonal bipyramidal 

Scheme 1. Coordination geometry of Zn2+ in zinc dependent proteins. 
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As mentioned before, zinc is only present in the +2 oxidation state. Thus it cannot promote 

catalytic reactions whereby electrons are transferred via the metal center (redox reactions). 

Consequently, Zn+2 acts only as a strong Lewis acid hence activating the coordinated 

water molecule towards deprotonation to generate a hydroxide species (Scheme 2a) or 

polarizing the chemical bond of its ligands (i.e. Zn-OH + H+, Scheme 2b) to generate a 

nucleophile for catalysis. Furthermore, zinc is appointed to preserve the structure in the 

active site of the enzymes and orient the substrates in the correct position (Scheme 2c).13 

2+
deprotonation

(a)

substrate

-
H base

(b)
polarization

displacement(c)

2+ 2+

2+

 

Scheme 2. Basic mechanisms of the activation of zinc bound water in the majority of zinc 

enzymes: (a) deprotonation of the ligand such as water to generate a nucleophilic zinc hydroxide 

ligand (b) additional polarization by a basic residue, and (c) displacement of the coordinated water 

molecule by the substrate. 

1.2 Classification of zinc binding sites 

So far, four distinct types of zinc binding sites in enzymes have been identified: 

Catalytic zinc: Zn+2 is essential and directly involved in the enzymatic catalysis. The 

removal of the metal leads to loss of any catalytic activity although the enzyme usually 

maintains its tertiary structure. Those zinc sites consist of a bound water molecule and 

additional three amino acid residues, namely His, Glu, Asp or Cys in a binding frequency 

of His >> Glu > Asp = Cys. It is not surprisingly that histidine is the most frequent amino 

acid donor into zinc catalytic active sites, since the imidazole ring coordinates using a 

typically borderline nitrogen donor.14 

4



Chapter 1  Zinc dependent proteins 

 

Structural zinc: The metal is necessary to maintain the structural stability of the protein 

(often the quaternary structure in oligo-enzymes) and structural zinc sites possess four 

protein ligands without any additional water molecule. Structural zinc is present in the 

alcohol dehydrogenase (ADH)15 or in the regulatory subunit of Escherichia coli aspartate 

carbamoyltransferase16 whereby the metal is coordinated to four cysteine residues in a 

tetrahedral fashion. Such a coordination pattern hampers the access of water and other 

substrates to the ligands sphere. Thus, it seems that zinc-sulphur bounds are appointed to 

preserve the structure of the proximal catalytic site and that of the whole protein. In fact, 

the thermodynamic stabilization of a zinc-sulphur bound is comparable to the one of a 

disulphide bridge. Although sulphur is the preferred ligand in structural zinc sites, also 

combinations with His or Glu and Asp exist. Figure 1 shows the combination of structural 

zinc sites which have been observed in metalloenzymes so far.17 

 

Figure 1. Schematic representation of the types of structural zinc sites observed in 

metalloenzymes until to date. 

Cocatalytic zinc: Cocatalytic metal sites are important to stabilize the overall protein 

folding and to assist the catalytic activity of the enzyme. Cocatalytic zinc is present in 

enzymes containing two or more zinc atoms and/or other transition metals close each other 

(i.e. cluster). For instance a single amino acid residue can bind simultaneously two metal 

atoms and sometimes an additional bridge is formed by a water molecule. Asp and His are 

the most prevalent ligand in this type of zinc sites.18,19 For instance, in the P1 nuclease 

from Penicillium citrinum (Pdb code: 1AK0), one catalytic zinc and other two additional 

zinc ions are found in the active site (Figure 2A).20 Conversely, in E. coli alkaline 

phosphatase (Pdb code: 1ALK), two zinc ions and one magnesium ion are present (Figure 
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2B).21 However, in all the cases, one zinc is the catalytic site and the remaining couple of 

metals, i.e. zinc or magnesium, is linked via a bridge amino acid residue (usually an 

aspartatic acid). These additional metal ions are classified as cocatalytics.  

 

Figure 2. Schematic representation of three-metal cocatalytic sites: (A) P1 nuclease from 

Penicillium citrinum and (B) E. coli alkaline phosphatase, created with Ligplot.22 

Protein interface zinc sites: Zinc is appointed to stabilize the quaternary structure of 

proteins. The ligands are located in the binding surface between the two interacting 

proteins or protein subunits and in principal protein interface zinc sites show general 

characteristics of catalytic or structural zinc binding sites. In principle four amino acid 

residues are bound to zinc (Glu, Asp, His or Cys) to achieve again a tetrahedral 

coordination geometry, albeit it can be extended to five and six ligands with donor atoms 

other than sulfur.23, 24 

As mentioned before, His and Cys constitute the preferential ligands for catalytic and 

structural zinc, whereas Asp is predominant in cocatalytic zinc. It is noteworthy that 

cocatalytic zinc is also bound to other amino acid residues such as Ser, Thr, Lys or Trp. 

These ligands have lower affinity to the zinc center compared to His (N-imidazol), Glu, 

Asp (O-carboxylic) and Cys (SH-). Thus, the cocatalytic zinc is more prone to 

rearrangement when a substrate enters into the catalytic site. This rearrangement leads to 

the cleavage of the bond between the Asp and the other proximal catalytic zinc, which 

enhances its polarizability. The overall process ends up with the activation of the catalytic 

zinc which is then capable to act as a Lewis acid and interacts with the substrate. As an 

alternative, the formerly bridged Asp can act as a nucleophile or acid-base catalyst.2  
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1.3 Enzymatic reactions catalyzed by zinc enzymes 

Although zinc proteins show representatives in all 6 enzyme classes, the main importance 

of zinc enzymes derives from their hydrolytic activity. The most common catalyzed 

reactions are: phosphoric ester hydrolysis and peptide bond hydrolysis. The latter also 

includes endopeptidase as well as exopeptidase (carboxypeptidases and aminopeptidases) 

activity. Additionally to the cleavage of amide and phosphate bonds two other important 

zinc enzymes should be mentioned: carbonic anhydrase, which hydrolyses CO2 and 

alcohol dehydrogenase which catalysis oxidation reactions of alcohols to ketones or 

aldehydes.13  

1.4 Prominent representatives of zinc dependent proteins 

In the next chapters the zinc sites of the most prominent representatives of zinc dependent 

proteins and the mechanisms of selected ones are described. 

1.4.1 Hydrolases acting on peptide bonds (Zinc peptidases) 

Zinc peptidases catalyze the hydrolysis of peptide bonds. They are divided in two groups: 

endopeptidases (cleavage of peptide bonds within the protein chain) and exopeptidases 

(cleavage of a terminal amino acid from the protein chain). Exopeptidases can further be 

classified into carboxypeptidases (removal of the C-terminal amino acid) and 

aminopeptidases (removal of the N-terminal amino acid). Peptidase activity is illustrated 

in Figure 3.25 

H2O

peptidase
+

exopeptidase
(aminopeptidase)

endopeptidase

exopeptidase
(carboxypeptidase)

 

Figure 3. Peptidase activity of zinc dependent enzymes. 
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The zinc peptidases can be grouped in 5 superfamilies. In the first superfamily, also named 

superfamily of the thermolysin, the zinc center is coordinated by a Glu and two His 

residues. The thermolysin, the carboxypeptidase A, the D-Ala carboxypeptidase and many 

others belong to this superfamily. All these peptidases possess a similar active site, 

including the coordination to the zinc center and the activation of a water molecule. In 

contrast to many phosphatases, which preferentially use magnesium or manganese as 

active metal center, peptidases employ solely zinc to hydrolyze peptide bounds. The 

second superfamily, named as metzincin, is characterized by a zinc ion bound to three 

histidine residues. At this superfamily belong the peptidases from snake poison. In the 

third superfamily, both Glu and His bind the zinc center. Other amino acids are also 

involved in the coordination sphere although they have not been identified so far.  

It is interesting to note that both thermolysins and metzincins conserve the same topology 

regarding to the catalytic domain; that is constituted by five β-strands and two α-helices. 

Thus, the two superfamilies have probably evolved from a common ancestor. 

Metallocarboxypeptidases (Carboxypeptidase A – CPA) 

Members of the metallocarboxypeptidase (CP) family catalyze the removal of C-terminal 

amino acids from proteins. According to their specificity, four classes may be 

distinguished: (i) A-like CPs for aromatic/hydrophobic residues, (ii) B-like CPs for basic 

residues, (iii) for acidic residues and (iv) inactive for standard CP substrates.26 

Carboxypeptidase A (PDB code: 5CPA27), the prototype enzyme for 

metallocarboxypeptidases, is a digestive enzyme which has been isolated from bovine 

pancreas. It catalyzes the cleavage of C-terminal hydrophobic amino acid residues, 

preferentially possessing aromatic side chains such as Phe, as well as the hydrolysis of 

esters. CPA consists of ca. 300 amino acid residues with a MW of 34 kDa (Figure 4). The 

catalytic zinc center is located at the bottom of a cavity and it is coordinated to His69, 

His196, Glu72 and a water molecule. The water is additionally bound to Glu270 via a 

hydrogen bound.27  

Structural investigations have led to two proposals concerning the mechanism of the 

hydrolysis. In the first proposal, an Arg145 places the peptide or the ester substrate in the 

8
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correct orientation via a strong interaction between the imine group of the amino acid and 

the carboxylic group of the substrate. 

 

Figure 4. Structure representation of carboxypeptidase A (PDB code: 5CPA) from bovine 

pancreas. (A) Cartoon representation, showing the zinc ion in green. Picture was prepared with the 

program PyMol.28 (B) Close up of the zinc binding site, prepared with LigPlot.22  

This feature explains the specificity of the enzyme to cleave exclusively C-terminal amino 

acid residues. Then, the zinc coordinates the carbonylic oxygen of the peptide which 

polarizes the C-O bond. This favours the attack of the nucleophile Glu270 to form an 

anhydride Glu-C(O)-O-C(O)-R. The function of the zinc is fundamental since it polarizes 

the carbonylic bound and increases the acidity of the water molecule hence producing the 

more nucleophilic hydroxyl species. The final rearrangement of the penta-coordinated zinc 

gives the carboxylic acid and regenerates the native enzyme. The fact that some 

anhydrides have been found during the hydrolysis of a few substrates supports this 

proposal.29  

The second hypothesis by Christiansen and Libscomb30 (Figure 5) suggests that Arg145 

serves to place the substrate in a specific orientation via hydrogen bonds between the 

amino groups of Arg145 and the carboxylic group of the peptide. Then, the synergic 

action of Glu270 and the Zn+2 allows the deprotonation of the coordinated water molecule 

hence enabling the direct attack of the hydroxyl moiety to the electrophilic carbon of the 

peptide. An additional Arg127 increases the nucleophilicity of the carbonylic oxygen of 

the peptide, allowing a direct attack of the zinc ion. The penta-coordinated intermediate 

evolves to the cleavage of the C-N bound and final substrate hydrolysis.29  

9
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Figure 5. Catalytic mechanism of CPA as proposed by Christiansen and Libscomb (adapted from 

reference 29) with substrate atoms shown in black, and active sites residues and residues in the 

binding pocket colored in red and green, respectively. 

Leucine aminopeptidase (LAP) 

Leucine aminopeptidases are found in animals, plants and bacterica and play a key role 

during the modification and the degradation of proteins and in the metabolism of 

biologically active peptides by hydrolyzing the N-terminal amino acid of a polypeptide 

chain. The altered activity of the aminopeptidase was linked to diverse pathologies, for 

instance, cancer or eye cataract.31, 32 

Until now more than 50 sequences for leucine aminopeptidase activity are found in the 

Swiss-Prot Database, whereby the two best studied enzymes were isolated from Bos 

taurus (LAP, PDB code: 1LAM33) and Escherichia coli (PepA, PDB code: 1GYT34).  

LAP is a non-cooperative homohexamer, constituted by 487 amino acid residues per 

monomer; it contains two zinc centers which are spaced by 3 Å within the active site 

(Figure 6). Each zinc ion is penta-coordinated with an octahedral geometry lacking of one 

vertex. The two zinc ions are bridged by Glu334 (bidentate), Asp255 (monodentate) and a 

water molecule. Zn1 is additionally bound to Asp332, whereas Zn2 is bound to Asp273 
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and Lys250. Interestingly, the zinc ion, coordinated by the lysine residue also binds the 

terminal amino group of the substrate peptide.35 

 

Figure 6. View of the structure of Bos taurus leucine aminopeptidase (PDB code: 1LAM). (A) 

Cartoon representation of the protomer, showing the zinc ions in green. The inset shows the 

naturally occurring hexameric structure. Pictures were prepared with the program PyMol.28 (B) 

Close up of the zinc binding site, prepared with LigPlot.22  

On the base of this and other structures, a catalytic mechanism has been proposed, 

whereby the substrate binds via its N-terminal amino group towards Zn2 whereas Zn1 

polarizes the carbonylic oxygen. Subsequently, the nucleophilic attack of the activated 

water molecule (or the hydroxyl moiety) occurs. Additionally to the zinc ions, Lys262 and 

a bicarbonate ion bound to Arg336 and Leu360 stabilize the transition state. The 

bicarbonate ion shuttles the proton from the nucleophile to the leaving amino group.35, 36 

-

HNH HO
H

Gly335

Arg336 +

Leu360

Lys262

-

-

Lys262 Lys262

HNH HO

-
Gly335

HNH

Arg336

Gly335

Leu360

Arg336

Leu360

 

Figure 7. Proposed catalytic mechanism for the cleavage of the N-terminal amino acid by B. 

taurus leucine aminopeptidase (adapted from reference 36). 

 

11



Chapter 1  Zinc dependent proteins 

 

Methionine aminopeptidase 

The methionine aminopeptidase obtained from E. coli is the prototypical member of this 

family and cleaves the N-terminal methionine from nascent polypeptide chains.37 The 

structure has been established for the enzyme containing two cobalt ions as a replacement 

for the native zinc ions (PDB code 1MAT38). The two cobalt ions in the cocatalytic metal 

site are spaced by 3.2 Å and they are bound to the side chains of Asp97, Asp108, Glu204, 

Glu235 and His171 (Figure 8). The coordination of the metal ions is quasi octahedral. 

Furthermore a water molecule forms a bridge between Co1 and Co2 and a second water 

molecule binds to Co2. These two water molecules could form hydrogen bonds with 

His178 and Thr99, respectively. All these amino acid residues binding the metal centers 

are highly conserved in all the enzymes belonging to the homologues series, the only 

exception being the methionine aminopeptidase from Bacillus subtilis. In this homologue, 

the Glu235 is substituted with a Gln.39 

 

Figure 8. Structure representation of E. coli methionine aminopeptidase (PDB code: 1MAT). (A) 

Cartoon representation, showing the metal ions in green. Picture was prepared with the program 

PyMol.28 (B) Close up of the zinc binding site, prepared with LigPlot.22 

The main feature of the proposed mechanism for E. coli methionine aminopeptidase 

(displayed in Figure 9) is the nucleophilic attack of a metal-bound water or a hydroxide 

ion to the carbonyl carbon of the substrate which is assisted by Glu204 together with the 

metal center.  

A noncovalently bound tetrahedral intermediate is formed and a proton transfer from 

Glu204 to the nitrogen atom of the scissile bond may facilitate breakdown of the 

indermediate to products.40 
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Figure 9. Proposed reaction mechanism for E. coli methionine aminopeptidase (adopted from 

reference 40). 

Thermolysins 

The thermolysins constitute a class of hydrolytic enzymes, whose structure is very similar 

to the one of carboxypeptidase A. The arrangement of the active site is ascribable to a 

convergent evolution. All members of that family contain a HEXXH sequence motif 

where the zinc ion is coordinated by two histidine residues and a glutamic acid which is 

necessary for catalysis.41 Thermolysin from Bacillus thermoproteolyticus (PDB code: 

3TMN42) is a thermostable zinc endopeptidase which preferentially cleaves peptides with 

a bulky, hydrophobic residue, for example phenylalanine or leucine in the R1´ position.43 

In addition to the zinc ion, there are four calcium ions necessary for the thermal stability of 

the enzyme. The zinc ion in the active site is coordinated to three amino acids, His142, 

His146, Glu166 and a water molecule (see Figure 10).44 

The catalytic mechanism of thermolysin was described by Hangauer et al.45 and it is 

similar to that of other metallopeptidases like carboxypeptidase A and methionine 

aminopeptidase (Figure 5 and Figure 9). When the substrate enters the active site, the 

water molecule bound to the zinc ion points towards a Glu143 residue that promotes the 

nucleophilic attack on the scissile peptide bond. A tetrahedral intermediate is further 
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stabilized by His231 and Tyr157. Again the proton which was accepted by Glu143 from 

the attacking water molecule is transferred to the leaving nitrogen. A stabilization of the 

doubly protonated tetrahedral nitrogen of the peptide bond takes place via the side chains 

of Asn112 and Ala113. 

 

Figure 10. Overall structure of thermolysin from Bacillus thermoproteolyticus (PDB code: 

3TMN). (A) Cartoon representation, showing the zinc ion in green and the calcium-ions in purple. 

Picture was prepared with the program PyMol.28 (B) Close up of the zinc binding site, prepared 

with LigPlot.22  

Superfamily of metzincins 

A superfamily of zinc endopeptidases is called metzincins which occurs of a characteristic 

consensus motif HEXXHXXGXXH. This superfamily shows a significant relationship to 

the thermolysins (zinc binding motif HEXXH), although a histidine replaces a glutamate 

as a third ligand of the catalytically essential zinc. All members share a conserved 

methionine residue which is lacking in thermolysins. This Met is part of a fold into a 

hydrophobic pocket close to the active site and its importance presumably stems from the 

retention of the correct conformation and stabilization of the active site. Four distinct 

families of zinc peptidases, the astacins, matrix metalloproteases (matrixins, collagenases), 

adamalysins/reprolysins (snake venom proteinases/reproductive tract proteins) and the 

serralysins belong to the superfamily of metzincins as they show the above mentioned 

features. Moreover, their three-dimensional structures are topological similar (five-

stranded β-sheet and three α-helices arranged in typical sequential).46 

The metzincins are catalytically inactive in their native state (proenzyme). For most of the 

metzincins, the activation of the proenzyme involves a cleavage of the pro-peptide 
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resulting in an enzyme carrying two additional amino-terminal residues which are auto 

catalytically cleaved off in a second step. That allows the proenzyme to pass from the 

inactive to the active form.47 

Astacin 

Astacin from prawn of freshwater Astacus astacus is the first peptidase from the 

metzincins superfamily whose crystal structure has been solved (PDB code: 1AST48, 

Figure 11). The physiological activity of this enzyme is the digestion of food proteins for 

example type I collagen or gelatin.49 From its crystal structure, it is possible to infer the 

characteristic of the other family members. The terminal groups of all astacins are located 

in a proximal position to the active site. That implies an activation mechanism which 

involves the proteolytic cleavage of the N-terminal amino group of the proenzyme.48 

 

Figure 11. Overall structure of astacin from Astacus astacus (PDB code: 1AST) (A) Cartoon 

representation, showing the zinc ion in green. Picture was prepared with the program PyMol.28 (B) 

Close up of the zinc binding site, prepared with LigPlot.22  

The zinc center of the astacin is coordinated by five ligands in trigonal bipyramidal 

geometry. Tyr149 and His96 occupy the axial positions, whereas His92, His102 and a 

water molecule are placed in the equatorial plane. The carboxylic side chain of Glu93 is 

bound via hydrogen bonds to the nucleophilic water molecule coordinated to the zinc 

center.47 This water molecule is additionally bound to Tyr149. This structural arrangement 

of the active site is analogous to the one of carboxypeptidase A and thermolysin; hence, 

the hydrolytic mechanism is the same (Figure 12).  
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Figure 12. Catalytic mechanism of astacin (adopted from reference 47). 

Despite the low sequence homology between astacin and thermolysin, they are 

superimposable on the base of a conserved helix in the active site. His102 and Tyr149 of 

astacin have a similar position to the ones of Glu166 and His231 of thermolysin. As a 

consequence, both enzymes employ an analogous mechanism, whereby the water 

molecule bound to the zinc is a nucleophile. Tyr149 of astacin could play as similar role as 

the one of His231 of thermolysin in the polarization of the carbonylic group of the 

substrate and Glu93 in astacin instead of Glu143 in thermolysins acts as a general base 

during catalysis.47  

Snake venom protease family  

Snakes of the family Crotalidae produce extremely aggressive proteolytic enzymes in 

their venom glands. These toxins belong to the superfamily of metzincins and are further 

divided in adamalysin, atrolysin and H2-proteinase. Those proteins are appointed to the 

hydrolysis of the extracellular matrix. All of these enzymes characterized so far are 

inhibited from chelating metals and contain zinc. The pro-haemorrhage and proteolytic 

activity of that family is dependent on the presence of the zinc ion.46  

The X-ray structures of adamalysin and atrolysin reveal the presence of a calcium ion, 

which probably has an additional catalytical role.  

Adamalysin II, a 24 kDa protein, formerly known as proteinase II, was the first snake 

venom protein whose crystal structure has been solved. The zinc-endopeptidase was 
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isolated from the poison of the snake Crotalus adamanteus and the structure (PDB code 

1IAG50) of its active site reveals several analogies to the one of astacin.  

 

Figure 13. Overall structure of adamalysin II from Crotalus adamanteus (PDB code: 1IAG). (A) 

Cartoon representation, showing the zinc ion in green and the calcium ion in purple. Picture was 

prepared with the program PyMol.28 (B) Close up of the zinc binding site, prepared with LigPlot.22 

Thus, the zinc ion is tetrahedral coordinated by three histidine residues (His142, His146 

and His152, respectively) and a water molecule (Figure 13). In contrast to astacin, 

adamalysin II lacks a fifth (tyrosine) residue. 

It is worth to note that the oxygen atom closest to the zinc ion is the one belonging to the 

carboxylic group of Glu143. This oxygen may act as a base for the catalysis, albeit it is 4.1 

Å far from the metal center. In general, the active site of the adamalysin is less complex 

that the one of the thermolysin although also these enzymes show a high catalytic 

efficiency.50  

Atrolysin C (form d) is a zinc metalloprotease isolated from the venom of the western 

diamondback rattlesnake Crotalus atrox (PDB code 1ATL51). The zinc ion is essential for 

the haemorrhage and proteolytic activity whilst the replacement of Zn2+ with Co2+ does 

not determine a significant loss of the activity. According to the structure, a distorted 

tetrahedral coordination of the metal ion was found, whereby the zinc is bound to three 

histidues residues (His142, His146 and His152, respectively) and a water molecule. The 

water molecule bound to the zinc is placed 4.1 Å far from a glutamic acid residue 

(Glu143) as already mentioned in the case of adamalysin.  

Beside the native structure, the enzyme was crystallized in presence of a dipeptide 

inhibitor. Figure 14  shows the binding of this inhibitor in the active site of atrolysin. The 
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dipeptide coordinates with both the oxygen atoms belonging to the same carboxylic 

moiety of a C-terminal side chain. Additionally, one of these oxygens is also bound to 

Glu143 via a hydrogen bond. In contrast to the proposed mechanism for the hydrolysis 

catalyzed by the thermolysin, it seems that the structures of adamalysin and atrolysin do 

not change significantly upon binding of a substrate or an inhibitor.51 

 

Figure 14. Overall structure of atrolysin C (form d) from Crotalus atrox (PDB code: 1ATL). (A) 

Cartoon representation, showing the zinc ion in green and the calcium ion in purple. Picture was 

prepared with the program PyMol.28 (B) Close up of the zinc binding site with a dipeptide inhibitor 

bound, prepared with LigPlot.22  

1.4.2 Hydrolases acting on ester  bonds (Zinc phosphatases) 

Alkaline phosphatase 

Both prokaryotes and eukaryotes possess alkaline phosphatases, enzymes capable to 

catalyze the unspecific hydrolysis of a phosphate group from phospho-monoesters. These 

enzymes can additionally transfer phosphoryl groups to alcohols. The most studied 

alkaline phosphatase was isolated from E. coli (PDB code 1ALK21). In Figure 15 the 

native enzyme was complexed with phosphate (phosphate is a strong competitive inhibitor 

of alkaline phosphatase as well as a product of the enzyme). Alkaline phosphatase is a 

homodimer (MW 94 kDa), whereby the active sites are about 30 Å from each other. Each 

monomer contains two zinc ions (defined as Zn1 and Zn2) and a magnesium ion at a 

distance of about 5 Å from Zn2.21 The crystal structure of the enzyme shows that the two 

catalytically essential zinc ions are separated by 4 Å. Although the magnesium ion is 

closer to the Zn2, it is not directly involved in the catalysis. Nonetheless, the Mg2+ 

contributes to the stabilization of the active site. Zn1 of alkaline phosphatase is classified 
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as catalytic zinc and it coordinates His331 and His412 and both oxygens of Asp327 

(bidentate). Zn2 is bound to Asp369, His370 and Asp51, the last being a bridged ligand 

between Zn2 and the magnesium ion. Mg2+ is finally bound to Asp153, Thr155 and 

Glu322. Spectroscopic studies showed that Zn1 is likely penta-coordinated, whereas Zn2 

and Mg might be hexa-coordinated by means of additional water molecules. Additional 

hydrogen bonding interactions with Asp153 hold the water molecules in place. 

 

Figure 15. Overall structure of alkaline phosphatase from E. coli (PDB code: 1ALK). (A) Cartoon 

representation, showing the zinc ions in green and the magnesium ion in purple. Picture was 

prepared with the program PyMol.28 (B) Close up of the metal binding site, prepared with 

LigPlot.22  

The presence of a serine residue (Ser102) close to the couple Zn1, Zn2 is fundamental for 

the catalytic activity. In fact, there are strong evidences that this amino acid is reversibly 

phosphorylated during the catalysis and that Zn1 is the one able to coordinate the 

phosphate ion.21, 52 In Scheme 3 the overall reaction mechanism concerning hydrolase and 

transphosphorylation activity of alkaline phosphatase as described by Wilson and Dayan53 

is depicted: 

E + R1OP . E-P

R1OH

H2O

R2OH

E    Pi

E + R2OP

E + Pi

.E    R2OP

E    R1OP

.

 

Scheme 3. Kinetic scheme of hydrolase and transphosphorylation reaction catalyzed by alkaline 

phosphatase (adapted from reference 52). 
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Ser102 is phosphorylated creating a covalently linked phosphoseryl intermediate E-P. This 

complex can either be hydrolyzed to a noncovalent enzyme-phosphate complex (E•Pi) or 

undergo a transphosphorylation reaction where the phosphate is transferred to an acceptor 

(R2OH) like Tris or ethanolamine. The hydrolysis of the phosphoenzyme E-P is rate 

limiting under acidic conditions, whereas the phosphate dissociation from the E•Pi 

complex is rate limiting under basic pH. 

The catalytic mechanism for the hydrolysis of phosphoesters is briefly summarized below 

(Figure 16):21  

Arg166

Ser102Asp51

Glu322

Thr155

-

2-

E .

2-

Arg166

-

-

-

E  ROP

E-P.E  Pi

Ser102

Arg166

Asp51

Arg166

Ser102

Glu322

Ser102Asp51Asp51

Thr155

Glu322 Glu322

Thr155 Thr155

 

Figure 16. Catalytic mechanism for the hydrolysis of phosphoresters by alkaline phosphatase 

(adapted from reference 21). 

Three water molecules fill the active site in the free enzyme and Ser102 is hydrogen 

bonded with the magnesium-coordinated hydroxide ion. The phosphomonoester enters in 

the active site to form the enzyme-substrate complex. The phosphate group coordinates the 
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Zn1 center employing a deprotonated oxygen atom after removal of a water molecule from 

the metal center. The result is the activation of the phosphorous atom to a subsequent 

nucleophilic attack. Furthermore, the binding of the substrate is synergetically increased 

by action of the positively charged Arg166 residue, proximal to the active site.  

As a consequence of this process, a conformational rearrangement moves Ser102 towards 

Zn2, enabling the coordination of the serine after deprotonation of the hydroxyl moiety.  

The Ser102 attacks the phosphorous atom which leads to the cleavage of the P-O ester 

bond; the alcohol is then set free from the active site. The release of the alcohol provokes 

the formation of a phosphoryl-serine via cleavage of the Zn1-phosphate bond and the 

concomitant deprotonation of the second water molecule present in the coordination 

sphere of the zinc.  

Thus, the Zn1-OH group attacks the previously generated phosphoryl intermediate and the 

Zn2-Ser102 bond is subsequently restored. In other words, the phosphoryl group shifts 

from the serine residue to the zinc ion. 

Zn-dependent prokaryotic phospholipase C 

The phosphatidylcholin-hydrolyzing phospholipase C (PLC), a monomeric, 245 amino 

acids containing enzyme, was isolated from Bacillus cereus (PDB code 1AH754). Two 

zinc ions are tightly bound to the protein scaffold. A more detailed structural survey 

revealed the presence of three zinc ions; however atomic absorption analysis showed the 

presence of 2.3 mol Zn per mol PLC, indicating that the third metal site is partially 

occupied even in solution (Figure 17). All three metal ions are oriented approximately 

trigonal bipyramidal. The relative distances among these zinc ions are: Zn1-Zn2 4.7 Å, 

Zn1-Zn3 3.3 Å (those zinc ions are bridged by Asp122), Zn2-Zn3 4.7 Å. The crystal 

structure of the enzyme bound to a substrate analogue showed that all the three zinc ions 

interact with the phosphonic group. The interaction of the three metal centers with the 

substrate is possible due to the displacement of the water molecules previously bound. 

However, the water molecule responsible for the hydrolytic attack may not come from the 

coordination sphere of a zinc ion but it may be bound to Glu146 via a hydrogen bond.  
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Figure 17. Overall structure of Zn-dependent prokaryotic phospholipase C from Bacillus cereus 

(PDB code: 1AH7). (A) Cartoon representation, showing the three zinc ions in green. Picture was 

prepared with the program PyMol.28 (B) Close up of the metal binding site, prepared with 

LigPlot.22  

Nuclease P1 

Nuclease P1, a glycoprotein, acts as a phosphomonoesterase as well as phosphodiesterase 

and cleaves preferentially single RNA and DNA filaments at the 3´-phosphate extremity to 

yield the 5´-mononucleotides. The structure of the enzyme obtained from Penicillium 

citrinum (PDB code: 1AK055) is constituted by 270 amino acids and shows three zinc ions 

per molecule which are essential for catalytic activity.56 

-

3´-phosphomonoesterase

- -
phosphodiesterase

phosphodiesterase 

Figure 18. The two enzymatic activities of nuclease P1. 

The zinc ions are grouped in a cluster, whereby Zn1 and Zn3 constitute a binuclear metal 

site (distance Zn1 to Zn3 ~ 3.4 Å) and a single metal site (Zn2) is found nearby. The 

distance from Zn2 to Zn1 and Zn3, respectively, are about 6 Å and 4.7 Å. Zn1 is 

coordinated to His60, His116, Asp45, Asp120 and a water molecule. Asp120 and this 

water form a bridge between Zn1 and Zn3 in the binuclear metal site. Zn3 is further bound 

to His6, to the N-terminal main chain nitrogen and the carbonyl oxygen to Trp1. Zn1 in 
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the single metal site binds to His126, His149, Asp153 and a water molecule (Figure 19). 

All the three zinc ions have approximately the same trigonal bipyramidal geometry with 

metal ligand distances between 1.9 and 2.5 Å.55  

 

Figure 19. Overall structure of nuclease P1 from Penicillium citrinum (PDB code: 1AK0). (A) 

Cartoon representation, showing the zinc ions in green and the carbohydrate residues in yellow 

sticks. Picture was prepared with the program PyMol.28 (B) Close up of the metal binding site, 

prepared with LigPlot.22  

The most plausible mechanism (Figure 20) for the nuclease P1 envisages the binding of 

the phosphate group (i.e. from the nucleotide) to the Zn2 via the free oxygen 3´.  

Asp45

Arg48

Phe61

Asp63

Asn135´

´

´

 

Figure 20. Schematic picture of the proposed three-metal ion mechanism (adapted from reference 

57). 

That displaces the two water molecules previously bound to the Zn2. Then, a residue of 

Phe61 allows the orientation of the nucleotide base in a way that it forms a hydrogen bond 

with Asp63. Simultaneously, a water molecule between Zn1 and Zn3 acts as a nucleophile 

and attacks the phosphate ion towards the P-O3´ axis. In the transition state the hydroxyl 
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ion and the 3´ oxygen occupy the apical positions of a trigonal bipyramide. The function 

of Zn2 is to stabilize the oxygen O3´, whereas Arg48 neutralizes the additional negative 

charge in the transition state. Finally, the cleavage of the phosphate group takes place 

forming the 5´-nucleoside.57  

Phosphotr iesterases 

Phosphotriesterases, also named organophosphoros hydrolases, are bacterial enzymes, 

which catalyze the hydrolysis of organophosphates like paraoxon, parathion, sarin, soman 

and other inhibitors of mammalian acetylcholinesterases (Figure 21). They are useful for 

the detoxification of these classes of toxins and agriculture pesticides.58 

paraoxon

soman

parathion

sarin

 

Figure 21. Structures of organophosphate compounds hydrolyzed by phosphotriesterases. 

The native enzyme isolated from Pseudomonas diminuta (PDB code: 1DPM59) contains 

two zinc ions, although a comparable activity has been observed when the zinc ion was 

replaced by Co, Ni, Cd or Mn.60. The structure of the enzyme was characterized via 

replacement of the zinc ions with two cadmium ions. The two metal centers are spaced at 

3.7 Å distance. A carbamoyl-lysine and a water molecule act as bridged ligands between 

the two cadium (zinc) ions (Figure 22). The other ligands are His55, His57 and Asp301 in 

the case of Zn1 and and His201 and His230 for Zn2, respectively.  

Comparing the holo- to the apo-enzyme, one can observe a significant structural 

rearrangement upon binding of the metals. In the proposed mechanism, inversion of 

configuration at the phosphorous center occurs postulating the reaction to occur via a SN2-
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type mechanism. A metal ion probably polarizes the P-O bond via oxygen binding and the 

attack of a water molecule generates a bipyramidal trigonal intermediate.59  

 

Figure 22. Overall structure of phosphotriesterase from Pseudomonas diminuta (PDB code: 

1DPM). (A) Cartoon representation, showing the cadmium (zinc) ions in green and the bound 

substrate analog diethyl 4-methylbenzylphosphonate in yellow sticks. Picture was prepared with 

the program PyMol.28 (B) Close up of the metal binding site, prepared with LigPlot.22  

1.4.3 Hydrolases acting on carbon-nitrogen-bonds, other  than peptide bonds 

Metallo-ß-lactamases 

Metallo-ß-lactamases are a group of enzymes widely distributed in both gram-positive and 

gram-negative bacteria that hydrolyze ß-lactam compounds such as penicillin, 

cephalosporin and carbapenem by cleavage of the ß-lactam C-N bond (Scheme 4). ß-

Lactam antibiotics are the most used antibiotics which inhibit the synthesis of the cell wall 

in bacterial organism. The polysaccharide chains cannot be linked anymore, due to an 

inhibition of the step where the D-Ala-D-Ala peptide is cleaved, a prior step to the 

transpeptidation reaction that links polysaccharide chains. As a result bacteria often 

develop resistance against those antibiotics by synthesizing ß-lactamases.61 So far four 

classes of ß-lactamase families are recognized: class A, B, C and D. Classes A, C and D 

act by a serine-based mechanism, whereas class B enzymes are zinc dependent. Class B 

metallo-ß-lactamases are further divided into three subclasses based on their sequence: 

class B1, B2 and B3.62 A standard numbering scheme according on sequence alignment 

has been developed in 2001 by a metallo-ß-lactamase working group.63 In this chapter the 

residues mentioned are numbered according to this scheme. 
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H2O

metallo-ß-lactamase

penicillin cephalosporin carbapenem  

Scheme 4. Structures of ß-lactam antibiotics which are hydrolyzed by metallo-ß-lactamases. 

The ligands to the active site zinc ions Zn1 and Zn2 are the key markers along the peptide 

chain and listed in Table 1. A common feature in all class B metallo-ß-lactamases is the 

coordination of Zn1 by two histidine residues, however the third ligand is a third histidine 

residue in the case of subclass B1, an asparagine residue in B2 and a histidine or glutamine 

residue in B3. Zn2 is ligated by an aspartic acid and a histidine in all three subclasses and 

by a cysteine in class B1 and B2 and a histidine in B3. As indicated in Table 1 all metallo-

ß-lactamases bind two zinc ions forming a binuclear center. However, a few enzymes are 

known to be active also in the presence of just one zinc ion (enzymes from Bacillus 

cereus, Bacteroides fragilis and Stenotrophomonas maltophilia L1), although with lower 

catalytic activity.64 

Table 1. Zinc ligands in metallo-ß-lactamases class B. 

subclass Zn1 ligands Zn2 ligands 

B1 His116 His118 His196 Asp120 Cys221 His263 

B2 Asn116 His118 His196 Asp120 Cys221 His263 

B3 His/Gln116 His118 His196 Asp120 His121 His263 

The overall fold of metallo-ß-lactamases is an αββα sandwich, whereby the core of the 

enzyme is formed by two β-sheets packed against one another. Two α-helices are on the 

surface of each sheet. Furthermore, a fifth α-helix is located between the last two β-strands 

of the N-terminal sheet forming a structural bridge to the C-terminal domain. Two αβ units 

are formed, the first one by the N-terminal half of the peptide chain, the second one by the 

C-terminal half. The active site is located in a channel at the top of the interface between 
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the two units.64 In Figure 23 the metallo-ß-lactamase from B. fragilis (subclass B1) is 

shown (PDB code 1ZNB65). As mentioned before, Zn1 is coordinated to three histidine 

residues and one water molecule that forms a bridge between the two metal ions in a 

tetrahedral coordination sphere. Zn2 is further coordinated with histidine, aspartic acid and 

cysteine and a second water molecule trigonal bipyramidal. 

 

Figure 23. Overall structure of metallo-ß-lactamase from Bacteroides fragilis (subclass B1, PDB 

code:1ZNB). (A) Cartoon representation, showing the zinc ions in green. Picture was prepared 

with the program PyMol.28 (B) Close up of the binuclear zinc binding site, prepared with LigPlot.22  

As mentioned before, all metallo-ß-lactamases show a binuclear zinc binding site. 

However, there are also enzymes which are active in the mono-zinc state. As there are 

different electrostatic environments and different orientations and flexibilities of active 

site residues existing, the catalytic activities of both states have to be considered 

separately.64  

As proposed by Carfi et al.66, the structure-based mechanism of mono-zinc ß-lactamases 

resembles the mechanism as proposed for zinc peptidases (carboxylase and thermolysin) 

and is described in Figure 24. The water molecule, which is coordinated by the zinc ion 

and Asp120 (which serves as base during this reaction), is polarized and the resulting 

hydroxide attacks the ß-lactam carbonyl carbon atom. The resulting oxyanion is stabilized 

by the zinc ion and possibly by the amide group of Asn233. A change in the coordination 

of the zinc ion occurs from tetrahedral to trigonal bipyramidal, followed by the formation 

of a tetrahedral intermediate at the carbonyl carbon. As a result the C-N bond of the ß-

lactam is cleaved and the proton which was accepted by Asp120 is transferred to the 

nitrogen atom.66 
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H2O (bulk)

Asp120 Asp120  

Figure 24. Proposed mono-zinc catalytic mechanism for the hydrolysis of penicillin by metallo-ß-

lactamases (adapted from reference 66). 

In the case of the binuclear zinc enzyme (Figure 25), which was first described for the B. 

fragilis metallo-ß-lactamase65, the solvent molecule coordinated by the two zinc ions and 

Asp120 is likely existing as a hydroxide. The electron pair of the hydroxide is located 

appropriately for a nucleophilic attack onto the ß-lactam carbonyl carbon. Then an 

oxyanion tetrahedral intermediate is formed which is stabilized by one zinc ion and the 

amide group of Asn233. The coordination of Zn1 changes from tetrahedral to trigonal 

bipyramidal and from trigonal bipyramidal to octahedral in Zn2.67 The ß-lactam C-N bond 

is cleaved and a proton is transferred from Asp120 to the nitrogen of the ß-lactam bond. 

Asp120

Asn233

-

Michaelis complex Tetrahedral intermediate

H2O (bulk)

Asp120

Product release

-

Asn233
-

Asp120

 

Figure 25. Proposed di-zinc catalytic mechanism for the hydrolysis of penicillin by metallo-ß-

lactamases (adapted from reference 64). 

The apical water molecule that coordinates to Zn2 is positioned to donate this proton. If 

this water is converted to a hydroxide, it moves to occupy the vacated nucleophilic 

hydroxide site, as the tetrahedral transition state decomposes and the degraded substrate 

diffuses away from the active site. The penta-coordination of Zn2 is then restored by a 

water molecule from bulk solvent.64 
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1.4.4 Lyases (Carbonic anhydrases) 

Carbonic anhydrases (CA) are divided into three broad classes: α, β, and γ CAs, which are 

genetically unrelated families from mammalian, plants and bacteria without any amino 

acid homology between the classes.68 Until now, 14 isoenzymes (CA I-XIV) of α-class 

CAs are known with varying tissue distributions and catalytic activities.69 

The catalytic mechanism of the carbonic anhydrase is a typical example concerning the 

unique properties of enzymes containing zinc as a prosthetic group. The main features in 

the catalytic cycle of the carbonic anhydrase can be summarized as follows. 

a) Taking into account the native form of the enzyme, the zinc is bound to three neutral 

histidine residues which permit to diminish the pKa of the further coordinated water 

molecule; in fact charged anionic ligands would transfer an excess of charge density on 

the zinc ion, hence reducing the acidity of the metal center. 

b) During the catalytic cycle, the zinc ion changes its coordination number; as a 

consequence, two coordination sites must be quickly exchanged.  

c) It is not actually known whether the CO2 binds to the zinc center; nevertheless, the zinc 

ion activates the water molecule necessary for the hydrolysis and binds the product HCO3
-.  

The carbonic anhydrase catalyzes therefore the hydrolysis of CO2 according to the 

following equilibrium: 

HCO3- + H+CO 2 + H 2O  

The chemical reaction normally occurs at an extremely low rate. In contrast, the zinc 

enzyme is capable to increase the hydrolysis reaction rate of a factor ca. 107. Due to this 

impressive acceleration rate and its important biological role in the conversion of CO2 to 

HCO3
- in red blood cells, the carbonic anhydrase has been widely investigated. The 

enzymatic hydrolytic reaction can be subdivided in two distinct half reactions:70 

(1)

(2)

H 2O + E*Zn-OH - + CO 2 E*Zn-OH 2 + HCO 3 -

E*Zn-OH 2 + B E*Zn-OH - +  BH+
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As mentioned before, 14 isoenzymes of the mammalian carbonic anhydrase are known, 

each of them containing one zinc ion. This variety of isoenzymes reflects the ubiquitous 

biological need to hydrate CO2 to give HCO3
- and H+. All the isoenzymes found in 

mammals show a similar zinc coordination site; however, they differ in the way that the 

proton is released by the enzyme into the solvent during the final step of the catalytic 

mechanism. 

The analysis of the crystal structure of human CA II (PDB code: 1MOO71) revealed that 

the monomeric enzyme is constituted by 259 amino acids and has a MW of approx. 30 

kDa. As previously mentioned, the Zn2+ center is coordinated to three neutral histidine 

residues (His94, His96 and His119, respectively), whereas the fourth coordination position 

is filled by a water molecule which is further hydrogen bonded to Thr199. The final 

geometry resembles a distorted tetrahedral structure (Figure 26). 

 

Figure 26. Overall structure of human CA II (PDB code: 1MOO). (A) Cartoon representation, 

showing the zinc ion in green. Picture was prepared with the program PyMol.28 (B) Close up of the 

zinc binding site, prepared with LigPlot.22  

The overall protein structure is stabilized by a network of hydrogen bonds. This 

stabilization is crucial for the catalysis, since the residues in the active site must be placed 

at specific intervals in order to optimize the coordination geometry during all the steps of 

the catalytic cycle, the electron density of the zinc ion and the correct orientation of the 

reagents.  

The binding site of the carbonic anhydrase for the CO2 is a hydrophobic pocket, adjacent 

to the active site (3 to 4 Å to the zinc ion). Val143 is located at the bottom of the pocket 

while Val121, Trp209 and Leu198 are located at its extremities. The hydrophobic pocket 
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possesses specific size and shape, which are fundamental for the reaction. Site direct 

mutagenesis has demonstrated that the replacement of a single amino acid residue in the 

hydrophobic pocket leads to variants having significantly lower or no activity.72-74 

The presumable mechanism for the carbonic anhydrase can be summarized as follows 

(Figure 27): 

Starting from the aqua-complex, a H+ is transferred to the medium that the active enzyme 

is generated. The transfer of the H+ does not occur directly from the Zn2+-OH2 to the 

medium but it is mediated by a “shuttle”  amino acid residue. The efficiency of the transfer 

depends on the mobility of the “shuttle”  amino acid residue and its exposure to the 

medium.  

His94
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His119

-His64

His94 His94

His94 His94 His94

-

Thr199

His96 His96

His96 His96 His96
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His119 His119
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CO2

H2O

HCO3

BH B
H2O
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His64
H2O

His64His64
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Glu106

Glu106 Glu106

Glu106 Glu106

 

Figure 27. Catalytic mechanism of carbonic anhydrase (adopted from reference 69). 

The isoenzymes II, IV, VI and VII transfer the proton in the following pathway: (i) the 

proton acceptor is His64, which points towards the active site; (ii) His64 accepts the 

proton and afterwards turns in order to release the proton into the medium; (iii) then, the 

pre-catalytic complex enzyme-CO2 is formed. This adduct has such a short life that it is 

undetectable via X-ray spectroscopy. However, the structure of this complex can be 

inferred using the complex enzyme-phenol (i.e. the sole competitive inhibitor for the CO2). 

The phenol enters into the hydrophobic pocket, forms Van der Waals interactions with the 

vicinal amino acid residues using its aromatic ring and finally generates a hydrogen bond 

between its hydroxyl group and the one coordinated to the Zn2+ center. (iv) The OH- 

bound to the zinc center performs a nucleophilic attack to the CO2 bound in the 
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hydrophobic pocket, forming HCO3
-. The binding mode of HCO3

- to the Zn2+ is matter of 

debate, mainly due to the role of Thr199 during the catalytic process. Studying the 

positioning of the azido ion (i.e. competitive inhibitor for HCO3
-), it was deduced that 

HCO3
- binds the zinc ion and establishes a Van der Waals interaction with the hydroxyl 

moiety of Thr199. Thus, the role of this residue is to maximize the catalytic efficiency by 

destabilizing the complex enzyme-product. This leads to a quick dissociation of the 

complex Zn2+-HCO3
-. v) In the final step, the HCO3

- sets free from the active site due to 

the entry of another water molecule, hence allowing a new cycle to start again.70  

The main role of the zinc is to act as electrostatic catalyst, since it stabilizes the transition 

state, having negative charge, which leads to the formation of HCO3
-. Furthermore, as 

previously mentioned, the zinc ion decreases the pKa of the bound water molecules and 

acts therefore as a reservoir of nucleophilic OH-. 

In the human CA II, the zinc has four indirect ligands (also called second shell ligands) 

which stabilize the direct ligands (His94, His96 and His119, respectively) and help in the 

positioning for zinc ion coordination. Gnl92 forms a hydrogen bond with His94, Glu117 

stabilizes His119, and Asp244 forms hydrogen bonds with His96 while Thr199 

coordinates with the zinc-bound hydroxyl ion. The hydrogen bonds related to the direct 

ligands exercise a subtle but relevant influence on the zinc-protein affinity, on the pKa, on 

the reactivity of the solvent bound to the zinc ion and on the kinetic equilibria of the zinc-

protein complex. Increasing the interaction between the zinc ion and the negative charges 

of the direct and indirect ligands diminishes the capability of the metal center to stabilize 

the hydroxyl group. The indirect interactions increase 100-fold the protein-metal affinity 

by pre-orienting the metal active site for the formation of the complex, minimize the 

increase in the conformational entropy required to the ligands coordination and increase 

the electrostatic interactions among the protein and the direct ligands of the zinc ion.75 

1.4.5 Oxidoreductases 

Alcohol dehydrogenase (ADH) 

Alcohol dehydrogenases (ADHs) constitute a vast group of enzymes. Mammalian ADHs 

are divided into five classes, whereby classes I, II and IV (class IV is also called retinol 

dehydrogenases) have the ability to use ethanol as well as retinol as substrates, class III 
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lacks of ethanol activity.76 In vivo, the zinc-dependent ADHs oxidize alcohols to 

aldehydes or ketones which are then further oxidized to carboxylic acids by the action of 

molybdenum-dependent aldehyde dehydrogenases. ADHs employ nicotinamide adenine 

nucleotide (NAD+) as a cofactor. The oxidized form of the cofactor (NAD+) accepts a 

hydride from the alcohol substrate to give the reduced form (NADH) and a carbonylic 

compound as a final product.77 

R1 = aryl, alkyl
R2= aryl, alkyl or H

NAD+
ADH

NADH H+

 

The most studied zinc-dependent ADH was isolated from horse liver (HLADH, PDB 

code: 1HET77). The enzyme is a homodimer and each monomer has a MW of ca. 40 kDa. 

Each subunit contains two zinc ions and binds one molecule of NAD(H). In fact, only one 

of the two zinc ions (i.e. the catalytic zinc) is appointed to bind the coenzyme NAD+.  

 

Figure 28. Overall structure of HLAHD (PDB code: 1HET). (A) Cartoon representation, showing 

the zinc ions in green and the nicotinamide residue in yellow sticks. Picture was prepared with the 

program PyMol.28 (B) Close up of the zinc binding site, prepared with LigPlot.22  

The catalytic zinc ion is anchored into the protein scaffold by a histidine residue (His67), 

two negatively charged cysteine residues (Cys46, Cys174) and a water molecule. The 

second zinc site is bound to four cysteine residues (Cys97, Cys100, Cys103 and Cys111) 

in almost perfect tetrahedral geometry and has a structural function (Figure 28). 

Particularly, the structural zinc ion impedes the access of exogenous water molecules into 
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the active site and permits to maintain the protein stability. Each subunit of the HLADH is 

divided in two domains; the substrate and the cofactor are located into a cavity between 

the two domains. The major domain includes the catalytic site with its two zinc ion and 

other protein groups which control the specificity of the substrate. The two zinc ions are 

placed at a distance of ca. 25 Å. Instead, the minor domain binds NAD+. The two domains 

are linked each other to form a unique central nucleus in the protein structure. The native 

enzyme adopts a typical “open” conformation, whereas a “close”  conformation is 

observed upon binding of NAD(H) in the active site.78 

The nature of these conformations in the transition states are fundamental regarding the 

oxidation of alcohols. In fact, methanol is oxidized to formaldehyde at a very low rate, 

leading to several disorders and, in some cases, death (neurotoxicity of methanol). Longer 

chain alkylic alcohols such as ethanol, propanol and butanol are quickly oxidized to the 

related aldehydes. Furthermore, the oxidation of secondary alcohols by ADHs proceeds in 

a stereospecific fashion since only one of the two prochiral hydrogens is generally 

transferred as hydride (Scheme 5).78, 79  

..

 

Scheme 5. Hydride transfer from NADH to an acceptor molecule. 

There is much known about the kinetics of the assembly between the enzyme and the 

cofactor, however the actual mechanism regarding the hydride transfer and proton release 

is still under discussion.80 In the standard textbook description of the HLADH 

mechanism81, no water is involved in the reaction and can be described as follows: The 

alcohol substrate binds directly to the zinc ion site employing the oxygen atom of the 

hydroxyl moiety. This provokes the release of a water molecule, previously bound to the 

metal center and the deprotonation of the alcohol substrate. The binding of NAD+ into the 

active site of the enzyme is accompanied by a conformational rearrangement of the protein 
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structure from the “open” to the “closed”  conformation. This conformational change 

permits to exclude a further binding of other water molecules into the active site. 

Additionally, the “closed”  conformation forces substrate and NAD+ to adopt the correct 

reciprocal orientation, necessary for the hydride transfer. Hence the crucial step, that is the 

transfer of the hydride anion from the C-α carbon of the substrate to the nicotinamide ring 

of the cofactor, takes place. A ternary complex NADH-ADH-aldehyde is therefore 

generated, leading to a drastic decrease of the polarity of the active site. The aldehyde is 

then released from the active site and replaced by a water molecule; further water 

molecules can access into the active site, regenerating the “open” conformation. The 

“open” conformation favours the release of the NADH and another catalytic cycle can 

start again. The role of the zinc ion is to facilitate the deprotonation of the alcohol, 

increase the nucleophilicity of the hydride (i.e. due to an increased negative charge) and 

place the substrate in the correct position for the hydride transfer. The binding of the 

alcohol to the zinc ion occurs simultaneously to the release of the previously bound water 

molecule; thus the coordination number and the geometry of the zinc do not change, 

avoiding the binding of other potential ligands.  

Another mechanism describes that a water molecule assists the zinc ion during the 

catalysis and goes through a cycle of protonation and deprotonation steps during 

catalysis.77 This mechanism can be seen in Figure 29: 

NAD+

H+

H- transfer

H+

NAD+ NAD+ NAD+

HO-CH2R

HO-CH2R

NAD+

NAD+NADH

H+

NADH

NADH

NADH NADH

H- transfer

H+

NADH

NAD+

 

Figure 29. Reaction mechanism for HLADH where a water molecule is involved during catalysis 

(adapted from reference 78). 
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1.4.6 Structural zinc in biology 

Besides the catalytic activity for hydrolysis and hydration of substrates, the zinc explicates 

an additional role in biology that is the stabilization of the protein scaffolds. In the 

previous paragraph, the structural role of the zinc ion has been already elucidated for the 

alcohol dehydrogenases. Among others, the most relevant examples of biological systems 

containing structural zinc ions which will be explained in this chapter are insulin, 

superoxodismutase (SOD) and zinc finger proteins. 

Insulin 

The zinc ion has a predominant structural function in peptide hormones, since it joins 

together two or more single polypeptide chains to form complex oligomers. For instance, 

zinc induces the oligomerization of the single units of insulin, a hormone employed for the 

treatment of diabetes. It is synthesized as proinsulin (single-chain precursor) in the 

pancreas and it is responsible for the regulation of the carbohydrate and fat metabolism in 

the body. After a removal of the N-terminal signal sequence, insulin is built by the 

formation of disulphide bonds.82 The biologically active form of insulin is indeed the 

single monomer, possessing 51 amino acids and a MW of 5800 Da. Nevertheless, these 

monomers have a high tendency to generate aggregates. When zinc is present, the 

monomers assemble to the hexameric form (three dimers built up the hexamer) which 

shows reduced solubility and is stored in the granules as an insoluble precipitate. If the 

hexamer is secreted into the blood stream where only a low zinc concentration is present, 

the complex dissociates first into the dimers and then into the biologically active 

monomers.83 That means that in the case of insulin zinc acts as a molecular “glue”  (zinc 

binding constant 106 M-1).84 

The first structure of hexameric porcine insulin was reported in the year 1969 at 2.8 Å.85 A 

more detailed structure was published in 1988 by Baker et al. (PDB code 4INS) at 1.5 Å 

(Figure 30).86 The resting state of the insulin is a hexamer possessing a T6 geometry. Each 

monomer is linked by two disulphide bonds. The hexamer assembly is held by two zinc 

ions, spaced at 15.9 Å. The zinc ions are placed along the ternary axis of symmetry of the 

protein aggregate. Thus, each Zn2+ is hexacoordinated by three histidine residues and three 

water molecules. The first eight amino acid residues of each B-chain are in an extended 

conformation. X-ray structure of the hexameric insuline revealed different conformations 
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depending on the reagent employed to induce the crystallization of the protein aggregate. 

A nomenclature has been adopted to distinguish those different hexameric conformations: 

T and R refer to an extended (T) or an α-helical (R) conformation in the first eight residues 

of the B-chain, respectively.87 

 

Figure 30. Overall structure of porcine insulin (PDB code: 4INS). (A) Cartoon representation, 

showing the T6 hexamer with zinc ions in green and the histidine residues in yellow sticks. Picture 

was prepared with the program PyMol.28 (B) Close up of the zinc binding site, prepared with 

LigPlot.22  

Crystallization in the presence of a high concentration of chloride ions (1 M sodium 

chloride) generates a T3R3 conformation with four instead of two potential zinc binding 

sites in one hexamer,88 whereas the conformation R6 is obtained upon addition of phenol.89 

The latter structure has a particular biological relevance since it is considered the active 

form of the insulin; thus pharmaceutical preparations of insulin contain phenolic 

compounds as stabilizers.  

In the R conformation, both zinc ions have a pseudo-tetrahedral coordination and they are 

located into a cavity which is less accessible from exogenous molecules. In the structure 

T3R3, one zinc ion is pseudo-tetrahedral (one chlorid ion acts as the fourth ligand), while 

the latter is pseudo-octahedral (water molecules complete the octahedral structure).  

As mentioned before, a molecule of phenol induces the transition from the T6 to the R6 

forms, due to the conformational change of a peptide chain from a β-sheet to an α-helix. 

This modification is responsible for the closure of the whole protein structure, generating 

the biologically active form of the insulin. Various spectroscopic techniques have been 

employed to study the conformational transition from the T to the R forms in solution. An 

interesting approach is to use hexamers of insuline, whereby the zinc ion is replaced by 
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other bivalent metals such as Cu(II), Ni(II), Mn(II) and Co(II).90 In particular, 

spectroscopic studies using Co(II)-insulin showed the strong correlation between the 

coordination geometry of the metal center and the protein structure. Studies in solution 

demonstrated that two allosteric processes lead to the stabilization of the R insuline: the 

binding of cyclic organic molecules to the six hydrophobic cavities of the hexamer and the 

coordination of anionic ligands to the metal center. The characteristic of the hexameric 

insuline to undergo structural modifications due to allosteric interactions with exogenous 

ligands is a strong insight that these events are also important during the formation of the 

complexes insuline-receptor. 

Superoxide dismutase 

Superoxide dismutases (SOD) are enzymes important in antioxidant defence in all 

organisms which are exposed to oxygen because they catalyze the dismutation of the toxic 

free radical superoxide (O2•
-) into oxygen and hydrogen peroxide according to following 

chemical equation:91  

.- 2 H+ H2O2 O22 O 2  

The product hydrogen peroxide is further converted to molecular oxygen and water by the 

catalase or the glutathione peroxidase. 

SODs exist in several forms regarding their metal content, which can be copper and zinc 

or manganese or iron; therefore SODs are classified into three major families according to 

their metal cofactor. The copper-zinc-SOD (Cu-Zn-SOD) are mostly found in the cytosol 

of all eukaryotic cells. Conversely, superoxide dismutases from bacteria or chloroplasts 

are iron or manganese dependent. The choice of the copper in the eukaryotes came later 

during the evolution, probably due to the mediocre stability (i.e. kinetic and 

thermodynamic) of iron and manganese complexes in the bacterial SOD. In fact, loss of 

iron or manganese from SOD can damage the DNA. Instead, the Cu-Zn-SOD strongly 

binds the Cu2+ to avoid dissociation of the potentially toxic metal for the cell.91 The Cu-

Zn-SOD has an extremely high catalytic efficiency for the disproportionation of the 

superoxide ion with a kcat/KM for this reaction of ~7 x 109 M−1s−1, thus very close to the 

diffusion velocity of molecules in aqueous solution.92 
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The Cu-Zn-SOD from bovine (PDB code: 2SOD93) is a dimeric enzyme with a MW of 

about 32 kDa, whereby each subunit contains one zinc and one copper ion (Figure 31). 

 

Figure 31. Overall structure of bovine Cu-Zn-SOD (PDB code: 2SOD). (A) Cartoon 

representation, showing the dimeric protein with the zinc ions in green and the copper ions in 

purple. Picture was prepared with the program PyMol.28 (B) Close up of the copper-zinc binding 

site, prepared with LigPlot.22  

The analysis of the X-ray structure of the bovine Cu-Zn superoxide dismutase shows a 

very compact structure (β-barrel). The zinc ion is tetrahedral coordinated with three 

histidue residues (His61, His69 and His78) and an aspartic acid (Asp81), whereas the 

copper ion is ligated to four histidine residues (His44, His46, His61 and His118). His61 

bridges between the Cu and the Zn.  

Concerning the zinc ion, its role is essentially structural due to the absence of any 

evidence regarding to the binding of water molecules, anions or other ligands to this metal 

center. Thus, it is unlikely that the superoxide ion can react at the Zn2+ site. In fact, the 

enzyme conserves almost completely its catalytic activity upon removal of the zinc ion 

from the protein scaffold.93  

The mechanism of the Cu-Zn-SOD is summarized in Figure 32, whereby the zinc ion is 

not participating in the redox process but just stabilizing the intermediates during the 

catalytic cycle.94 Hence, the mechanism of the disproportionation catalyzed by the Cu-Zn-

SOD will not be discussed any further.  
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Figure 32. Schematic mechanism of the dismutation of superoxide by Cu-Zn-SOD (adapted from 

reference 94). 

Zinc finger  

The discovery of the zinc as a metal possessing a catalytic role in proteins is dated back to 

1940 with the determination of the structure of the carbonic anhydrase. Only during the 

`80s, the structural role of the zinc was finally revealed. In 1983, it was proposed for the 

first time the structural role of the zinc in proteins containing steroids and nucleic acids. 

This hypothesis stemmed from the observation that the stability and biological activity of 

these proteins was reduced upon addition of EDTA. Further studies then revealed the 

presence of small domains based on Zn2+. The first factor of genetic transcription finger 

has been found in the ovary from a South African frog Xenopus laevis; the protein was 

defined as zinc finger and named TFIIIA.95 Nowadays the term “zinc finger”  is used to 

identify any compact domain stabilized by a zinc ion.96 Afterwards, zinc fingers have been 

found in a vast number of proteins involved in the genetic regulation. In spite of the large 

variety of these proteins, the main function of zinc fingers is the sequence-specific binding 

to DNA for regulation of gene expression.97 For example more than 100 such proteins are 

present in the human brain.98 

Eight different classes of fold groups based on structural properties in the vicinity of the 

zinc binding site were discovered during the last ten years. The most recurrent ones are 

depicted in Table 2.99 
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Table 2. Classification of zinc fingers according to their structure. 

Fold group Representative structure L igand placement 

C2H2 like 

 

Two ligands from a knuckle 
and two more from the C-
terminus of a helix  
(PDB code: 1NCS100) 

Gag knuckle 

 

Two ligands from a knuckle 
and two more from a short 
helix or loop  
(PDB code: 1DSV101) 

Treble clef 

 

Two ligands from a knuckle 
and two more from the N-
terminus of a helix  
(PDB code: 1CHC102) 

Zinc ribbon 

 

Two ligands each from two 
knuckles (PDB code: 
1IRN103) 

Zn2/Cys6 

 

Two ligands from the N-
terminus of a helix and two 
more from a loop  
(PDB code:1D66104) 

TAZ2 domain like 

 

Two ligands each from the 
termini of two helices  
(PDB code: 1F81105) 

Zinc binding loops 

 

Four ligands from a loop 
(PDB code: 1CW0106) 

Metallothionein 

 

Cysteine rich metal binding 
loop  
(PDB code: 4MT2107) 
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In the case of the zinc finger protein TFIIIA from the South African frog Xenopus laevis, 

nine tandem similar units were revealed from the structural analysis. These domains are 

fundamental for DNA binding and each of them is characterized from repetitive units of 

ca. 30 amino acids. The recurrent motif is the following: (Tyr-Phe)-X-Cys-X2-4-Cys-X3-

Phe-X5-Leu-X2-His- X3-4-His-X2-6, whereby the term “X”  indicates an amino acid that can 

vary from domain to domain. The zinc ion is tetra-coordinated to two cysteine residues 

and two histidine residues as could be seen in Figure 33A and B (PDB code: 1ZNF108) The 

three amino acid residues (-X3-) that are placed within the two histidine residues form a 

hydrophobic core adjacent to the coordination site of the zinc ion. The biological function 

of these three residues may be the stabilization of the overall structure. The zinc finger 

TFIIIA protects 45 pairs of DNA bases.95  

 

Figure 33. Overall structures of zinc finger proteins. (A) Cartoon representation of TFIIIA from 

Xenopus laevis (PDB code: 1ZNF) with the zinc ion in green. (B) Close up of the zinc binding site 

of TFIIIA. (C) Cartoon representation of Zif268 from Mus musculus in complex with DNA. 

Pictures were prepared with the programs PyMol28 and LigPlot22. 

The first proposed structure regarding the interaction between a zinc finger and DNA was 

obtained from the mouse (Mus musculus, PDB code: 1AAY109) and is named Zif268. The 

complex is assembled by three zinc finger domains and the DNA double helix as depicted 

in Figure 33C. 

The zinc fingers lie in the major loop of the double helix and each domain interacts with 

three contiguous DNA base pairs. These DNA bases are placed in such a way that only 

one of the DNA filaments forms covalent bonds with the zinc finger. The DNA filament 

involved in the binding is anti-parallel to the protein. In other words, considering the zinc 

finger from the amino to the carboxylic extremities, the DNA sequence involved is the one 

from the 5´ to the 3´ position. The interactions between DNA and protein involve the 
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amino acid residues 13, 16, 19 of the sequence X-(Thr-Phe)-X-Cys-X2-Cys-X3-Phe-X-

X13-X-X-X16-Leu-X-X19-His-X3-His. In the first and third domains, X13, X16 and X19 are 

an arginine, a glutamate and another arginine, respectively; these residues bind with 5`-

GCG-3´. In the second domain, X13, X16 and X19 are an arginine, a histidine and a 

threonine, respectively; these residues bind with 5`-TGG-3´. Five among the six direct 

interactions involve double hydrogen bonds between an arginine residue and a guanidine 

nucleotide, whereas the last one involves a single bond between a histidine residue and a 

guanidine nucleotide. The interaction of the zinc finger domains with the DNA bases 

occurs with the amino acid in position 2 (Asp2) belonging to the α-helix of each 

domain.110 

Interestingly, the identification and the characterization of different classes of zinc finger 

domains revealed other proteins containing RNA or steroids, possessing different 

biological functions. For instance, the protein GAL4 is a transcription factor for the 

galactose oxidase which interacts with the DNA double helix in the same way as other 

steroid thyroid receptors.111 

The zinc ion is fundamental in the zinc finger proteins. In fact, other metals such as iron 

and copper are capable to bind the DNA and the RNA but these metals also promote 

radical reactions which damage the nucleic acids. These radical reactions cannot occur in 

the presence of a zinc ion. The binding of the Zn2+ constrains the overall protein structure 

to adopt a more folded conformation, characterized by several bends and turns. The 

correlation between the binding of the metal and the protein folding is the main principle 

to elucidate the functions of these proteins. Finally, the binding of the Zn2+ to the protein 

does not generate any stabilization energy and the tetrahedral geometry is suitable to 

tolerate high torsional strengths. Yet, it is not clear whether the zinc accomplishes solely a 

structural function or it is involved in the transmission of the genetic information.97  

1.4.7 Zinc storage proteins 

Metallothioneins 

Metallothioneins (MTs) are a family of small (6-7 kDa) cysteine-rich proteins that are 

localized in the membrane of the Golgi-apparatus. They are found in animals, higher 

plants, eukaryotes and some prokaryotes. About 33% of the amino acids are cysteins and 
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they have the highest metal content after ferritins.112 MTs are able to bind physiologically 

(Cu2+ and Zn2+) as well as nonessential (Cd2+, Ag2+ and Hg2+) metal ions through the thiol 

group of cysteins in a high thermodynamic stability but a low kinetic stability. In principle 

the metal binding is very tight, however in MTs a high metal exchange with other proteins 

is possible. The function of metallothioneins is still unclear; however it is suggested that 

they play a role in the intracellular distribution in the metals they bind. Furthermore, they 

may play a role in heavy metal detoxification, in the protection against oxidative stress and 

they additionally scavenge nitrogen oxide.113 

 

Figure 34. Overall structure of rat liver metallothionein 2 (PDB code: 4MT2). (A) Cartoon 

representation, showing the zinc ions in green and the cadmium ions in grey. Picture was prepared 

with the program PyMol.28 (B) Close up of the zinc binding site, prepared with LigPlot.22  

A classification of MTs was done according to their amino acid sequence and structural 

characteristics into (i) class I: they show homology to horse liver, (ii) class II: MTs show 

no homology to horse liver and (iii) class III: cysteine-rich enzymatically synthesized 

peptides. Figure 34 displays the overall structure and the metal binding sites in rat liver 

MT2 (PDB code: 4MT2107). In principle all mammalian MTs bind 7 metal ions in total in 

two separate domains: 3 metals are bound in the N-terminal ß-domain, whereas 4 metal 

ions are found in the C-terminal α-domain. Furthermore, each metal ion is ligated to the 

sulphur atoms of four cysteine residues.114 
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2.1 Introduction in Sulfatases 

Sulfur is the seventh most abundant element in the human body by weight and it is 

therefore essential for all living cells. About 0.5-1% of the cell dry weight in bacteria is 

sulfur, which is needed especially for the amino acids cysteine and methionine. 

Furthermore, sulfur is needed in a variety of enzyme cofactors, for example coenzyme A, 

biotin and thiamine and forms a part of iron-sulfur clusters where its role is essential in 

performing redox processes. Moreover sulfur is important in protein assembly and protein 

structure by forming disulfide bridges in peptide chains.1 

Although inorganic sulfate is the preferred source of bacteria for growing, for example in 

soil environments, sulfur is predominantly present in organically bound form, as sulfate 

esters or sulfonates (> 90%).2 For the mobilization of alternative sulfur sources, 

microorganisms induce the expression of a heterogeneous class of enzymes, called 

sulfatases.1, 3 They catalyze the cleavage of a sulfate ester bond yielding the corresponding 

alcohol and inorganic sulfate.4-6 

Whilst the majority of hydrolases, like lipases, esterases and proteases do not alter the 

stereochemistry of the substrate during catalysis, sulfate ester hydrolysis can occur - 

depending on the mechanism of the enzyme - either via a cleavage of the S-O bond or of 

the C-O bond of a sec-alkyl sulfate.7 The corresponding alcohol shows then either 

retention or inversion of the configuration at its stereogenic carbon atom, respectively 

(Scheme 1).  

- -+ HSO4

- -

+ HSO4

retaining
alkylsulfatase

H2O
attack at S

[OH  ]
inverting

alkylsulfatase

H2O
attack at C

 

Scheme 1. Sulfate ester hydrolysis of sec-alkyl sulfates depending on the mechanism of the 

enzyme. 

Based on mechanistic aspects, sulfatases can be divided8 into three different subgroups: (i) 

aryl- and carbohydrate sulfatases which act on sulfated carbohydrates and steroids,9 (ii) 
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Fe(II) sulfatases which belong to the α-ketoglutarate-dependent dioxygenase superfamily10 

and (iii) metallo-ß-lactamase related sulfatases.8 

2.1.1 Aryl- and Carbohydrate Sulfatases 

Members of this group share a highly conserved C/S-X-P-X-R-X4-T-G amino acid 

consensus motif which encodes for a cysteine or serine residue in the active site. The 

oxidation of this cysteine (in prokaryotes and most eukaryotes) or this serine (in some 

bacterial sulfatases) generates a Cα-formylglycine hydrate residue which is essential for 

the catalytic activity of this group of sulfatases and generated by various formylglycine-

generating enzymes. 4 The hydrated Cα-formylglycine nucleophilic attacks the sulfur atom 

of the sulfate ester substrate. The alcohol with a retained configuration at the chiral carbon 

atom is released, and a sulfated enzyme intermediate is formed. A subsequent elimination 

of the sulfate group regenerates the aldehyde (Figure 1).9 

posttranslational
modification

*

H2O

Cα-formylglycine

Ser: X = O
Cys: X = S

R = aryl, alkyl, carbohydrate

*

 

Figure 1. Catalytic mechanism of aryl- and carbohydrate sulfatases (adapted from reference 5). 

2.1.2 α-Ketoglutarate-dependent Dioxygenases 

Members of the α-ketoglutarate-dependent dioxygenase family catalyze the oxygenolytic 

cleavage of a variety of different alkyl sulfate esters into the corresponding aldehyde and 

inorganic sulfate using α-ketoglutarate as electron acceptor.3 Two histidine residues and 

one carboxylate are binding the iron in this class of enzymes which is widespread in 

prokaryotes as well as in eukaryotes.11 A proposed mechanism for this enzyme family was 
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described for the alkylsulfatase AtsK from Pseudomonas putida S-313 by Müller et al. 

which cleaves a variety of aliphatic alkyl sulfate esters to provide the strain with the sulfur 

required for growth under sulfate-limited conditions (Figure 2).10  

H2O

CO2

.

X = C, O, N, S
I II III

substrate O2 .

 

Figure 2. Proposed mechanism for enzymatic reactions catalyzed by α-ketoglutarate-dependent 

dioxygenases (adapted from reference 10). 

In the first step a water molecule coordinated to the iron center is replaced by the sulfate 

ester substrate which enters the active site of the enzyme and may activate the enzyme for 

catalysis. In the second step, a dioxygen molecule coordinates to the iron center which 

induces the decarboxylation of the cosubstrate α-ketoglutarate, thereby forming succinate 

and carbon dioxide. At the same time a highly reactive ferryl intermediate Fe(IV)=O with 

the remaining oxygen atom is built and carbon dioxide is released from the iron 

coordination sphere. Concomitantly, a water molecule fills the sixth coordination site of 

the iron again, or succinate coordinates in a bidenate manner. A rearrangement of the iron 

ligands occurs to bring one oxygen atom close to the substrate to facilitate the highly 

positively charged ferryl intermediate to abstract a hydrogen atom from the sulfate ester. 
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In that step Fe(IV) is reduced to Fe(III) and a radical species of the substrate is formed. A 

hydroxyl transfer between the radical species and the iron complex hydroxylates the 

substrate (I) which is the most common reaction in this class of enzymes. In some cases 

another hydrogen atom is subtracted from the substrate radical forming the desaturated 

substrate species (II) or it leads to a cyclization or ring expansion (III). In the last step the 

Fe(II) center is regenerated by oxidation of the substrate, succinate is replaced by a new 

cosubstrate and the enzyme is ready for the next turnover.10  

Reactions catalyzed by sulfatases belonging to α-ketoglutarate-dependent dioxygenases 

destruct the chiral center at the carbon atom; hence this class of enzymes is of limited 

interest for a stereoselective biotransformation of sulfate esters.5  

2.1.3 Metallo-β-lactamase related Sulfatases 

SdsA1: The first member of metallo-β-lactamase related sulfatases was identified in 2006 

by a group in Germany.8 It was isolated from the soil and water bacterium Pseudomonas 

aeruginosa. The enzyme is able to hydrolyze biocidic sodium dodecyl sulfate (SDS) - a 

detergent of most commercial hygiene products - into insoluble 1-dodecanol and soluble 

sulfate and was therefore named SdsA1. Hydrolysis of SDS makes P. aeruginosa able to 

grow under 0.1% SDS as sole carbon and sulfur source. Furthermore, SdsA1 accepts 

medium- and short chain alkyl sulfates as substrates, for example decyl, octyl and hexyl 

sulfate. 

 

Figure 3. Structure representation of SdsA1 (PDB code: 2CGC) from Pseudomonas aeruginosa. 

(A) Cartoon representation showing the N-terminal catalytic domain in blue, the α-helical 

dimerization domain in grey and the C-terminal domain in brown. Picture was prepared with the 

program PyMol.12 (B) Close up of the zinc binding site, prepared with LigPlot.13  
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It features a Zn2+ binding motif THxHxDHxGG-102-E-18-AE-44-H and was classified as 

a member of the metallo-β-lactamase family.14 Figure 3 displays the overall structure of 

the symmetric dimeric enzyme and the Zn binding site in SdsA1 (PDB code: 2CG2).8 

Each monomer is divided into three domains, an N-terminal αββα-sandwich domain which 

performs the catalytic activity of SdsA1 and harbors the zinc binding motif (shown in 

blue). This domain is typical for metallo-β-lactamases. The second domain is exclusively 

α-helical (shown in grey) and is responsible for the interlock of the two monomers. It 

ensures resistance to high concentrations of SDS. The brown-colored part of the enzyme 

shows the third, C-terminal domain of SdsA1. It consists of a five-stranded mixed β-sheet 

covered by short α-helices on one side. 

In the active site of SdsA1 two zinc ions are present at a distance of 3.3 Å. They are 

bridged by a water molecule and a glutamic acid (Glu299). Zn1 shows distorted trigonal 

bipyramidal coordination sphere and is further coordinated to two histidine residues 

(His174 and His344) and aspartic acid (Asp173). In contrast to Zn1, Zn2 shows tetrahedral 

coordination and is additionally ligated with His169, His171 and Glu280. 

As mentioned before, SdsA1 cleaves short and medium chain alkyl sulfates, however only 

primary alkyl sulfates have been tested; hence the stereo selectivity of the enzyme was not 

investigated in detail. 

Pisa1: The first alkylsulfatase specific for the hydrolysis of sec-alkyl sulfates could be 

isolated from the Pseudomonas sp. DSM 6611 strain and was termed Pisa1 (Pseudomonas 

inverting sec-alkylsulfatase one).15  

Interestingly, the enzyme shows a high overall structural similarity with SdsA1, the prim-

alkyl sulfatases from Pseudomonas aeruginosa (Figure 3A),8 including an N-terminal 

catalytic αββα-sandwich domain, typical for metallo-ß-lactamases, an exclusively α-

helical dimerization domain and a C-terminal mixed domain (Figure 4A).16  

According to SdsA1, Pisa1 features a binuclear zinc-cluster (Figure 4B), whereby the two 

zinc-ions are coordinated by histidine (His184 and His355 for Zn1 and His179 and His181 

for Zn2), aspartic acid (Asp183 for Zn1 and Asp310 for Zn1 and Zn2) and glutamic acid 

(Glu291 for Zn1) residues. 
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Figure 4. Structure representation of Pisa1 (PDB code: 2YHE) from Pseudomonas sp. DSM6611. 

(A) Cartoon representation showing the N-terminal catalytic domain in blue, the α-helical 

dimerization domain in grey and the C-terminal domain in brown. Picture was prepared with the 

program PyMol.12 (B) Close up of the binuclear zinc binding site, prepared with LigPlot.13  

Pisa1 hydrolyzes preferentially the (R)-form of a variety of rac-sec-alkyl sulfate esters, 

yielding a strictly homochiral mixture of (S)-configurated alcohols and non-reacted (S)-

sulfate esters. That means that the enzyme works under strict inversion of configuration at 

the chiral carbon atom, a catalytic event which does not have an analog in chemo catalysis, 

giving access to valuable enantiopure building blocks for pharmaceutical and other 

industrial applications.17  
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Aims of the project Pisa1 from Pseudomonas sp. DSM6611 

SdsA1 is a member of the alkylsulfatase family, which was isolated from the waste water 

organism Pseudomonas aeruginosa. This enzyme catalyzes the hydrolysis of the sulphate 

group belonging to various primary medium- and short-chain alkyl sulfates as substrates. 

Since SdsA1 hydrolyzes principally primary alkyl sulfates, the enzyme was not considered 

of interest for biocatalytic applications. However, a more accurate study regarding the 

mechanism of the hydrolysis using deuterated water revealed that SdsA1 cleaves the 

sulfate moiety in a perfect stereoselective fashion. More astonishing was the observation, 

that the only product obtained was the alcohol possessing a deutered hydroxyl group. To 

the best of our knowledge, a similar mechanism of sulfate hydrolysis does not occur in 

chemo-catalysis. 

More recently, another alkylsulfatase (Pisa1) was identified from Pseudomonas sp. 

DSM6611. Molecular modeling of Pisa1 indicated that the novel enzyme might possess 

high structural similarity with SdsA1. Interestingly Pisa1 was capable to hydrolyze 

secondary rather than primary alkyl sulfates, although the stereochemistry of the reaction 

was still the same as for SdsA1. The possibility to hydrolyze secondary alkyl sulfates 

would allow employing Pisa1 in biocatalysis for the production of chiral secondary 

alcohols, which are key intermediates for the synthesis of pharmaceuticals and 

agrochemicals.  

The aim of the project was to elucidate the reaction mechanism for the hydrolysis 

catalyzed by Pisa1. We were particularly interested to identify the amino acid residues 

responsible for the nucleophilic attack and the binding mode of the substrates into the 

active site of the enzyme. Structural and computational studies revealed which might have 

been the amino acid residues fundamental for the catalysis. Various variants were 

designed, prepared and evaluated during catalysis to compare their catalytic properties 

with our assumptions based on computational studies.  
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ABSTRACT 

 

 

A metallo-ββββ-lactamase-type alkylsulfatase was found to catalyse the enantioselective hydrolysis of sec-

alkylsulfates with str ict inversion of configuration. This catalytic event, which does not have an analog 

in chemo-catalysis, yields homochiral (S)-configurated alcohols and nonreacted sulfate esters. The 

latter  could be conver ted into (S)-sec-alcohols as the sole product in up to >99% e.e via a chemo-

enzymatic deracemization protocol on a preparative scale. 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

Sulfatases are a heterogenic group of enzymes 

which catalyse the cleavage of the sulfate ester bond 

yielding the corresponding alcohol and hydrogen 

sulfate.1,2,3,4 In contrast to the majority of 

hydrolases,5 which do not alter the stereochemistry 

of the substrate during catalysis, the stereochemical 

course of sulfate ester hydrolysis may proceed via 

cleavage of the S-O or the C-O bond of a sec-alkyl 

sulfate going in hand with retention or inversion of 

the stereogenic carbon atom, respectively (Scheme 

1).1 Recently, sulfatases were re-classified based on 

                                                 
† University of Graz – Department of Chemistry 
‡ Graz University of Technology 
§ Medical University of Graz 
# University of Graz – Institute of Molecular Biosciences 
^ Present Adress: Département de Chimie, Université de 
Montréal, 2900, Boulevard Édouard-Montpetit, Canada 
(1) Gadler, P.; Faber, K. Trends Biotechnol. 2006, 25, 83-88.  
(2) Kertesz, M. A. FEMS Microbiol. Rev. 2000, 24, 135-175.  
(3) Bojarova, P.; Williams, S. J. Curr. Opin. Chem. Biol. 2008, 

12, 573-581.  
(4) Hanson, S. R.; Best, M. D.; Wong, C.-H. Angew. Chem. Int. 

Ed. 2004, 43, 5736-5763. 
(5) Bornscheuer, U. T.; Kazlauskas, R. J. Hydrolases in Organic 

Synthesis, Wiley-VCH, Weinheim, 2005.  

their mode of catalysis:6 Aryl- and carbohydrate-

sulfatases act on sulfated carbohydrates and 

steroids.4 These enzymes possess a highly 

conserved -C/S-X-P-X-A-X4-T-G- consensus 

motif,2 which codes for a Cys or Ser residue within 

the active site. The latter is posttranslationally 

modified into a hydrated α-formylglycine moiety, 

which attacks the S-atom of the sulfate ester going 

in hand with S-O bond cleavage while the absolute 

configuration at C is retained.7 On the other hand, 

sulfatases belonging to the Fe2+-dependent group of 

dioxygenases oxidatively cleave a sulfate ester at 

the expense of α-ketoglutarate as electron acceptor 

to yield an aldehyde and inorganic sulfate, leading

                                                 
(6) Hagelueken, G.; Adams, T. M.; Wiehlmann, L.; Widow, U.; 

Kolmar, H.; Tümmler, B.; Heinz, D. W.; Schubert, W.-D. 
Proc. Natl. Acad. Sci. USA 2006, 103, 7631-7636. 

(7) Boltes, I.; Czapinska, H.; Kahnert, A.; von Bülow, R.; Dierks, 
T.; Schmidt, B.; von Figura, K.; Kertesz, M. A.; Uson, I. 
Structure 2001, 9, 483-491.  
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Scheme 1. Stereochemical course of retaining and inverting alkylsulfatases 

 
______________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________________

to destruction of the stereogenic centre at C.8 The 

third class of sulfatases is related to metallo-β- 

lactamases and (to date) harbours only a single 

member: Sodium dodecyl sulfatase (SdsA1).6 Since 

SDS is an achiral prim-sulfate ester, the 

stereochemical course of SdsA1-hydrolysis is not 

‘visible’ . However, since the nucleophilic water 

molecule (W2 in the crystal structure 2cfu) strongly 

interacts with the sulfur atom of the substrate 

surrogate inhibitor 1-decanesulfonate, retention at 

carbon was assumed.6 Inverting alkylsulfatases9 

were previously studied in Pseudomonas C12B,10 

Comamonas terrigena11 and Rhodococcus ruber 

DSM 4454112 but due to the lack of biochemical 

and structural data the mechanism of inverting 

alkylsulfatases remained unknown. In search for a 

well-characterised stable sec-alkylsulfatase, which 

would allow to design a deracemisation process for 

sec-alcohols via enantio-convergent hydrolysis of 

the corresponding sulfate esters, an extended whole-

cell screening for sec-alkylsulfatase activity was 

                                                 
(8) Müller, I.; Kahnert, A.; Pape, T.; Sheldrick, G. M.; Meyer-

Klaucke, W.; Dierks, T.; Kertesz, M. A.; Uson, I. 
Biochemistry 2004, 43, 3075-3088.  

(9) Bartholomew, B.; Dodgson, K. S.; Matcham, G. W. J.; Shaw, 
D. J.; White, G. F. Biochem. J. 1977, 165, 575-580.  

(10) Shaw, D. J.; Dodgson, K. S.; White, G. F. Biochem. J. 1980, 
187, 181-196; White, G. F. Appl. Microbiol. Biotechnol. 
1991, 35, 312-316.  

(11) Fitzgerald, J. W.; Dodgson, K. S.; Matcham, G. W. J. 
Biochem. J. 1975, 149, 477-480; Matcham, G. W. J.; 
Dodgson, K. S.; Fitzgerald, J. W. Biochem. J. 1977, 167, 
723-729; Barrett, C. H.; Dodgson, K. S.; White, G. F. 
Biochem. J. 1980, 191, 467-473. 

(12) Pogorevc, M.; Faber, K. Appl. Environ. Microbiol. 2003, 69, 
2810-2815. 

conducted, which revealed Pseudomonas sp. DSM 

6611 as the most promising candidate.13 

Chromatographic protein purification followed by 

tryptic digestion and peptide mass fingerprinting 

allowed to assign the obtained peptide masses to the 

predicted open reading frames using the full 

genomic sequence of the strain.14 The protein band 

with the lowest mobility on SDS-PAGE (termed 

Pisa1, identified by de novo sequencing and peptide 

matching) surprisingly turned out to be a 

homologue of SdsA1.15 The Pisa1 gene was 

amplified by PCR, cloned and expressed in an E. 

coli BL21 strain with a C-terminal hexa-histidine 

tag. Pisa1 displayed the desired catalytic properties: 

(R)-2-Octyl sulfate (>99% ee) was quantitatively 

hydrolysed to yield (S)-2-octanol (>99% ee) through 

strict inversion of configuration, whereas the (S)-

enantiomer was completely unreactive. Hydrolysis 

of rac-2-octyl sulfate ceased at 50% conversion to 

furnish a homochiral product mixture of (S)-2-

octanol and unreacted (S)-2-octyl sulfate, indicating 

perfect enantioselectivity (E >200). 

 

                                                 
(13) Gadler, P.; Faber, K. Eur. J. Org. Chem. 2007, 5527-5530.  
(14) Angelova, M.; Gadler, P.; Kayer, H.; Krempl, P.; Gülly, C.; 

Faber, K.; Macheroux P.; Thallinger, G. manuscript in 
preparation.  

(15) The sequence was submitted to the European Nucleotide 
Archive (accession #: FR850678 – confidential until 
01.07.2011). No measurable sequence-similarities of Pisa1 with 
other sulfatases, such as the α-ketoglutarate-dependent 
alkylsulfatase AtsK from Pseudomonas putida, the arylsulfatase 
PAS from P. aeruginosa and the human steroid sulfatases 
HArsA, N-acetylgalactosamin 4-sulfatase or cerebroside-3-
sulfate sulfatase, could be detected (≤10%).  
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Although Pisa1 shares a 44% sequence identity 

with SdsA1 the substrate preference of both proteins 

differs significantly: Based on kcat and KM-values, 

SdsA1 has a 150-fold affinity for the prim-sulfate 

ester 1a, whereas Pisa1 has a pronounced (190-fold) 

opposite preference for the sec-sulfate ester analog 

2a. Hence, Pisa1 is the first inverting sec-

alkylsulfatase that is characterized on a molecular 

level.15,21 

 The stereochemical course of hydrolysis for both 

enzymes was investigated in detail using unlabelled 

1-octyl- (1a) and rac-2-octyl sulfate (2a) in 18O-

enriched buffer (label >98%, Scheme 2, part A). 

GC-MS analysis of the formed 1-octanol (1b) and 

(S)-2-octanol (2b, ee >99%) showed complete 

incorporation of the 18O-label in the product within 

analytical limits, proving C-O bond cleavage in both 

cases. 

 

Scheme 2. Proof of inversion for Pisa1 and SdsA1 via 18O-labeling (A), substrate spectrum of Pisa1 (B) and 
deracemisation of rac-2a (C).  
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The nucleophilic attack of (formal) [OH-] at the 

chiral carbon atom of an alkyl sulfate ester as 

exerted by alkylsulfatases SdsA1 and Pisa1 leading 

to inversion of configuration at C is a remarkable 

catalytic event, which does not have a direct 

counterpart in chemical catalysis. The latter event 

would generate SO4
2-, which is a very poor leaving 

group.16 Hence, inverting nucleophilic hydrolysis of 

sulfate esters by hydroxide, acetate or methoxide 

proceeds extremely slowly and is not feasible for 

preparative purposes.17,18 In order to facilitate the 

departure of the sulfate moiety, it has to be 

converted into a good leaving group, i.e. HSO4
- 

                                                 
(16) Being the anion of the weak acid HSO4

- (pKa = +1.9 to 
+2.7).  

(17) Batts, B. D. J. Chem. Soc. (B) 1966, 551-555; Burwell Jr., 
R. L. J. Am. Chem. Soc. 1952, 74, 1462-1466.  

(18) Wallner, S. R.; Nestl, B.; Faber, K. Tetrahedron 2005, 61, 
1517-1521. 

rather than SO4
2-.19 Consequently, acid-catalysed 

sec-sulfate ester hydrolysis is a fast process, which 

proceeds through retention at C.20,17 Based on the 

crystal structure of Pisa1,21 an acid-base-type 

mechanism for the inverting enzymatic alkyl sulfate 

hydrolysis can be proposed (Fig. 1).  

                                                 
(19) Based on the pKa of methyl monosulfate, which was 
calculated/estimated as pKa -8.4 or pKa -3.4, thus protonation of a 
sulfate ester requires a strong acid of pKa ca. <2; see: a) Klages, 
F.; Jung, H. A.; Hegenberg, P. Chem. Ber. 1966, 99, 1704-1711; 
b) Fulford, J. E.; Dupuis, J. W.; March, R. E. Can. J. Chem. 
1978, 56, 2324-2330.  
(20) Depending on the conditions, acid-catalysed sulfate ester 
hydrolysis may be plagued by racemisation,[17b] which can be 
suppressed in presence of 1,4-dioxane as mediator, see: Batts, B. 
D. J. Chem. Soc. (B) 1966, 547-551.  
(21) The coordinates of the crystal structure of Pisa1 (2.7 Å 
resolution) are available from the PDB (code 2YHE); A detailed 
study on the structural and mechanistic aspects of Pisa1 will be 
published: Knaus, T.; Schober, M.; Kepplinger, B.; Gadler, P.; 
Macheroux, P.; Faber, K.; Wagner, U. G. manuscript in 
preparation. 
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(i) The anionic substrate is positioned by a sulfate 

binding site consisting of positively charged 

(Arg328/323) and H-bonding residues (Asn318, 

Thr321); (ii) a highly conserved 'nucleophile site' 

consisting of a binuclear Zn2+-binding cluster 

(Asp310/183, His179/181, Glu291) activates a 

water molecule to provide the nucleophile [OH-], 

which attacks the carbon atom bearing the sulfate 

ester moiety.  

The latter is facilitated through (iii) concomitant 

protonation of the liberated inorganic sulfate 

(presumably by Tyr417), to yield HSO4
- as a good 

leaving group. The hydrophobic binding sites of 

Pisa1 and SdsA1 differ significantly with respect to 

the relative size of residues, which most likely 

accounts for the opposite substrate specificity 

concerning prim- versus sec-alkyl sulfate esters. 

 

 

Figure 1. Schematic proposal for an acid-base mechanism 

for alkyl sulfate ester hydrolysis catalysed by Pisa1 

(His179/181/184/355 coordinating the Zn2+ ions were 

omitted for clarity).  

_________________________________________________________________________________________________________________________________________________________________ 
The substrate spectrum of Pisa1 proved to 

encompass a range of linear, branched or cyclic ω-1 

to ω-3 sec-alkyl sulfates (Table 1, Scheme 2, part 

B). Straight-chain (ω-1)- and (ω-2)-sulfate esters 

(2a-5a) were resolved with perfect 

enantioselectivity, the (ω-3)-analog 6a bearing two 

C3/C4-chains of similar size gave a respectable E-

value of E = 10. Substrates bearing branched (7a), 

aromatic (8a, 9a) or cyclic side chains (10a) gave 

excellent results.  

In contrast to the previously employed resting 

whole cell preparation of Pseudomonas sp. DSM 

661113 the reaction rates were far superior and 

conversion values usually reached the theoretical 

limit of 50%, which is required for a deracemisation 

process. Most remarkably, substrates rac-11a and 

rac-12a, derived from propargylic alcohols bearing 

a synthetically useful terminal acetylene unit, were 

transformed with the same perfect stereoselectivity. 

With the highly active and stereoselective 

inverting sec-alkylsulfatase Pisa1 in hand, the 

feasibility of a deracemisation protocol for sec-

alcohols could be demonstrated as follows (Scheme 

2, part C): Treatment of rac-2-octyl sulfate (2a, 1g) 

with Pisa1 in aqueous buffer gave equimolar 

amounts of (S)-2b and (S)-2a. The latter was 

hydrolyzed under acidic conditions (p-TosOH in 

tBuOMe/H2O/1,4-dioxane)18 to yield enantiopure 

(S)-2b (>99 % e.e) in 87 % isolated yield from the 

racemate (0.49 g). 

 

Table 1. Substrate spectrum of Pisa1 compared to results 
with whole cells of Pseudomonas sp. DSM 6611.  

Substrate R1 R2 Ps. sp. DSM 6611[a] Pisa1 
   c. E[b] c. E[b] 
rac-2a CH3 n-C6H13 21 >200 50 >200 
rac-3a CH3 n-C5H11 17 >200 50 >200 
rac-4a CH3 n-C7H15 7 >200 50 >200 
rac-5a C2H5 n-C5H11 18 >200 50 >200 
rac-6a n- n-C4H9 20 6 57 10 
rac-7a CH3 (CH2)2CH=CMe2 9 >200 50 >200 
rac-8a CH3 CH2Ph <1 n.d. 30 >200 
rac-9a CH3 (CH2)2Ph 15 >200 50 >200 
rac-10a CH3 c-C6H11 5 >200 10 >200 
rac-11a HC≡C n-C4H9 n. i. — 50 >200 
rac-12a HC≡C n-C5H11 n. i. — 50 >200 

[a] Whole resting cells of Pseudomonas sp. DSM 6611, data 
from ref. [13]; [b] Enantioselectivity expressed as Enantiomeric 
Ratio (E-value); n. d. not determined due to exceedingly low 
conversion; n. i. = not investigated.  
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General 

Competent cells One Shot® TOP10 and One Shot® BL21 Star™ (DE3) were purchased from 

Invitrogen and transformed according to the manufacturer´s protocol. 1-Octyl sulfate (1a), 1-

octanol (1b) and alcohols 2b-10b were purchased from Sigma Aldrich and Alfa Aesar. H2
18O for 

the preparation of 18O labelled buffer was purchased from Rotem (label >98%). NMR spectra were 

recorded on a Bruker spectrometer at 300 (1H) and 75 (13C) MHz. Shifts (�) are given in ppm and 

coupling constants (J) are given in Hz.  

Synthesis of alkyl sulfate esters 

Racemic sulfate esters 2a-10a, (R)- and (S)-(2a) were prepared from the corresponding alcohols 

2b-10b, (R)- and (S)-(2b) by using NEt3*SO3 following a known procedure[1] with the following 

modifications: Triethylamine-SO3 complex was added in 0.9 eq. to avoid residual complex in the 

lyophilisate. Hence the re-crystallisation step in methanol was not required.  

NMR Data and yields for alkyl sulfates:  

rac-2-Octyl sulfate (2a):  

1H NMR (300 MHz, D2O): δ = 4.46-4.36 (m, 1H), 1.62-1.43 (m, 2H), 1.33-1.15 (m, 11H), 0.78 (t, 

5.4 Hz, 3H); 13C NMR (75 MHz, D2O): δ = 78.8, 36.0, 31.0, 28.2, 24.4, 21.9, 20.0, 13.4; 82% 

yield.  

rac-2-Heptyl sulfate (3a):  

1H NMR (300 MHz, D2O): δ = 4.45- 4.35 (m, 1H), 1.57-1.41 (m, 2H), 1.32-1.15 (m, 9H), 0.78 (t, 

5.4 Hz, 3H). 13C NMR (75 MHz, D2O): δ = 78.8, 36.0, 30.8, 24.1, 21.8, 20.0, 13.3; 76% yield. 

rac-2-Nonyl sulfate (4a):  

1H NMR (300 MHz, D2O): δ = 4.44-4.34 (m, 1H), 1.59-1.39 (m, 2H), 1.35-1.14 (m, 13H), 0.76 (t, 

5.0 Hz, 3H); 13C NMR (75 MHz, D2O): δ = 78.8, 35.9, 31.0, 28.4, 28.3, 23.3, 22.0, 19.9, 13.4; 

70% yield. 

rac-3-Octyl sulfate (5a):  

1H NMR (300 MHz, D2O): δ = 4.29-4.21 (m, 1H), 1.70-1.47 (m, 4H), 1.28-1.13 (m, 6H), 0.85-

0.75 (m, 6H); 13C NMR (75 MHz, D2O): δ = 83.6, 32.9, 30.9, 26.5, 23.9, 21.8, 13.3, 8.5; 83% 

yield. 

rac-4-Octyl sulfate (6a):  

1H NMR (300 MHz, D2O): δ = 4.35-4.27 (m, 1H), 1.60-1.45 (m, 4H), 1.35-1.15 (m, 6H), 0.84-

0.76 (m, 6H); 13C NMR (75 MHz, D2O): δ = 82.3, 35.7, 33.1, 26.4, 21.9, 17.6, 13.2; 70% yield.  
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rac-6-Methyl-5-hepten-2-yl sulfate (7a):  

1H NMR (300 MHz, D2O): δ = 5.14 (t, 35.5 Hz, 1H), 4.45-4.34 (m, 1H), 2.09-1.90 (m, 2H), 1.64-

1.46 (m, 8H), 1.23 (d, 7.8 Hz, 3H); 13C NMR (75 MHz, D2O): δ = 133.9, 123.6, 78.2, 36.1, 24.8, 

23.2, 19.9, 16.9; 74% yield. 

rac-1-Phenylprop-2-yl sulfate (8a):  

1H NMR (300 MHz, D2O): δ = 7.33-7.20 (m, 5H), 4.66-4.60 (m, 1H), 2.94-2.81 (m, 2H), 1.20 (d, 

7.6 Hz, 3H); the signal at 4.65-4.59 was occluded by the H�O-signal, but could be identified and 

annotated via 2D-NMR spectroscopy; 13C NMR (75 MHz, D2O): δ = 137.5, 129.9, 128.4, 126.6, 

78.3, 41.9, 19.3; 80% yield. 

rac-4-Phenylbut-2-yl sulfate (9a):  

1H NMR (300 MHz, D2O): δ = 7.30-7.12 (m, 5H), 4.45-4.35 (m, 1H), 2.72-2.53 (m, 2H), 1.86-

1.71 (m, 2H), 1.25 (d, 7.5 Hz, 3H); 13C NMR (75 MHz, D2O): δ = 142.2, 128.6, 128.6, 126.0, 77.9, 

37.9, 30.8, 19.9; 71% yield. 

rac-1-Cyclohexylethyl sulfate (10a):  

1H NMR (300 MHz, D2O): δ = 4.23-4.15 (m, 1H), 1.72-1.35 (m, 6H), 1.24-0.83 (m, 8H); 13C 

NMR (75 MHz, D2O): δ = 82.6, 42.8, 28.0, 27.8, 26.0, 25.6, 16.9; 85% yield. 

rac-1-Heptyn-3-yl sulfate (11a):  

1H NMR (300 MHz, DMSO-d6): δ = 4.67-4.62 (m, 1H), 3.28 (d, 7.9 Hz, 1H), 1.70-1.53 (m, 2H), 

1.42-1.21 (m, 4H), 0.86 (t, 5.9 Hz, 3H); 13C NMR (75 MHz, DMSO-d6): δ = 84.2, 75.6, 66.0, 35.7, 

27.0, 22.3, 14.4; 82% yield.  

rac-1-Octyn-3-yl sulfate (12a):  

1H NMR (300 MHz, DMSO-d6): δ = 4.67-4.62 (m, 1H), 3.24 (d, 6.8 Hz, 1H), 1.68-1.51 (m, 2H), 

1.42-1.16 (m, 6H), 0.83 (t, 5.6 Hz, 3H); 13C NMR (75 MHz, DMSO-d6): δ = 83.8, 75.7, 66.4, 35.8, 

31.2, 24.3, 22.4, 14.3; 79% yield.  

Cloning and expression of alkylsulfatase Pisa1 from Pseudomonas sp. DSM6611 

Genomic DNA from Pseudomonas sp. DSM6611 was prepared using the PureLinkTM Genomic 

DNA Mini Kit (Invitrogen). The open reading frame of the putative Pseudomonas alkylsulfatase 

was amplified by PCR using CTAGCTAGCATGTCCCGCTTCATTCGCGCCAG as forward and 

CCGCTCGAGGGGTTCGACGATATTGAACTTCGGGCT as reverse primer. The PCR product 

was digested with NheI and XhoI (Fermentas) and cloned into the corresponding restriction sites of 

a modified pET-21a(+) vector (Novagen) using a T4 DNA ligase (Fermentas). The start codon 

present in the vectors NdeI restriction site had previously been removed by site-directed 

mutagenesis (ATG to CTG). The stop codon was omitted in order to obtain a protein with a C-
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terminal hexa-histidine tag. The ligated plasmid was first transformed into E. coli TOP10 cells. 

After plasmid preparation with a PureLink™ HiPure Plasmid Midiprep Kit (Invitrogen), the vector 

was further transformed into E. coli BL21 STAR cells according to the manual of the supplier. 

Ligation success was verified by restriction digest of the plasmid and subsequent agarose gel (1%) 

analysis. Cells were grown in LB- medium containing ampicillin (100 µg/mL) and ZnSO4 (30 

µg/mL) at 37° C and 120 rpm until the culture reached an OD600 of 0.7. After cooling to 20° C 

IPTG was added to a final concentration of 0.5 mM and Pisa1 was expressed at 20 ˚C and 120 rpm 

overnight. Cells were harvested at 4° C and 8000 rpm for 15 min. The cell pellet was washed once 

with sodium chloride (0.9%) and stored at -20 ˚C.  

Cloning and expression of SdsA1 from Pseudomonas aeruginosa[2] 

The gene sdsa1 was synthesized by DNA 2.0 in a pJ201 vector with a kanamycin resistence. The 

lyophilized vector was treated as suggested by the supplier. Afterwards it was transferred into a 

pET-21a(+) vector (Novagen) using NdeI and XhoI restriction enzymes (Fermentas) following 

standard protocols. After transformation into competent E. coli BL21 (DE3) cells (as described for 

Pisa1), the protein was expressed with a C-terminal hexa-histidine tag. Expression was carried out 

as described for Pisa1.  

Purification of His-tagged Pisa1 and SdsA1 

After resuspension in phosphate buffer (50 mM, 300 mM NaCl, 10 mM Imidazol, pH 8.2) cells 

were disrupted by sonification using a Sonics & Materials Vibra Cell CV26, 13 mm tip, 30% 

amplitude, pulse 1s on, 2s off. SDS-PAGE analysis of the soluble and insoluble fraction showed 

that >80% of the protein was in the soluble fraction (Fig. S2, right). After centrifugation (4° C, 

18000 rpm, 20 min) the supernatant was filtered through a MN 615 filter paper (Machery Nagel) 

and subjected to Ni-NTA affinity chromatography on a Bio-Rad DuoFlow FPLC system equipped 

with a Ni Sepharose 6 FF column employing standard procedures as described by the manufacturer 

(GE Healthcare). After SDS-PAGE selected fractions were exposed to dialysis in Tris-Cl (100 

mM, pH 8.2) overnight (Fig. S2, left). The yield of this fraction is 18.5 mg protein/L of culture, it 

is >95% pure and can be used for biocatalytic transformations.  

For protein crystallisation, the protein solution was concentrated and further purified with a 

MonoQ anion exchange 5/50 GL column (5 x 50 mm, GE Healthcare) previously equilibrated with 

Tris-Cl (20 mM, pH 8.2). The enzymes were eluted with a 10 mL linear gradient of 0-0.4 M NaCl 

in the same buffer at a flow rate of 1 mL/min and protein of >99% purity was dialysed in Tris-Cl 

(100 mM, pH 8.2) overnight. Final concentration was determined by the method of Bradford (as 

described) and purified proteins were flash-frozen and stored at -20° C. No significant loss of 

activity <10% was detected during several months.  
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Figure S2. SDS-PAGE of purified Pisa1 (left) and protein composition after cell disruption (right).  

 

   

Left: Lane 1: LMW standard (GE Healthcare); lane 2: crude extract; lane 3: pool after Ni-NTA affinity chromatography; 

lane 4: pool after anion exchange chromatography.  

Right: Lane 1: insoluble protein fraction (pellet); lane 2: MW standard (Bio-Rad Precision Plus Standard All Blue); lane 

3: soluble protein fraction (supernatant).  

 

Determination of protein concentrations 

For determination of protein concentrations, Bradfords method was used: Protein solution (20 µL, 

diluted if necessary) was added to 980 µL of 1-fold Bio-Rad Bradford solution (diluted from a 5-

fold concentrated stock solution) in a plastic cuvette. The reaction mixture was incubated at RT for 

10 min and the extinction was measured at 595 nm against a blank containing Bradford solution 

and water. Protein concentrations were calculated with a calibration curve using bovine serum 

albumin. 

H2
18O labelling experiments 

Enzymatic assays of alkyl sulfates (1a, 2a, 4 mg, 17 µmol) were conducted in unlabeled and 18O-

labeled Tris-HCl (250 µL, 100 mM, pH 8.2 for Pisa1, pH 7.5 for SdsA1). The reaction mixture 

was shaken at 30° C and 120 rpm for 24 h. After extraction with ethyl acetate (1 mL) the organic 

phase was dried over anhydrous sodium sulfate. Product 1b was analyzed on a Agilent 7890A 

system equipped with an achiral HP-5 column and subsequently derivatized as acetate as described 

above. Product 2b was directly derivatized. GC/MS spectra from 18O-labelling experiments were 

recorded on an Agilent 7890A GC system equipped with an Agilent 5975C mass selective detector 

(electron impact, 70 eV). Measurements were carried out on an a) Agilent HP-5-MS column (30 m 
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x 0.25 mm x 0.25 µm film) or b) a Varian Chirasil Dex CB column (25 m x 0.32 mm x 0.25 µm 

film) using helium as carrier gas. 

The following methods were used: a) injector temperature 200° C, flow: 0.62 mL/min; temperature 

program: 80° C, hold for 1.0 min, 15° C/min, to 110° C, 4° C/min, to 130° C, 10° C/min, to 180° 

C. b) injector temperature 250° C, flow: 0.5 mL/min; temperature program: 40° C, hold for 2.0 

min, 20° C/min, to 180° C; c) injector temperature: 250° C, flow: 0.55 mL/min; temperature 

program: 100° C, hold for 0.5 min, 10° C/min, to 300° C.  

Table S3. GC/MS-measurements  

Compund Column Method Retention time [min] 

1-octanol (1b) HP-5 c) 4.0 

1-octyl acetate (1c) HP-5 b) 8.8 

1-octyl acetate (1c) Dex-CB a) 5.5 

(R)-2-octyl acetate [(R)-2c] Dex-CB a) 4.5 

(S)-2-octyl acetate [(S)-2c]) Dex-CB a) 4.0 

Activity assays for Pisa1 and SdsA1 

Alkyl sulfate [1a, rac-, (R)-, or (S)-2a, 3a-10a] (5 mg) was dissolved in Tris-HCl (0.98 mL, 100 

mM, pH 8.2). An aliquot of Pisa1 enzyme solution (20 µL, 130 µg, 1.8 nmol) was added. The 

reaction mixture was shaken at 30° C and 120 rpm for 24 h. After extraction with ethyl acetate (1 

mL) the organic phase was dried over anhydrous sodium sulfate, derivatized as acetate ester (see 

below) and analyzed by chiral GC. Biotransformations of alkyl sulfates (1a, 2a, 5 mg) with SdsA1 

were conducted with purified SdsA1 (20 µL, 130 µg, 1.8 nmol) as shown for Pisa1 but at pH 7.5. 

The identity and absolute configuration of samples was confirmed by comparison with reference 

samples.  

Stereoselectivity assays for Pisa1 

Step1, enzymatic hydrolysis: 

Alkyl sulfate [2a-10a] (50 mg) was dissolved in Tris-HCl (9.8 mL, 100 mM, pH 8.2). Purified 

enzyme solution (200 µL, 1.3 mg, 17.7 nmol) was added. The reaction mixture was shaken at 30° 

C and 120 rpm for 6 h. Afterwards the aqueous solution was extracted twice with ethyl acetate (3 

mL). An aliquot of the organic layer (1 mL) was dried over anhydrous sodium sulfate, derivatized 

to the corresponding acetate (2c-10c) as described below and analyzed by chiral GC. The 

remaining organic phase was discarded. The aqueous phase was lyophilized overnight. 
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Step 2, acidic hydrolysis: 

The lyophilisate, p-toluenesulfonic acid monohydrate (350 mg, 1.8 mmol) and 1,4-dioxane (10 µL, 

0.12 mmol) were dissolved in methyl tert-butyl ether/deionized water (20 mL, 97:3). The reaction 

was stirred under reflux at 40° C for 2 h. After cooling to room temperature saturated NaHCO3 (5 

mL) was added to stop the reaction. After extraction with ethyl acetate the organic phase was dried 

over anhydrous sodium sulfate. The solvent was evaporated under reduced pressure, the residual 

alcohol was redissolved in ethyl acetate (1 mL), derivatized as described below and analyzed by 

chiral GC.  

Derivatisation of alcohols  

Acetic anhydride (100 µL) and DMAP (4-dimethylaminopyridine, cat.) were added to the dried 

organic phase containing the product alcohol (1b-10b). The reaction mixture was shaken at 30° C 

and 120 rpm for 18 h. The reaction was quenched with deionized water (300 µL) and the organic 

phase was dried over anhydrous sodium sulfate. The derivatives were analyzed on a Varian 

Chirasil Dex CB column (25 m x 0.32 mm x 0.25 µm film).  

Determination of enantiomeric excess 

Enantiomeric excess of alcohols (2b-10b) derivatised as acetates (2c-10c) was determined using an 

Agilent Technologies 7890A GC-FID system equipped with an Agilent Technologies 7683B 

autosampler and a Varian Chirasil Dex CB column (25 m x 0.32 mm x 0.25 µm film). Injector 

temperature: 200° C, flow: 2.0 mL/min, temperature program: 80° C, hold for 1.0 min, 15° C/min, 

to 110° C, 4° C/min, to 130° C, 10° C/min, to 180° C. Blank tests were performed in the absence 

of enzyme.  

Method A: Injector temperature 200° C, flow 2.0 mL/min, temperature program: 80° C, hold for 

1.0 min, 15° C/min to 110° C, 4° C/min to 130° C, 10° C/min to 180° C.  

Method B: Injector temperature: 200° C, flow 2.0 mL/min, temperature program: 80° C, hold for 

1.0 min, 3° C/min to 100° C, 15° C/min to 150° C.  

Method C: Injector temperature: 200° C, flow 2.0 mL/min, temperature program: 80° C, hold for 

1.0 min, 15° C/min to 140° C, 4° C/min to 160° C, 10° C/min to 180° C.  
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Table S2. GC-measurements.  

Compound Method Retention time [min] 

1-octanol (1b) A 6.3 

1-octyl acetate (1c) A 7.0 

2-octyl acetate (2c) A 5.3 (S) 5.9 (R) 

2-heptyl acetate (3c) B 5.8 (S) 7.1 (R) 

2-nonyl acetate (4c) A 7.1 (S) 7.8 (R) 

3-octyl acetate (5c) A 5.1 (S) 5.9 (R) 

4-octyl acetate (6c) A 4.6 (S) 4.8 (R) 

6-methylhept-5-en-2-yl acetate (7c) A 5.3 (S) 5.7 (R) 

1-phenylprop-2-yl acetate (8c) A 8.7 (S) 9.1 (R) 

4-phenylbut-2-yl acetate (9c) C 8.4 (S) 8.7 (R) 

cyclohexylethyl acetate (10c) A 6.9 (S) 7.5 (R) 

1-heptyn-3-yl acetate (11c) B 6.3 (R)*  7.3 (S)*  

1-octyn-3-yl acetate (12c) C 5.5 (R)*  5.9 (S)*  

*  Switch in CIP priority.  

Determination of absolute configuration 

Absolute configuration was proven by comparison of the GC retention times with commercial 

reference samples of enantiopure alcohols (R)- and (S)-2b, (R)-3b, (R)-4b, (S)-5b, (R)- and (S)-7b, 

(S)-8b, (S)-9b, (R)- and (S)-12b after derivatisation. The absolute configuration of 10b was 

determined to be (S) by comparison of GC retention times with a sample prepared according to 

literature.[3] A sample of (S)-11c was prepared according to literature.4 Compound 6b was 

determined to be (S) by optical rotation: [α]D
22 = +0.5° (c = 2, CHCl3); ref.[5]:(R)-6b [α]D

22 = -0.65° 

(neat); ref.[6]: (S)-6b [α]D
25 = +0.75° (neat).  

Preparative scale deracemisation 

2-Octyl sulfate (rac-2a, 1 g, 4.3 mmol) was dissolved in Tris-HCl (99 mL, 100 mM, pH 8.2). 

Purified Pisa1 (1 mL, 6.5 mg, 88.2 nmol) was added. The reaction mixture was shaken at 30° C 

and 120 rpm for 24 h. The aqueous solution was then extracted with tBuOMe (3 x 100 mL). The 

combined organic phases were extracted with deionized water (100 mL) and saturated sodium 

chloride solution (100 mL). The organic layer was then dried with anhydrous sodium sulfate and 

filtered through a sintered glass filter. The solvent was evaporated under reduced pressure (250 

mbar, RT). The product obtained was a clear yellow oil (248 mg, 1.9 mmol). Its purity was 
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S9 

confirmed by NMR and GC/MS analysis. The aqueous phase was lyophilized overnight. The 

lyophilisate, p-toluenesulfonic acid monohydrate (1.75 g, 9.2 mmol) and 1,4-dioxane (100 µL, 1.2 

mmol) were dissolved in MTBE /deionized water (200 mL, 97:3). The reaction was stirred under 

reflux at 40° C for 5 h. After cooling to room temperature saturated sodium hydrogen carbonate 

(50 mL) was added to stop the reaction. The aqueous phase was extracted with MTBE (2x 50 mL). 

The combined organic phases were extracted with deionized water (100 mL) and saturated sodium 

chloride solution (100 mL) and dried with anhydrous sodium sulfate. After filtering through a 

sintered glass filter, the solvent was evaporated under reduced pressure (250 mbar, RT). The 

product was obtained as a clear yellow oil (243 mg, 1.9 mmol). (S)-2b was obtained in a total 

isolated yield of 87% (491 mg, 3.8 mmol) with an ee of >99%; [α]D
20 = +7.21, (CHCl3, c = 2), 

lit.[7] (S)-2b [α]D
20 = 9.12. The purity of the product was proven by 1H- and 13C-NMR: 1H NMR 

(300 MHz, CDCl3): δ = 3.86-3.75 (m, 1H), 1.55-1.17 (m, 13H), 0.93-0.86 (m, 3H); 13C NMR (75 

MHz, CDCl3): δ = 68.2, 39.4, 31.8, 29.3, 25.7, 23.5, 22.6, 14.1.  

 

1H-NMR (2a) rac-2-Octyl sulfate; D2O 

 

  

OSO3
-
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13C-NMR (2a) rac-2-Octyl sulfate; D2O 

 

1H-NMR (3a) rac-2-Heptyl sulfate; D2O 

 

OSO3
-

OSO3
-
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13C-NMR (3a) rac-2-Heptyl sulfate; D2O 

1H-NMR (4a) rac-2-Nonyl sulfate; D2O 

 

 

OSO3
-
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13C-NMR (4a) rac-2-Nonyl sulfate; D2O 

 

1H-NMR (5a) rac-3-Octyl sulfate; D2O 

 

OSO3
-
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13C-NMR (5a) rac-3-Octyl sulfate; D2O 

 

1H-NMR (6a) rac-4-Octyl sulfate; D2O 

 

OSO3
-

OSO3
-
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13C-NMR (6a) rac-4-Octyl sulfate; D2O 

 

1H-NMR (7a) rac-6-Methyl-5-hepten-2-yl sulfate; D2O 

 

OSO3
-

OSO3
-
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13C-NMR (7a) rac-6-Methyl-5-hepten-2-yl sulfate; D2O 

 

1H-NMR (8a) rac-1-Phenylprop-2-yl sulfate; D2O 

 

 

OSO3
-

OSO3
-
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13C-NMR (8a) rac-1-Phenylprop-2-yl sulfate; D2O 

 

1H-NMR (9a) rac-4-Phenylbut-2-yl sulfate; D2O 

 

 

OSO3
-

OSO3
-
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13C-NMR (9a) rac-4-Phenylbut-2-yl sulfate; D2O 

 

1H-NMR (10a) rac-1-Cyclohexylethyl sulfate; D2O 

 

OSO3
-

OSO3
-
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13C-NMR (10a) rac-1-Cyclohexylethyl sulfate; D2O 

 

1H-NMR (11a) rac-1-Heptyn-3-yl sulfate; DMSO-d6 

 

 

OSO3
-

OSO3
-
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13C-NMR (11a) rac-1-Heptyn-3-yl sulfate; DMSO-d6 

 

1H-NMR (12a) rac-1-Octyn-3-yl sulfate; DMSO-d6 

 

OSO3
-

OSO3
-
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13C-NMR (12a) rac-1-Octyn-3-yl sulfate; DMSO-d6 

 

1H-NMR ((S)-2b) (S)-2-Octanol; CDCl3 

 

OSO3
-

OH
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13C-NMR ((S)-2b) (S)-2-Octanol; CDCl3 
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Abstract: The substrate spectrum of the inverting 

alkylsulfatase Pisa1 was investigated using a range 

of sec-alkylsulfate esters bearing aromatic, olefinic 

and acetylenic moieties. Perfect enantioselectivities 

were obtained for substrates bearing groups of 

different size adjacent to the sulfate ester moiety. 

Insufficient selectivities could be doubled by using 

DMSO as co-solvent. Hydrolytically unstable 

benzylic sulfate esters could be sufficiently 

stabilised by introduction of electron-withdrawing 

substituents. Overall, Pisa1 appears to be a very 

useful inverting alkylsulfatase for the 

deracemisation of rac-sec-alcohols via enzymatic 

hydrolysis of their corresponding sulfate esters, 

which furnishes homochiral products possessing 

'anti-Kazlauskas' configuration.  

 

Keywords: alkylsulfatase, inversion, substrate 

spectrum, deracemization.  

Introduction 

Driven by the demand to enhance the economic 

balance of chemical processes, the design of 

asymmetric catalytic protocols, which allow the 

transformation of a racemate into a single 

stereoisomeric product without the occurrence of an 

'unwanted' isomer is an important topic.[1] 

Depending on the type of starting material, these so-

called deracemisation methods are based on 

dynamic kinetic resolution,[2] stereo-inversion[3] or 

enantio-convergent processes.[4] In the latter, both 

starting enantiomers are transformed via 

independent pathways via retention or inversion of 

configuration to furnish a single stereoisomer. In 

order to fulfil this prerequisite, catalysts must not 

only be enantioselective (by preferring one 

enantiomer over the other), but also stereoselective 

(by inverting one enantiomer, but retaining the 

other). Enzymes that elicit the complex potential to 

invert the stereochemistry of their substrate during 

catalysis are rather rare and encompass haloalkane 

dehalogenases,[5] epoxide hydrolases[6] and (alkyl) 

sulfatases.[7] Depending on the subtype of enzyme, 

enzymatic sulfate ester hydrolysis may proceed via 

cleavage of the S-O or the C-O bond, which causes 

retention or inversion of configuration at the 

stereogenic carbon centre.[8] Whereas the 

mechanism of retaining sulfatases is well 

understood,[9] much less is known about inverting 

(alkyl) sulfatases.[10] It was only recently, that they 

have been identified as members of the metallo-β-

lactamase family, which act through nucleophilic 

displacement of HSO4
- via (formal) [OH-], which is 

provided from water by a binuclear Zn2+-cluster. [11] 

We have recently characterised the first inverting 

sec-alkylsulfatase (Pisa1) from Pseudomonas sp. 

DSM 6611 on a molecular level.[12,13] In order to 

DOI: 10.1002/adsc.201100864 
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evaluate the applicability of this useful enzyme, 

which transforms a rac-sec-alkyl sulfate into a 

homochiral mixture of a sec-alcohol and non-

reacted sulfate ester, the substrate tolerance and the 

operational stability of this enzyme is reported here.

      

Compound R1 R2 Compound R1 R2 

1a,b Me n-Pr 13a,b CH=CH2 n-Hexyl 

2a,b Me n-Bu 14a,b CH=CH2 n-Heptyl 

3a,b Me (CH2)2CHMe2 15a,b Me C�C-Et 

4a,b Me n-Hexyl 16a,b Me CH2-C�C-Me 

5a,b Me n-Octyl 17a,b Me C�C-Ph 

6a,b Et n-Pentyl 18a,b Et C�C-Me 

7a,b Et n-Bu 19a,b Et C�C-Et 

8a,b n-Pr n-Bu 20a,b C�CH n-Pr 

9a,b Me CH2-CH=CH2 21a,b C�CH CH2-CHMe2 

10a,b Me (CH2)2CH=CH2 22a,b C�CH n-Pentyl 

11a,b CH=CH2 n-Bu 23a,b Me Ph 

12a,b CH=CH2 n-Pentyl 24a,b Me m,m-(CF3)2C6H3- 

Scheme 1. Kinetic resolution of sec-alkylsulfate esters rac-1a-24a using the inverting alkylsulfatase Pisa1 

yields homochiral products. 

 

Results and Discussion 

In order to provide a broad coverage of substrate 

structures, sec-alkyl sulfates of varying chain length 

(rac-1a-8a ) were chosen with special emphasis on 

the relative position of the sulfate ester moiety 

ranging from (ω-1) to (ω-3) (Scheme 1). The latter 

substrates bearing an 'internal' (ω-3)-functionality 

are difficult to tackle with traditional lipase-[14] or 

carbonyl reductase-technology.[15] From a synthetic 

viewpoint, substrates bearing lipophilic alkene- or 

alkyne-functionalities (rac-9a-20a) allow access to 

valuable building blocks via functional group 

manipulation via (stereo)selective redox-reactions. 

Finally, two stereochemically sensitive benzylic 

sulfate esters were selected (rac-23a, rac-24a). 

Since Pisa1 acts via a single pathway through strict 

inversion of configuration, as proven by 18O-

labeling experiments,[12] E-values can be applied for 

the description of the enantioselectivity.[16] Since the 

formed product (a lipophilic alcohol) and the non-

reacted (water-soluble) sulfate ester enantiomers 

have extremely different characteristics with respect 

to their relative solubilities, E-values were 

calculated from the enantiomeric excess of substrate 

and product (eeS, eeP), because the latter are relative 
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values and are thus (almost) independent of sample 

manipulations.[17,18] The overall procedure was as 

follows (Scheme 1): In a first step, racemic 

substrates were subjected to enzymatic hydrolysis in 

Tris-buffer at the pH optimum of 8.2. After the 

conversion came close to mid-point (depending on 

the reactivity of the substrate 2-72h), the formed 

alcohol was separated from the nonreacted sulfate 

ester by extraction. The latter was hydrolysed under 

acidic conditions, which proceeds with strict 

retention of configuration.[19] Deracemization 

experiments were performed by linking both 

hydrolysis steps in a sequential fashion (without 

separation of intermediates) in a one-pot procedure 

using substrate rac-4a. The absolute configuration 

of products was elucidated by co-injection of 

reference samples of alcohols 1b, 2b, 5b, 7b,[20] 9b, 

10b, 11b,[21] 12b, 13b,[21] 17b,[22] 20b,[23] 21b,[24] 

23b and 24b, which were obtained commercially or 

were prepared via independent synthesis according 

to literature. The absolute configuration of 

compounds 3b,14b and 15b was determined via 

optical rotation. Alcohols 16b, 18b and 19b were 

correlated via catalytic hydrogenation yielding 2b, 

3-hexanol and 7b, respectively. Compounds 4b, 6b, 

8b and 22b were elucidated as recently reported.[12]    

  

Table 1. Kinetic resolution of alkyl sulfates rac-1a-24a using the inverting sec-alkylsulfatase Pisa1 

Substrate t [h] Cosolvent Conv.[%]a EeP EeS Config.b E-Valuea 

rac-1a 24 none 34 83 42 (S) 16 
rac-2a 24 none 39 98 62 (S) 155 
rac-3a 24 none 50 >99 >99 (S) >200 
rac-4c c 2 none 50 >99 >99 (S) >200 
rac-5a 24 none 50 >99 >99 (S) >200 
rac-6a c 6 none 50 >99 >99 (S) >200 
rac-7a 6 none 34 96 49 (S) 87 
rac-8a c 24 none 57 60 80 (S) 10 
rac-9a 24 none 7 94 7 (S) 34 
rac-10a 24 none 50 >99 >99 (S) >200 
rac-11a 6 none 35 83 46 (R)d 17 
rac-11a 8 DMSO 45 88 74 (R)d 36 
rac-12a 6 none 48 90 87 (R)d 102 
rac-12a 8 DMSO 47 99 87 (R)d >200 
rac-13a 6 none 50 94 94 (R)d 125 
rac-13a 8 DMSO 49 99 95 (R)d >200 
rac-14a 6 none 50 95 96 (R)d 149 
rac-14a 8 DMSO 46 99 83 (R)d >200 
rac-15a 24 none 44 74 58 (S) 12 
rac-16a 72 none 4 >99 4 (S) >200 
rac-17a 6 none 49 93 89 (S) 80 
rac-17a 6 DMSO 47 98 89 (S) >200 
rac-18a 4 none 57 55 80 (S) 8 
rac-19a 6 none 56 32 40 (S) 3 
rac-20a 24 none 23 91 27 (R)d 28 
rac-21a 24 none 24 >99 31 (R)d >200 
rac-22ac 24 none 50 >99 >99 (R)d >200 
rac-23ae 6 none n.d 33 n.d (S) n.d 
rac-23ae 6 DMSO n.d 81 n.d. (S) n.d 
rac-24a 72 none 10 >99 11 (S) >200 
rac-24a 72 DMSO 13 >99 14 (S) >200 

a Calculated from eeS and eeP;
[18]  

b since the enzymatic hydrolysis of the preferred (R)-enantiomer proceeds with strict inversion of configuration, the 

alcohol formed and the non-reacted sulfate ester possess the same absolute configuration;  
c data taken from ref. [12];  
d switch in CIP priority;  
e not determined due to competing (non-enzymatic) autohydrolysis.   
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The substrate-selectivity pattern revealed several 

clear trends (Table 1). Overall, substrates bearing 

the sulfate ester grup in the (ω-1)-position show that 

the enantioselectivity strongly depends on the 

relative size of both alkyl substituents: With 

increasing chain length or branching, E-values 

steadily climbed from 1a (E = 16 via 2a (E = 155) 

to 3a-5a (E >200). Analogous observations were 

made when the functional group was gradually 

moved towards the center of the molecule: Whereas 

the (ω-2)-substrate 6a was nicely resolved, 

compounds 7a and 8a showed reduced 

stereoselectivities due to the decreasing size-

difference of both alkyl substituents. Similar trends 

can be deduced from substrates bearing a terminal 

olefinic group (9a, 10a). 

When the position of the alkene unit was 

switched to yield allylic sulfate esters 11a-14a, E-

values were surprisingly modest (E = 17 to 149). In 

order to enhance the stereoselectivity of the reaction 

by suppressing the background of slow (non-

enzymatic) autohydrolysis of the substrate,[25] a 

range of organic co-solvents were tested using rac-

12a as test substrate (Fig. 1). Whereas water-

immiscible co-solvents, such as toluene, and 

(cyclo)hexane had little effect on the catalytic 

performance of Pisa1, t-BuOMe, ethyl acetate and 

chlorinated hydrocarbons caused a drop in activity 

and selectivity. In contrast, some water-miscible 

solvents, such as ethylene glycol, DMSO, 1,2-

dimethoxyethane and methanol led to an increase of 

selectivity (eeP from 90% to >99%) at a small cost 

of relative activity (~10%). Other solvents caused a 

dramatic loss of activity. Based on these data, 

DMSO (20% v:v) turned out to be the best 

selectivity-enhancer by roughly doubling E-values 

of substrates 11a-14a. The exact molecular reason 

for the selectivity-enhancing effects exerted by 

DMSO can be attributed to suppression of 

spontaneous (non-enzymatic) hydrolysis and/or 

alteration of the catalytic properties of the enzyme, 

as observed for an alkyl sulfatase from 

Rhodococcus ruber DSM 44541.[26]    
   

 
Figure 1. Relative conversion and enantioselectivity of Pisa1 for rac-12a in presence of organic cosolvents. Reaction 

conditions: rac-12a (5 mg, 22 mM), Pisa1 (20 µL, 130 µg, 1.8 µM), Tris-HCl buffer (100 mM, pH 8.0, 20% v/v organic 

cosolvent), reaction volume: 1000 µL, 30 °C, 120 rpm, 6 h.  
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With (ω-1)-substrates bearing an internal alkyne 

unit (15a-17a) the relative position of the acetylene 

moiety had a strong impact on the selectivity (15a, 

16a) as well as the size-difference of substituents 

(18a, 19a). The selectivity of 17a could be 

drastically increased from E = 80 to >200. In 

contrast to more flexible allylic substrates, rigid 

propargylic sulfate esters (21a, 22a) were resolved 

with excellent selectivity, as long as both 

substituents differed in size. Unfortunately, the 

benzylic sulfate 23a proved to be hydrolytically 

unstable and showed spontaneous (non-enzymatic) 

hydrolysis, which was assumed to proceed via an 

SN1-mechanism involving a benzylic carbenium ion 

derived by departure of the good leaving group 

HSO4
-. In order to prove this hypothesis, electron-

withdrawing CF3-substituents (which impede 

resonance-stabilization) were added. Indeed, 

substrate 24a turned out to be perfectly stable and 

thus could be resolved with excellent 

enantioselectivity.  

Temperature-stability tests using substrate rac-4a 

with pre-incubated Pisa1 revealed that the enzyme 

was very stable at 20-30 °C (24 h incubation), 

which caused only a small loss of activity (≤10%). 

However, incubation at 40 °C caused an activity 

loss of ~20% and at 50 °C significant enzyme 

deactivation was observed. The latter was 

underlined by detailed kinetic studies performed at 

20, 30 and 40 ºC, which revealed a deterioration of 

catalytic parameters (rising KM, decreasing kcat) at 

elevated temperatures. A melting point of 57 ºC was 

determined for Pisa1 by CD-measurements. 

Conclusions 

Investigation of the substrate spectrum of the 

inverting alkylsulfatase Pisa1 revealed that a wide 

variety of sec-alkylsulfate esters were accepted. 

Aromatic, olefinic and acetylenic moieties, which 

allow further functional group manipulation, were 

nicely tolerated. Perfect enantioselectivities were 

obtained for substrates bearing groups of different 

size adjacent to the sulfate ester moiety. For 

stereochemically 'difficult' substrates possessing 

substituents of similar size, insufficient selectivities 

could be significantly enhanced by using DMSO as 

co-solvent. Hydrolytically labile benzylic sulfate 

esters, which are impeded by background-

hydrolysis, could be sufficiently stabilised by 

introduction of electron-withdrawing groups. 

Overall, Pisa1 proved to be a very useful inverting 

alkylsulfatase for the deracemisation of rac-sec-

alcohols via enzymatic hydrolysis of their 

corresponding sulfate esters, which furnishes 

homochiral products. Although Pisa1 exhibits the 

same stereochemical preference for sec-alkyl sulfate 

esters as lipases for sec-alcohol carboxylic esters 

(cf. Kazlauskas-rule [27]), anti-Kazlauskas products, 

which are accessible by using subtilising-based 

dynamic kinetic resolution,[28] are formed via 

inversion of configuration.  

Experimental 

General Remarks 

Competent cells One Shot® TOP10 and One 

Shot® BL21 Star™ (DE3) were obtained from 

Invitrogen and transformed according to the 

protocol of the supplier. Alcohols rac-1b-24b, the 

respective enantiopure alcohol references and all 

other reagents were purchased from Sigma Aldrich, 

Acros, Carl Roth and Alfa Aesar. NMR spectra 

were recorded on a Bruker spectrometer at 300 (1H) 

and 75 (13C) MHz. Shifts (�) are given in ppm and 

coupling constants (J) are given in Hz.  

Synthesis of alkyl sulfate esters.  

Racemic sulfate esters 1a-3a, 5a, 7a, 9a-21a, 23a 

and 24a were prepared from the corresponding 

alcohols 1b-3b, 5b, 7b, 9b-21b, 23b and 24b by 

using NEt3*SO3 following a known procedure[12] 

with the following modification: NaH (60% 

suspension in paraffin oil) was added directly in 

equimolar amounts.  
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Cloning, expression and purification of 

alkylsulfatase Pisa1 from Pseudomonas sp. 

DSM6611.  

Pisa1 was obtained according to a known 

procedure.[12]  

Screening for Activity and Determination of 

Stereoselectivity 

The activity of Pisa1 was tested using alkyl 

sulfate esters rac-1a-3a, rac-5a, rac-7a, rac-9a-21a, 

rac-23a and rac-24a (5 mg) as previously 

described.[12] Depending on the relative activity, 

reaction times of 2-72 h were applied.  

For the calculation of the conversion and E-

values from e.e.P and e.e.S (after acid-catalysed 

hydrolysis of the non-reacted sulfate ester with 

retention of configuration yielding the 

corresponding alcohol) a previously described two 

step protocol [12] was employed with the following 

modifications:  

Step1 (enzymatic hydrolysis): Alkyl sulfate (1a-

24a, 25 mg) was dissolved in Tris-HCl (4.9 mL, 100 

mM, pH 8.2) and a solution of purified enzyme 

(0.65 mg, 8.85 nmol protein in 0.1 mL) was added. 

The reaction mixture was shaken at 30 °C and 120 

rpm for 2-72 h. After extraction with ethyl acetate 

(2 mL), an aliquot of the organic layer (1 mL) was 

dried over anhydrous sodium sulfate, derivatized to 

the corresponding acetate 1c-24c, which was 

analyzed by GC using a chiral stationary phase. The 

aqueous phase was washed twice with ethyl acetate 

(3 mL) to remove traces of alcohol and was 

lyophilized overnight. When DMSO was used as a 

cosolvent, the extraction was repeated 3 times with 

ethyl acetate (5 mL) to remove residual traces of 

DMSO before lyophilisation.  

Step 2 (acidic hydrolysis):[19] The lyophilisate was 

dissolved in a mixture of methyl tert-butyl 

ether/deionized water (10 mL, 97:3) and 1,4-

dioxane (5 µL, 0.06 mmol) and p-toluenesulfonic 

acid monohydrate (170 mg, 0.9 mmol) were added. 

The mixture was stirred under reflux at 40 °C for 2 

h. After cooling to room temperature, saturated 

NaHCO3 solution (5 mL) was added to quench the 

reaction. After phase separation the organic phase 

was dried over anhydrous sodium sulfate. The 

solvent was evaporated under reduced pressure, the 

remaining alcohol was redissolved in ethyl acetate 

(1 mL), derivatized as acetate[12] and analyzed by 

GC using a chiral stationary phase.  

Enantio-convergent one-pot two-step hydrolysis 

of rac-2-octyl sulfate (4a) 

rac-2-Octyl sulfate (4a, 10 mg) was hydrolyzed 

using Pisa1 (0.19 mg) in Tris/HCl buffer (0.1 M, pH 

8.0, 2 mL) by shaking at 30 °C and 120 rpm for 6 h 

in a closed glass vial. Methyl tert-butyl ether (2 

mL), p-TosOH (60 mg) and 1-octanol (2 mg, as 

internal standard) were added and the mixture was 

incubated for 24h with shaking at 40 °C or 60 °C, 

resp. After cooling to 0 °C, sat. NaHCO3 solution 

was added (1mL) to neutralize the acid, the mixture 

was centrifuged, the organic layer was separated, 

dried (Na2SO4) and derivatized as acetate as 

described above. GC-analysis showed that the 

relative accuracy of the conversion from double 

experiments was ±7% using a calibration curve. 

Alcohol (S)-4b was obtained as the sole product 

(average values from double experiments): (i) T = 

40 °C, c = 78%, e.e. 97.5%; (ii) T = 60 °C, c = 93%, 

e.e. 98.7%.  

The use of microwave heating for the acid-

catalyzed hydrolysis step could not be employed 

due to significant racemisation: (R)-2-octyl sulfate 

(4a) in Tris/HCl buffer  (0.1 M, pH 8.0, 1 mL) 

containing p-TosOH (30 mg) was placed in a sealed 

vial and heated for 15 min to 100 °C, 110 °C, 120 

°C and 180 °C, respectively. After cooling to 0 °C, 

EtOAc (1 mL) containing 1-octanol (1 mg, as 

internal standard) was added. The organic layer was 

separated, dried (Na2SO4) and derivatized as acetate 

as described above. GC-analysis revealed that the 

enantiomeric purity of (R)-4b was significantly 

diminished. 100 °C: e.e. 44%; 110 °C: e.e. 36%; 

120 °C: e.e. 39%; 180 °C: e.e. 49%, respectively.  

Electronic Supporting Information 

NMR data and yields of substrates, determination of 

enantiomeric excess and absolute configuration of 

products, GC-analytics, optical rotation values, 
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detailed procedures for cosolvent-, temperature-

stability- and pH-studies and determination of 

protein concentration are given in the electronic 

supporting information.  
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NMR Data and yields for alkyl sulfates  

Synthesis of substrates 4a, 6a, 8a and 22a has been described elsewhere.[1]  

rac-2-Pentyl sulfate (1a): 1H NMR (300 MHz, D2O): δ = 4.43-4.32 (m, 1H), 1.55-1.13 (m, 7H), 

0.79 (t, J = 5.7 Hz, 3H); 13C NMR (75 MHz, D2O): δ = 78.5, 38.2, 19.9, 17.9, 13.1; 83% yield. 

rac-2-Hexyl sulfate (2a): 1H NMR (300 MHz, D2O): δ = 4.45-4.34 (m, 1H), 1.62-1.41 (m, 2H), 

1.33-1.15 (m, 7H), 0.78 (t, J = 5.6 Hz, 3H); 13C NMR (75 MHz, D2O): δ = 78.8, 35.7, 26.7, 21.8, 

19.9, 13.2; 78% yield. 

rac-5-Methyl-2-hexyl sulfate (3a): 1H NMR (300 MHz, D2O): δ = 4.42-4.30 (m, 1H), 1.60-1.36 

(m, 3H), 1.24-1.07 (m, 5H), 0.78-0.73 (m, 6H); 13C NMR (75 MHz, D2O): δ = 79.1, 33.8, 33.6, 

27.1, 21.8, 21.7, 19.9; 80% yield. 

rac-2-Decyl sulfate (5a): 1H NMR (300 MHz, D2O): δ = 4.47-4.36 (m, 1H), 1.67-1.41 (m, 2H), 

1.36-1.14 (m, 15H), 0.85-0.78 (m, 3H); 13C NMR (75 MHz, D2O): δ = 78.4, 36.2, 31.5, 29.0, 29.0, 

28.8, 24.7, 22.3, 20.0, 13.6; 66% yield. 

rac-3-Heptyl sulfate (7a): 1H NMR (300 MHz, D2O): δ = 4.28-4.19 (m, 1H), 1.66-1.47 (m, 4H), 

1.29-1.16 (m, 4H), 0.84-0.73 (m, 6H); 13C NMR (75 MHz, D2O): δ = 83.6, 32.6, 26.5, 26.4, 21.9, 

13.2, 8.4; 72% yield. 

rac-4-Penten-2-yl sulfate (9a): 1H NMR (300 MHz, D2O): δ = 5.89-5.73 (m, 1H), 5.15-5.05 (m, 

2H), 4.55-4.43 (m, 1H), 2.37-2.31 (m, 2H), 1.26 (d, J = 8.0 Hz, 3H); 13C NMR (75 MHz, D2O): δ 

= 133.9, 117.9, 77.4, 40.2, 19.5; 67% yield. 

rac-5-Hexen-2-yl sulfate (10a): 1H NMR (300 MHz, D2O): δ = 5.85-5.72 (m, 1H), 5.03-4.84 (m, 

2H), 4.44-4.34 (m, 1H), 2.10-1.98 (m, 2H), 1.69-1.50 (m, 2H), 1.22 (d, J = 7.3 Hz, 3H); 13C NMR 

(75 MHz, D2O): δ = 138.6, 114.7, 78.0, 35.2, 28.8, 19.9; 82% yield. 

rac-1-Hepten-3-yl sulfate (11a): 1H NMR (300 MHz, DMSO-d6): δ = 5.84-5.72 (m, 1H), 5.14-

4.98 (m, 2H), 4.47 (q, J = 27.2 Hz, 1H), 1.60-1.44 (m, 2H), 1.31-1.19 (m, 4H), 0.85 (t, J = 5.9 Hz, 

3H); 13C NMR (75 MHz, DMSO-d6): δ = 139.8, 114.8, 76.8, 34.7, 27.1, 22.6, 14.5; 77% yield. 

rac-1-Octen-3-yl sulfate (12a): 1H NMR (300 MHz, DMSO-d6): δ = 5.82-5.69 (m, 1H), 5.14-

4.98 (m, 2H), 4.47 (q, J = 26.8 Hz, 1H), 1.61-1.39 (m, 2H), 1.31-1.14 (m, 6H), 0.82 (t, J = 5.4 Hz, 

3H); 13C NMR (75 MHz, DMSO-d6): δ = 139.3, 115.2, 77.3, 34.8, 31.6, 24.4, 22.5, 14.3; 76% 

yield. 

rac-1-Nonen-3-yl sulfate (13a): 1H NMR (300 MHz, DMSO-d6): δ = 5.84-5.72 (m, 1H), 5.15-

4.98 (m, 2H), 4.47 (q, 27.2, 1H), 1.60-1.40 (m, 2H), 1.32-1.15 (m, 8H), 0.85 (t, J = 5.8 Hz, 3H); 
13C NMR (75 MHz, DMSO-d6): δ = 139.8, 114.8, 76.8, 35.0, 31.8, 29.2, 24.8, 22 .5, 14.4; 74% 

yield. 

rac-1-Decen-3-yl sulfate (14a): 1H NMR (300 MHz, DMSO-d6): δ = 5.84-5.72 (m, 1H), 5.15-

4.98 (m, 2H), 4.47 (q, J = 27.4 Hz, 1H), 1.59-1.41 (m, 2H), 1.32-1.16 (m, 10H), 0.85 (t, J = 5.8 
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Hz, 3H); 13C NMR (75 MHz, DMSO-d6): δ = 139.8, 114.7, 76.8, 35.0, 31.7, 29.5, 29.2, 24.8, 22.6, 

14.4; 79% yield. 

rac-3-Hexyn-2-yl sulfate (15a): 1H NMR (300 MHz, D2O): δ = 5.00-4.92 (m, 1H), 2.19-2.09 (m, 

2H), 1.41 (d, J = 9.4 Hz, 3H), 1.00 (t, J = 7.5 Hz, 3H); 13C NMR (75 MHz, D2O): δ = 89.4, 77.9, 

66.6, 22.1, 12.7, 11.7; 65% yield.  

rac-4-Heptyn-2-yl sulfate (16a): 1H NMR (300 MHz, D2O): δ = 4.50-4.39 (m, 1H), 2.50-2.33 (m, 

2H), 2.13-2.03 (m, 2H), 1.27 (d, J = 8.0 Hz, 3H), 0.98 (t, J = 7.4 Hz, 3H); 13C NMR (75 MHz, 

D2O): δ = 85.5, 75.5, 75.3, 25.8, 19.1, 13.2, 11.6; 65% yield.  

rac-4-Phenyl-3-butyn-2-yl sulfate (17a): 1H NMR (300 MHz, D2O): δ = 7.46-7.22 (m, 5H), 5.19 

(q, J = 38.8 Hz, 1H), 1.51 (d, J = 10.0 Hz, 3H); 13C NMR (75 MHz, D2O): δ = 131.6, 129.1, 128.5, 

121.3, 87.2, 85.8, 66.4, 21.7; 62 % yield. 

rac-4-Hexyn-3-yl sulfate (18a): 1H NMR (300 MHz, D2O): δ = 4.85-4.77 (m, 1H), 1.82-1.68 (m, 

5H), 0.92 (t, J = 6.9 Hz, 3H); 13C NMR (75 MHz, D2O): δ = 84.5, 76.6, 71.5, 28.9, 8.5, 2.6; 65% 

yield. 

rac-4-Heptyn-3-yl sulfate (19a): 1H NMR (300 MHz, D2O): δ = 4.88-4.80 (m, 1H), 2.25-2.14 (m, 

2H), 1.79-1.72 (m, 2H), 1.06 (t, J = 8.0 Hz, 3H), 0.94 (t, J = 7.2 Hz, 3H); 13C NMR (75 MHz, 

D2O): δ = 90.2, 76.9, 71.4, 29.0, 12.9, 11.7, 8.6; 65% yield.  

rac-1-Hexyn-3-yl sulfate (20a): 1H NMR (300 MHz, D2O): δ = 4.86 (dt, J = 32.1 and 8.3 Hz, 1H), 

2.88 (d, J = 5.2 Hz, 1H), 1.76-1.67 (m, 2H), 1.45-1.32 (m, 2H), 0.83 (t, J = 6.2 Hz, 3H); 13C NMR 

(75 MHz, D2O): δ = 81.5, 75.6, 69.1, 37.2, 17.7, 12.7; 86% yield. 

rac-5-Methyl-1-hexyn-3-yl sulfate (21a): 1H NMR (300 MHz, D2O): δ = 4.68 (dt, J = 33.7 and 

9.8 Hz, 1H), 3.27 (d, J = 6.9 Hz, 1H), 1.84-1.55 (m, 2H), 1.49-1.39 (m, 1H), 0.92-0.82 (m, 6H); 
13C NMR (75 MHz, D2O): δ = 84.4, 75.5, 64.8, 45.1, 24.5, 23.1, 22.6; 86% yield. 

rac-1-Phenylethyl sulfate (23a): 1H NMR (300 MHz, DMSO-d6): δ = 7.38-7.17 (m, 5H), 5.24-

5.16 (q, J = 34.0 Hz, 1H), 1.43 (d, J = 9.4 Hz, 3H); 13C NMR (75 MHz, DMSO-d6): δ = 144.1, 

128.3, 127.2, 126.3, 73.9, 23.8; 74% yield. 

rac-1-[3,5-Bis(trifluoromethyl)phenyl]ethyl sulfate (24a): 1H NMR (300 MHz, DMSO-d6): δ = 

8.02 (s, 2H), 7.96 (s, 1H), 5.45-5.37 (q, J = 35.7 Hz, 1H), 1.46 (d, J = 9.6 Hz, 3H); 13C NMR (75 

MHz, DMSO-d6): δ = 148.3, 131.0, 130.6, 130.1, 129.7, 127.1, 125.7, 122.1, 72.6, 23.9; 43% 

yield. 

Determination of enantiomeric excess of products 

The enantiomeric excess of alcohols (1b-3b, 5b, 7b, 9b-21b, 23b and 24b) was determined via GC 

after derivatization to the corresponding acetates (1c-3c, 5c, 7c, 9c-21c, 23c and 24c) using an 

Agilent Technologies 7890A GC-FID system equipped with an Agilent Technologies 7683B 

autosampler and a Varian Chirasil Dex CB column (25 m x 0.32 mm x 0.25 µm film). The 

following methods were used: 
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Method A: Injector temperature 200° C, flow 2.0 mL/min He; temperature program: 80° C, hold 

for 1.0 min, 15° C/min to 110° C, 4° C/min to 130° C, 10° C/min to 180° C.  

Method B: Injector temperature: 200° C, flow 2.0 mL/min He; temperature program: 80° C, hold 

for 1.0 min, 3° C/min to 100° C, 15° C/min to 150° C.  

Method C: Injector temperature: 200° C, flow 2.0 mL/min He; temperature program: 80° C, hold 

for 1.0 min, 15° C/min to 140° C, 4° C/min to 160° C, 10° C/min to 180° C.  

Method D: Injector temperature: 200° C, flow 2.0 mL/min He; temperature program: 80° C, hold 

for 1.0 min, 3° C/min to 95° C, 15° C/min to 150° C.  

Method E: Injector temperature: 200° C, flow 2.0 mL/min He; temperature program: 70° C, hold 

for 1.0 min, 3° C/min to 85° C, 15° C/min to 150° C. 

Table S1. GC-measurements.  

Compound Method Retention time [min] 

2-pentyl acetate (1c) E 3.5 (S) 4.5 (R) 

2-hexyl acetate (2c) D 3.8 (S) 4.7 (R) 

5-methyl-2-hexyl acetate (3c) B 5.0 (S) 5.9 (R) 

2-octyl acetate (4c)b A 5.3 (S) 5.9 (R) 

2-decyl acetate (5c) C 6.4 (S) 6.6 (R) 

3-octyl acetate (6c)b A 5.1 (S) 5.9 (R) 

3-heptyl acetate (7c) B 5.3 (S) 5.8 (R) 

4-octyl acetate (8c)b A 4.6 (S) 4.8 (R) 

4-penten-2-yl acetate (9c) E 3.6 (S) 4.3 (R) 

5-hexen-2-yl acetate (10c) D 4.0 (S) 4.9 (R) 

1-hepten-3-yl acetate (11c) B 5.2 (R)a 5.9 (S)a 

1-octen-3-yl acetate (12c) A 4.9 (R)a 5.2 (S)a 

1-nonen-3-yl acetate (13c) A 6.5 (R)a 6.8 (S)a 

1-decen-3-yl acetate (14c) C 6.1 (R)a 6.3 (S)a 

3-hexyn-2-yl acetate (15c)  D 4.2 (S) 4.5 (R) 

4-hexyn-2-yl acetate (16c) D 6.9 (S) 7.3 (R) 

4-phenyl-3-butyn-2-yl acetate (17c)  C 8.3 (S) 8.4 (R) 

4-hexyn-3-yl acetate (18c)  D 4.9 (S) 5.2 (R) 

4-heptyn-3-yl acetate (19c)  B 5.9 (S) 6.4 (R) 

1-hexyn-3-yl acetate (20c) D 4.3 (R)a 4.9 (S)a 

5-methyl-1-hexyn-3-yl acetate (21c) B 5.0 (R)a 5.5 (S)a 

1-octyn-3-yl acetate (22c)b A  5.5 (R)a 5.9 (S)a 

1-phenylethyl acetate (23c) A 6.6 (S) 7.2 (R) 

1-[3,5-bis(trifluoromethyl) phenyl]ethyl acetate (24c) A 4.5 (S) 4.8 (R) 

a Switch in CIP priority; b data taken from ref. [1]. 
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Determination of absolute configuration 

The absolute configuration of products was elucidated by co-injection of commercial reference 

samples of alcohols (S)-1b, (S)-2b, (R)-5b, (S)-9b, (S)-10b, (R)- and (S)-12b, (S)-23b and (R)-24b 

after derivatization as acetates on GC. Reference samples of 7b[2], 11b[3], 13b[3], 17b[4], 20b[5] and 

21b[6] were prepared according to literature. For the determination of optical rotation values, 

biotransformations were upscaled as previously described.[1] Compounds 3b and 15b were 

determined to be (S): (S)-3b: [α]D
22 = +11.1° (c = 1, CHCl3); ref.[7]: (R)-3b was described as (+), 

(S)-3b was described as (-); (S)-15b: [α]D
22 = -22.1° (c = 1, CHCl3); ref.[8]: (R)-15b: [α]D

25 = +27.2° 

(c = 0.58, Et2O). Compound 14b was determined to be (R) by optical rotation: [α]D
22 = -5.2° (c = 1, 

CHCl3); ref.[9]: (R)-14b: [α]D
20 = -8.2° (c = 1.1, CHCl3). Alcohol 16b was reduced to the respective 

saturated alcohol 2b with Pd/C under H2 atmosphere and subsequently derivatized as acetate, GC-

analysis revealed (S)-2c. Alcohol 18b was reduced to yield 3-hexanol with Pd/C under an H2 

atmosphere after biotransformation. After subsequent derivatization as acetate, GC-analysis 

revealed (S)-configuration according to literature.[10] Alcohol 19b was reduced to the respective 

saturated alcohol 7b with Pd/C under an H2 atmosphere and subsequently derivatized as acetate. 

GC-analysis revealed (S)-configuration.[2] 

Catalytic reduction of alcohols: Substrates 16a, 18a and 19a were subjected to the chemo-

enzymatic two-step protocol as described above. After extraction of the product alcohol with ethyl 

acetate (3 mL), 1 mL of the organic phase was processed as usual for the determination of the e.e. 

as described above. A second sample (1 mL) was hydrogenated using Pd/C (5 mg, 10% Pd) at 

ambient pressure. After 16 h the catalyst was removed by centrifugation. The product was 

derivatized as described before[1] and analyzed by chiral GC.  

Cosolvent studies 

Substrate rac-12a (5 mg, 22 µmol) was dissolved in Tris-HCl (780 µL, 100 mM, pH 8.0). 

Cosolvent [200 µL, 20% (v/v)] and an aliquot of Pisa1 enzyme solution (20 µL, 130 µg, 1.8 nmol) 

were added. The reaction mixture was shaken at 30 °C and 120 rpm for 6 h. Afterwards 1-octanol 

was added as an internal standard (2.5 mg, 19 µmol; dissolved in 1000 µL ethyl acetate) and the 

organic phase was dried over anhydrous sodium sulfate, after derivatization, the acetate ester 12c 

was analyzed by chiral GC.[1] 
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Temperature stability studies 

An aliquot of Pisa1 enzyme solution (20 µL, 130 µg, 1.8 nmol) was preincubated in Tris-HCl (880 

µL, 100 mM, pH 8.0) at a fixed temperature for 1-24 h (Table S3). After the mixture reached room 

temperature, substrate rac-4a [5 mg, 22 µmol, dissolved in Tris-HCl (100 µL, 100 mM, pH 8.0)] 

was added. The reaction was shaken at 30 °C and 120 rpm for 60 min. Afterwards 1-octanol was 

added as internal standard (2.5 mg, 19 µmol; dissolved in 1000 µL ethyl acetate) and the organic 

phase was dried over anhydrous sodium sulfate, derivatized as acetate ester[1] and analyzed by 

chiral GC.  

 

Fig. S1. Conversion of rac-4a with Pisa1 after heat-treatment of the enzyme. a Corresponding to that of the 

untreated enzyme. 

Kinetic parameters for the hydrolysis of (R)-4a were determined using a VP-ITC system 

(MicroCal) according to the manufacturer's instruction.[11] All experiments were performed at 20 

°C, 30 °C and 40 °C, respectively, in Tris-HCl (100 mM, pH 8.2) and solutions were degassed 

immediately before measurements were taken. The enthalpy of reaction was determined by single 

injection method, by adding substrate (R)-4a (1.5 mM, 1 x 20 µL, duration time 39.9 sec) to Pisa1 

[125 nM for 20 and 30 °C and 6 µM for 40 °C]. For the kinetic parameters multiple injection 

method was used, titrating Pisa1 [20 nM for 20 and 30 °C and 200 nM for 40 °C] with (R)-4a (7 

mM, 24x 10 µL, duration time 20 sec, spacing time 300 sec). Nonlinear least-quares fitting with 

Origin version 7.0 (MicroCal) for ITC data analysis was used to obtain KM, and kcat.  
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Table S2. Kinetic parameters of Pisa1 for the conversion of (R)-4a at different temperatures. 

T [°C] KM [µM] kcat [min-1] kcat/KM [M-1·sec-1] 

20 144±31 428±52 50.0*103±4.8*103 

30 114±18 351±48 51.9*103±8.9*103 

40 352±98 40±14 2.0*103±0.8*103 

Determination of Pisa1 melting point.  

The melting point (Tm) was determined by circular dichroism (CD) measurements at 15-95 °C 

using a Jasco J-715 spectrometer equipped with a Xe-lamp. Spectra were recorded in buffer (Tris-

HCl, 100 mM, pH 8.0) at 208 nm. The melting point (57 °C) was calculated from a sigmoid fit of 

the data points.  

pH Studies 

Substrate rac-4a (5 mg, 22 µmol) was dissolved in buffer (980 µL, 100 mM; pH 5-6: acetic 

acid/sodium acetate, pH 7-9: Tris-HCl, pH 10: glycine-NaOH). An aliquot of Pisa1 enzyme 

solution (20 µL, 130 µg, 1.8 nmol) was added and the mixture was shaken at 30 °C and 120 rpm 

for 15-180 min. Afterwards 1-octanol was added as an internal standard (2.5 mg, 19 µmol; 

dissolved in 1000 µL ethyl acetate) and the organic phase was dried over anhydrous sodium 

sulfate, derivatized as acetate ester[1] and analyzed by chiral GC.  

 

Fig. S2: Conversion of rac-4a with Pisa1 at pH values of 5-10. Reaction conditions: rac-4a (5 mg, 22 mM), 

Pisa1 (20 µL, 130 µg, 1.8 µM), buffer (100 mM; pH 5-6: acetic acid/sodium acetate, pH 7-9: Tris-HCl, pH 

10: glycine-NaOH), reaction volume: 1000 µL, 30°C, 120 rpm, 15-180 min; a determined by the internal 

standard. 
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Determination of protein concentrations 

For the determination of protein concentrations, UV absorption at 280 nm according to Bradfords 

method[1] were measured using a Nanodrop ND-1000 spectrophotometer: Purified protein solution 

(60 µL, diluted if necessary) was directly measured in an UV permeable cuvette. The 

concentration was determined at 280 nm according to Lambert-Beers law. The extinction 

coefficient was calculated with the ProtParam tool from ExPASy.[12] 

1H-NMR (1a) rac-2-Pentyl sulfate; D2O 
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13C-NMR (1a) rac-2-Pentyl sulfate; D2O 

1H-NMR (2a) rac-2-Hexyl sulfate; D2O 
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13C-NMR (2a) rac-2-Hexyl sulfate; D2O 

1H-NMR (3a) rac-5-Methyl-2-hexyl sulfate; D2O 
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13C-NMR (3a) rac-5-Methyl-2-hexyl sulfate; D2O 

1H-NMR (5a) rac-2-Decyl sulfate; D2O 
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13C-NMR (5a) rac-2-Decyl sulfate; D2O 

1H-NMR (7a) rac-3-Heptyl sulfate; D2O 
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13C-NMR (7a) rac-3-Heptyl sulfate; D2O 

 1H-NMR (9a) rac-4-Penten-2-yl sulfate; D2O 
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13C-NMR (9a) rac-4-Penten-2-yl sulfate; D2O 

 1H-NMR (10a) rac-5-Hexen-2-yl sulfate; D2O 
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13C-NMR (10a) rac-5-Hexen-2-yl sulfate; D2O 

 1H-NMR (11a) rac-1-Hepten-3-yl sulfate; DMSO-d6 
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13C-NMR (11a) rac-1-Hepten-3-yl sulfate; DMSO-d6

1H-NMR (12a) rac-1-Octen-3-yl sulfate; DMSO-d6
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13C-NMR (12a) rac-1-Octen-3-yl sulfate; DMSO-d6

1H-NMR (13a) rac-1-Nonen-3-yl sulfate; DMSO-d6 
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13C-NMR (13a) rac-1-Nonen-3-yl sulfate; DMSO-d6

1H-NMR (14a) rac-1-Decen-3-yl sulfate; DMSO-d6 
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13C-NMR (14a) rac-1-Decen-3-yl sulfate; DMSO-d6

1H-NMR (15a) rac-3-Hexyn-2-yl sulfate; D2O 
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13C-NMR (15a) rac-3-Hexyn-2-yl sulfate; D2O

 1H-NMR (16a) rac-4-Heptyn-2-yl sulfate; D2O 
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13C-NMR (16a) rac-4-Heptyn-2-yl sulfate; D2O 

 1H-NMR (17a) rac-4-Phenyl-3-heyptyn-2-yl sulfate; D2O 
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13C-NMR (17a) rac-4-Phenyl-3-heyptyn-2-yl sulfate; D2O 

 1H-NMR (18a) rac-4-Hexyn-3-yl sulfate; D2O 
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13C-NMR (18a) rac-4-Hexyn-3-yl sulfate; D2O

 1H-NMR (19a) rac-4-Heptyn-3-yl sulfate; D2O 
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13C-NMR (19a) rac-4-Heptyn-3-yl sulfate; D2O

 1H-NMR (20a) rac-1-Hexyn-3-yl sulfate; D2O 
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13C-NMR (20a) rac-1-Hexyn-3-yl sulfate; D2O 

 1H-NMR (21a) rac-5-Methyl-1-hexyn-3-yl sulfate; DMSO-d6 
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13C-NMR (21a) rac-5-Methyl-1-hexyn-3-yl sulfate; DMSO-d6

1H-NMR (23a) rac-1-Phenylethyl sulfate; DMSO-d6 
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13C-NMR (23a) rac-1-Phenylethyl sulfate; DMSO-d6

1H-NMR (24a) rac-1-[3,5-bis(trifluoromethyl)phenyl]ethyl sulfate; DMSO-d6
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13C-NMR (24a) rac-1-[3,5-bis(trifluoromethyl)phenyl]ethyl sulfate; DMSO-d6
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__________________________________________________________________________ 

SUMMARY 

A highly enantio- and stereoselective secondary alkylsulfatase from Pseudomonas sp. DSM6611 

(Pisa1) was heterologously expressed in Escherichia coli BL21 and purified to homogeneity for 

kinetic and structural studies. Structure determination of Pisa1 by X-ray crystallography showed 

that the protein belongs to the family of metallo-β-lactamases with a conserved binuclear Zn2+ 

cluster in the active site. In contrast to a closely related alkylsulfatase from Pseudomonas 

aeruginosa (SdsA1), Pisa1 showed preference for secondary rather than primary alkyl sulfates and 

enantioselectively hydrolyzed the (R) enantiomer of rac-2-octyl sulfate yielding (S)-2-octanol with 

inversion of absolute configuration as a result of C-O bond cleavage. In order to elucidate the 

mechanism of inverting sulfate ester hydrolysis, for which no counterpart in chemical catalysis 

exists, we designed variants of Pisa1 guided by the three-dimensional structure and docking 

experiments. In the course of these studies we identified an invariant histidine residue (His317) 

near the sulfate binding site as the general acid for crucial protonation of the sulfate leaving group. 

Additionally, amino acid replacements in the alkyl-chain binding pocket generated an enzyme 

variant, which lost its stereoselectivity towards rac-2-octyl sulfate. These findings are discussed in 

light of the potential use of this enzyme family for applications in biocatalysis. 

131



Chapter 8                                   Structure and mechanism of an inverting alkylsulfatase from Pseudomonas sp. DSM6611 

 

Introduction 

Sulfatases are a heterogeneous group of 

enzymes, which catalyze the cleavage of the 

sulfate ester bond yielding the corresponding 

alcohol and hydrogen sulfate1-4. In contrast to 

the majority of hydrolases, such as proteases 

and carboxyl ester hydrolases, which do not 

alter the stereochemistry of the substrate during 

catalysis5, the stereochemical course of sulfate 

ester hydrolysis can be controlled by choice of 

the type of enzyme: Depending on the 

mechanism of the enzyme, cleavage of the S-O 

or the C-O bond of a sec-alkyl sulfate causes 

retention or inversion of the stereogenic carbon 

atom, respectively (Scheme 1). 

 
Scheme 1 Stereochemical course of retaining and inverting alkylsulfatases. 

Previously, sulfatases were classified according 

to their preferred substrate-type into aryl-, 

carbohydrate- and alkyl-sulfatases3. More 

recently, sulfatases were re-classified based on 

mechanistic considerations6 into (i) aryl- and 

carbohydrate sulfatases acting on sulfated 

carbohydrates and on sulfated steroid 

hormones7, (ii) sulfatases that oxidatively 

cleave a sulfate ester at the expense of α-

ketoglutarate as electron acceptor to yield an 

aldehyde and inorganic sulfate8 and (iii) 

sulfatases belonging to the family of metallo-β-

lactamases6. In the case of aryl- and 

carbohydrate sulfatases a hydrated α-

formylglycine active site nucleophile attacks 

the S-atom of the sulfate ester resulting in 

retention of the absolute configuration at the 

carbon. In the course of the reaction of α-

ketoglutarate dependent sulfatases the 

stereogenic carbon center is destroyed. The 

third class of sulfatases is represented by 

sodium dodecyl sulfatase (SdsA1) produced by 

Pseudomonas aeruginosa and enables the 

bacterium to survive under bacteriocidal 

conditions by hydrolysing SDS. 

Based on the crystal structure of SdsA1 it 

was proposed that sulfate ester cleavage occurs 

by nucleophilic attack of a water molecule, 

which is activated by a highly conserved 

binuclear Zn2+ cluster. Since the substrate is an 

achiral prim-sulfate ester, the stereochemical 

course of SdsA1-hydrolysis is not 'visible' and 

thus was not investigated in detail. However, 

based on the short distance of the presumed 

nucleophile (Water2) to the S-atom of 1-decyl 

sulfonate (used as substrate-surrogate 

inhibitor), S-O bond cleavage was assumed 

implying retention at the carbon. SdsA1 was 

unreactive on sulfated sugars and aryl sulfates. 

Sec-alkyl sulfate esters were not investigated as 

potential substrates6. 
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The existence of alkylsulfatases acting on 

sec-sulfate esters was derived from the chance 

observation of a bacterial contamination in a 

commercial shampoo preparation9. During 

subsequent studies, a range of bacterial strains 

possessing sec-alkyl sulfatase activity were 

isolated from sewage sludge, two of which 

were investigated in detail10: Depending on the 

culture conditions, Pseudomonas C12B 

(NCIMB 11753 = ATCC 43648) produced up 

to three, and Comamonas terrigena (NCIMB 

8193) formed two sec-alkyl sulfatases. First 

hints on the enantiopreference of these 

enzymes came from the observation that rac-

sec-alkyl sulfates were rapidly hydrolyzed until 

50% conversion, while further reaction took 

place at a much slower rate11-13. The 

stereochemical course of these enzymes with 

respect to retention versus inversion was 

studied using enantioenriched substrates12. 

Subsequent studies revealed Rhodococcus 

ruber DSM 44541 as a promising source of an 

inverting sec-alkylsulfatase14, 15. Although the 

enzyme responsible for the stereoselective 

hydrolysis of sec-sulfate esters could be 

purified to a certain extent, no information 

concerning its amino acid sequence could be 

obtained due to the instability of the protein. In 

search for a more stable alternative, an 

extended screening for sec-alkyl sulfatase 

activity was performed among Pseudomonads 

and close relatives thereof, which revealed 

Pseudomonas sp. DSM 6611 as the most 

promising candidate16. This strain was isolated 

from soil for its ability to degrade halogenated 

aromatic compounds, such as 4-

fluorobenzoate17. A secondary alkylsulfatase 

was isolated and sequenced by peptide mass 

fingerprinting. In combination with the full 

genomic sequence of Pseudomonas sp. DSM 

6611, the predicted open reading frame was 

determined and the gene was cloned and 

heterologously expressed in E. coli BL2118, 19. 

The protein termed Pisa1 (Pseudomonas 

inverting secondary alkylsulfatase 1) displayed 

the desired catalytic properties: Hydrolysis of 

(R)-2-octyl sulfate proceeded quantitatively 

through complete inversion of configuration 

yielding (S)-2-octanol. The stereochemical 

course of inversion was independently verified 

by hydrolysis of unlabelled 16O-(R)-2-octyl 

sulfate in 18O-labelled buffer (label >97%), 

which showed complete incorporation of the 
18O-label in the product alcohol. The hydrolysis 

of rac-2-octyl sulfate ceased at 50% conversion 

to furnish (S)-2-octanol and unreacted (S)-2-

octyl sulfate, indicating perfect 

enantioselectivity (enantiomeric ratio, E >200). 

In a previous study we investigated the 

properties of Pisa1 and SdsA1 with regard to 

the stereochemical course of the sulfate ester 

cleavage and substrate specificity18. This study 

revealed that both alkylsulfatases cleave the C-

O bond resulting in inversion at the carbon. On 

the other hand, it was demonstrated that the 

two enzymes have different substrate 

specificities towards primary and secondary 

alkyl sulfates: while Pisa1 prefers sec-octyl 

sulfate, SdsA1 shows a 140-fold higher 

catalytic efficiency towards 1-octyl sulfate. 

These findings ignited our interest in the 

structure of Pisa1 as a basis to rationalize the 
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conservation of the cleavage mechanism while 

at the same time the enzymes have acquired 

different substrate specificities. Here, we report 

the elucidation of the Pisa1 structure by X-ray 

crystallography combined with a site-directed 

mutagenesis study to identify residues in the 

active site of the enzyme crucial for catalysis.

Results 

Structure description 

The overall structures of SdsA1 and Pisa1 

exhibit a high degree of similarity. The rms 

distances between the Ca atoms of SdsA1 with 

sulfate in the active site (PDB code: 2cg2) and 

orthorhombic crystals of wt Pisa1 (hitherto 

called wt form-I) calculated using program 

LSQMAN20, 21 showed a maximum and an 

average distance of 15.01 Å and 1.5 Å, 

respectively. Figure 1 shows a comparison 

between the structure of Pisa1 (PDB code: 

2yhe) and SdsA1 (PDB code: 2cg2). 

 

Figure 1. Comparison of overall structures of Pisa1 
and SdsA1. Cα-rms differences calculated with 
lsqman are represented by the color as well as the 
thickness of the worm. The overall rms is 1.5 Å. 
The picture was created with CHIMERA 22. 

As described for the SdsA1 structure, Pisa1 

also forms a dimer. Each protomer consists of 

the same three domains as SdsA1, the N-

terminal, catalytic, αββα-sandwich domain, an 

α-helical dimerization domain and an α,β-

mixed C-terminal domain. In contrast to SdsA1 

where the dimer is formed via a 

crystallographic 2-fold axis, the active Pisa1 

unit consists of two molecules related by non-

crystallographic symmetry. In wt-form-I and 

the double variant Ser233Tyr/Phe250Gly 

structures these dimers form an imperfect 61.2-

helix parallel to the crystallographic c-axis, 

with rotation angles between 65° and 68° and a 

translation of approximately 0.2 fractional 

coordinates. While all six molecules of the wt 

form-I structure are adequately defined, both 

molecules of wt from-II (trigonal crystals) have 

poorly defined regions: while molecule A has a 

very well defined N-terminal part ranging from 

residue 30-531, the density for residues 532-

661 is not very well defined but nevertheless 

interpretable at least for the main chain atoms. 

The density for molecule B is almost not 

interpretable for residues 31-207, 237-306, 

402-417 and the loop region linking the N and 

the C-terminal domain (527-545). In contrast to 

wt form-I structure no sulfate was found in the 

ligand binding site of wt form-II molecule A. 

The electron density for the double variant 

structure Ser233Tyr/Phe250Gly is weak but 

especially around the active site residues the 

density was well defined, thus making it useful 

for docking experiments. Figure 2 shows a B-

factor representation of the dimer for the three 

crystal structures. Only those parts forming the 
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interface between the dimers are well ordered 

in both molecules. Despite the lower overall 

quality of the structure obtained from wt form-

II crystals, the loop regions are well defined in 

contrast to those of the structure derived from 

wt form-I. Figure 3 shows a representative 

section of the well-defined parts of the electron 

density of Pisa1 wt form-I, form-II and the 

double mutant Ser233Tyr/Phe250Gly, 

respectively. A summary of the 

crystallographic data and refinement statistics 

is provided in Table 1 (see also Materials & 

Methods). 

 

Figure 2. Worm-style plots of the active dimers created with CHIMERA 22. The residual B-factor (defined 

as Bi=8π2Ui
2 where Ui

2 is the mean square displacement of atom i) reveals the quality of the structures. For a 

better understanding molecule A of each structure is marked by a transparent surface and the N- and C-
terminus are denoted. The view is approximately down the 2-fold axis. 

 

Figure 3. Electron density  (drawn with a σ-level of 1.6) representation of the β-strands A123-128, A133-

139, A144-150, A173-178 for all three crystal structures. Pictures were created with PyMol. 

Comparison of the zinc binding sites 

Both alkylsulfatases, SdsA1 and Pisa1, 

have conserved catalytic machineries 

consisting of a binuclear zinc center. 

Comparison of the zinc binding sites of SdsA1 

and Pisa1 (PDB codes: 2cg2 and 2yhe, 

respectively) reveals a high degree of similarity 

despite the different substrate- and regio-

specificities of the enzymes: all of the 

interaction partners of the zinc centers are 

identical with the exception of the bridging 

acidic amino acid. This position is occupied by 

aspartic acid in Pisa1 instead of a glutamic acid 

in SdsA1 (Figure 4).  
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Table 1. Data collection and refinement statistics 

   Pisa1 wt form-I Pisa1 Ser233Tyr/Phe250Gly   Pisa1 wt form-II 
  
Space group   P212121  P212121     P3121  
Cell dimensions (Å)   a=147.69  a=75.2    a=142.0 

b=54.53   b= 202.0    c= 119.7 
c=94.90     c= 248.5 
Dataset       remote           inflection           peak 
                     
Wavelength (Å)  1.27030  1.0044     1.18076           1.28099             1.28031 
Resolution (Å)   19.9-2.7  45.7-3.0     19.6-2.7           10.0-2.7           10.0-2.7  
Unique reflections   73894 (10637)a 62063 (9310)a 36072 (5553)a   33729 (5172)a      33799 (5225)a 
Overall completeness (%)  99.8 (100)a 78.4 (79.4)a  93.3 (100)a        92.6 (98.1)a            92.7 (98.9)a 
Rsym

1 (%)   17.0 (80.1)a 7.4 (54.4)a  8.5 (66.1)a         9.6 (57.8)a      10.0 (60.8)a 
Multiplicity   10.1 (9.3)a  3.0 (2.7)a  7.4 (7.5)a           7.3 (6.9)a        7.3 (6.9)a 
I/(σI)    9.1 (1.7)a   10.8 (2.0)a  18.8 (3.1)a         15.4 (3.2)a      15.9 (3.2)a 

Wilson plot B-factor (Å2)  53.43  84.30  65.36           38.12      84.12 
Rcryst

2
   18.3 (26.0)a 18.7 (32.5)a  22.1 (26.6)a  

Rfree
3 (%)   23.0 (33.1)a  25.6 (38.8)a 28.1 (32.2)a 

Protein atoms  29825  29647  9900 
Water molecules   1166  318  136 
Heterogen atoms  42  42  9 
RMSD bond lengths (Å)  0.014  0.010  0.010 
RMSD bond angles (°)  1.834  1.316  1.23 
Mean B-factor4  (Å2)  47.74  86.83  77.70 
 
a Numbers in parenthesis refer to high resolution shells. 
1Rsym =Σ|(I - <I>)/Σ(I) where I is the observed intensity 
2Rcryst = (Σ||Fobs| - |Fcalc||) / (Σ|Fobs|) 
 

Comparison of the substrate binding sites 

The sulfate group in SdsA1 is bound 

through seven hydrogen bonds; however, two 

of these entail the guanidinium nitrogens of 

Arg323 with approximately 50% occupancy. In 

the case of Pisa1, the sulfate group appears to 

be more tightly bound by eight hydrogen bonds 

(Figure 5). In both structures an arginine claw 

is involved in sulfate binding (Figure 5). The 

wt form-II of Pisa1 shows no density at the 

sulfate position. Interestingly, the arginine claw 

is in an “open”  conformation in this structure. 

In SdsA1 this arginine (Arg312) adopts 

alternate conformations with the side chain 

oriented towards the sulfate or is pointing away 

from the sulfate group with approximately 

equal occupancy. In SdsA1, this alternate 

conformation of Arg312 is found in the sulfate-

free as well as in the sulfate-bound form. 

 
Figure 4. Schematic comparison of the zinc binding sites of Pisa1 (left) and SdsA1 (right) containing bound 

sulfate made with ligplot 23.
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A water molecule near the sulfate group 

was postulated as the nucleophile for the 

hydrolysis in SdsA1. This assumption does not 

hold any longer since SdsA1 also works under 

inversion. A water molecule in the right 

position to perform a nucleophile attack at the 

chiral carbon could not be found in any of the 

Pisa1 structures.   

 
Figure 5. Schematic comparison of the sulfate binding sites of Pisa1 (left) and SdsA1 (right) generated with 

ligplot 23. The arginine residues involved in the Arginine Claw are displayed in blue.

For a better understanding of the substrate 

binding pocket, we performed soaking and co-

crystallization experiments with R and S 

substrate and inhibitor (sodium 1-

nonanesulfonate) with wild type Pisa1 and the 

double variant crystals. Unfortunately, the 

resulting density showed no incorporation of 

substrate/inhibitor. A possible reason might be 

that a sulfate, presumable already incorporated 

during expression, binds very tightly and hence 

might be difficult to be displaced by substrates 

or inhibitors under soaking conditions. We 

therefore crystallized Pisa1 expressed without 

addition of ZnSO4 but crystals obtained from 

this expression batch did not diffract at all. 

Therefore we resorted to docking experiments. 

The results could not fully rationalize the 

preference of wild-type Pisa1 for R 

enantiomers. However, they highlight an 

interesting difference between wild-type 

enzyme and the Ser233Tyr/Phe250Gly double 

variant: As shown in Figure 6, the hydrophobic 

side chain of the substrates points towards the 

entrance of the reaction cavity in the wild-type, 

whereas in the double variant the hydrophobic 

tail of the substrate also points in the 

hydrophobic hole created by the Phe250Gly 

exchange (Figure 6).  

 
Figure 6. The figure shows a cut through the active 
site of Pisa1 wild-type (left) with a docked (R)-2-
octyl sulfate (green) and Pisa1 
Ser233Tyr/Phe250Gly double variant (right) with 
both docked enantiomers, R colored in green and S 
in magenta. The mutated residues are displayed as 
well as His317 identified as the general acid. The 
Phe250Gly mutation opens the possibility for an 
alternative binding of the side chain thereby 
allowing both enantiomers to react. 
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Due to the narrow entrance into this binding 

pocket it will not be equally populated as the 

“normal”  one. It is conceivable that the S 

substrate can utilize this additional binding site 

and thus make it accessible for nucleophile 

attack. 

Kinetic characterization of wild-type Pisa1 and 

variants 

Kinetic analysis of the alkyl sulfate ester 

cleavage eludes simple spectrophotometric 

assays and hence we have employed 

microcalorimetry to obtain kinetic parameters 

for SdsA1 and Pisa1. Toward that end, we first 

determined the reaction enthalpy for sulfate 

ester cleavage (Figure 7) and then measured the 

rate of enzymatic substrate turnover as a 

function of substrate concentration (Figure 8). 

SdsA1 was previously described as a primary 

alkylsulfatase with a preference towards 

sodium dodecylsulfate (SDS), however, no 

kinetic parameters were reported for this or 

other substrates. Because Pisa1 has a 

preference for shorter alkyl-chains, we have 

compared the two alkylsulfatases using 1- and 

(R)-2-octyl sulfate. As presented in Table 2, 

SdsA1 is clearly more specific for 1-octyl 

sulfate as it has a 6.5 times higher kcat and a 22-

fold lower KM than Pisa1 resulting in a 141 

times higher kcat/KM for the primary model 

substrate. In contrast, Pisa1 exhibited a 194 

times higher kcat/KM for the secondary model 

substrate leading to the classification of the two 

enzymes as primary (SdsA1) and secondary 

(Pisa1) alkylsulfatases. 

 
Figure 7. Determination of ∆H for the hydrolysis of 
(R)-2-octyl sulfate by isothermal titration 
calorimetry. Pisa1 (125 nM) was titrated with (R)-2-
octyl sulfate (1.5 mM, 3 x 20 µl, duration time 39.9 
s, spacing time 1,000 s) in 100 mM Tris/HCl, pH 
8.2 buffer at 25 °C yielding a ∆H of -16.76 
kcal/mol. 

We have recently demonstrated that alkyl 

sulfate ester cleavage by Pisa1 results in the 

inverted absolute stereoconfiguration at the 

chiral carbon center, i.e. (R)-2-octyl sulfate is 

hydrolyzed to (S)-2-octanol. This 

stereochemical course of the reaction implies 

that the hydroxide attacks the chiral carbon 

rather than the sulfur atom of the sulfate group 

leading to C-O bond cleavage. Such a reaction 

mechanism generates a negative charge on the 

oxygen and requires synchronous protonation 

by an active site amino acid residue. In order to 

identify this putative general acid, we have 

replaced histidine 317 (His317Ala) and 

tyrosine 417 (Tyr417His, Phe and Asp). The 

His317Ala variant showed a 1300-fold 
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decrease in kcat while the KM was only slightly 

increased from 151 to 240 µM. All of the 

tyrosine 417 variants exhibited severely 

impaired catalytic parameters: The Tyr417Asp 

variant was found to be inactive whereas the 

Tyr417His and Tyr417Phe variants showed 

238 and 114-fold decreased kcat values, 

respectively, and 13- to 65-fold increased 

Michaelis-Menten parameters (Table 2). 

 
Figure 8. Representative example for the 
determination of the kinetic parameters by 
isothermal titration calorimetry. The measurement 
shows the titration of 20 nM Pisa1 with (R)-2-octyl 
sulfate (7 mM, 24 x 10 µl, duration time 20 s, 
spacing time 300 s) in 100 mM Tris/HCl, pH 8.2 
buffer at 25 °C. Panel A: Raw data which were 
obtained by ITC measurement, Panel B: 
Determination of kcat, KM and KI using nonlinear 
least-squares fitting. 

These results indicate that the imidazole 

side chain of His317 is mainly involved in 

protonation of the sulfate leaving group and not 

in substrate binding. On the other hand, it 

appears that the tyrosine side chain is critically 

involved in the correct positioning of the 

substrate’s sulfate group as suggested by the 

large increase in the KM value observed for the 

Tyr417Phe and Tyr417His variants. 

Inspection of the substrate binding pocket 

of Pisa1 and comparison to the previously 

reported structure of SdsA1 prompted us to 

generate several single and double variants 

with the aim to enable hydrolysis of the (S)-2-

octyl sulfate stereoisomer. Towards this aim, 

we have generated the Ser233Tyr, Phe250Gly 

single and the Ser233Tyr/Phe250Gly and 

Ser233Phe/Phe250Ser double variants. The two 

single variants Ser233Tyr and Phe250Gly 

showed 2.5- and 190-fold reduced catalytic 

activity towards (R)-2-octyl sulfate and the 

latter variant had a 28-fold higher KM. Neither 

one of these variants had a measurable activity 

towards (S)-2-octyl sulfate. The two double 

variants had 3-4 times lower kcat values and the 

double variant carrying the Phe250Gly 

replacement also exhibited a ten-fold higer KM 

value. This double variant also showed activity 

towards (S)-2-octyl sulfate. As summarized in 

Table 2, the Ser233Tyr/Phe250Gly variant still 

processes the R stereoisomer with higher 

catalytic efficiency (kcat/KM = 919 M-1 s-1) than 

the S stereoisomer (kcat/KM = 46 M-1 s-1), which 

translates into an E-value of 20. 

DISCUSSION 

Despite the overall structural similarity of 

SdsA1 and Pisa1, the two proteins show only 

43% identity and 61% similarity in amino acid 

sequence (see Supplementary Figure S2). In 

this context it is worth noting that 

Pseudomonas sp. DSM6611 was originally 

139



Chapter 8                                   Structure and mechanism of an inverting alkylsulfatase from Pseudomonas sp. DSM6611 

 

selected for its ability to degrade halogenated 

aromatic compounds, e.g. 4-fluorobenzoate 17. 

The preferred source for soil bacteria appears 

to be inorganic sulfur3, however, in this 

environment sulfur is predominantly (>90%) 

bound to organic compounds as sulfonates and 

sulfate esters24. Since Pseudomonas sp. 

DSM6611 was isolated from uncontaminated 

soil (Prof. Bernard Hauer, personal 

communication), Pisa1 could be part of the 

enzymatic repertoire of this strain to release 

sulfate from organic sulfate esters and hence 

make it available for bacterial growth in the 

soil. 

Table 2. Kinetic parameters of Pisa1, its variants and SdsA1 for the hydrolysis of alkyl sulfates. 

Enzyme Substrate 
kcat  

[min-1] 
KM  [µM] KI [mM] 

kcat/KM   

[M -1
·s-1] 

Pisa1 (R)-2-octylsulfate 262 ± 62 151 ± 24 3.8 ± 1.1 28918 

SdsA1 (R)-2-octylsulfate 5.4 ± 0.5 605 ± 147 1.4 ± 0.2 149 

Ser233Tyr (R)-2-octylsulfate 104 ± 3.5 99 ± 4 19 ± 6 17508 

Phe250Gly (R)-2-octylsulfate 1.4 ± 0.2 4282 ± 2890 - 5 

Ser233Tyr/Phe250Gly (R)-2-octylsulfate 84 ± 1 1523 ± 30 - 919 

Ser233Phe/Phe250Ser (R)-2-octylsulfate 68 ± 7 115 ± 11 2.7 ± 0.5 9855 

His317Ala (R)-2-octylsulfate 0.2 ± 0.02 240 ± 111 - 14 

Tyr417His (R)-2-octylsulfate 1.1 ± 0.8 *  n.d. - 

Tyr417Phe (R)-2-octylsulfate 2.3 ± 0.5 **  n.d. - 

Tyr417Asp (R)-2-octylsulfate no conversion (GC)  

Ser233Tyr/Phe250Gly (S)-2-octylsulfate 23 ± 6 8420 ± 450 18.6 ± 4.2 46 

SdsA1 1-octylsulfate 337 ± 106 30 ± 14 0.33 ± 0.07 187222 

Pisa1 1-octylsulfate 52 ± 5 651 ± 25 0.5 ± 0.08 1331 

*   no saturation observed up to [S] =10 mM 

** at least ≈ 2 mM 

From a mechanistic point of view, 

chemical (non-enzymatic) sulfate ester 

hydrolysis is not a trivial task. In order to 

facilitate the departure of the sulfate moiety, it 

has to be converted into a good leaving group. 

This can be achieved by protonation of the 

sulfate ester (the pKa of methyl monosulfonate 

was calculated/estimated to -8.4 and -3.4, 

respectively) by a strong acid of a pKa ca. <225, 

26 to yield HSO4
- as a good leaving group (the 

pKa of H2SO4 is -9 to -3 and the pKa of HSO4
- 

is 1.9 to 2.7). On the other hand, basic 

conditions generate SO4
2-, which - being the 

anion of a weak acid - is a very poor leaving 

group. Although base-catalyzed hydrolysis 

proceeds under inversion of configuration as 

expected, the reaction rates are exceedingly 

low and alkaline hydrolysis is not feasible for 

practical purposes27, 28. The same holds for O-

nucleophiles with enhanced nucleophilicity, 
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such as acetate or methoxide29. Bearing the 

difficulties of chemical (non-enzymatic) sulfate 

monoester hydrolysis in mind, we have 

addressed the issue of protonation of the sulfate 

leaving group based on the active site 

architecture revealed by X-ray crystallographic 

analysis of Pisa1. As shown in Figure 5, SdsA1 

and Pisa1 share an active site histidine (His317 

in Pisa1) as a potential source for the 

protonation of the leaving group. In addition 

Tyr417 and His405 in Pisa 1 and SdsA1, 

respectively, may act as an active site acid to 

fulfill the envisaged protonation. To investigate 

the potential role of these two amino acids we 

have generated amino acid replacements by 

active site directed mutagenesis: His317Ala, as 

well as Tyr417Phe, Tyr417His and Tyr417Asp. 

The characterization of the purified variant 

proteins revealed that enzymatic hydrolysis of 

the model substrate is three orders of 

magnitude slower for the His317Ala variant 

compared to the wild-type enzyme. This 

variant showed only a marginal effect on KM 

indicating that His317 does not play a major 

role in substrate binding. Therefore, we suggest 

that the imidazole side chain of His317 

participates in the protonation of the sulfate 

group, which is the crucial step in preparing the 

substrate for hydrolysis. 

In contrast to the His317Ala variant, the 

Tyr417Phe and Tyr417His variants showed 

considerably higher enzymatic activities (5- 

and 10-times, respectively). On the other hand, 

KM values were strongly affected. In fact, 

substrate saturation was not achieved rendering 

KM values inaccessible in our experimental set-

up. In the case of the Tyr417Asp variant kcat 

could not be determined indicating that a 

negatively charged amino acid residue is 

prohibitive for substrate binding and enzymatic 

hydrolysis. These data support a role in 

substrate binding and positioning rather than 

protonation of the substrate’s leaving group. 

In addition to addressing issues revolving 

around the enzymatic reaction mechanism, we 

have also generated a small set of single and 

double variants (see Table 2) to investigate the 

high stereopreference towards the (R) 

configuration of 2-octyl sulfate. In this set of 

variants, the Ser233Tyr/Phe250Gly double 

variant accepted (S)-2-octyl sulfate as a 

substrate although the catalytic efficiency was 

20-fold lower as with (R)-2-octyl sulfate. In 

comparison with wild type enzyme the 

catalytic efficiency was even further reduced 

by a factor of 630 (see Table 2). This indicates 

that the amino acid replacements have led to an 

alternative lipophilic binding channel enabling 

productive binding of the S configured 

substrate (see Figure 6). These results 

demonstrate that the amino acids lining the 

hydrophobic substrate binding pocket govern 

the stereopreference of the reaction and 

strongly affect the catalytic efficiency of 

substrate hydrolysis. Further studies in our 

laboratories will focus on the generation of 

variants that show inverted stereopreference 

(i.e. S specificity) and display altered chain-

length specificity in order to improve the 

accessible substrate range of this enzyme 

family for biocatalytic applications 18. 
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Mater ials and Methods 

Expression and purification of recombinant 

protein in E. coli host cells 

The expression and purification of SdsA1, 

Pisa1 and variants thereof was performed as 

described previously 6, 18. 

Activity assays for Pisa1, its variants and 

SdsA1 

Enzymatic activity towards the hydrolysis of 1- 

and 2-octyl sulfate, respectively, was analyzed 

by chiral GC measurements as described in a 

previous study6, 18, 19. 

Crystallization, data collection and structure 

elucidation of Pisa1 

Pisa1 and Ser233Tyr/Phe250Gly double 

variant crystals were grown at 20 °C by sitting-

drop vapor-diffusion in silica hydrogel with 

equal volume (5 µl) of protein (10 mg/ml) and 

reservoir solution (acetate buffer pH 4.6, and 

either 30% PEG 2000 or PEG 4000). Fragile 

leaflet shaped orthorhombic crystals with six 

molecules in the asymmetric unit were 

obtained using PEG 2000 (wt form-I) whereas 

PEG 4000 produced rodlike trigonal crystals 

hosting a dimer in the asymmetric unit (wt 

form-II). These crystals diffracted to 3.0 Å 

(double variant Ser233Tyr/Phe250Gly) and 2.7 

Å (wt form-I and II) resolution, respectively, 

and were used for structure determination.  

Data collection for both crystal forms 

obtained for wt Pisa1 were performed at the 

European Molecular Biology Laboratory in 

Hamburg, Germany. The experiments were 

carried out at 100 K using crystals flash frozen 

in a mixture of 20% glycerol and mother liquor 

using liquid nitrogen. A single wavelength 

dataset from wt form-I crystals was collected at 

beam line X11. A MAD experiment was 

performed for wt form-II crystals employing 

the four Zn2+ atoms as anomalous scatter 

(beamline X12). Both beam lines were 

equipped with MAR CCD detectors. Data from 

the double variant crystals were collected at the 

ESRF Grenoble at beam line ID14-4. Indexing 

and integration of the collected data were done 

with XDS30, scaling with SCALA31.  

Phasing of Pisa1 wt form-II dataset was 

achieved through multi wavelength anomalous 

dispersion techniques, solve 32 found three of 

the four Zn2+ ions, a density modification using 

resolve32 gave an interpretable density for most 

parts of the structure. First trace was built using 

buccaneer33 and coot34. It turned out that both 

molecules related by a non-crystallographic 

dyad are partly disordered.  

The structures of wt form-I as well as 

double variant were solved by molecular 

replacement using program phaser of the ccp4 

package35 and a starting model built with the 

program modeller 36 based on the SdsA1 

coordinates. Whereas the wt form-I structure 

was well defined in most parts, the structure of 

the double variant was highly disordered. Both, 

wt form-II as well as the double variant 

structures were included in this report only 

because they show features that are not evident 

in the wt form-I structure. Table 1 gives an 

overview of data collection and refinement. 
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Atomic coordinates and structure factors were 

deposited in the PDBe under accession codes 

2yhe (wt form-I), 4av7 (double mutant) and 

4axh (wt form-II). 

Docking studies 

Molecules A from the Pisa1 wt from-I and 

from the double variant were subjects of 

docking experiments using the program GLIDE 
37-40. (R)-2-Octyl sulfate and (S)-2-octyl sulfate 

were used as possible substrates. All three 

structures were prepared using the protein 

preparation wizard. The substrate was built 

inside Maestro and both configurations (R and 

S) were calculated with ligprep. The position of 

the ligand’s sulfate group was restrained to the 

position of the sulfate ion in the crystal 

structures. 

Site-directed mutagenesis 

The Pisa1 variants were prepared according to 

the protocol described in the QuikChange® XL-

site directed mutagenesis kit (Stratagene) with 

a slight modification. A two-step PCR reaction 

was carried out: in the first step, separate 

reactions for forward und reverse primer were 

performed for 4 cycles, in the second step, 

equal amounts of the forward and the reverse 

primer were mixed for another 18 cycles. The 

primers used for the insertion of the mutations 

are summarized in Table S1 in the 

supplementary information available for this 

manuscript. 

 

 

Isothermal titration calorimetry (ITC) 

Kinetic parameters for the hydrolysis of 

(R)-2-octyl sulfate, (S)-2-octyl sulfate and 1-

octyl sulfate were determined using a VP-ITC 

system (MicroCal) according to the instruction 

of the manufacturer. All experiments were 

performed at 25 °C in 100 mM Tris/HCl, pH 

8.2 buffer and solutions were degassed 

immediately before measurements were taken. 

The enthalpy of the reaction was determined by 

the single injection method: The substrate (R)-

2-octyl sulfate was added (1.5 mM, 3 x 20 µl, 

duration time 39.9 s, spacing time 1,000 s) to 

Pisa1 (125 nM) and 1-octyl sulfate (150 µM, 3 

x 20 µl, duration time 39.9 s, spacing time 600 

s) to SdsA1 (125 nM), respectively. For the 

kinetic parameters the multiple injection 

method was used for the titration of Pisa1, its 

variants and SdsA1 using (R)-2-octyl sulfate, 

(S)-2-octyl sulfate and 1-octyl sulfate (the 

enzyme and the substrate concentration was 

varied from 8 nM to 200 µM or from 800 µM 

to 55 mM, depending on the turnover numbers 

and KM values of the proteins, respectively). 

Nonlinear least square fitting with Origin 

version 7.0 (MicroCal) was used for ITC data 

analysis to obtain kcat, KM and KI. 
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Supplementary Table 1 

Primer used for the insertion of the mutations in Pisa1.  

Var iant  Sequence (5´���� 3´) 

Ser 233Tyr  f or  GTCGCGGCCAGTACCAGTATGGCGTCATGGTGCCG 

 r ev CGGCACCATGACGCCATACTGGTACTGGCCGCGAC 

Ser 233Phe f or  CGCGGCCAGTACCAGTTTGGCGTCATGGTGCC 

 r ev GGCACCATGACGCCAAACTGGTACTGGCCGCG 

Phe250Gl y f or  GTCGACAGCGGCCTGGGCAAGACCACGGC 

 r ev GCCGTGGTCTTGCCCAGGCCGCTGTCGAC 

Phe250Ser  f or  GTCGACAGCGGCCTGAGCAAGACCACGGCG 

 r ev CGCCGTGGTCTTGCTCAGGCCGCTGTCGAC 

Hi s317Al a f or  GCCGCCGGCGATGGCCAACCTGCTCACC 

 r ev GGTGAGCAGGTTGGCCATCGCCGGCGGC 

Tyr 417Hi s f or  GCGCAGCTACCACGGCGCGCTGTCG 

 r ev CGACAGCGCGCCGTGGTAGCTGCGC 

Tyr 417Phe f or  CTGCGCAGCTACTTCGGCGCGCTGTC 

 r ev GACAGCGCGCCGAAGTAGCTGCGCAG 

Tyr 417Asp f or  CCTGCGCAGCTACGATGGCGCGCTGTCGAC 

 r ev GTCGACAGCGCGCCATCGTAGCTGCGCAGG 

 

Supplementary Figure 1 

Sequence alignment 

The initial alignment was performed using the program BLAST 1 and refined by manual 
adjustments. Amino acid residues coordinating to the two zinc centers in the active sites are 
highlighted in red (invariant) and pink (conservative exchange). Residues involved in substrate 
recognition and positioning are shown in yellow (invariant) and green (not conserved). 
 

 1 48 
Pisa1   MSRFI RASQRRTLLATLI AATLAQPLLAA- - ESLDSKPASAI TAAKNAEV 
SdsA1  MSR- - - - - - - - - LLALLALA- - - - PLLAGAAETTAPKPPSAFTVEAQRRV 
Consensus  MSR- - - - - - - - - LLA+L++A- - - - PL- A+- - E+- - - KP- SA+T+- - +- - V  
 

  49 97 
Pisa1   LKNLPFADREEFEAAKRGLI A- PFSGQI KNAEGQVVWDMGAYQFLNDKDA 
SdsA1  EAELPFADRADFERADRGLI RRPERLLI RNPDGSVAWQLGGYDFLLDGKP 
Consensus  - - - LPFADR- +FE- A- RGLI —P- I +N- +G- V- W- +G- Y- FL- D- - - - - - -  
 

 98 147 
Pisa1   ADTVNPSLWHQAQLNNI AGLFEVMPKLYQVRGLDPANMTI I EGDSGLVLI  
SdsA1  RDSI NPSLQRQALLNLKYGLFEVAEGI YQVRGFDLANI TFI RGDSGWI VV 
Consensus   - D++NPSL- - QA- LN- - - GLFEV- - - +YQVRG- D- AN+T- I - GDSG- +++ 
 

 148 197 
Pisa1   DTLTTAETARAALDLYFQHRPKKPI VAVVYSHSHI DHFGGARGI I DEADV 
SdsA1  DTLTTPATARAAVELVSRELGERPI RTVI YSHAHADHFGGVRGLVEPQQV 
Consensus   DTLTT- - TARAA++L- - - - - - ++PI - - V+YSH+H- DHFGG- RG+++- - - V 
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 198 247 
Pisa1   KAGKVKVFAPSGFMEHAVSENI LAGTAMARRGQYQSGVMVPRGAQAQVDS 
SdsA1  ASGAVQI I APAGFMEAAI KENVLAGNAMMRRATYQYGTQLPKGPQGQVDM 
Consensus   - +G- V++- AP+GFME- A+- EN+LAG- AM- RR- - YQ- G- - +P+G- Q- QVD-  
 

 248 297 
Pisa1   GLFKTTATNATNTLVAPNVLI EKPYERHTVDGVELEFQLTLGSEAPSDMN 
SdsA1  AI GKGLARGPLS- LLAPTRLI EGEGEDLVLDGVPFTFQNTPGTESPAEMN 
Consensus   - +- K- - A- - - - - - L+AP- - LI E- - - E- - - +DGV- - - FQ- T- G+E+P++MN 
 

 297 347 
Pisa1   I YLPQFKVLNTADNAPPAMHNLLTPRGAEVRDAKAWAGYI DASLEKYGDR 
SdsA1  I WLPRQKALLMAENVVGTLHNLYTLRGAEVRDALGWSKYI NQALHRFGRQ 
Consensus   I +LP+- K- L- - A+N- - - - +HNL- T- RGAEVRDA- - W+- YI +- +L- ++G- + 
 

 348 397 
Pisa1   TDVLI QQHNWPVWGGDKVRTYLADQRDMYAFLNNRALNLMNKGLTLHEI A 
SdsA1  AEVMFAVHNWPRWGNAEI VEVLEKQRDLYGYLHDQTLHLANQGVTI GQVH 
Consensus   - +V+- - - HNWP- WG- - ++- - - L- - QRD+Y- +L+++- L+L- N+G+T+- ++-  
  

 398 447 
Pisa1   AEVSKLPGELDRKWYLRSYYGALSTNLRAVYQRYLGFYDGNPANLDPFPP 
SdsA1  NRL- RLPPSLDQEWYDRGYHGSVSHNARAVLNRYLGYYDGNPATLDPLSP 
Consensus   - - +- +LP- - LD++WY- R- Y+G++S- N- RAV- - RYLG+YDGNPA- LDP- - P 
 

 448 497 
Pisa1   VEAGKRYVEAMGGADAVLKQMRAAI DKGDYRWAVQLGNHLVFADPANKDA 
SdsA1  EDSAGRYVEYMGGAERLLEQARASYARGEYRWVVEVVNRLVFAEPDNRAA 
Consensus   - ++- - RYVE- MGGA+- +L+Q- RA+- - +G+YRW- V++- N- LVFA+P- N+- A 
 

 498 544 
Pisa1   RALQADAMEQLGYQTENALWRNMYMTGAMELRHGVPTYD- - - SRGKSEMG 
SdsA1  RELQADALEQLGYQAENAGWRNSYLSAAYELRHGVPRDQPTMKAGSADAL 
Consensus   R- LQADA+EQLGYQ- ENA- WRN- Y++- A- ELRHGVP- - - - - - - - G- ++- -  
 

 545 594 
Pisa1   RALTPDMFFDLLAI RLDTDKAVGHDMTLNWVFEDLKQDI ALTLRNGVLTQ 
SdsA1  AAMDTGLLFDYLGVRLDAGAAEGKALSI NLRLPDI GENYLLELKNSHLNN 
Consensus  - A+- - - +- FD- L- +RLD- - - A- G- - +++N- - - - D+- ++- - L- L+N- - L- -  
 

 595 644 
Pisa1   RVGSLNPKADVTVKLTKPTLDQI AARKLDLPTAI KQGTVKLDGDGKKLGE 
SdsA1  LRGVQSEDAGQTVSI DRADLNRLLLKEVSAVRLVFEGKLKSSGNPLLLGQ 
Consensus  - - G- - +- - A- - TV- +- +- - L+++- - +++- - - - - +- +G- +K- - G+- - - LG+-  
 

 645 661 
Pisa1   FFGLLDSFSPKFNI VEP 
SdsA1  LFGMLGDFDFWFDI VTP 
Consensus   -FG+L- - F- - - F+I V- P 
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10.1 Riboflavin and Flavocoenzymes FMN and FAD 

Riboflavin, also named vitamin B2, is built up by a tricyclic isoalloxazine moiety which is 

covalently linked at its N(10) position with a ribityl side chain as shown in (Figure 1).1, 2 It 

is a precursor for the coenzymes FMN (flavin mononucleotide) and FAD (flavin adenine 

dinucleotide). FMN is additionally phosphorylated at the terminal hydroxyl group of the 

ribityl side chain and in FAD adenosine monophosphate (AMP) is linked to FMN by a 

phosphate group. Although riboflavin is produced by all plants and most microorganisms, 

animals and vertebrates lack the enzymes to synthesize this vitamin. However, they are 

capable to generate FMN and FAD from the precursor. 

riboflavin FMN FAD

10 1 2
34

4a
5

5a
67

8 9
9a 10a

1´
2´

3´

4´

5´

 

Figure 1. Chemical structures of riboflavin, FMN and FAD and numbering scheme for the 

isoalloxazine moiety. 

10.1.1 Biosynthesis of Riboflavin, FMN and FAD 

The biosynthesis of riboflavin and the flavocoenzymes FMN and FAD is briefly 

summarized in Figure 2.3 The initial step is the conversion of GTP (1) to the first 

intermediate 2-5-diamino-6-ribosylamino-4(3H)-pyrimidinone-5´-phosphate (2) by 

hydrolysis of pyrophosphate and formal cleavage of C-8 of the imidazole ring. Both 

reactions are catalyzed by GTP cyclohydrolase II (reaction I). This compound is further 

transformed into 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione-5´-phosphate (5) 

via structurally different precursors in different organisms in two steps. In Archaea and in 

fungi4, 5 step one is a NADPH dependent reduction process (reaction II), where the ribosyl 

side chain is transformed into the ribityl side chain (3). Step two performs a deamination 
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of the amino group at position 2 of the pyrimidine ring (reaction III) to yield compound 5. 

In plants and eubacteria,6-9 these reaction steps occur in inverse order (reaction IV and V) 

via the ribosylaminopyridine intermediate 3. In a further step, the phosphate residue of 

intermediate 5 is released (reaction VI) to generate 5-amino-6-ribitylamino-2,4(1H,3H)-

pyrimidinedione (6). However, the mechanism of dephosphorylation is still unknown.  

The enzyme 3,4-dihydroxy-2-butanone-4-phosphate synthase catalyzes a complex 

rearrangement/elimination sequence (reaction VII) to convert ribulose-5-phosphate (7) to 

3,4-dihydroxy-2-butanone-4-phosphate (8). This product is then condensed by lumazine 

synthase (reaction VIII) with the previously obtained dephosphorylation intermediate (6) 

to give 6,7-dimethyl-8-ribityllumazine (9). 

riboflavin

lumazine synthase

4

IV

5

III

12

FMNFAD

riboflavin synthase

riboflavin kinaseFAD synthase

I

NADPH/H+NADPH/H+
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Figure 2. Biosynthesis of riboflavin, FMN and FAD (adapted from reference 3). 

The final step in the biosynthesis of riboflavin (10) is catalyzed by riboflavin synthase 

(reaction IX) in an unusual dismutation of two molecules 6,7-dimethyl-8-ribityllumazine 

(9). Thereby an exchange of a four-carbon unit occurs, to obtain the tricyclic isoalloxazine 

moiety of riboflavin (10) and 5-amino-6-ribitylamino-2,4(1H,3H)-pyrimidinedione (6) 

which can again be used as a substrate for lumazine synthase (reaction VIII). Lumazine 

synthase and riboflavin synthase generate thereby 1 mol of riboflavin from 1 mol of GTP 
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and 2 mol of ribulose-5-phosphate.3 It is worth to mention that the complex reaction 

catalyzed by riboflavin synthase (reaction IX) can also proceed nonenzymatically just in 

boiling aqueous solution at neutral or acidic pH.10-12 

Finally, riboflavin is phosphorylated at the 5´-OH group of the ribityl side chain by the 

enzyme riboflavin kinase (reaction X) to yield FMN (11), which can further be converted 

by FAD synthase to FAD (12). This last step is obtained by a transfer of an adenylyl 

moiety from ATP (reaction XI). Reaction X and XI exist in all organisms, independently if 

they take up their required riboflavin content from nutritional sources, or they synthesize it 

autonomously.3  

10.2 Other natural occurring Flavin derivatives 

Besides the most common known flavins riboflavin, FMN and FAD, other flavin 

derivatives are found in nature, which will be briefly discussed in this chapter. 

Lumichrome and Lumiflavin. Lumichrome and lumiflavin (and derivatives) have been 

identified to be products of the photolysis of riboflavin, FMN and FAD in the 1960s.13  

lumichrome formyllumiflavin dihydroxymethyllumiflavin lumiflavin-hydroxy-aldehydelumiflavin  

Figure 3. Chemical structures of lumichrome, lumiflavin and lumiflavine derivatives. 

It has been shown that these degradation products (for their chemical structures see Figure 

3) may be involved in various biological processes. For example lumichrome may inhibit 

flavin reductase in E. coli cells, thereby enhancing the antiproliferative effect of 

hydroxyurea, a cell specific ribonucleotide reductase inactivator.14 Another example of 

their biological activity is that lumichrome and lumiflavin may inhibit the uptake process 

of riboflavin in liver cells by human-derived Hep G2 cells.15 

5-Deazaflavins. 5-Deazaflavins are lacking of the nitrogen in the position 5 of the 

isoalloxazine moiety in flavin derivatives. The structures of coenzymes F0 and F420 are 

shown in Figure 4. Although coenzyme F420 is structural related to riboflavin, its chemical 
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properties are more similar to that of nicotinamides than to that of FMN/FAD due to the 

exclusively simultaneous transfer of two electrons.16 It is a signature molecule for 

methanogenic bacteria because it is involved in the hydride transfer during the reductive 

transformation of carbon dioxide and acetate into methane.17, 18 

coenzyme F0 coenzyme F420  

Figure 4. Chemical structures of coenzymes F0 and F420. 

Moreover coenzyme F420 is found in Streptomyces lincolnensis where it is involved in the 

biosynthesis of the antibiotic lincomycin19 and it has been shown to be required for the 

activation of drugs for the treatment of tuberculosis caused by Mycobacterium 

tuberculosis.20 

Roseoflavin. The pink to red colored flavin derivative roseoflavin [7-methyl-8-

dimethylamino-(1´-D-ribityl)isoalloxazine] is produced by the soil bacterium Streptomyces 

davawensis and has an antibiotic effect on gram-positive (e.g. Bacillus subtilis or 

Staphylococcus aureus) as well as gram-negative microorganisms. Up to date it is the only 

known naturally occurring flavin derivative with antibiotic activity.21, 22 

roseoflavin  

Figure 5. Chemical structure of the antibiotic roseoflavin. 
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10.3 Flavoproteins 

Up to the present more than 370 flavin dependent proteins have been identified. 

Approximately three-fourth of these proteins utilize FAD as cofactor and only one-fourth 

are FMN dependent. It should be mentioned that proteins show the ability to bind either 

FMN or FAD in a noncovalently (about 90%) or covalently (about 10%) manner.23,24 

Although riboflavin is not known to be used as a cofactor in enzymes (except in one 

case25), it seems to be the preferred storage form for the biological active derivatives, for 

example in chicken eggs and archaeal dodecins.26, 27 

Due to the chemically reactive heterocyclic isoalloxazine moiety of flavins it is obvious 

that flavin dependent enzymes are involved in a broad spectrum of biological processes. 

The heterocyclic three ring system can exist in three different redox states with 

significantly different chemical properties as shown in Figure 6: in (i) the fully oxidized 

(quinone) state, (ii) the one-electron reduced or semiquinone state and in (iii) its fully 

reduced (two-electron reduced) state, largely dependent on the protein environment and 

solvent used.28  

.

"red" anionic semiquinone

fully reduced flavin

.

"blue" neutral semiquinone

..

pK ~ 6.5
H+

.

1e-

. ...

reduced anionic flavin

-

oxidized flavin

.

-

1e-

pK ~ 8.5
H+

 

Figure 6. Redox and ionization states of flavin. 

A recent study on flavin dependent enzymes has shown that 276 of fully classified 

flavoenzymes can be divided into oxidoreductases (91%), transferases (4.3%), lyases 

(2.9%), isomerases (1.4%) and ligases (0.4%).24 Due to this versatile application of 

flavoproteins they are part of intensive studies by many enzymologists and are the subject 

of a various number of review articles.29-33 
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10.4 Storage of Flavins 

Dodecin from Halobacterium salinarum. In 2003 the structure of a novel flavin binding 

protein from the halophilic marine gram-negative obligate aerobic archaeon 

Halobacterium salinarum could be solved (PDB code: 1MOG).34 It was characterized as 

the smallest flavoprotein until now with only 68 amino acids. Crystals of this protein 

showed that monomers assembled to dodecamers, whereby four trimers coassembled with 

6 riboflavin dimers resulting in a molecular weight of 89.3 kDa (Figure 7A). Due to its 

ability to form dodecamers with bound flavin cofactors, the protein was named dodecin 

(dodecamer and flavin). The isoalloxazine moieties of two riboflavins are sandwiched 

between the indole groups of two tryptophan residues and contact each other via their re-

faces. Thereby the ribityl side chains of the riboflavin dimer are directed towards the 

outside of the protein (Figure 7B). 

 

Figure 7. Structure representation of dodecin from Halobacterium salinarum (PDB code:1MOG). 

(A) Cartoon representation, showing the bound riboflavins in yellow sticks. (B) Close up of the 

flavin binding site with the tryptophan residues depicted in green sticks. Pictures were prepared 

with the program PyMol.35 

Further studies on that protein showed that the dodameric assembly is not only able to 

bind riboflavin, but also lumichrome, lumiflavin and FMN in a 1:1 stoichiometry whereby 

the smallest KD value could be obtained for lumichrome (9.88 nM) indicating that this 

flavin derivative is a ligand of dodecin in vivo. The dissociation constants for lumiflavin 

and riboflavin were calculated to be 17.57 nM and 35.76 nM, respectively. In the case of 

FAD a dodecin/ligand ratio of 2:1 was observed, indicating for a different binding mode. 

The authors suggested thereof, that dodecin from H. salinarum may prevent riboflavin 

from a possible degradation and moreover may act as a rescue mechanism to bind 
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lumichrome if a degradation of riboflavin occurs. Furthermore it may act as a “waste-

collecting protein”  to protect the cellular environment from possibly high amounts of the 

photo-toxic product lumichrome.36 Recent studies on this protein showed that archaeal 

dodecin acts as a riboflavin binding protein that is of high functional versatility in 

neutralizing riboflavin to protect the cellular environment from uncontrolled flavin 

reactivities. Riboflavin is released into the biosynthesis of FMN and FAD when necessary 

for metabolic activities. Moreover it prevents light-induced riboflavin relativities and 

degradation of riboflavin by deactivation of the reactive excited state of riboflavin.27, 37 

Dodecin from Thermus thermophilus. The structure of a second dodecin was solved 

from the extremely thermophilic gram-negative eubacterium Thermus thermophilus by 

Meissner et al. (PDB code: 2V18).38 Although the overall structure (Figure 8A) was 

similar to the dodecin from H. salinarum, binding of FMN dimers (instead of riboflavin) 

was found in si-si-orientation rather than re-re-orientation as can be seen in Figure 8B.  

 

Figure 8. Structure representation of dodecin from Thermus thermophilus (PDB code: 2V18). (A) 

Cartoon representation, showing bound FMN in yellow sticks. (B) Close up of the flavin binding 

site with the tryptophan residues depicted in green sticks. Pictures were prepared with the program 

PyMol.35  

Similar to the dodecin from H. salinarum, dodecin from T. thermophilus is able to bind 

riboflavin, FMN, FAD, lumichrome and lumiflavin with binding constants in the nmolar 

range. However, the affinity for bulkier flavins like FMN and FAD (KD values were 

obtained to be 311 nM and 589 nM for T. thermophilus and 11300 nM and 440 nM for H. 

salinarum) was higher than for the small ligands lumichrome, lumiflavin and riboflavin 

(80 nM, 141 nM and 233 nM for T. thermophilus and 12, 18 and 36 nM for H. salinarum). 

Moreover the stoichiometry between dodecin and ligand was found to be 1:1 in all cases. 
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Additionally to the above mentioned flavin derivatives also coenzyme A serves as a 

ligand. These findings indicate that the functional role is different for bacterial and archaea 

dodecins. The authors suggest that dodecin from T. thermophilus may act as a bifunctional 

cofactor storage protein.38  

10.5 A Flavoprotein in combination with Zinc 

High throughput crystallization experiments by the Midwest Centre for Structural 

Genomics facility led to the structure of a protein from a gram-negative anaerobic microbe 

which resides in the human intestine, Bacteroides thetaiotaomicron (PDB code: 3CNE). 

Based on its overall topology, the protein was classified as a member of the DJ_1 

superfamily which represents a heterogeneous family including chaperones and 

hydrolases.39-42 Due to a possible protease activity, the protein was named ppBat (putative 

protease from B. thetaiotaomicron). ppBat occurs as a dimer with a flavin moiety bound 

between the dimeric interface as shown in Figure 9A.  

 

Figure 9. Structure representation of ppBat from Bacteroides thetaiotaomicron (PDB code: 

3CNE). (A) Cartoon representation, showing the bound flavin in yellow sticks, the zinc ions in 

green and the tryptophan residues in grey sticks. (B) Close up of the flavin binding site with the 

tryptophan residues depicted in grey sticks. (C) Close up of the zinc binding site with the cysteine 

residues shown in grey sticks. Pictures were prepared with the program PyMol.35  

Moreover each protomer features a metal-binding site which was identified to bind zinc in 

an approximately 16 Å distance away from the edge of the flavin. The flavin moiety is 

sandwiched between two tryptophan residues almost equidistant (Figure 9B). However, 

out of the structure, the flavin moiety cannot be identified to be riboflavin, FMN or FAD, 
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due to the missing 5th carbonyl group of the ribityl side chain. A closer look onto the zinc 

binding site in ppBat (Figure 9C) shows that the zinc ion is tetrahedral coordinated by two 

thiol groups of cysteine residues and two water molecules. Among the members of the 

DJ_1 superfamily, a hydrolase activity is associated with a cystidine, histidine or aspartic 

acid catalytic triad, and without any metal-ion.40-42 Furthermore, such a complexation of 

zinc seems to be a novel as it has never been reported in other zinc dependent proteins so 

far. Moreover flavoproteins were not associated with hydrolase activity until to date.24 

Although nothing is currently known about the biological function of ppBat, the protein 

features an unusual combination of two cofactors, the flavin moiety and zinc ion. 
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Aims of the project ppBat from Bacteroides thetaiotaomicron 

The structure of a novel putative protease from Bacteroides thetaiotaomicron, named 

ppBat has been recently solved. The protein shows an intriguing combination of a flavin 

binding motif and a zinc binding site which has never been observed for any other protein 

until to date. Out of the characterized crystal structure, the flavin derivative bound 

between the dimeric interface of the protein could not be identified, because the flavin 

cofactor was truncated in proximity of the C5-carbon of the ribityl chain. Additionally one 

zinc atom is coordinated to the protein in a perfect 1:1 stoichiometry; the zinc ion binds 

two cysteine residues and two water molecules. This binding motif is completely unusual 

since no other protein possessing a similar coordination sphere for the zinc has been 

previously identified. 

Initially, we were interested to shed light on the flavin species naturally bound to ppBat. 

Furthermore, we aimed to determine the affinity between the natural flavin and the protein 

and to understand whether the flavin is necessary for the dimerization of the protein. From 

the analysis of the crystal structure, it seemed that two tryptophan residues were 

fundamental for binding the flavin; therefore the function of these tryptophan residues was 

ascertained by site-directed mutagenesis studies. Additional points of our investigation 

concerning the chemical properties of the flavin moiety were: (i) investigation of the 

reduction process (ii) determination of the reoxidation rate (iii) quantification of the 

affinity between the reduced flavin species and ppBat. Finally, we were interested to 

identify the role of the zinc ion in ppBat regarding a possible catalytical or structural role. 

It was quite unexpected to figure out that ppBat binds all naturally occurring flavin 

derivatives with high affinity, functioning therefore as a “ flavin catcher” . Hence this 

finding would pave the way to employ ppBat for the production of biosensors. In fact 

ppBat was applied for the determination of riboflavin in cow´s milk samples. 
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Background: The structure of a putative protease from Bacteroides thetaiotaomicron has a unique 

binding site for a flavin. 

Results: The protein tightly binds to lumichrome, riboflavin, FMN, FAD and flavin derivatives. 

Conclusion: The putative protease is a scavenger of flavin and may function as a storage protein in gut 

bacteria. 

Significance: The wealth of information available for cofactors is invaluable to assess protein structures.

SUMMARY 

The structure of a putative protease from 
Bacteroides thetaiotaomicron features an 
unprecedented binding site for flavin 
mononucleotide. The flavin isoalloxazine ring is 
sandwiched between two tryptophan residues in 
the interface of the dimeric protein. We 
characterized the recombinant protein with 
regard to its affinity for naturally occurring flavin 
derivatives and several chemically modified flavin 
analogs. Dissociation constants were determined 
by isothermal titration calorimetry. The protein 
has high affinity to naturally occurring flavin 
derivatives, such as riboflavin, FMN and FAD as 
well as lumichrome, a photodegradation product 
of flavins. Similarly, chemically modified flavin 
analogs showed high affinity to the protein in the 
nanomolar range. Replacement of the tryptophan 
by phenylalanine gave rise to much weaker 
binding while in the tryptophan to alanine variant 
flavin binding was abolished. We propose that the 
protein is an unspecific scavenger of flavin 
compounds and may serve as a storage protein in 
vivo. 

This work was supported by funds from Graz University of 
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This work is dedicated to Prof. Sandro Ghisla, a pioneer in the 
field of chemically modified flavins, on the occasion of his 70th 
birthday. 
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of Technology, Institute of Biochemistry, Petersgasse 12, A-8010 
Graz, Austria. Tel.: 43-316-873 -450; Fax: 43-316-873-6952; E-
mail: peter.macheroux@tugraz.at. 

Structural genomics efforts have led to an 
increasing number of structures of proteins that are 
not characterized on a functional biochemical level. 
In the case of homologous structures, biochemical 
function may be inferred to some extent and thus 
provide an initial lead for further functional 
investigations. In a recent survey of flavin-dependent 
proteins, we identified a putative protease from 
Bacteroides thetaiotaomicron, a microbe inhabiting 
the human gut1, 2, that presumably binds FMN3. The 
structure of the protein was solved to 2 Å resolution 
by the Midwest Centre for Structural Genomics 
(MCSG) facility (pdb code 3cne, Figure 1A) and 
features a mono nuclear metal binding site, 
presumably occupied by zinc although other metals 
such as cobalt may be the native metal in the protein. 
In addition, a flavin was found in the protein, which 
is sandwiched by two tryptophan residues provided 
by each of the two protomers in the dimeric protein 
(Figure 1B). Based on its overall topology, the 
protein was classified as a member of the DJ-1 
superfamily (Pfam DJ-1_PfpI), a heterogenous family 
of hydrolases and chaperones with many 
uncharacterized and poorly understood members4-7. 
The hydrolase activity found in some members 
appears to be associated with a catalytic triad formed 
by a conserved cysteine, histidine and aspartic acid5, 

8. Other members of the family, such as Hsp31 and 
YajL from Escherichia coli were reported to display 
activity as a holding and covalent chaperone, 
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respectively9, 10. The close structural relationship 
suggests that the zinc ion might be the catalytic 
centre of a hydrolytic activity although none of the 
other family members appear to require metal ions 
for catalytic activity. Furthermore, complexation of 

the zinc is atypical for Zn-dependent hydrolases with 
two cysteine-derived thiol groups (Figure 1C, 11). In 
addition, the zinc is liganded by water molecules, 
however, this interaction varies in the four chains of 
the asymmetric unit.  

 

Figure 1. Structural representation of the putative protease from Bacteroides thetaiotaomicron (pdb code 3cne). Panel A: 

Overall topology of the dimeric protein in a cartoon representation with α-helices in red and β-strands in yellow. Zinc ions 
are shown as cyan spheres. The flavin is shown as a stick model. Panel B: Flavin binding site in the dimer interface of the 
putative protease with the two tryptophan residues (one from each protomer) sandwiching the isoalloxazine ring shown in a 
stick model. Panel C: Zn ion coordination sphere (one in each of the two protomers). Zn is shown as a sphere with the two 
coordinating cysteine residues (Cys74 and Cys111) and two coordinating water molecules in 3.6 and 3.1 Å distance from 
the zinc ion. Panel D: Spatial relationship between the zinc ion and the flavin. The closest atom to the zinc ion is N(3) of the 
isoalloxazine ring with a distance of 16.3 Å. 

 

In contrast to zinc, the flavin cofactor occurs 
predominantly in oxidoreductases (ca. 90% of flavin-
dependent enzymes) and not hydrolases. Although 
the flavin cofactor is also present in other enzyme 
classes, like transferases, lyases and isomerases, it 
has never been reported in a hydrolase3. The large 
distance of ≈ 16 Å between the edge of the flavin 
cofactor and the zinc argues against a direct 
cooperation between these two cofactors (Figure 1D). 
This intriguing combination of unusual cofactors 
sparked our interest in the protein. Here, we report 
the biochemical characterization of the flavin binding 
site of the protein and demonstrate that the 
recombinant protein is capable of binding not only 
naturally occurring flavin derivatives, such as 
lumichrome, riboflavin, FMN and FAD 
(supplementary figure S1 panel A) but also a variety 

of chemically modified “artificial”  flavin analogs, 
such as iso-riboflavin (6.7-dimethyl-8-nor-riboflavin) 
and iso-FMN as well as 8-amino-, 1- and 5-deaza-
riboflavin12-14 (supplementary figure S1 panel B). 
Thus it appears that this putative protease from B. 

thetaiotaomicron (ppBat) unspecifically binds 
tricyclic aromatic systems such as the alloxazine and 
isoalloxazine ring systems. Furthermore, we showed 
that replacement of Trp164 (Figure 1C) by alanine 
completely abolishes the ability to bind the flavin 
ring system, while the Trp164Phe variant retained 
some affinity. Sequence alignment of ppBat with 
other related putative proteases from the genus 
Bacteroides and related bacteria revealed that Trp164 
is conserved in the majority of homologs. Therefore, 
we propose that ppBat may serve as a flavin storage 
protein in gut bacteria.  
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EXPERIMENTAL PROCEDURES 

Reagents 

All chemicals were of the highest grade 
commercially available from Sigma-Aldrich (St. 
Louis, MO, U.S.A.), Fluka (Buchs, Switzerland) or 
Merck (Darmstadt, Germany). Ni-NTA agarose was 
from GE Healthcare, Bio-Sciences AB (Uppsala, 
Sweden) and Sephadex resin was from Pharmacia 
Biotech AB (Uppsala, Sweden). Flavin analogs were 
a generous gift from Prof. Sandro Ghisla and the late 
Prof. Peter Hemmerich (University of Konstanz, 
Germany). 

Expression of recombinant protein in E. coli host 

cells 

The gene gat1 of Bacteroides thetaiotaomicron was 
cloned into a derivative of pET-28 for IPTG-
inducible expression in E. coli BL21 (DE3) host cells 
(kanamycin resistance). The N-terminus of the 
expressed protein possesses a hexa-histidine tag to 
facilitate purification. Precipitated cells were 
resuspended in lysis buffer (50 mM NaH2PO4, 300 
mM NaCl, 10 mM imidazole, pH 8.0), using 2 ml 
buffer per gram of wet cells. At this stage 
lumichrome, riboflavin, FMN, FAD or modified 
flavin analogs were added in excess to saturate the 
protein with the respective ligand. In order to obtain 
the apo-protein (protein preparation “as isolated”) no 
ligands were added. Resuspended cells were 
disrupted by 0.5 s sonication pulses for 10 min while 
cooling on ice. The cell debris was removed by 
centrifugation at 18,000 g for 30 min at 4 ºC. The 
hexa-histidine tagged protein was purified by Ni-
NTA affinity chromatography, loading the 
supernatant onto a Ni-NTA HisTrapTMHP column 
(GE Healthcare), previously equilibrated with lysis 
buffer. After loading of the filtrated lysate, the 
column was washed with ten column volumes of 
wash buffer (50 mM NaH2PO4, 300 mM NaCl, 20 
mM imidazole, pH 8.0) and bound protein was 
recovered with elution buffer (50 mM NaH2PO4, 300 
mM NaCl, 150 mM imidazole, pH 8.0). The purity of 
the eluted fractions was determined by SDS/PAGE. 
Fractions containing ppBat were pooled, dialyzed 
against 20 mM Tris/HCl buffer containing 100 mM 
NaCl (pH 8.0) over night and concentrated using 
Centripreps (Millipore). The final concentration was 
determined at 280 nm using an ε280 of 13,075 M-1 cm-

1. The protein was flash-frozen and stored at -20 °C. 

Site-directed mutagenesis 

The Trp164Phe and Trp164Ala variants were 
prepared using the QuikChange(R) XL-site directed 
mutagenesis kit (Stratagene) with a slight 
modification of the protocol. A two-step PCR 
reaction was carried out, where separate reactions for 
forward and reverse primer were performed for 4 
cycles prior to another 18 cycles where an equal 
amount of the forward and reverse reaction were 
mixed. Following primers were used for the insertion 
of the mutations: 5´-CTGCACAAGATGAGAATAC 
GATCTTTACAATGTTGCCGAAAGTCATAG-3´ 
and  5´-CTATGACTTTCGGCAACATTGTAAAGA 
TCGTATTCTCATCTTGTGCAG-3´for Trp164Phe 
and 5´-CTGCACAAGATGAGAATACGATCGCG 
ACAATGTTGCCGAAAGTCATAG-3´and 5´-CTA 
TGACTTTCGGCAACATTGTCGCGATCGTATTC
TCATCTTGTGCAG-3´for Trp164Ala, respectively. 
After verification of positive transformants by 
sequencing, expression and purification was achieved 
as described for the wild-type protein. 

UV/vis absorbance and fluorescence spectroscopy 

UV/visible absorbance spectra were recorded with a 
Specord 210 spectrophotometer (Analytik Jena, Jena, 
Germany). Fluorescence emission spectra were 
recorded with a Shimadzu RF301 PC 
spectrofluorophotometer. Difference titrations were 
carried out at 25 °C in tandem-cuvettes by the 
addition of ppBat to the flavin in the measurement 
cell and to buffer (20 mM Tris/HCl, 100 mM NaCl, 
pH 8.0) in the reference cell at 2 min intervals. 
Fluorescence titrations were performed at 25 °C in 20 
mM Tris/HCl, 100 mM NaCl, pH 8.0 buffer. For 
quenching of the FMN fluorescence, 1.8 ml of 1 µM 
FMN solution were titrated with 2 µl aliquots of 100 
µM protein solution every 2 min under stirring. 
Emission at 524 nm was measured at an excitation of 
467 nm until an endpoint was reached. Spectra were 
corrected for dilution as well as for fluorescence of 
enzyme bound flavin. In case of tryptophan 
fluorescence, 2 ml of 15 µM protein solution were 
titrated with 2 µl aliquots of 1.5 mM FMN solution 
every 2 min (emission at 343 nm, excitation at 282 
nm). 

Isothermal titration calorimetry (ITC) 

Dissociation constants for the binding of flavins to 
ppBat were determined using a VP-ITC system 
(MicroCal). All experiments were performed at 25 °C 
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in 20 mM Tris/HCl, 100 mM NaCl, pH 8.0 buffer 
and solutions were degassed immediately before 
measurements. Titration experiments for FMN, FAD, 
riboflavin and lumichrome consisted of 21 injections 
(7 µl, duration time 14 s, spacing time 300 s) of a 
flavin solution (530 µM) to 1.495 ml ppBat (40 µM). 
40 µM enzyme were titrated with iso-FMN (370 µM, 
21x10 µl, duration time 10 s, spacing time 300 s), 5-
deaza-riboflavin (200 µM, 25x10 µl, duration time 20 
s, spacing time 300 s) and 25 µM protein were 
titrated with 8-amino-riboflavin and iso-riboflavin 
(300 µM, 25x7 µl, duration time 14 s, spacing time 
300 s), respectively. 40 µM of the Trp164Phe variant 
were titrated with 7 µl aliquots of 300 µM riboflavin 
for 25 times (duration time 14 s, spacing time 300 s). 
One set of sites fitting with Origin version 7.0 
(MicroCal) for ITC data analysis was used to obtain 
dissociation constants. 

Determination of oligomeric state by size exclusion 

chromatography 

Determination of the oligomerization state for the 
wild-type protein and variants was carried out with a 
Superdex200 analytical 10/300 GL column (GE 
Healthcare) using a ÄKTA explorer system. The 
calibration curve was prepared according to the 
manufacturer´s protocol. Approximately 1 mg of 
protein samples as isolated and saturated with FMN, 
respectively, were dissolved in 20 mM Tris/HCl, 100 
mM NaCl, pH 8.0 buffer prior to size exclusion 
chromatography (flow rate 0.5 ml/min). 

Photoreduction 

Photoreduction was carried out as outlined in a 
previous study 15. The protein was diluted in 20 mM 
Tris/HCl, pH 8.0 containing 100 mM NaCl, 1 mM 
EDTA and 2 µM benzyl viologen. Quartz cuvettes 
were rendered anaerobic by repeated cycles of 
evacuation and flushing with nitrogen. Reduction of 
the flavin cofactor was achieved by irradiation of the 
sample with a 250-W halogen lamp which was 
cooled to 15 °C during the time of irradiation. 
Spectra from 300 to 700 nm were recorded at the 
same temperature until no further changes were 
observed. Then the cuvette was opened to air and the 
absorbance spectrum was recorded.  

Rapid reaction studies 

Stopped-flow measurements were carried out with a 
Hi-Tech (SF-61DX2) stopped-flow device (TgK 

Scientific Limited, Bradford-on-Avon, UK) 
positioned in a glove box from Belle Technology 
(Weymouth, UK) at 25 ˚C. Reoxidation of FMN free 
in solution and bound to ppBat was measured by 
monitoring changes at A451 (ppBat) or A449 (FMN), 
respectively, with a KinetaScanT diode array detector 
(MG-6560, TgK Scientific Limited). Reduction of 
FMN was achieved by addition of solid sodium 
dithionite. Reoxidation was then monitored by 
rapidly mixing the reduced solution with buffer 
previously equilibrated with air. 

 

Figure 2. UV/vis-absorbance spectrum of ppBat as isolated 
(dotted line), ppBat saturated with FMN (dashed line) and 
after denaturation (dashed-dotted line). The UV/vis 
absorbance spectrum of free FMN is shown for comparison 
(solid line). The inset shows the HPLC analysis of bound 
ligands. The trace shown was recorded at 370 nm: peak 1 = 
FAD (retention time = 10.7 min), peak 2 = FMN (11.6 
min), peak 3 = riboflavin (12.5 min) and peak 4 = 
lumichrome (16.1 min). 

HPLC determination of flavins and lumichrome 

Cofactors were released by thermal precipitation of 
ppBat at 95 °C for 10 min, cooling on ice for 5 min 
and centrifugation for 5 min. The flavin extracts were 
loaded onto an Atlantis® dC18 8 µm 4.6 x 250 mm 
column (Waters) and eluted with a water/acetonitril 
multi-step gradient (0-1.5 min 0-5% acetonitrile; 1.5-
20 min 5-60% acetonitrile; 20-22 min 95% 
acetonitrile) at a flow rate of 1 ml/min. The elution 
was monitored by UV-absorption at 370 nm and 
cofactors were identified according to their elution 
time and UV/vis absorbance spectra.  

Zn-determination 

The amount of Zn in ppBat samples was determined 
by means of inductively coupled plasma optical 
emission spectrometry (ICPOES). 
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RESULTS 

Expression and purification of ppBat  

Cells transformed with the plasmid carrying the gene 
of ppBat were cultured and protein production was 
induced by IPTG. The majority of the target protein 
was soluble and purified by a single Ni-NTA affinity 
chromatography step (the progress of purification is 
shown in supplementary Figure S2). The purified 
protein was obtained with an average yield of 30 
mg/g wet cells (ca. 140 mg/l bacterial culture). 

 

Figure 3. UV/vis absorbance difference titration of 

riboflavin (80 µM, top panel), FMN (61 µM, central panel) 

and FAD (60 µM, bottom panel) with ppBat. The data 

points shown in the insert were manually fitted by straight 
lines to indicate the titration end points. 

Characterization of the isolated protein 

The purified protein was pale yellow and had 
absorbance maxima at 372 and 449 nm indicative for 
bound flavin. The absorbance ratio A280/A449 was 
very high (≈ 45) for a small flavoprotein and 

suggested that the protein was predominantly present 
in a flavin-free apo-form (Figure 2, dotted line). 
When FMN was added to the extraction buffer, the 
protein was isolated with a reproducibly lower 
A280/A449 ratio of 5 indicating that the apo-protein 
present in the crude extract was reconstituted to the 
holo-protein (Figure 2). The extinction coefficient of 
bound flavin was determined by denaturation of the 
protein with subsequent determination of the UV/vis 

absorbance spectrum of the released FMN (εfree = 

11,500 M-1 cm-1) to εbound = 8,960 M-1 cm-1. Using 
this extinction coefficient, it was estimated that only 
8-10% of the isolated protein is present in the holo-
form when no flavin was added to the crude extract. 
The hypochromic effect at both absorbance maxima 
is accompanied by a long wavelength absorbance 
extending beyond the typical flavin absorbance 
(Figure 2, compare dashed and solid line). In contrast 
to the low flavin content of the purified protein, zinc 
was found in stoichiometric amounts, i.e. one Zn 
atom per protomer. 

FMN bound to ppBat showed fluorescence 
excitation and emission maxima similar to that of free 
flavin, however, fluorescence intensity was 
approximately 47% lower as compared to free FMN. 
Similarly, FMN binding to ppBat quenched the 
tryptophan fluorescence emission at 343 nm to ca. 
28%.  

Since the deposited structure of the protein has a 
truncated N(10)-side chain (only four carbon atoms 
of the side chain were modelled, Figure 1B), it is not 
clear which flavin derivative is bound to the protein. 
Therefore, we also tested riboflavin and FAD as 
potential binding partners of the recombinant protein. 
We found that riboflavin and FAD also bind to the 
protein with spectral changes similar to those seen 
with FMN. Further analysis by difference UV/vis-
absorbance spectroscopy revealed that all three flavin 
compounds bind tightly to the apo-protein with 
similar spectral perturbations (Figure 3) and molar 
extinction coefficients (Table 1). All three flavin 
derivatives produced a sharp endpoint at equimolar 
concentrations of flavin and dimeric protein in 
agreement with a 1:1 stoichiometry as suggested by 
the three-dimensional structure. 

In order to identify the ligand(s) bound to ppBat as 
isolated from E. coli cells, the protein was denatured 
and the released compounds subjected to HPLC 
analysis. As shown in the insert of Figure 2, four 
peaks were observed. Based on the retention times 
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and UV/vis absorbance properties these compounds 
were identified as FAD (peak 1), FMN (peak 2), 
riboflavin (peak 3) and lumichrome (peak 4). 

Determination of dissociation constants 

Due to the apparently tight binding of riboflavin, 
FMN and FAD to apo-ppBat (Figure 3), we 
employed isothermal titration calorimetry (ITC) to 

determine their dissociation constants. As shown in 
Figure 4, binding of these compounds to apo-protein 

is exothermic at 25 °C. The experimental data was 

fitted with a single site binding model and yielded 
dissociation constants in the range of 74.3 nM and 
800.6 nM for riboflavin and FAD, respectively 
(Table 2). Obviously, flavin binding in the dimer 
interface of ppBat is adversely influenced by the size 
of the side chain attached to N(10).  

Table 1. Molar extinction coefficients (ε) of flavins and flavin analogs free and bound to ppBat. 
 

Flavin   ε (free/bound)  λmax (free/bound)  reference 
   (M-1 cm-1)  (nm) 
Lumichrome  8,200/6,400  347/348   16 
Riboflavin  12,500/9,800  444/449   16 
iso-riboflavin  7,300/5,650  448/454   17 
1-deaza-riboflavin 6,800/6110  536/558   18 
5-deaza-riboflavin 11,500/9,620  399/398   14 
8-amino-riboflavin 42,000/24,570  479/487   19 
2’ -deoxy-riboflavin 12,500/9950  443/452   ε of riboflavin was used 
FMN   12,500/8,960  444/449   16, 20 
FAD   11,300/8,500  448/449   16, 17, 20 
iso-FMN  7,200/5,600  449/454   21 

Binding of chemically modified flavins 

In addition to the naturally occurring flavin 
compounds, ppBat also hosted a variety of 
derivatized riboflavin and FMN compounds, such as 
iso-riboflavin and iso-FMN (6.7-
dimethylisoalloxazine), 2-thio-, 8-amino-, 1- and 5-
deaza-riboflavin as well as 5-deaza-lumiflavin and 
lumichrome. Lumazine did not bind to ppBat. UV/vis 
absorbance spectra of four selected examples are 
shown in Figure 5 (see also Figures S3 and S4). In 
order to determine the stoichiometry and affinity of 
these flavin analogs, difference titrations were 
performed with an UV/vis-absorbance 
spectrophotometer. As shown in Figure 6, we found 
tight binding with all tested flavin analogs and a 
stoichiometry of 1:1 (flavin:dimer) for complex 
formation with ppBat. The binding of five flavin 
analogs was further examined by ITC. The three 
riboflavin analogs, 5-deaza-riboflavin, iso-riboflavin 
and 8-amino-riboflavin showed dissociation constants 
similar to riboflavin and iso-FMN bound even tighter 
than FMN (Table 2). Interestingly, 2’ -deoxy-
riboflavin lacking the hydroxyl group at the 2’ -
position of the ribityl side chain had only a 
marginally higher dissociation constant (117.4 vs. 
74.3 nM, see also Figure S5) suggesting that the 
carbonyl oxygen of Asn161 forms only a weak 
hydrogen bond to the C2’ -OH group (Table 2). 

Properties of variants Trp164Phe and Trp164Ala 

To investigate the importance of the indole side chain 
of Trp164 for dimerization of the protein and for 
flavin binding, two single replacement variants were 
generated by site-directed mutagenesis: Trp164Phe 
and Trp164Ala. Similar to wild-type ppBat, both 
variants were found to form dimers in solution as 
judged by size exclusion chromatography (see 
supplementary Figure S6). In the presence of FMN in 
the crude extract, the Trp164Phe variant retained the 
ability to bind FMN whereas the Trp164Ala variant 
was essentially devoid of FMN (Figure 7). In the 
absence of FMN in the crude extract, only trace 
amounts of flavin could be detected in both variants. 
Detailed HPLC-analysis of ligands released upon 
denaturation of the protein variants revealed that 
small amounts of FAD, FMN, riboflavin and 
lumichrome were bound (inserts in Figure 7). For the 
Trp164Phe variant the dissociation constant of 
riboflavin was determined by ITC to 1.19 ± 0.15 mM, 
i.e. 16-times higher than for wild-type ppBat. 

Recombinant ppBat loaded with FMN was found 
to be present as a dimer in solution using analytical 
size exclusion chromatography. Both tryptophan 
variants yielded a virtually identical peak indicating 
that neither of the two amino acid substitutions 
affected dimerization of ppBat (supplementary Figure 
S6).
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Figure 4. Representative example for the determination of 
a dissociation constant by isothermal titration 
microcalorimetry. The measurement shows the titration of 

40 µM ppBat with riboflavin in 20 mM Tris/HCl, 100 mM 
NaCl, pH 8.0 at 25 °C. 

Table 2. Dissociation constants for binding of lumichrome, 
riboflavin, FMN and FAD as well as modified flavin 
analogs to ppBat as determined by ITC. The values given 
are the average of three measurements carried out in 20 

mM Tris/HCl, 100 mM NaCl, pH 8.0 buffer at 25 °C. 

Flavin ligand   Kd (nM) 
lumichrome   272 ± 61 
riboflavin   74 ± 5 
5-deaza-riboflavin  84 ± 5 
iso-riboflavin   96 ± 2 
8-amino-riboflavin  227 ± 26 
2’ -deoxy-riboflavin  117 ± 3 
FMN    487 ± 19 
iso-FMN   295 ± 21 
FAD    801 ± 82 

Photoreduction and reoxidation 

Wild-type ppBat reconstituted with FMN was 
subjected to photoreduction under anoxic conditions. 
The course of the reduction is shown in Figure 8. The 
spectral changes upon photoreduction featured a loss 
of absorption at 449 nm and an isosbestic point at 345 
nm. The final spectrum is characteristic for the fully 
reduced dihydro quinone form of the flavin. During 
reduction, spectral hallmarks of a flavin radical 
species, like an increased absorbance at 370 nm or 

absorbance above 550 nm were absent indicating that 
no radical species is thermodynamically stabilized 
during reduction. The fully reduced dihydroflavin 
could be readily reoxidized by allowing access of 
oxygen to the cuvette (Figure 8). The rate of 
reoxidation was determined in a stopped-flow 
apparatus by rapid mixing of sodium dithionite 
reduced ppBat with air-equilibrated buffer (inset 
Figure 8). This yielded a kobs = 1.1 ± 0.02 s-1 (average 
of five independent measurements). Using the same 
experimental set-up, the reoxidation of free FMN 
yielded a kobs = 6.7 ± 0.09 s-1, i.e. ca. 6-times faster 
than for FMN bound to ppBat (all measurements 

were performed at 25 °C). 

DISCUSSION 

Flavins are widely used coenzymes for reduction-
oxidation processes with well over 300 different 
enzymatic reactions described in the literature 3, 22-24. 
In addition to their role as redox catalysts, flavins are 
also found in some none redox enzymes, such as 
isomerases, lyases and transferases3, 25. However, the 
occurrence of a flavin (purportedly FMN) in a 
putative protease from B. thetaiotaomicron (ppBat) 
was a novelty since hydrolases have never been 
associated with this cofactor. The discovery that 
ppBat features a flavin prompted us to investigate the 
properties of the flavin binding site in this unusual 
family of proteases/chaperones (Figure 1). At first, 
the low flavin content of isolated ppBat was 
surprising in view of the fact that the deposited 
crystal structure clearly showed the presence of flavin 
bound between two tryptophans in the dimer 
interface of the protein (Figure 1A and B). Addition 
of a flavin, for example FMN, increased the flavin 
content close to one flavin per protein dimer, as could 
be demonstrated by titration experiments (see Figures 
3 and 6). According to the information given by the 
authors of the crystal structure, no flavin (neither 
riboflavin, FMN nor FAD) was added in the 
crystallization trials and hence it follows that the 
population of ppBat with flavin bound (ca. 10%) 
preferentially crystallized, i. e. was selected by the 
applied conditions. Since our analysis of ppBat 
isolated without flavin addition has revealed the 
presence of several chromophores (lumichrome, 
riboflavin, FMN and FAD) the nature of the bound 
species obviously does not matter with regard to the 
propensity to generate crystals. The deposited crystal 
structure is also lacking information on the exact 
nature of the side chain as only the four carbon atoms 
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proximal to N(10) were modelled. Therefore the 
structure cannot distinguish between riboflavin, FMN 
and FAD. In the present study, we have shown that 
lumichrome as well as riboflavin, FMN and FAD all 
bind to ppBat with dissociation constants in the 
nanomolar range (see Table 2). 

The UV/vis absorbance spectra of all flavins 
bound to ppBat showed pronounced hypochromicity 
and long wavelength absorbance indicative of a 

charge-transfer complex (Table 1). This is in contrast 
to the rather modest quenching of both the flavin and 
the tryptophan fluorescence emission. Interestingly, 
virtually complete fluorescence quenching was 
observed for both fluorophores in model compounds, 
where stacking interactions between the isoalloxazine 
and indole ring were assumed26. Apparently, aromatic 
stacking interactions do not necessarily lead to 
complete fluorescence quenching. 

 

Figure 5. UV/Vis-absorbance spectra of ppBat with three different flavin analogs and lumichrome. Dashed lines represent 
spectra of ppBat saturated with the ligand, dashed-dotted lines were recorded after denaturation of the protein and solid lines 
are the spectra of the free chromophore. 

 

Figure 6. UV/Vis absorbance difference titration of iso-FMN (76 µM), 8-amino-riboflavin (rfl) (17 µM), 2-thio-riboflavin 

(32 µM) and 5-deaza-riboflavin (48 µM). 

A salient feature of flavoproteins is the stabilization 
of either the red (anionic) or blue (neutral) flavin 
radical (semiquinone)12. In the case of ppBat, 

reduction of bound flavin to the hydroquinone 
proceeded without the observable occurrence of a 
radical species (Figure 7). Similarly, reoxidation of 
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the reduced flavin yielded the oxidized form without 
any observable radical intermediate. Interestingly, the 
observed rate of reoxidation was approximately six 
times slower than for free flavin indicating that the 
mode of flavin binding in ppBat protects the flavin 
from reoxidation. This is in keeping with the current 
understanding of the control of oxygen reactivity by 
flavoenzymes. In recent years, it has emerged that 
enhanced oxygen reactivity is effected by an oxygen 
binding site near the C(4a)-position of the 
isoalloxazine ring where a superoxide anion is 
stabilized by a near-by positive charge, e.g. a lysine 
side-chain27, 28. The flavin binding site in ppBat 
neither provides interactions necessary to stabilize a 
flavin radical nor a superoxide anion near the C(4a) 
position. Thus the observed properties are in full 
agreement with the flavin binding mode. 

 

Figure 7. UV/Vis-absorbance spectra of the Trp164Phe 
and Trp164Ala variants.The solid and dashed lines 
represent the absorbance spectra of the Trp164Phe and 
Trp164Ala variant, respectively, purified with FMN added 
to the crude extract. The dotted and dash-dotted lines were 
obtained in the absence of additional FMN (“as isolated”). 
The insets show the HPLC analysis of bound ligands for 
the two variants as isolated. The traces show the 
absorbance at 370 nm: peak 1 = FAD, peak 2 = FMN, peak 
3 = riboflavin, peak 4 = lumichrome. 

Our studies have clearly shown that Trp164 is crucial 
for binding of flavins to the dimer interface of ppBat. 
In contrast to the aromatic stacking interaction, the 
assumed contact between the C2’ -hydroxyl group of 
the ribityl side chain and the main chain carbonyl of 
Asn161 contributes very little (1.14 kJ/mol) to the 
binding energy (Figure 9). On the other hand, 
lumichrome which features an alloxazine rather than 

an isoalloxazine π-electron system and has no side 

chain at N(10), binds weaker than riboflavin (ca. 6 
kJ/mol) and 2’ -deoxy-riboflavin (ca. 4.86 kJ/mol) 
suggesting that the side chain favourably affects 
binding to ppBat. Alignment of 29 sequences with at 

least 50% overall sequence identity showed that 
Trp164 and Asn161 are conserved in 18 and 22 
proteins, respectively (Figure 10). On the other hand, 
the two cysteines that complex the zinc ion are 
present in all of the 29 proteins. This suggests that 
the (catalytic?) function of the protein is related to 
the presence of the zinc centre and flavin binding 
may have evolved as an additional asset in a subset 
of homologous proteins. 

 

Figure 8. Anerobic photoreduction of ppBat in the 
presence of EDTA and benzylviologen shows that the 
FMN moiety can be directly reduced to its fully reduced 
form in a two-electron reduction process (isosbestic point 
at 343 nm) without the formation of either the red or the 
blue semiquinone radical. Absorbance spectra were 
recorded prior to illumination (top, solid line) and after 5, 
7, 9, 11, 14, 21, 33 and 103 min, respectively (from top to 
bottom). The spectrum after reoxidation with dioxygen is 
shown as a dashed line. Inset shows reoxidation in the 
stopped-flow apparatus by molecular oxygen. 

The binding mode in ppBat also rationalizes our 
findings that the protein is rather insensitive to the 
N(10) side chain carried by the isoalloxazine ring. 
Most flavoenzymes exhibit pronounced preference 
for either FMN or FAD and riboflavin is not used at 
all except in one case3. In addition, flavins with 
modifications in the isoalloxazine ring have lower 
affinity due to adverse effects on specific interactions 
with amino acids in the flavin binding pocket. As 
demonstrated by our affinity measurements, binding 
of modified flavins is in the same range as for the 
naturally occurring flavins and mainly governed by 
the side chain (i.e. iso-riboflavin and 5-deaza-
riboflavin have similar affinities than riboflavin and 
iso-FMN is similar to FMN). Therefore it appears 
that ppBat does not utilize the bound flavin for 
catalysis. Likewise, since flavin binding is also not 
required to maintain the dimeric structure of ppBat, 
we conclude that flavin binding to ppBat does not 
concern the potential catalytic function of the 
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protein. On the other hand the strong binding of 
flavins, in particular of riboflavin, suggests that 
ppBat may play a role as a storage protein for gut 
bacteria. 

 

Figure 9. Close-up of the flavin binding site of ppBat. The 
two tryptophans are almost equidistant to the plane of the 
isoalloxazine ring system (orange lines). The main chain 
carbonyl group of Asn161 engages in a hydrogen bond 
(magenta) to C’2-OH of the ribityl side chain. Distances are 
given in Ångstrom. The graphic was generated using 
PyMol. 

 

A related flavin binding mode was recently 
discovered in a family of archaeal and bacterial 

proteins. These so-called dodecins consist of twelve 
protomers of 68-71 amino acids with six flavin 
binding sites29. As in ppBat, two tryptophans 
sandwich the isoalloxazine or alloxazine 
(lumichrome) ring system, albeit, each binding site 
accommodates two ligands instead of one. In 
addition, other amino acids engage in hydrogen-bond 
interactions to the flavin ligand, for example an 
arginine side chain forms hydrogen bonds to C(4)=O 
of the isoalloxazine ring29-31. In the case of ppBat the 
only contacts are between the tryptophans of the two 
protomers and the isoalloxazine ring and a (weak) 
hydrogen bond between the carbonyl group of 
Asn161 of one protomer and the C’2-hydroxyl group 
of the ribityl side chain. Contacts between the 
pyrimidine ring and ppBat are not observed in the 
structure and hence the affinity of flavins to ppBat is 
mainly governed by the interaction with the indole 
side chains of the two tryptophans. Therefore it is not 
surprising that replacement of the tryptophans by 
alanine and phenylalanine has marked effects on the 
binding affinity.  

 
Figure 10. Alignment of the last 20 amino acids of the C-terminus of ppBat (amino acids 156 to 175) and related proteins 
from Bacteroides (B.), Parabacteroides (Pb.), Alistipes (A.), Dysgomonas (D.) and Sebaldella (S.). The tryptophan at 
position 164 is highlighted in green and the asparagine 161 in magenta. The percentage identity and similarity are given for 
the full-length proteins (175 amino acids). Two cysteines  (Cys 74 and Cys111, see Figure 1C) are conserved in all 
sequences shown in this figure. Additionally, Asp76, His131 and Glu160, which are between 5 and 6 Å from the metal 
binding site, are conserved in all sequences but B. vulgatus. 
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In the case of alanine, binding was virtually abolished 
whereas the Trp164Phe exchange has retained some 
affinity (see Figure 7). In contrast, replacement of 
Trp38 in dodecin from Thermophilus has apparently 
no consequence on the propensity to bind flavins as 
several other interactions still ensure stable complex 
formation (see pdb entry 2vyx29). 

This protein also binds coenzyme A and it appears 
that the dodacamer binds a mixture of cofactors in viv 
29, 31. Therefore dodecins appear to serve as cofactor 
storage proteins and may also be important as 
scavengers of potentially harmful cofactor degradation 
products, such as lumichrome, which is produced in 
the course of photodegradation of riboflavin in vivo29, 

31, 32. The dissociation constants determined for 
dodecin from Thermophilus are similar to those found 
for ppBat and support the notion that ppBat may as 
well serve as a storage protein in gut bacteria in vivo. 
A BLASTp search using the dodecin sequence of T. 

thermophilus against the B. thetaiotaomicron genome 
failed to retrieve a dodecin homolog. 

The distance between the plane of the indole ring 
of the two tryptophans and the isoalloxazine in ppBat 

is ca. 3.5 to 3.7 Å (Figure 9). A similar distance for π-

stacking interaction of a tryptophan and an 

isoalloxazine ring was seen in the dodecins (3.4 to 
3.8 Å) and was also found in the case of FMN 
adenylyltransferase33. Apparently, this distance is 

optimal for π-stacking interactions although the 

relative orientation of the interacting aromatic ring 
systems differs in the above mentioned proteins. 
Because the main contribution for flavin binding 

stems from the π-stacking interaction with the two 
tryptophan residues we assume that the asymmetric 
isoalloxazine binds in two possible orientations in 
the symmetric binding site (two-fold axis) provided 
by the two protomers of the dimeric protein. The 
electron density of pdb entry 3cne is consistent with 
50% occupancy of the two possible orientations of 
the tricyclic ring system. 
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Supplementary Figure 3 

UV/vis absorbance difference titration of 1-deaza-riboflavin (41 µM) with ppBat 

 

Supplementary Figure 4 

UV/vis absorbance difference titration of 2’ -deoxy-riboflavin (55 µM) with ppBat 
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ITC-determination of the dissociation constant for 2’ -deoxy-riboflavin at 25 °C 

 

 

Supplementary Figure 6 

Size exclusion chromatography of ppBat (solid line), ppBat with bound FMN (dashed line), 
Trp164 Phe (dotted line) and the Trp164Ala (dashed-dotted line) variant. 
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ABSTRACT 

A recently described putative protease from the gut bacterium Bacteroides thetaiotaomicron 

(termed ppBat) exhibits two tryptophan residues in the interface which enable specific binding of 

the isoalloxazine heterocycle of riboflavin and its two cofactor forms, FMN and FAD. 

Recombinant ppBat was used to capture riboflavin from bovine milk directly without any prior 

preparation steps. The flavin-loaded protein was then re-isolated by means of affinity 

chromatography to identify and quantify the captured flavins. Free riboflavin concentrations were 

determined to 197 and 151 µg/L for milk with 3.5 and 0.5% fat content, respectively. Total 

riboflavin concentrations were also determined after acid-treatment of milk and were 4-5 times 

higher than for free riboflavin. Free FMN and FAD were not detectable and only trace amounts of 

FMN were found in milk following acid treatment. The method appears to be amenable to develop 

a direct assay for free riboflavin in milk and other foods. 

INTRODUCTION 

Milk is a very complex biological fluid 

generated by the mammary glands that serves 

as the sole nutrient for the newborn. It contains 

carbohydrates, lipids, proteins and 

micronutrients such as the vitamins. Among 

these, vitamin B2 or riboflavin, is present in 

approximately up to 1 mg/L amounting to 70% 

of the daily recommended intake.1 In fact, the 

vitamin was first isolated by Richard Kuhn in 

the early 1930s from 50.000 L of whey.2 In 

recent years several methods based on HPLC 

analysis3 or fluorometry4 were established to 

analyse riboflavin and its two active 

coenzymes, FMN and FAD. The developed 

procedures suffer from several drawbacks such 

as the requirement for time consuming 
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precipitation and extraction steps and as a 

consequence the inability to distinguish 

between free and bound riboflavin and its 

derivatives. In addition, fluorometric 

quantification of riboflavin, FMN and FAD is 

difficult due to the vastly different 

fluorescence emission efficiency of these 

compounds 5. In the study presented here we 

have chosen a different approach to determine 

the flavin content in cow’s milk that is based 

on a recently discovered flavin-binding 

protein.6 In contrast to riboflavin binding 

protein (RBP) from chicken egg white the 

recombinant protein from Bacteroides 

thetaiotaomicron (ppBat) binds riboflavin (KD 

= 70 nM), FMN (KD = 400 nM) and FAD (KD 

= 800 nM) and hence can be used to scavenge 

all three naturally occurring forms of the 

vitamin. In addition, the recombinant protein is 

equipped with an N-terminal hexa-histidine tag 

enabling rapid separation, spectral 

characterisation and quantification of protein-

bound flavins. Using this protein, we could 

quantify and distinguish free and bound flavins 

in cow’s milk based on absorbance properties 

of the isolated flavin-protein complex. 

EXPERIMENTAL PROCEDURES 

Reagents & proteins 

All chemicals were of the highest grade 

commercially available from Sigma-Aldrich 

(St. Louis, MO, U.S.A.), Fluka (Buchs, 

Switzerland) or Merck (Darmstadt, Germany). 

Ni-NTA agarose was from GE Healthcare, 

Bio-Sciences AB (Uppsala, Sweden) and 

Sephadex resin was from Pharmacia Biotech 

AB (Uppsala, Sweden). Cow’s milk (3.5% and 

0.5% fat content) was from Stainzer Milch 

cooperation, Stainz, Styria. Raw milk was 

obtained from a local farm. 

The protein used to scavenge flavins 

was prepared by recombinant expression in E. 

coli host cells as described previously.6 

Purification of the protein was performed as 

follows: Resuspended cells were disrupted by 

0.5 s sonication pulses for 10 min while 

cooling on ice. The cell debris was removed by 

centrifugation at 18,000 g for 30 min at 4 ºC.  

The hexa-histidine tagged protein was 

purified by Ni-NTA affinity chromatography, 

loading the supernatant onto a Ni-NTA 

HisTrapTMHP column (GE Healthcare), 

previously equilibrated with lysis buffer. After 

loading of the filtrated lysate, the column was 

washed with ten column volumes of wash 

buffer (50 mM NaH2PO4, 300 mM NaCl, 20 

mM imidazole, pH 8.0) and bound protein was 

recovered with elution buffer (50 mM 

NaH2PO4, 300 mM NaCl, 150 mM imidazole, 

pH 8.0). The purity of the eluted fractions was 

determined by SDS/PAGE. Fractions 

containing ppBat were pooled, dialyzed 

against 20 mM Tris/HCl buffer containing 100 

mM NaCl (pH 8.0) over night and 

concentrated using Centripreps (Millipore). 

The final concentration was determined at 280 

nm using an ε280 of 13,075 M-1 cm-1. The 

protein was flash-frozen and stored at -20 °C. 
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Extraction of flavins 

15 ml of a buffer containing 50 nmol 

riboflavin, FMN and FAD was incubated with 

560 nmol ppBat for 30 min. In a second 

experiment 30 nmol riboflavin and 60 nmol of 

each FMN and FAD were used. After 

incubation, ppBat was isolated by affinity 

chromatography and the pooled protein 

fractions were concentrated to 1 mL 

microfiltration (Centripreps). An UV/vis-

absorbance spectrum was then recorded to 

determine the concentration of bound flavin. 

Heat denaturation at 95 ºC for 10 min was 

employed to release bound flavins from ppBat 

followed by HPLC analysis. 

Extraction of flavins from cow’s milk 

was performed as follows: To 100 mL milk 

360 nmol of ppBat were added and incubated 

for 30 min, then loaded onto a Ni-NTA resin 

(bed volume ca. 1 mL). The column was 

washed with ten column volumes of washing 

buffer and then bound ppBat was removed 

from the column by elution buffer (see above). 

The protein containing fractions were pooled 

and concentrated to 1 mL by microfiltration 

(Centripreps). Protein-bound flavins were 

analyzed by UV/vis-absorbance spectroscopy. 

In addition, the flow through was collected and 

precipitated by adding 5 mL 100% 

trifluoroacetic acid at 4 °C. The precipitate 

was removed by centrifugation (30 min at 

18,000 rpm) and the supernatant was brought 

to pH 8 by slowly adding 1 M NaOH. 25 mL 

of the supernatant were diluted with an equal 

volume of lysis buffer and 460 nMol ppBat 

was added. Following 30 min incubation 

ppBat was isolated as described before. This 

two-step isolation of flavins was 

complemented by a single extraction 

experiment. In this case, 100 mL of milk was 

precipitated with 5 mL trifluoroacetic acid and 

the total flavin was determined using the 

isolation procedure described above.  

UV/vis absorbance spectroscopy 

UV/visible absorbance spectra were recorded 

with a Specord 210 spectrophotometer 

(Analytik Jena, Jena, Germany).  

HPLC determination of flavins  

Bound flavins were released by thermal 

precipitation of ppBat at 95 °C for 10 min, 

cooling on ice for 5 min and centrifugation for 

5 min. The flavin extracts were loaded onto an 

Atlantis® dC18 8 µm 4.6 x 250 mm column 

(Waters) and eluted with a water/acetonitril 

multi-step gradient (0-1.5 min 0-5% 

acetonitrile; 1.5-20 min 5-60% acetonitrile; 

20-22 min 95% acetonitrile) at a flow rate of 1 

mL/min. The elution was monitored by UV-

absorption at 370 nm and cofactors were 

identified according to their elution time and 

UV/vis absorbance spectrum. 
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RESULTS &  DISCUSSION 

The flavin-binding site of ppBat is unusual 

because it does not strictly distinguish flavins 

according to the N(10) side chain attached to 

the isoalloxazine ring system as is typical for 

flavoproteins. This is due to the formation of a 

sandwich complex where the isoalloxazine 

ring system is stacked by two indole side 

chains of tryptophan residues in the interface 

of the protein dimer. Figure 1 shows a cartoon 

representation of the re-determined crystal 

structure of ppBat in the presence of riboflavin 

(compare with pdb code 3cne). Details of the 

X-ray structure analysis will be reported 

elsewhere (manuscript in preparation).  

 
Figure 1. Structural representation of the flavin-binding protein 

from Bacteroides thetaiotaomicron (ppBat). The dimeric protein 

is shown in a cartoon representation with α-helices shown in red 

(left protomer) and blue (right protomer) and β-sheets in yellow 

(left protomer) and magenta (right protomer). The putative zinc 

atoms in each of the protomers are shown as orange spheres. 

Riboflavin (top center) is sandwiched between two tryptophans, 

one from each protomer, and is shown as a stick model. 

Riboflavin is bound in two orientations with the N(10)-side 

chain pointing either pointing into the plane or out of plane 

corresponding to the C2 axis of the dimer. The figure was 

prepared using the program PyMol.7 

Except for the π-stacking interaction the 

crystal structure of the protein does not show 

any further binding contacts. This rationalizes 

the finding that all three naturally occurring 

flavins bind to the protein. To proof that ppBat 

scavenges riboflavin, FMN and FAD, we 

incubated a cocktail containing these 

compounds with excess protein and then 

isolated the His-tagged protein by affinity 

chromatography. Bound flavins were released 

by heat denaturation and then analyzed by 

HPLC. As shown in Figure 2, all three natural 

flavins were recovered by ppBat, however the 

recovery of FAD was less than expected based 

on the ratio of flavins in the incubated samples 

(Table 1). This finding is likely to reflect the 

weaker binding of FAD (KD = 800 nM) 

relative to FMN (KD = 400 nM) and riboflavin 

(KD = 74 nM).6 

 
Figure 2. Extraction of riboflavin, FMN and FAD using ppBat. 

Shown are the UV/vis absorbance spectra of ppBat as isolated 

(dashed dotted dotted line), ppBat saturated with riboflavin 

(dashed line), ppBat incubated with 50 nmol riboflavin, FAD 

and FMN (solid line), and ppBat incubated with 30 nmol 

riboflavin, 60 nmol FAD and FMN. The inset shows the HPLC 

analysis of bound ligands from the first incubation mixture. The 

trace shown was recorded at 370 nm: peak 1 = FAD (retention 

time 10.7 min), peak 2 = FMN (retention time 11.6 min), peak 3 

= riboflavin (retention time 12.4 min) and peak 4 = lumichrome 

(retention time 15.7 min). 

Following this initial experiment, we 

employed ppBat to scavenge free flavins 

present in milk with different fat content (raw, 

3.5% and 0.5%). In all cases, ppBat efficiently 
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trapped free flavins although the procedure 

was less amenable to raw milk since the high 

fat content apparently reduced the flow rate of 

the affinity column resulting in low protein 

recovery. Isolation of the flavin-loaded ppBat 

yielded a UV/vis absorbance spectrum with 

peaks at 370 and 445 nm previously reported 

for riboflavin bound to ppBat6 (Figure 3). 

Analysis of the bound flavins by HPLC 

showed that riboflavin is the dominant flavin 

species extracted with this method (Figure 3, 

inset). Using the molar absorption coefficient 

of bound riboflavin (10,900 M-1 cm-1) the 

amount of free riboflavin was calculated to 

197 and 151 µg/L for 3.5% and 0.5% milk, 

respectively.

 

Table 1. Binding of riboflavin, FMN and FAD by ppBat. The protein (560 nmol) was incubated with the indicated 

amount/concentration of Riboflavin (Rfl), FMN and FAD in 15 mL buffer, pH 8.0. Each experiment was performed in triplicate (A-C) 

and the relative peak areas were determined at 370 and 450 nm, the maxima of the UV/vis-absorbance spectrum. 

 

Peak area Rfl FMN FAD Rfl FMN FAD 
(mAU *  min) (50 nmol) (30 nmol) (60 nmol) 
A  
370 nm 3.78 3.68 2.47 1.86 2.57 2.70  
450 nm 4.65 4.52 3.01 2.37 3.75 3.84 
 
B 
370 nm 3.95 3.69 2.40 1.71 2.36 2.06  
450 nm 4.86 4.52 2.94 2.11 2.90 2.51 
 
C 
370 nm 2.02 2.70 2.30 3.61 3.32 2.20 
450 nm 2.48 3.31 2.81 4.43 4.08 2.69 
 
 
 

Since this is considerably lower than 

previously reported values3, we reasoned that 

most of the flavin is not available for binding 

to ppBat as it is present in a bound form. In 

order to evaluate this assumption, we collected 

the flow-through from the affinity column and 

denatured the milk proteins by acid 

precipitation. After adjustment of the pH to 

8.0, the supernatant was again incubated with 

ppBat to bind any released flavins. The 

scavenger protein was then isolated and the 

flavin content determined as described before. 

In a parallel experiment, milk was first treated 

with acid and then incubated with ppBat after 

pH adjustment to determine the total amount 

of flavin (in 100 mL). The UV/Vis absorbance 

spectra of the flavins scavenged by ppBat are 

shown in Figure 3. The result clearly confirms 

our assumption that the fraction of free flavin 

amounts to 20-25% of the total flavin and that 

the remainder is present in a bound form and 

therefore not scavenged by ppBat. HPLC 

analysis of the total flavin demonstrates that 

most of the total flavin is found as riboflavin 

with only minor traces present as FMN (see 

inset of Figure 3). 
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Figure 3. Extraction and isolation of flavins from cow’s milk. 

Panel A shows a typical spectrum of ppBat after incubation with 

milk and subsequent purification by affinity chromatography 

(free flavins isolated from 25 mL 3.5 % milk. Shown are the 

UV/vis absorbance spectra of ppBat as isolated (dashed-dotted-

dotted line), ppBat saturated with riboflavin (dashed line) and 

ppBat incubated with 25 mL of 3.5% fat bovine milk (solid 

line). After incubation ppBat was isolated by affinity 

purification as detailed in materials and methods. The inset 

shows the HPLC analysis of bound ligands. The trace was 

recorded at 370 nm and shows one main peak at the expected 

retention time for riboflavin (12.5 min). 

As summarized in Table 2, the amount 

of flavin released by acid treatment exceeds 

the amount of free flavin by a factor of 4-5 

resulting in an overall flavin content of ca. 800 

µg/L which is close to the reported flavin 

concentration of cow’s milk 3. Similar flavin 

concentrations were obtained when milk was 

denatured first and the total flavin content was 

determined by means of binding to ppBat (last 

line in Table 2). Interestingly, the flavin 

composition of the free and acid-released 

fraction slightly varies in that the latter also 

contains FMN, which is basically absent in the 

free flavin fraction (Figure 3 and 4, compare 

insets). It appears that charged flavin species 

such as FMN and FAD are readily bound by 

milk components, such as the calcium-rich 

micelles, and therefore not available for 

binding to ppBat.  

 
Figure 4. Analysis of total flavin content of cow’s milk. Shown 

are the UV/vis absorbance spectra of ppBat as isolated (dashed-

dotted-dotted line), ppBat saturated with riboflavin (dashed line) 

and ppBat incubated with 25 mL of 0.5% fat bovine milk: free 

riboflavin in milk (solid line), protein-bound riboflavin in milk 

(dashed-dotted line) and total amount of riboflavin in milk 

(dotted line). The inset shows the HPLC analysis of flavins 

released from ppBat as described in materials and methods. The 

trace was recorded at 370 nm: peak 1 = FMN (retention time 

11.6 min), peak 2 = riboflavin (12.4 min) and peak 3 = 

unidentified compound (14.6 min). 

To further evaluate this assumption, we 

added 300 µg/L FMN and FAD to a milk 

sample prior to analysis with our method. 

Surprisingly, none of the extra flavins were 

captured by ppBat indicating that the flavins 

were sequestered by milk components 

preventing binding to ppBat. 

Previous studies have shown that the 

distribution of flavins strongly varies with the 

milk fraction. Kanno et al. found the largest 

percentage of flavins in whey (67%) followed 

by the casein fraction (18%), skim milk 

membrane (9%) and cream (8%).8 In addition, 

the ratio of free to bound flavin depends on the 

fraction with whey containing 92.4% free 

flavin while 72.4% of flavins found in the 

cream are in a bound form.8 The association of 

flavins is also complex as some flavins in their 

coenzyme forms FMN and FAD are present in 

milk redox enzymes such as the FAD-
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dependent enzymes xanthine oxidase and 

sulfhydryl oxidase.9-11 However, the majority 

of bound flavins appear to be unspecifically 

associated with proteins, in particular 

riboflavin as it is not present in enzymes, 

which have either FMN or FAD specifically 

bound to their active sites.12 Taking the 

complexity of flavin distribution and 

association into account our results can be 

readily rationalized. 

 

Table 2. Determination of free and bound flavin in cow’s milk 
 

Sample 3.5% milk 0.5% milk 
 µg/L of total riboflavin 
 
free  197 ± 74 151 ± 22 
 
bound 625 ± 72 619 ± 132 
 
Σ free + bound 822 ± 14 770 ± 116 
 
total 623 ± 60 813 ± 61 

 

 

Since we aimed to demonstrate that 

ppBat scavenges flavins directly from milk 

without any preparatory steps such as 

centrifugation, precipitation or extraction we 

could clearly identify and quantify free 

riboflavin in bovine milk. The lower amount 

of riboflavin found is due to the fact that most 

(ca. 75%) of flavins (mostly riboflavin) is 

associated with protein components of the 

milk fat globule membranes.8 Release of 

flavins from these proteins by acid treatment 

enabled the determination of the ratio of free 

to bound riboflavin. 

Although ppBat has a lower affinity to 

FMN and FAD our pilot experiments have 

clearly shown that these two forms are also 

scavenged from a flavin-containing cocktail. 

However, we could only detect very small 

traces of FMN and FAD in acid-treated milk 

(see Figure 4). Interestingly, even the addition 

of FMN and FAD to milk samples did not lead 

to recovery of the added extra flavins by ppBat 

suggesting that they were bound by protein 

components of the milk, e.g. the milk fat 

globule membrane fraction and hence are not 

available for the ppBat flavin binding site. 

In this study we have shown that ppBat 

is capable of extracting free flavins, most 

specifically riboflavin, from milk without any 

prior treatment of the sample. In our view, 

ppBat could be used to rapidly detect 

riboflavin in milk and other food samples by 

fluorometry, for example by immobilization of 

ppBat (e.g. by its hexa-histidine tag) and 

measurement of the flavin fluorescence 

emission as a function of sample 

concentration. 
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15.1 Introduction 

Additionally to previous studies on the flavin binding site in ppBat from Bacteroides 

thetaiotaomicron1, we were further interested in the complete biochemical characterization 

of the flavin binding site in this novel putative protease. In ppBat, the flavin moiety is 

sandwiched between the dimeric interface of the protein by the indole rings of two 

tryptophan residues (Trp164) almost equidistant. Previous studies showed that the flavin 

moiety is not responsible for a dimerization of the protein since the Trp164Ala variant, 

which was not able to bind a flavin cofactor anymore, still occurred as a dimer in solution. 

In the Trp164Phe variant the dissociation constant between riboflavin and the enzyme was 

16 fold increased in comparison to the wild type protein, indicating, that the tryptophan 

residues are crucial for a tight binding of the isoalloxazine-moiety of naturally occurring 

flavins as well as several chemically modified flavin analogues in ppBat.1 

Moreover the function of the zinc ion regarding a possible catalytic or structural role in the 

protein has not been investigated. The metal binding site in the protomer is assembled by 

two cysteine residues (Cys74 and Cys111, respectively) and two water molecules, 

coordinating the zinc ion in a way which does not occur in any known protein. Single and 

double mutants were prepared by exchanging the hydrophilic cysteine residues to 

hydrophobic alanine residues, which might not be able to coordinate the zinc ion anymore.  

During this study of the flavin binding site in ppBat the redox potentials of 

oxidized/reduced FMN (enzyme bound and free in solution) have been determined. From 

these data the binding affinities between ppBat wild type and its variants and the reduced 

cofactors have been calculated, starting from the dissociation constants between the 

enzyme and the oxidized flavin. For the identification of a potential structure stabilizing 

role of the zinc ion in the enzyme, temperature stability studies of ppBat wild type and 

variants were investigated using circular dichroism (CD) measurements and thermofluor 

experiments. Measurements were additionally performed in the presence of ethylene 

diamine tetra acetic acid (EDTA) which acts as a chelating agent and forms complexes 

with metal ions. 
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15.2 Experimental Procedures 

Site-Directed Mutagenesis: Modification of the zinc binding site was achieved by 

substitution of the cysteine residues to alanine residues. Therefore the single variants 

Cys74Ala and Cys111Ala as well as the double mutant Cys74Ala Cys111Ala were 

prepared by STEFANIE MONSCHEIN during her master thesis. 

Expression and Purification: The expression and purification of ppBat and its variants was 

performed as described by Knaus et al.1 

Zinc Determination: The amount of zinc in ppBat variants was determined by inductively 

coupled plasma optical emission spectrometry (ICP-OES) at the Institute of Analytical 

Chemistry and Food Chemistry, Graz University of Technology by Dipl.-Ing. Dr. techn. 

HELMAR WILTSCHE. 

Determination of the Dissociation Constants between Oxidized Flavin Species and ppBat 

Variants: Dissociation constants for the binding of oxidized flavins to ppBat variants were 

determined using a VP-ITC system (MicroCal) as described previously.1 All experiments 

were performed at 25 °C in 20 mM Tris/HCl, 100 mM NaCl, pH 8.0 buffer and solutions 

were degassed immediately before measurements. Titration experiments for riboflavin and 

FMN consisted of 24 injections (7 µL, duration time 14 sec, spacing time 300 sec) of a 

flavin solution (480 µM riboflavin and 530 µM FMN, respectively) to 1.495 mL of the 

Cys74Ala, Cys111Ala and Cys74Ala Cys111Ala variants (40 µM). 40 µM of ppBat 

Trp164Phe were titrated with 7 µL aliquots of 530 µM FMN for 40 times (duration time 7 

sec, spacing time 300 sec). One set of sites fitting with Origin version 7.0 (MicroCal) for 

ITC data analysis was used to obtain dissociation constants. 

Redox Potential: The redox potential (E0) of oxidized/reduced FMN free in solution and 

protein bound was determined by the dye-equilibration method using the 

xanthine/xanthine oxidase electron delivering system as described in a previous study.2 

Concentrations of redox dye and protein were chosen in a way that the absorbance 

maxima were roughly in the same range. Reactions were carried out anoxic in 20 mM 

Tris/HCl, 100 mM NaCl buffer at pH 8.0 with a Hi-Tech (SF-61DX2) stopped-flow 

device (TgK Scientific Limited, Bradford-on-Avon, UK) positioned in a glove box from 

Belle Technology (Weymouth, UK) at 25 °C. The simultaneously reduction process of 
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FMN (free in solution and bound to ppBat and its variants, respectively) and the redox 

dye, was measured by monitoring changes in the absorbance with a KinetaScanT diode 

array detector (MG-6560, TgK Scientific Limited). The reactions were started by rapidly 

mixing of a solution containing xanthine (300 µM), benzyl viologen (5 µM, mediator) and 

the appropriate amount of enzyme and a mixture of xanthine oxidase (from bovine milk, 

Grade III, SIGMA Aldrich, approximately 2 nM) and redox dye (phenosafranin, E0 = -252 

mV). Redox potentials were calculated from plots of log([ox]/[red]) of the enzyme versus 

log([ox]/[red]) of the redox dye according to Minnaert.3 

Determination of the Dissociation Constants between Reduced Flavin and Protein: From 

the determined redox potentials between FMN/FMNH2 and the dissociation constants 

between the oxidized flavin and ppBat, the dissociation constants between the reduced 

form of the cofactor and the enzymes could be calculated according to the thermodynamic 

relationship which is described in Scheme 1.4 

FMNfree, oxidized

KD, oxidized

∆G2 = R∗T∗lnKB

FMNprotein bound, reduced

∆G1 = z∗F∗E0, FMN/FMNH2, free

∆G4 = R∗T∗lnKB

KD, reduced

FMNprotein bound, oxidized

FMNfree, reduced

∆G3 = z∗F∗E0, FMN/FMNH2, protein bound

 

Scheme 1. Thermodynamic relationship between the redox potentials and the dissociation 

constants (adapted from reference 4). 

The abbreviations used in Scheme 1 are explained in the table below: 

Table 1. Explanation of abbreviations used in Scheme 1. 

abbreviation name unit 

KD dissociation constant [M] 

∆G Gibbs energy [J·mol-1] 

R gas constant 8.314472 [J·mol-1·K-1] 

T temperature [K] 

KB
 binding constant [M-1]* 

z number of electron transferred simultaneously  -  

F Faraday constant 96,485.34 [J·mol-1·V-1] 
* KB = KD

-1 
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The Gibbs energy for the binding affinity between the reduced cofactor and the enzyme 

can be calculated according to the correlation as described in Equation 1: 

Equation 1    43  21 ∆G  ∆G ∆G  ∆G +=+  

Temperature Stability of ppBat and Variants: The temperature stability of the enzymes has 

been studied using two different kinds of methods: (i) CD-Measurements were carried out 

in quartz cells of 0.02 cm thickness on a JASCO J-715 spectropolarimeter (Essex, UK). 

Approximately 1 mg/mL of protein (dissolved in 20 mM Tris/HOAc buffer, pH 8.0) was 

heated up from 25 °C to 95 °C (heat rate 1 °C·min-1, regulated with a Julabo F25 water 

bath – Seelbach, Germany) and changes in the secondary structures of the proteins 

according to thermal denaturation were monitored at a wavelength of 210 nm. 

Additionally CD spectra were recorded between 190 and 260 nm every 5 °C of heating. 

Spectra were corrected for the buffer background and converted to molar ellipticity. (ii) 

Thermofluor® and ThermoFAD Studies: The unfolding of ppBat and variants due to 

increasing temperatures was further determined by a monitoring of the fluorescence using 

a solvatochromic dye (Thermofluor®) and the intrinsic fluorescence of the protein bound 

flavin cofactor (ThermoFAD) as described previously.5,6 In the case of Thermofluor® 

measurements, SYPRO Orange was used as fluorescence indicator. An increasing 

fluorescence signal can be measured, due to the binding of the dye on hydrophobic parts 

of the protein which are released to the surface when the protein gets unfolded. 

ThermoFAD measures the increase of the intrinsic flavin fluorescence when the cofactor is 

released from the protein and its fluorescence is therefore not quenched by the protein 

environment anymore. Measurements were carried out in 20 mM Tris/HCl, 100 mM NaCl 

buffer, pH 8.0 with a protein concentration of 1 mg/mL using a reaction volume of 25 µL. 

In the case of Thermofluor® experiments additionally 5 µL SYPRO orange dye (Sigma 

Aldrich, diluted 1:100) were added. Additional experiments were performed by the 

addition of EDTA (5-fold molar excess) into the protein solutions. Samples were pre-

heated to 25 °C for 60 sec, before the temperature was raised to 95 °C in 0.5 °C every 30 

seconds. The fluorescence emission was determined using a SYBR Green fluorescence 

emission filter for intrinsic flavin fluorescence and a HEX fluorescence emission filter for 

the SYPRO orange dye. 
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15.3 Results 

Zinc Content: In contrast to ppBat wild type where stoichiometric amounts of zinc have 

been determined by ICP-OES measurements1, only traces of zinc have been found in the 

double mutant Cys74Ala Cys111Ala as well as in single mutants Cys74Ala and 

Cys111Ala, respectively. 

Redox Potential: The redox potentials of ppBat and variants have been determined in 

order to further calculate the dissociation constants between the protein and reduced FMN. 

The simultaneous reduction process for ppBat wild type saturated with FMN using 

phenosafranin as redox dye is shown in Figure 1. In the inset the Nernst-plot used for the 

calculation of the redox potential is displayed. The slope of approximately one shows that 

a simultaneous two-electron-transfer occurs in this system. 

 

Figure 1. Representative example for the determination of a redoxpotential. The measurement 

shows the simultaneous reduction of ppBat wild type with bound FMN and the phenosafranin dye 

using the xanthine/xanthine oxidase system. Selected spectra of the course of reduction are 

displayed. In the inset the Nernst plot, which was used for calculating the redox potential of the 

enzyme-bound FMN cofactor is shown. Data points for evaluation were measured at 414 and 520 

nm for flavin and dye, respectively, where no significant influence of the other chromophore could 

be observed.  

The redox potentials calculated for ppBat and variants are summarized in Table 2. Hereby 

it should be pointed out that the redox potentials for the wild type enzyme and the cysteine 

variants are almost in the same range and approximately 30 mV different from the redox 

potential of FMN free in solution. However, FMN bound to the Trp164Phe variant shows 

a similar redox potential to free in solution.  
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Table 2. Calculated redox potentials 

enzyme redox potential E0 [mV] 

FMNfree -222 

ppBat wild type (FMN) -252 

ppBat Trp164Phe (FMN) -229 

ppBat Cys74Ala (FMN) -256 

ppBat Cys74Ala Cys111Ala (FMN) -247 

 

Dissociation Constants for ppBat and Variants: The dissociation constants for the wild 

type enzyme and the variants were determined by isothermal titration calorimetry. A 

typical result from a titration experiment is depicted in Figure 2 which shows the titration 

of the Cys74Ala variant with FMN.  

 

Figure 2. Representative example for the determination of a dissociation constant by isothermal 

titration calorimetry. The measurement shows the titration of the ppBat Cys74Ala variant (40 µM) 

with FMN in 20 mM Tris/HCl, 100 mM NaCl buffer, pH 8.0 at 25 °C. 

From the analysis of the dissociation constants reported in Table 3, one can deduce that 

the zinc ion does not affect the affinity of the enzyme with the flavin cofactors as 

expected. In contrast the Trp164 is fundamental for the binding of the flavin moiety since 

dissociation constants are approximately 15 fold increased. Taking into account the redox 

potential reported in Table 2 and the dissociation constants for the oxidized FMN reported 

in Table 3, we could determine the dissociation constant for the reduced forms of FMN. 

Interestingly, the values of the KD, reduced increased roughly 10 fold for the wild type and 

cysteine variants, whereas only 1.7 fold for the Trp164Phe variant.  
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Table 3. Dissociation constants between oxidized/reduced flavin and ppBat and variants. 

  KD oxidized [nM] KD reduced [nM] 

enzyme riboflavin FMN FMN 

ppBat wild type 74 ± 5* 487 ± 19* 5030 

ppBat Trp164Phe 1190 ± 150* 8460 ± 400 14600 

ppBat Cys74Ala 87 ± 5 435 ± 17 6140 

ppBat Cys111Ala  91 ± 10 445 ± 15 n.d.□ 

ppBat Cys74Ala Cys111Ala 121 ± 11 488 ± 40 3414 

* data are already published1 and shown for comparison 
□ not determined 

 

Temperature Stability Studies: For the determination of the melting point of ppBat, 

initially CD-measurements were performed for the wild type enzyme and the Trp164Phe 

variant as isolated and saturated with FMN, respectively, and for the Trp164Ala variant. 

Figure 3A shows the changes of the molar ellipticity at 210 nm at an increasing 

temperature for all performed experiments. Interestingly, none of the proteins investigated 

shows a complete unfolding of their secondary structures. In Figure 3B selected CD-

spectra recorded from 190 to 260 nm during the up-scan (25 to 95 °C) and down-scan (95 

to 25 °C) for the wild type enzyme are shown. At approximately 75 °C (green line) the 

conformation of ppBat undergoes structural changes in the secondary structure, however, a 

complete disorganization due to melting of the enzyme cannot be observed. These results 

were obtained for all proteins measured. 

 

Figure 3. CD-measurements. (A) Changes in the molar ellipticity recorded at 210 nm at increasing 

temperatures for all enzymes tested. (B) Selected CD-spectra for ppBat wild type recorded during 

up-scan (25 to 95 °C) and down-scan (95 to 25 °C). 

(A) (B) 
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As the CD-measurements did not show clear results regarding the behavior of ppBat at 

increasing temperatures, Thermofluor® and ThermoFAD Studies were carried out. In these 

experiments the variants which showed modifications in the zinc binding have been 

investigated as well. The “unfolding”  curves for ppBat and its variants using 

Thermofluor® measurements without EDTA and in the presence of the chelating agent are 

shown in Figure 3A and Figure 3B, respectively. It is clearly visible that the cysteine to 

alanine variants, which are not able to bind a zinc ion anymore, show significantly 

decreases in their rearrangement temperatures in comparison to the wild type enzyme and 

the tryptophan variants (Figure 3A). Moreover, in the presence of EDTA, only the 

rearrangement temperatures of ppBat wild type and Trp164 variants were decreased for 

almost 12 °C to the same temperature range as was observed for the cysteine to alanine 

variants. The determined rearrangement temperatures for all measurements prepared are 

listed in Table 4. 

 

Figure 4. Rearrangement curves for ppBat and its variants using Thermofluor® studies. (A) 

Temperature studies on ppBat and variants using the SYPRO orange fluorescence dye. (B) 

Temperature studies on ppBat and variants using the SYPRO orange fluorescence dye in the 

presence of the chelating agent EDTA.  

(A) 

(B) 
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Measurements were carried out for every enzyme (i) as isolated, (ii) saturated with 

riboflavin and (iii) saturated with FMN. Interestingly, the proteins saturated with 

riboflavin showed a slightly increased rearrangement temperature in comparison to the 

isolated form or the protein saturated with FMN. Moreover, the Trp164Phe variant, which 

shows a significantly higher dissociation constant for the binding of flavins in comparison 

to the wild type enzyme, shows a decreased rearrangement temperature (approximately 2.5 

to 3 °C). These results indicate, that the binding of a flavin moiety between the tryptophan 

residues of the dimeric protein stabilizes the structure in a slightly way. 

Table 4. Summary of Thermofluor® and ThermoFAD studies. 

  
Trearrangement [°C]  

flavin fluorescence 
Trearrangement [°C]  
SYPRO orange 

Trearrangement [°C]  
flavin fluorescence 

EDTA 

Trearrangement [°C]  
SYPRO orange 

EDTA 

ppBat 73.5 72.0 61.0 60.0 

ppBat-RF 75.5 74.5 62.0 61.5 

ppBat-FMN 74.5 73.5 60.5 61.0 

Trp164Phe  -  70.5 - 59.0 

Trp164Phe-RF  -  71.5 - 59.5 

Trp164Phe-FMN  -  71.0 - 59.5 

Trp164Ala  71.0 - 59.5 

Cys74Ala 56.0 55.5 56.5 55.5 

Cys74Ala-RF 58.0 57.5 56.5 57.5 

Cys74Ala-FMN 56.5 56.5 55.0 57.0 

Cys111Ala 63.0 61.0 63.5 61.0 

Cys111Ala-RF 64.5 63.5 64.0 63.5 

Cys111Ala-FMN 63.5 62.5 63.5 63.0 

Cys74Ala Cys111Ala 62.5 60.0 63.0 60.5 

Cys74Ala Cys111Ala-RF 64.0 62.5 64.0 63.0 

Cys74Ala Cys111Ala-FMN 63.5 62.0 63.0 62.0 

15.4 Discussion 

ICP-OES studies showed that neither the cysteine to alanine single variants nor the double 

variant were able to bind a zinc ion anymore. That means that both cysteine residues are 

crucial for the binding of the metal ion in ppBat.  

The redox potentials of FMN bound to ppBat wild type or the Cys74Ala variant or the 

Cys74Ala Cys111Ala variant are nearly the same. In contrast both free FMN and FMN 

bound to Trp164Phe variant possess a 30 mV higher redox potential. Additionally, from 

the analysis of the dissociation constants reported in Table 3, one can deduce that the zinc 
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ion does not affect the affinity of the enzyme with the flavin cofactors. In fact, the 

Cys74Ala and Cys111Ala variants are not able to bind zinc ion anymore. Nevertheless, the 

dissociation constants for riboflavin and FMN are essentially the same for both variants in 

comparison to the wild type. The situation is completely different in the case of the 

Trp164Phe variant, whereby a 15 fold increased binding constant was measured. The 

exchange of the Trp164 residue to phenylalanine also caused the remarkable increase of 

the redox potential (ca. 30 mV) compared to the wild type and the other variants, 

demonstrating that this residue is highly important for the binding of the cofactor and 

contributes to increase the electron density on the isoalloxazine moiety due to π-stacking.  

From CD-measurements, we were unable to infer the melting point of ppBat and variants 

since the typical sigmoidal profile for the molar ellipticity was not observed. Although the 

CD-spectra recorded in the near UV range did not show a significant difference while 

raising the temperature. These preliminary observations already pointed out the extreme 

thermal stability of the wild type enzyme and the variants. Nevertheless, Thermofluor® 

and ThermoFAD studies were undertaken in order to evaluate whether the mutations could 

influence the stability of the enzyme.  

In Figure 4A and B, the maximum of fluorescence for the SYPRO orange dye represents 

the temperature where the protein undergoes unfolding or significant rearrangement of the 

secondary structure. In this respect, the replacements of the Trp164 residue to 

phenylalanine or alanine provoked a slightly decrease of the rearrangement temperature in 

comparison to the wild type enzyme. In fact, the Trp164 is involved in the binding of the 

flavin cofactor to the enzyme; thus replacing this residue reduces the ability of the protein 

to bind the cofactor with high affinity leading to a moderate destabilization of the dimeric 

structure. The stabilizing effect of the flavin cofactor bound to the protein is clearly shown 

in Table 4 whereby, for all the variants tested, the rearrangement temperature was always 

higher when the protein was saturated with riboflavin in comparison to protein as isolated 

or saturated with FMN. This interpretation is also in agreement with the dissociation 

constants determined, as riboflavin shows the highest affinity to ppBat (Table 3).  

The mutation of either Cys74 or Cys111 to alanine residues leads to zinc-free proteins, 

causing a striking decrease of the rearrangement temperature from 74 °C to around 60 °C 

and therefore indicating that zinc has a structural role. In another experiment, ppBat wild 

type and variants were incubated in presence of EDTA to remove the zinc ion from the 
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protein structure. In this case all the proteins showed a very similar rearrangement 

temperature supporting again the structural function of the zinc (Figure 4B). It is worth 

noting that in Figure 4A the Cys74Ala variant has the lowest rearrangement temperature in 

comparison to the other single and double variants. This finding can be interpreted on the 

basis of the crystal structure of ppBat. The Cys74 is exposed to the protein surface and 

located in proximity to a hydrophobic pocket consisting of Val78, Val10 and Phe72. One 

might expect that the alanine residue of the Cys74Ala variant flips positioning the 

hydrophobic group towards the inner hydrophobic pocket, hence provoking a significant 

rearrangement of the secondary structure and leading to lower thermostability. 

Conversely, Cys111 is positioned far away from this hydrophobic pocket thus the alanine 

residue of the Cys111Ala variant does not flip, which reflects the higher thermostability of 

this variant compared to the Cys74Ala variant.  
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