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Abstract 

This thesis describes the rational design of a novel enzyme, a thiolester hydrolase, derived 
from human glutathione transferase (GST) A1-1 by the introduction of a single histidine 
residue. The first section of the thesis describes the design and the determination of the 
reaction mechanism. The design was based on the crystal structure of human GST A1-1 
complexed with S-benzylglutathione. The resulting enzyme, A216H, catalyzed the 
hydrolysis of the non-natural substrate GSB, a thiolester of glutathione and benzoic acid. 
The reaction followed saturation kinetics with a kcat of 0.00078 min-1 and KM of 5 µM. The 
rate constant ratio, (kcat/KM)/kuncat, was found to be more than 107 M-1. The introduction of a 
single histidine residue in position 216 opened up a novel reaction pathway in human GST 
A1-1 and is a nice example of catalytic promiscuity. The substrate requirements were 
investigated and A216H was found to be selective since only two out of 18 GS-thiolesters 
tested were substrates for A216H. The reaction mechanism of the A216H-catalyzed 
hydrolysis of GSB was determined and found to proceed via an acyl intermediate at Y9. 
The hydrolysis was catalyzed by H216 that acts as a general base and the deacylation was 
found to be the rate-determining step. The Y9-intermediate could be selectively trapped by 
oxygen nucleophiles and primary alcohols, in particular 1-propanol and trifluoroethanol, 
were the most efficient. In addition, saturation kinetics were obtained in the acyl transfer 
reaction with 1-propanol indicating the presence of a second binding site in A216H. 
 
The second section of this thesis describes the site-specific covalent modification of human 
GST A1-1. The addition of GSB to the wild-type protein results in a site-specific 
benzoylation of only one tyrosine residue, Y9, out of ten present in the protein (one out of 
totally 51 nucleophiles). The reaction was tested with five GST classes (Alpha, Mu, Pi, 
Theta and Omega) and found to be specific for the Alpha class isoenzymes. The covalent 
modification reaction was further refined to target a single lysine residue, K216, providing 
a more stable linkage in the form of an amide bond. The reaction was found to be versatile 
and approximately 50% of the GS-thiolesters tested acylated K216, including a 
fluorophore. 
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1. Introduction 

A multitude of fascinating chemical processes occur in Nature every day and every second. 
Some of these processes are mediated through macromolecules called proteins that have 
evolved in Nature over millions of years to perform a diversity of reactions and other 
functions. The modestly reactive amino acids, the building blocks of proteins, have been 
oriented and put into a structural context that greatly enhances their intrinsic reactivities 
and affinities due to the effects of synergy, Figure 1. 
 
Enzymes are proteins that catalyze chemical reactions and are attractive agents in 
biotechnology due to the large rate enhancements and specificities obtained in biochemical 
transformations. Although Nature has provided us with a wealth of proteins, tailor-made 
enzymes for specific chemical reactions are still highly desirable and a challenging task. 
 

H3N COO-

R H
N
H

O
H3N

R1

O-

O

R2

Peptide bond ProteinL-Amino acid

Protein  
Figure 1. The amino acids are the building blocks of proteins and linked by peptide bonds 
in a sequence. The polypeptide chain of a functional protein is folded into a three-
dimensional structure. Here, non-specific lipid transfer protein from barley (PDB code 
1MID)1 is shown as an example. 
 
The aim of this thesis was to provide further understanding of the rules that govern protein 
design. The strategy used was a rational design approach that leads to a few surprises. The 
journey through this thesis starts in Chapter 2 that gives an overview of the protein design 
field. The glutathione transferases are introduced in Chapter 3 as well as the design ideas 
that form the basis of the rational design used in this thesis. The outcome of the design and 
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the novel thiolester hydrolase, A216H, are presented in Chapter 4 and the reaction 
mechanism of A216H is discussed in Chapter 5. The second section of the thesis 
describes the site-specific modification of Alpha class glutathione transferases in Chapter 
6 and a brief summary of Paper I-V is found in Chapter 7. Finally, an unfulfilled 
opportunity using expressed protein ligation is presented in Chapter 8. 
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2. Protein design 

Proteins are involved in virtually all processes of life and participate in complex networks 
that communicate, react and interact with other proteins or molecules. Hemoglobin is a 
carrier protein that delivers oxygen to the tissues and the enzyme carbonic anhydrase 
hydrates carbon dioxide with an efficiency that is close to the diffusion-controlled limit.2 
The nerve signal is mediated through ion channels that are built by membrane proteins and 
recognition of foreign molecules can be achieved by antibodies in the immune system.3 
Collagen is a fibrous protein that acts as structural material and the bacteria can swim by 
using a molecular motor, the flagella, that is built from proteins.3,4 A less pleasant example 
is the pain from a bee sting that originates from a peptide, mellitin, which breaks up the 
membrane in cells.5 These are just a few examples to give an overview of the diversity of 
reactions and functions mediated by proteins. 
 
The purpose of protein design is to achieve a fundamental understanding of the underlying 
principles of protein structure and function, but also to modulate their characteristics or 
introduce novel functions. Engineered proteins are useful reagents for applications in 
biotechnology and as environmental-friendly catalysts or therapeutics.6 The sequence of a 
protein contains information about its structure, stability, function, solubility, lifetime etc. 
In principle, we would like to search through all possible sequences but the sequence space 
is enormous. For example, a random 200-amino acid protein has 20200 possible sequences 
and even if the entire mass of the earth was used as starting material it would only be 
sufficient for the creation of every possible 38-amino acid peptide.7 Semi-rational 
approaches have been developed recently to create libraries that are reduced in size.8,9  
 
The problem may be reduced by using scaffolds known to fold, although ultimately we 
would like to be able to construct new proteins from scratch. Nature has created a wealth 
of different proteins and networks but the goal has not been to develop the perfect enzyme 
or as many proteins as possible but rather to gain functional organisms under a selective 
pressure. Searching protein space beyond what has evolved in Nature is likely to provide 
many pleasant surprises and useful applications. 
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Currently used strategies in protein design are random as well as rational and based on 
chemical and biological methods, often inspired by Nature.  
 
One way to mimic Nature is to use evolutionary methods that in general consist of three 
steps, generation of diversity, screening/selection of desired properties and refinement by 
repetition of the first two steps. Diverse gene libraries can be created by various random 
methods such as oligonucleotide-directed randomization, error-prone PCR or in vitro 
recombination.10 High-throughput screening or selection procedures, such as phage 
display, are thereafter applied to identify proteins with new desired properties expressed 
from the gene libraries.11  
 
Protein redesign experiments often lead to results that are unexpected and irrational with 
respect to the effects on structure and function. Proteins may carry "evolutionary baggage", 
amino acid functions that evolved under the prevailing conditions but became hidden as 
the protein took a new course in evolution. The knowledge gained from experiments using 
natural protein scaffolds could be hard to rationalize at our present level of understanding. 
An approach free from evolutionary baggage requires that no existing scaffold is used but 
that the proteins are built from scratch in what is referred to as de novo design. The early 
rationale for designing proteins de novo was that it was assumed to be a simpler problem to 
find one out of many sequences that could lead to a given fold than to predict the unique 
structure from a given sequence. However, the de novo design of native proteins turned out 
to be difficult and the structures often resembled those of molten globules although small 
proteins such as four-helix bundles with native-like properties have been reported.12 The 
complexity achieved, so far, is unfortunately not enough to provide multiple functionalities 
requested for e.g. catalysis, with some exceptions. A successful example of de novo design 
was reported by Kaplan et al. who designed a diiron protein capable of catalyzing a phenol 
oxidase reaction.13 Further development of powerful computational methods will certainly 
produce many more successful examples of rationally designed enzymes. 
 
A short cut compared to de novo design is to use existing proteins as scaffolds and insert 
mutations by rational design. The locations of the target residues and the nature of the 
amino acids to be introduced can be obtained by computational methods or by inspection 
of the structure.7,14 An elegant example using computational methods is the work by 
Hellinga and co-workers in which they introduced triose phosphate isomerase activity into 
a ribose-binding protein.15 The rate enhancements (kcat/kuncat) were found to be 105- to 106-
fold over that of the uncatalyzed reaction. The resulting enzymes contain as many as 18 to 
22 mutations, a task that could only be accomplished by computational methods. 
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The ability of enzymes to catalyze alternative reactions within the same active site as that 
of the primary activity is referred to as catalytic promiscuity.16 The proper introduction of 
catalytic residues such as general acids or bases could unveil dormant reactions and expand 
the activity of the protein. In principle, any binding site could be decorated with one or 
more catalytically active residues to open up unprecedented reaction pathways, with only 
minor effects on the protein structure. This approach may be one in which reasonable 
success can be achieved without the need for computational efforts. 
 
Attempts to mimic Nature may perhaps bias our way of thinking and hinder unexpected 
courses of events. The possibility of making semi-synthetic proteins could broaden our 
views and ease the design of novel properties since new functionalities besides those of the 
20 common amino acids could be introduced. A common functionalization strategy is to 
covalently modify Cys residues since they are not abundant in proteins. It may however be 
difficult to selectively target only one amino acid residue in a large protein and additional 
methods such as intein-based methods or peptide synthesis followed by chemical ligation 
(both discussed in Chapter 8) have been developed.17,18 In addition, other methods, for 
example, nonsense suppression, atom replacement and expansion of the genetic code by 
using unique triplet or quadruplet codons have been utilized.19-21 
 
In conclusion, the field of protein design is an exciting research area that may give rise to 
many surprises. Examples of successful protein design experiments cited in the literature 
includes the design of proteins that fold, alteration of substrate or cofactor specificities, 
inversion of reaction stereochemistry and engineering of catalytic activity.22-26  
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3. A rational design approach towards              
a novel thiolester hydrolase 

A design experiment requires a suitable protein scaffold and natural proteins where the 
structure has been solved are commonly used. To date, a vast amount of protein structures 
are available through the RCSB protein databank.1 Robustness and tolerance towards 
mutations are desirable and ease of expression and purification as well as long-term 
stability are advantageous properties. Several proteins may be used in redesign 
experiments, for example, antibodies, proteases, lipases and transferases.27-42 The 
glutathione transferases (GSTs) are good model systems due to their modular feature with 
two binding sites, one that is promiscuous and the other relatively stringent. In addition, 
they are stable, easy to purify, and well-studied with respect to structure-function 
relationships.43,44 Sequence and structural data are available for many GSTs and they have 
been successfully used in reengineering experiments.38,39,42,45-51 
 

3.1. Glutathione transferases 
The GSTs (EC 2.5.1.18) constitute a super family of phase II detoxication enzymes with 
multiple functions in the cell.52 The detoxication activity is enabled by conjugation of the 
tripeptide glutathione (γ-Glu-Cys-Gly, GSH, Figure 3.1) to a wide range of hydrophobic 
electrophiles. The GSH conjugation makes the xenobiotics more water-soluble and provide 
them with a molecular flag that signals export from the cell.52 
 

-OOC
N
H

H
N COO-

NH3

O
SH

O

GSH  
Figure 3.1. Structure of GSH. 
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Other functions of GSTs include peroxidase and isomerase activities, binding of various 
ligands, clearance of oxidative stress products and modulation of cell proliferation and 
apoptosis signaling pathways.52 The GSTs are mainly found in the cytosol but 
mitochondrial and membrane-bound GSTs have also been identified.53 The mammalian 
cytosolic GSTs consist, so far, of seven classes designated Alpha, Mu, Pi, Sigma, Theta, 
Omega and Zeta, and within each class, several isoenzymes may exist.54 
 

3.1.1. Structure and natural function 

The cytosolic GSTs exist as homo- or heterodimers with the active site composed of a 
GSH-binding site (G-site) and a hydrophobic substrate-binding site (H-site), Figure 
3.2.52,55 The fold of the G-site is conserved throughout the classes whereas the H-site is 
more diverse and responsible for the substrate specificity, although the H-site is not very 
specific for its substrates but rather promiscuous.52,56,57 The GSTs have a catalytically 
important Tyr, Cys or Ser residue in the G-site that aids in the ionization of GSH to 
facilitate the conjugation reaction.52 In fact, the pKa of the thiol group of GSH is lowered 
from 9.2 in solution to approximately 6.7-7.5 in the bound state.58-61 The GSTs catalyze the 
conjugation of GSH to xenobiotics via nucleophilic aromatic substitutions, Michael 
additions to α,β-unsaturated ketones or by epoxide ring-opening reactions.56 
 

H-siteG-site

Y9

α9

 
Figure 3.2. The GSTs are dimers and the active site is composed of a G-site, which binds 
glutathione, and an H-site where the hydrophobic electrophiles bind. Here, the crystal 
structure of human GST A4-4 (PDB code 1GUM)62 is shown. The monomer to the right is 
presented for reasons of clarity to show the active site and to indicate the locations of the 
G-site and the H-site. The catalytically important Tyr (in case of the Alpha, Mu and Pi 
classes) is shown in stick representation. The extra C-terminal helix, characteristic of the 
Alpha class GSTs, is denoted by α9. 
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3.2. Design ideas 
The different classes of GSTs display different characteristics and the GSTs used in this 
thesis are mainly proteins from the Alpha class and, in particular, human GST A1-1. The 
underlying reason is the class-specific C-terminal helix (α9) of the Alpha class proteins. 
This helix closes like a lid over the H-site when a substrate is bound creating a shielded 
active site suitable for reengineering experiments (Figure 3.2).57 The α9-helix has been 
shown to tolerate mutations (although the natural detoxication activity may be reduced) 
and the formation of a cavity provides possibilities to modulate the reactivity of a catalytic 
residue. At the time of the design, crystal structures of two isoforms of the human Alpha 
class (GST A1-1 and A4-4) were solved.57,62 The solutions of the crystal structure of 
human GST A1-1 showed that the flexible α9-helix that could not be observed in the 
ligand-free structure but was stabilized and hence visible upon ligand binding. The 
dynamic nature of the α9-helix suggests that it can be mutated without deleterious effects 
on the overall structure of the protein. The corresponding helix in human GST A4-4 
appeared to be less flexible and was observed even in the ligand-free structure. The 
expression yields and stability are more favorable for human GST A1-1 compared to A4-
463 and the design was based on human GST A1-1. 
 

3.2.1. Target reaction: thiolester hydrolysis 

The structure of wild-type human GST A1-1 in complex with S-benzylglutathione (PDB 
code 1GUH)57 was used as starting point for the design, Figure 3.3A.  
 

A B

-OOC
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N COO-
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O
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O
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N
H

H
N COO-
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S

O
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HO

O
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O

GSH
GSB B

H2OTarget
reaction:

 
Figure 3.3. (A) The crystal structure of wild-type human GST A1-1 in complex with S-
benzylglutathione (PDB code 1GUH).57 Only the monomer is shown for reasons of clarity 
of presentation and the ligand S-benzylglutathione is shown in stick representation. (B) 
The substrate GSB, a thiolester of GSH and benzoic acid, closely resembles the ligand S-
benzylglutathione. The target reaction was thiolester hydrolysis.  



 12 

The design ideas were to utilize the binding affinity of GST for GSH and to synthesize a 
substrate that resembled the ligand S-benzylglutathione for positioning of the substrate in 
the active site. Thiolester hydrolysis was chosen as the target reaction and the designed 
substrate, GSB, is a thiolester formed from glutathione and benzoic acid, Figure 3.3B. The 
binding of GSB in the active site was assumed to be similar to that of S-benzylglutathione 
in the search for one or two catalytic residues that could be active in catalysis. 
 

3.2.2. His-based catalysis 

The His residue was introduced in the catalytic site since His is known to participate in 
enzymatic hydrolytic reactions. The reactivity of a His residue is modulated by its 
environment and it may act as a general acid, general base or as a nucleophile. Several 
successful designs with incorporated His residues have been reported in the literature. For 
example, Broo et al designed a 42-residue peptide (KO-42) de novo with six His residues 
that catalyzed the hydrolysis reaction of p-nitrophenyl esters.64 The rate enhancements 
were two to three orders of magnitude over that of the  4-methylimidazole-catalyzed 
reaction and the minimal active site was found to be a HisH+-His pair separated by three or 
four residues in a helical segment.65 Mayo and co-workers used computational design to 
introduce His-mediated nucleophilic catalysis of p-nitrophenyl acetate in the catalytically 
inert thioredoxin scaffold.66 A third example is the work of Hecht and co-workers who 
used a combinatorial design strategy and found esterase activity in a protein obtained from 
libraries acquired through de novo binary pattering of polar and non-polar residues.67 The 
protein S-842, contains 12 His and eight Lys residues and the His residues were presumed 
to play important roles in the hydrolysis of the p-nitrophenyl esters. 
 

3.2.3. Mutant design 

The crystal structure of human GST A1-1 was inspected to identify amino acids in close 
proximity to the thiolether functionality of the ligand S-benzylglutathione. Three residues, 
Y9, A216 and F220, were found to be possible candidates for catalysis, presumably 
situated within bond-forming distance to the thiolether functionality, with or without a 
bridging water molecule, Figure 3.4. Single- and multiple mutants of human GST A1-1 
(Y9H, A216H, F220H and A216H/F220H) were prepared by site-directed mutagenesis to 
investigate whether thiolester hydrolysis of the designed substrate GSB could be obtained 
or not. 
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Y9

F220
A216

 
Figure 3.4. Close-up of the active site of wild-type GST A1-1 in complex with S-
benzylglutathione (PDB code 1GUH). Three residues, Y9, A216 and F220 (shown in stick 
representation) were found to be situated in proximity to the thiolether functionality of S-
benzylglutathione. 
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4. The reengineering of human GST A1-1 

The designed human GST A1-1 mutants (Y9H, A216H, F220H and A216H/F220H) and 
the wild-type protein were found to behave differently upon incubation with GSB (Paper 
II). The mutants A216H and A216H/F220H hydrolyzed the thiolester GSB to form 
glutathione and benzoic acid under turnover conditions. The Y9 mutant, Y9H, was inactive 
and no GSB was consumed. The wild-type human GST A1-1 and F220H consumed one 
equivalent of the substrate whereupon the reaction stopped (Paper I and Chapter 6). The 
reactions mixtures were analyzed by a variety of methods to determine the fate of the 
substrate GSB. 

4.1. Thiolester hydrolysis 
The A216H- and A216H/F220H-catalyzed hydrolysis of GSB were investigated by NMR 
spectroscopy, UV spectroscopy, MALDI-MS and HPLC. One of the reaction products, 
benzoic acid, was identified by NMR spectroscopy using the chemical shifts determined 
from the spectrum of a pure sample (Figure 4.1) and by HPLC by detection of a peak 
corresponding to that of pure benzoic acid (Figure 4.2). The mutants A216H and 
A216H/F220H both consumed GSB and produced benzoic acid under turnover conditions. 
 

Benzoic
acid

GSB

7.86 7.54 7.47 ppm

7.477.86 7.54

7.99 7.71 7.56

ppm

ppm

A216H/F220H + GSB 
after 24 hours

 
Figure 4.1. The substrate GSB was consumed when incubated with A216H/F220H and 
benzoic acid was produced as shown by NMR spectroscopy. The insets show the chemical 
shifts of benzoic acid and GSB respectively. 
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98765
Time (min)

GSB

B

Internal
standard

  A216H + GSB (after 25h)
  Wild-type + GSB (after 30h)

 
Figure 4.2. HPLC chromatograms from samples of A216H and wild-type protein each 
incubated with GSB. Production of benzoic acid (B) is demonstrated in the A216H-
containing sample whereas no benzoic acid is observed in the sample containing wild-type 
protein and GSB. 
 
The mutant F220H consumed one equivalent of GSB but no benzoic acid was produced 
and H216 was identified as the catalytic residue in the A216H/F220H-catalyzed hydrolysis 
of GSB. Therefore, the mutant A216H was chosen for the bulk of the experiments. 
 
In conformity with F220H, the wild-type human GST A1-1 consumed only one equivalent 
of GSB without detectable production of benzoic acid. This is illustrated in Figure 4.2 
where HPLC traces of samples containing A216H incubated with GSB and wild-type 
protein incubated with GSB are compared. This results clearly emphasizes the importance 
of a His residue in position 216 for the thiolester hydrolysis of GSB. 
 
The second reaction product GSH was not subject to evaluation as GSH is prone to 
oxidation and could form GS-SG dimers or undergo side reactions with the Cys residue 
(C112) in human GST A1-1. Indeed, oxidation between GSH and C112 of A216H/F220H 
was detected by MALDI-MS in the A216H/F220H-catalyzed hydrolysis of GSB indicating 
that GSH is a reaction product. Quantitative analyses were, however, difficult due to the 
prolonged kinetic measurements and HPLC analysis of GSH is problematic since GSH is 
highly water-soluble with poor retention on reversed phase HPLC column. 
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4.2. The A216H-catalyzed hydrolysis of GSB 

4.2.1. Saturation kinetics 

The incorporation of a single His residue in position 216 opened up a new reaction 
pathway in human GST A1-1 and enabled hydrolysis of the substrate GSB, a reaction not 
catalyzed by the wild-type protein. Saturation kinetics, the hallmark of enzyme catalysis, 
were observed (Figure 4.3) and the kinetic parameters were determined to kcat = 0.00078 
min-1 and KM = 5 µM. The catalytic profiency68 (kcat/KM)/kuncat was more than 107 M-1 when 
compared to the first-order rate constant of the uncatalyzed reaction. 
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Figure 4.3. The kinetic profile of A216H-catalyzed hydrolysis of GSB. The kinetics were 
followed by monitoring the decrease in substrate concentration at 266 nm. The kinetic 
parameters were derived using the Michaelis-Menten equation in the form where no 
assumption that [E]«[S] had been made.69 
 

4.2.2. The uncatalyzed reaction 

The first-order rate constant of the uncatalyzed reaction was estimated from the hydrolysis 
of N-acetylated GSB (AcGSB) since GSB was found to undergo a competing 
rearrangement reaction during prolonged incubation in accordance with previous reports of 
reactions of GSH derivatives.70,71 No production of benzoic acid was detected in the 
samples containing GSB (with no protein present) and the rearrangement reaction therefore 
seems to be faster than the thiolester hydrolysis. The migration of the S-benzoyl group to 
the amine of the γ-Glu residue to form N-benzoylated GSH was prevented by N-acetylation 
of GSB, Figure 4.4, and was not expected to affect the rate of thiolester hydrolysis. 
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Figure 4.4. Structure of N-benzoylated GSH and AcGSB. 
 

4.2.3. A216H - a novel enzyme 

The designed enzyme A216H represents one of few successful examples72,73 where a 
rational design based on inspection of a protein structure rather than by computational 
methods has yielded a novel enzyme. The rate constant ratio (kcat/KM)/kuncat of more than 
107 M-1 is considerable. Only three positions in the sequence of the protein (9, 216 and 
220) were mutated and the introduced His residue at position 216 was found to be oriented 
in a catalytically favorable fashion for the hydrolysis of GSB. The observed dramatic effect 
of a single mutation shows that a minimal change may have major impact and unveil 
alternative reaction pathways. Thus, A216H illustrates catalytic promiscuity where the 
parent protein possesses inherent reactivity that can be switched on by the proper 
mutations.  
 
The relatively low KM value of 5 µM shows that the anchoring approach was effective in 
utilizing the affinity of the G-site for GSH. The preference of the H-site for hydrophobic 
groups, such as the benzoyl moiety, also contributes to the binding event since the KM 
value is considerably lower than the KD of GSH (190 µM)60 for the wild-type GST A1-1. 

4.3. The substrate requirements of A216H 
The observation that the A216H mutation resulted in a novel thiolester hydrolase was very 
satisfying but also raised several questions. For example, what were the substrate 
requirements on the structure of the substrate for accepting it into the active site of 
A216H? Was this a unique reaction with respect to GSB? Was GSB a "good or a bad" 
substrate? In an attempt to reveal the answers to some of these questions, a screening 
approach was used and a library of 17 GS-thiolesters (18 including GSB) was used to 
characterize A216H with respect to its substrate requirements (Paper III). 
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4.3.1. The GS-thiolester library and the screening experiments 

The GS-thiolester library (produced by Viljanen et al)74 consisted of 17 different GS-
thiolesters (18 including GSB) that varied in size, hydrophobicity and the pKa value of the 
acid, Figure 4.5. The variation in the size of the acyl group was substantial, from the 
largest, GS-3 (5-carboxy-fluorescein) to the smallest, GS-13 (2-thiophenecarboxylic acid). 
The hydrophobicity was obtained from logP values75,76 (the partition coefficient between 
water and n-octanol) and spanned from the more hydrophilic GS-6 (4-acetoamidobenzoic 
acid, logP = 1.3) to the hydrophobic GS-11 (2-phenyl-4-quinolinecarboxylic acid, logP = 
3.8). The reactivity of a substrate depends to a large degree on the pKa value of the leaving 
group (which is GSH in all cases) but also on the pKa value of the acid. The pKa values 
varied from 3.35 (GS-9, 2,6-dimethylbenzoic acid) to 4.80 (GS-17, 6-phenylhexanoic 
acid). Two non-aromatic GS-thiolesters (GS-16 and GS-17 that contain phenyl rings to 
ease detection) were also included in the library to create diversity and to test if an 
aromatic GS-thiolester was a necessity. Although 17 GS-thiolesters constitutes a relatively 
small library in screening contexts, this library spanned a wide range of relevant properties. 
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Figure 4.5. Structures of the acids of the GS-thiolesters used in the screening experiments 
carried out to investigate the substrate requirements of A216H. Number 15 is excluded due 
to an internal numbering system. 
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The screening experiments were divided into four steps (experiment A-D) and each step 
was analyzed by HPLC. The selection criteria were sharpened in every new step. In 
experiment A any sample that showed any trace of acid (S/N>10) in the HPLC 
chromatogram was further analyzed. In experiment B, samples containing A216H had to 
show a difference of 65% or more relative to samples with wild-type human GST A1-1 in 
GS-thiolester consumption or acid production. The criteria in experiment C were further 
sharpened and rate constants of GS-thiolester consumption and acid production were 
determined. To pass this step samples containing A216H had to display a difference of 
65% or more relative to the samples with wild-type protein in both rate constants. The final 
screening experiment, D, was used to investigate ambiguous results concerning GS-3, but 
irreproducible results were once again obtained and GS-3 was excluded. The outcome of 
the screening experiments is summarized in Table 4.1. 
 

Table 4.1. Summary of screening experiments A to D. 
 

Screening 
experiment 

Screening 
experiment GS-

thiolestera A B C D 

Saturation 
kinetics 

GS-
thiolestera A B C D 

Saturation 
kinetics 

GSBb X    X GS-9 X     
GS-1 X     GS-10 X X    
GS-2 X X X X X GS-11 X X    
GS-3 X X X X  GS-12 X X X   
GS-4 X X X   GS-13 X X X   
GS-5 X X X   GS-14 X     
GS-6 X     GS-16 X     
GS-7 X     GS-17 X     
GS-8 X X    GS-18 X     

 

a GS-15 is excluded due to an internal numbering system. 
b GSB was included in experiment A as a control. 
 

4.3.2. A216H - a selective thiolester hydrolase 

Only one GS-thiolester, GS-2 (termed GSNa), out of the 17 tested in the library passed all 
the criteria in the screening process. The substrate GSNa (a thiolester of GSH and 
naphtalenecarboxylic acid) displayed saturation kinetics, Figure 4.6, and kcat was 
determined to 0.0032 min-1 and KM to 41 µM. 
 
 



 21

14x10-9

12

10

8

6

4

2

0

v 
(M

*m
in

-1
)

160x10-612080400
[GSNa] (M)

 kcat = 0.0032 min-1 
 KM = 41 µM

 
Figure 4.6. The A216H-catalyzed hydrolysis of GSNa. The kinetics was obtained by HPLC 
analysis at 250 nm of time points from samples containing A216H and GSNa. The kinetic 
parameters were determined by using a Michaelis-Menten equation in the form where no 
assumption that [E]«[S] was made.69 
 
The experimental finding that only GSB and GSNa are good substrates for A216H was in 
agreement with a computer simulation study where the distance between the epsilon 
nitrogen (Nε2) of H216 and the carbonyl carbon (Cθ) of the Y9-ester (discussed in detail in 
Chapter 5) was obtained, Table 4.2. Out of nine representative GS-thiolesters examined 
only A216H complexed with GSB and GSNa showed distances of less than 5 Å. The 
results are not unequivocal since GSNa did not show reoccurring structures but gives an 
indication of the importance of correct orientation of the catalytic residues. 
 
Table 4.2. Distances between the Nε2 atom of H216 and the Cθ atom of the Y9-ester were 
calculated by computer simulation studies. The intermediate Y9-ester is discussed in detail 
in Chapter 5. 

Estera Distance 
Nε2 – Cθ (Å) 

Reoccurring 
structureb,c 

Tyr-B 4.6 + 
Tyr-2 (Na) 4.0 – 
Tyr-3 5.1 – 
Tyr-4 6.6 + 
Tyr-8 6.1 + 
Tyr-10 5.9 – 
Tyr-11 8.2 + 
Tyr-12 5.4 – 
Tyr-13 6.6 + 

 

a B is benzoic acid and the numbers refers to the acids shown in Figure 4.5. 
b Several simulations gave the same conformation (rmsd < 0.6 Å) with similar energies. 
c + and – corresponds to yes or no. 
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The A216H-catalyzed hydrolysis of GSB was not unique but only two out of 18 GS-
thiolesters (GSB and GSNa) tested were shown to be substrates. Thus, the promiscuous 
feature of human GST A1-1 has not been conserved and A216H is rather a selective 
thiolester hydrolase. These results emphasize the importance of correct orientation of the 
active site residues in catalysis and shows that enzyme design is a challenging task since 
not only the enzyme should be taken into account but also the substrate. Comparison of the 
kinetic parameters of GSB and GSNa shows that the ratio of the kcat values 
(kcat(GSNa)/kcat(GSB)) is 4.1, hence the catalytic residues seems to be more favorably 
oriented in the case of GSNa. The finding of a higher KM value for GSNa than for GSB 
was somewhat surprising since the larger aromatic system of GSNa potentially could 
display a greater affinity for the H-site of A216H. The kinetic parameters of A216H-
catalyzed thiolester hydrolysis are summarized in Table 4.3. 
 
Table 4.3. Summary of the kinetic parameters of A216H-catalyzed hydrolysis of GSB and 
GSNa respectively. 
 

Parameter GSBa GSNab 

kcat (min−1) 0.00078 0.0032 
KM (µM) 5 41 
kuncat (min−1)c 1.1*10−5 3*10−5 
kcat/KM (M−1min−1) 156 78 
kcat/kuncat 71 107 
(kcat/KM)/kuncat (M−1) 1.4*107 2.7*106 

 

a Determined by UV spectroscopy, except kuncat that was determined by HPLC. 
b Determined by HPLC. 
c Determined for AcGSB and AcGSNa (N-acetylated GSB and GSNa) respectively. 
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5. The reaction mechanism of thiolester   
hydrolysis catalyzed by A216H 

The finding of thiolester hydrolase activity in the mutant A216H encouraged us to 
investigate the reaction mechanism of the A216H-catalyzed hydrolysis of GSB (Paper II).  

5.1. The covalent intermediate at the side chain of Y9 

5.1.1. Identification of the site of acylation 

The mass of A216H increased by 104 Dalton upon incubation with GSB as determined by 
matrix-assisted laser desorption ionization mass spectrometry (MALDI-MS). The mass 
increase corresponds to that of a benzoyl group and samples containing A216H incubated 
with and without GSB were digested by trypsin for further investigation. Analysis of the 
resulting peptide fragments identified the site of acylation to be a residue in the sequence 
7-13 (LHY9FNAR), Figure 5.1. 
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Figure 5.1. MALDI-MS analysis of tryptic digests of samples containing (A) A216H and 
(B) A216H incubated with GSB. The GSB-incubated sample revealed an acylated peptide 
fragment with an increased mass of 104 Da corresponding to a benzoyl group. 
 

The only nucleophile in the fragment LHY9FNAR that can form a stable ester under the 
reaction conditions used is the side chain of Y9 which was proposed to be the site of 
acylation. In addition, the low pKa value of Y9, determined to 7.8 in A216H (Table 5.1), 
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clearly indicates that Y9 could act as a nucleophile at pH 7 and become covalently 
modified.  
 

Table 5.1. The pKa values of Y9. 
 

Human GST A1-1 pKa (Y9) 
Wild-typea 8.1 ± 0.1 

A216H 7.8 ± 0.3 
F220H 7.6 ± 0.2 

– (Tyr in solution)b 10.1 
 

a From reference.77 
b From reference.78 
 

The acylated fragment was also identified in tryptic digests of the wild-type human GST 
A1-1 incubated with GSB, Figure 5.2. The semi-quantitative MALDI-MS data shows that 
the wild-type protein becomes acylated to a greater extent than A216H. The demonstration 
of a covalent modification explained the observation (Chapter 4) that the wild-type protein 
consumed one equivalent of GSB whereupon the reaction stopped (Chapter 6). The partly 
acylated Y9 of A216H (Figure 5.1B) suggested the presence of a covalent intermediate in 
the reaction pathway of A216H-catalyzed hydrolysis of GSB. However, MALDI-MS data 
is only semi-quantitative and does not prove the existence of a "true" intermediate along 
the reaction pathway. 
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Figure 5.2. MALDI-MS analysis of a tryptic digest of wild-type human GST A1-1 
incubated with GSB. 
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5.1.2. Trapping of the acyl intermediate 

The presence of a potential acyl intermediate was investigated using a partition 
experiment2 (Figure 5.3) where methanol (MeOH) was used as the competing acceptor and 
added to samples containing A216H and GSB. 
 

E   +   RCOSR´ E*RCOSR´ E-OCR
KS k2

E   +   RCO2Hk´3[H2O]

R´SH E   +   RCO-Nk4[N]
 

Figure 5.3. The acceptor, N, competes with water in the breakdown of an acyl 
intermediate in a partition experiment. 
 
The observed reaction rate in the partition experiment with A216H, GSB and MeOH was 
found to increase with increasing concentrations of MeOH and methyl benzoate was 
identified as one of the reaction products, Figure 5.4. The partition experiment proved the 
existence of an acyl intermediate and identified the deacylation of the intermediate to be 
the rate-determining step.2 
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Figure 5.4. (A) Trapping of the acyl intermediate by MeOH increased the reaction rate in 
the A216H-catalyzed reaction. (B) HPLC analysis of a sample containing A216H, GSB 
and 0.5 M MeOH revealed that methyl benzoate was formed as one of the reaction 
products. Benzoic acid is denoted B and methylbenzoate MeB. 
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5.1.3. Site-directed mutagenesis 

The importance of Y9 as a catalytic residue in the A216H-catalyzed hydrolysis of GSB 
was also investigated by site-directed mutagenesis. The Tyr residue in position 9 was 
mutated into a catalytically impaired Phe residue. The resulting triple mutant, 
Y9F/A216H/F220H, was incubated with GSB and as expected, no production of benzoic 
acid or consumption of GSB was seen nor acylation of the resulting fragment from tryptic 
digestions, LHF9FNAR. These results provide strong evidence that Y9 is an essential 
catalytic residue in the reaction. 

5.2. The catalytic role of H216 
The hydrolysis of the acyl intermediate at the side chain of Y9 of A216H seems to be 
dependent on a His residue in position 216 since no benzoic acid is produced in the wild-
type reaction (Ala in position 216) and Y9 remains covalently modified. The catalytic role 
of H216 was therefore investigated to gain further insights into the reaction mechanism of 
the A216H-catalyzed hydrolysis of GSB. 
 

5.2.1. The pH dependence 

The pH dependence of the A216H-catalyzed hydrolysis of GSB is shown in Figure 5.5. 
The logarithmic plot indicates three linear regions between pH 5-6, 6-7 and 7-7.5 
respectively. The point of intersection of two linear regions in this type of plot gives the 
pKa value of the catalytically active residue.2 The pH profile in Figure 5.5 suggests a 
catalytically active residue with a pKa value of around 6, a value well in agreement with 
that expected for a His residue. The residue is presumable H216 although the identity has 
not been unequivocally confirmed. 
 
The substrate GSB (with no A216H present) was found to undergo rearrangement 
reactions rather than being hydrolyzed at pH 7 (Chapter 4.2.2). However, hydrolysis of 
GSB was detected at pH 9 where the concentration of OH- is higher and the third linear 
region may be due to this reaction. The deviation from linearity at pH 8 is not unequivocal 
and has not been examined further. 
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Figure 5.5. The pH dependence of A216H-catalyzed hydrolysis of GSB. The dotted lines 
have been arbitrarily inserted to facilitate estimation of the pKa value of the catalytically 
active residue. The pKa value was estimated to be around 6. 
 

5.2.2. The crystal structure of A216H 

The estimated pKa value of H216 of around 6 and the shape of the pH profile suggested 
that the unprotonated form of H216 was the catalytically active species at pH 7, the pH 
commonly used throughout the study. However, whether H216 acts as a general base or as 
a nucleophile in the breakdown of the acyl intermediate could not be determined from the 
kinetic data. The distance between Y9 and H216 should be around 2-3 Å if H216 acts as a 
nucleophile whereas a general base could act from a longer distance if a bridging water 
molecule could be positioned between Y9 and H216. Therefore, a crystal structure of 
A216H in complex with S-benzylglutathione was solved, Figure 5.6. The observed 
distance between the epsilon nitrogen of H216 and the phenolic oxygen of Y9 was found 
to be 7 Å, Figure 5.6B, suggesting that H216 acts as general base in the A216H-catalyzed 
hydrolysis of GSB. 
 
Conclusions about reaction mechanisms drawn from the inspection of crystal structures 
should consider the temperature factor since it estimates the mobility of a residue in the 
structure. The higher the temperature factor the greater the mobility. The temperature 
factor of H216 is 70 Å2 indicating high mobility and the same pattern is seen for the other 
residues in the C-terminal helix (residues 210-220, average temperature factor = 69 Å2). 
The mechanistic conclusion, that H216 acts as a general base should thus be viewed upon 
as an indication of a possible mechanism rather than as evidence. The average temperature 
factor of A216H is 31 Å2 and Y9 has a value of 22 Å2 indicating much less mobility than 
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H216. The observed distance of 3 Å between the phenolic oxygen of Y9 and the sulphur 
atom of S-benzylglutathione is in good agreement with the nucleophilic role found for Y9. 
 

A B

 
Figure 5.6. (A) The designed enzyme A216H was crystallized in complex with S-
benzylglutathione and the structure solved to 2.1 Å resolution (PDB code 1USB, Paper II). 
The benzyl group of the ligand is not visible due to high mobility. (B) Close-up of the active 
site of A216H. The distance between the epsilon nitrogen of H216 and the phenolic oxygen 
of Y9 was found to be 7 Å. 
 

5.3. The proposed reaction mechanism 
A tentative reaction mechanism, based on the evidence presented above, is summarized in 
Figure 5.7. After formation of the enzyme-substrate complex, Y9 acts as a nucleophile and 
attacks the thiolester to form a covalent intermediate, a benzoyl ester. The existence of the 
acyl intermediate was demonstrated by MeOH trapping and the site of acylation was 
identified by MALDI-MS analysis of tryptic digests. The hydrolysis of the acyl 
intermediate is catalyzed by H216 that presumably act as a general base and abstracts a 
proton from a water molecule, although it may also act as a nucleophilic catalyst. The 
deacylation of the intermediate was deduced to be the rate-determining step from the 
MeOH trapping experiment. The pH dependence suggested a catalytically active residue 
with a pKa value around 6 and in its unprotonated form. The crystal structure of A216H in 
complex with S-benzylglutathione shows a distance of 7 Å between the epsilon nitrogen of 
H216 and the phenolic oxygen of Y9. The two findings are consistent with a mechanism 
where H216 acts as a general base. The proposed reaction mechanism of the A216H-
catalyzed hydrolysis of GSB is tentative but the most likely one in view of the 
experimental evidence presented above. 
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Figure 5.7. A tentative reaction mechanism for the A216H-catalyzed hydrolysis of GSB. 
 

5.4. Nucleophile selectivity towards the Y9-intermediate 
The trapping experiment with MeOH (Chapter 5.1.2) encouraged us to screen various 
nucleophiles to test if selectivity with respect to the nucleophile structure could be found 
(Paper IV). Moreover, studies of the acyl transfer reaction, Figure 5.8, could give further 
valuable mechanistic insights and provide a route for production of esters, for example. 
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Figure 5.8. The acyl transfer reaction. 
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5.4.1. The nucleophile selectivity 

A library of nucleophiles with different sizes, polarities and pKa values, Figure 5.9, was 
used in a screening experiment to determine the reactivities of the nucleophiles in the acyl 
transfer reaction of A216H and GSB. 
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Figure 5.9. The nucleophile library. 
 

The chemoselectivity of the acyl transfer reaction was examined using the nitrogen, 
oxygen and sulphur nucleophiles ethylamine (EtNH2), ethanol (EtOH) and ethane thiol 
(EtSH). The thiol nucleophile enhanced the reaction rate more than EtOH, whereas EtNH2 
did not show any rate enhancement, Figure 5.10A. The order of reactivity is not surprising 
and the low reactivity of EtNH2 is probably due to the high degree of protonation (pKa = 
10.7)78 at pH 7 which makes EtNH3

+ the predominant form. Thiol nucleophiles are prone 
for oxidation and may undergo side reactions (for example with C112 in A216H) that may 
complicate the measurements and the screening experiment was therefore focused on 
oxygen nucleophiles. 
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Figure 5.10. The reactivities of the nucleophiles in the acyl transfer reaction of A216H and 
GSB were investigated by HPLC analysis of samples incubated for 24 h. The peaks of GSB 
and the internal standard (2-chloro-4-nitrophenol) were integrated at 250 nm and the 
remaining concentration of GSB was determined and used as a measure of relative 
reactivity. Background samples with no A216H present were collected and subtracted from 
the A216H-containing samples. The resulting concentration of GSB are shown in the 
figure as bars where the lowest bar corresponds to the fastest acyl transfer reaction. 
 

The oxygen nucleophiles showed different reactivities in the acyl transfer reaction of 
A216H and GSB, Figure 5.10B. The primary alcohols enhanced the reaction rate more 
than the branched alcohols and the carbohydrate nucleophiles were virtually unreactive. No 
discrimination between the enantiomers of 2-butanol (2-BuOH) was seen and none of the 
enantiomers of 2-BuOH enhanced the rate to any significant extent. The most efficient 
primary alcohols were 2,2,2-trifluoroethanol (TFE) and 1-propanol (1-PrOH). The rate 
enhancement of TFE originates most probably from the depressed pKa value of 12.478 
since EtOH, which is similar in size but exhibit a pKa of 15.5,78 displays much less 
reactivity. However, the enhanced reactivity of 1-PrOH compared to MeOH, EtOH and 1-
BuOH could not be a result of a depressed pKa value since the pKa value generally 
increases, in small increments, with increasing number of carbon atoms in the aliphatic 
chain. In addition, no rate enhancement is observed in the background reaction between 
GSB and 1-PrOH. 
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5.4.2. A second binding site 

The enhanced reactivity of 1-PrOH could stem from a better fit in the H-site of A216H 
indicating the presence of a second binding site. Indeed, the kinetic profile with regards to 
1-PrOH, Figure 5.11, was compatible with saturation kinetics with a kcat of 0.02 min-1 and 
KM of 1.1 M. The second-order rate constant, k2, of the uncatalyzed reaction between GSB 
and 1-PrOH was determined to be 1.6*10-5 M-1 min-1 and hence the catalytic efficiency to 
be 1.1*103. The existence of a second binding site in the promiscuous H-site of Alpha class 
GSTs is likely since previous studies have shown that the Pi class binds ligand in different 
modes in the H-site.79,80 
 

50x10-9

40

30

20

10

0

v 
(M

*m
in

-1
)

1.21.00.80.60.40.20.0
[1-PrOH] (M)

 kcat = 0.02 min-1 
 KM = 1.1 M

 
Figure 5.11. The kinetic profile of the A216H-catalyzed transesterification reaction of 
GSB to form the corresponding propyl ester and GSH. 
 

5.4.3. Future applications 

The designed enzyme A216H displays nucleophile selectivity in the acyl transfer reaction 
of GSB with primary alcohols and TFE and 1-PrOH were the most efficient. It is 
reasonable to assume that other selectivities could emerge upon mutations in the H-site and 
the results presented in Paper IV provide a platform for further reengineering of the 
enzyme. The acyl group of the acyl intermediate could also be varied, using, for example 
the GS-thiolester library in Figure 4.5, to test if other combinations of acyl groups and 
nucleophiles could fit together in the active site of A216H, and lead to a wider range of 
available reaction products.  
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5.5. Reverse GST reactions 
According to the Haldane relationship,2 GSTs should, in addition to their natural GSH 
conjugation reactions, also catalyze the release of GSH from its conjugates. The catalysis 
of these so called "reverse" GST reactions has been reported, examples include retro-
Michael additions and the hydrolysis of carbamate thiolesters and isothiocyanates.81-84 
Atkins and co-workers showed that wild-type rat GST A1-1, highly homologues to human 
GST A1-1, also catalyzed the hydrolysis of a GS-thiolester of glutathione and ethacrynic 
acid (E-SG), Figure 5.12.85  
 

GS

O
O

O
Cl

Cl

E-SG  

Figure 5.12. Structure of E-SG, a thiolester of glutathione and ethacrynic acid. 
 
The Y9 residue was found to be essential in the reaction but no covalent intermediate was 
detected and Y9 was proposed to act as a general acid-base catalyst. The reaction 
mechanism reported for rat GST A1-1-catalyzed thiolester hydrolysis is thus different from 
that of A216H. Atkins and co-workers also tested the hydrolytic activity towards GS-
thiolesters formed from several non-steroidal anti-inflammatory agents and the reverse 
GST reactions have resulted in GSH-based pro-drug strategies that may release latent 
drugs upon hydrolysis.86,87 
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6. Site-specific modification of               
glutathione transferases 

The introduction of artificial groups into proteins provides a basis for a range of different 
applications. For example, biosensors can be obtained by the incorporation of a 
fluorophore to signal changes upon binding of molecules in the nearby environment, and 
novel enzymes may be created by the introduction of non-natural catalytic groups.20,88-90 
Site-specific modification of a protein scaffold that could potentially accommodate a wide 
range of acylating agents, such as the promiscuous GSTs, can be advantageous since the 
same system would offer several possibilities. Thus, GSTs are good model systems for 
covalent modifications due to their modular feature with a conserved G-site and a 
promiscuous H-site that accommodates a range of different compounds. 
 
As discussed in Chapter 4 and 5, one equivalent of GSB was consumed upon incubation 
with wild-type human GST A1-1 and no benzoic acid was produced. The detection of 
covalent modification of Y9 by MALDI-MS explained that behavior. The site-specific 
modification of Y9 had not been reported previously and the reaction was therefore 
thoroughly investigated by UV spectroscopy, HPLC and MALDI-MS analysis (Paper I). 

6.1. Site-specific modification of Y9 in the Alpha class GSTs 

6.1.1. The modification reaction 

Wild-type human GST A1-1 was found to be acylated at the side chain of Y9 upon 
incubation with GSB, Figure 6.1.  
 

Y9

OH

Y9

O O

GSH

+ GS

O

 
Figure 6.1. The modification reaction of wild-type GST A1-1 and GSB. 
 



 36 

The experiments with UV spectroscopy showed an initial decrease in the GSB 
concentration, roughly equivalent to that of the wild-type concentration, whereupon the 
reaction came to an end. This is consistent with a modification reaction and proteolytic 
digestions of the wild-type protein incubated with and without GSB using trypsin and 
Staphylococcus Aureus protease V8 respectively, was used to identify the site of 
modification. MALDI-MS analysis of the resulting peptides showed that the fragment 
corresponding to amino acids 7-13 (LHY9FNAR), in case of tryptic digestion, or 2-17 
(AEKPKLHY9FNARGRME), in case of digestion with S. Aureus protease V8, had gained 
an increased mass matching that of a benzoyl group, Figure 6.2. This identified the point of 
attachment to be Y9 as it is the only nucleophile in the fragment that can form a stable 
ester. 
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Figure 6.2. MALDI-MS spectra of the resulting peptide fragments from proteolytic 
digestion with S. Aureus protease V8 of wild-type human GST A1-1 incubated with GSB. 
 

The kinetics of the modification reaction was investigated and 100 µM GSB was shown to 
modify more than 90% of the wild-type protein (5 µM) within 40 min. The pH dependence 
showed a slight optimum around pH 7.5. The ester formed at Y9 was stable in sodium 
phosphate buffer solution pH 7 (for at least 24 hours) but incubation with 50 µM GSH for 
10 min completely removed the ester. However, the benzoylation at Y9 was protected by 
addition of S-methylglutathione (Figure 6.3).  
 

 

GS CH3

S-Methylglutathione
 

Figure 6.3. Structure of S-methylglutathione. 
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6.1.2. The modification reaction is class-specific 

A screening experiment was performed to test whether the modification reaction with GSB 
was unique to human GST A1-1 or not. The GST superfamily consists of different classes 
that comprise several isoenzymes within each class.56 The overall fold of the GSTs is 
similar between the classes although the sequence homology is low. The fold of the N-
terminal domain that provides most of the residues of the G-site is highly conserved 
whereas the α-helical C-terminal domain that provides the substrate specificity is less 
conserved. The Alpha class has a helix (α9) in the C-terminal domain that results in a 
smaller and more hydrophobic active site compared to the Mu and Pi classes that have 
larger and more open sites, Figure 6.4A-C.57 The Theta class has an unique substrate 
specificity compared to the other classes and possesses a deeper active site, Figure 6.4D.56 
There are considerably structural variations between the Omega class and the other classes 
and the Omega class has an unusually proline-rich region in the N-terminal domain and a 
large and open H-site, Figure 6.4E.56  
 

A. Alpha B. Mu C. Pi

D. Theta E. Omega

 
Figure 6.4. Representative crystal structures of five GST classes. Only the monomer is 
shown for reasons of clarity of presentation. The catalytically important residue, 
corresponding to Y9 in human GST A1-1, is shown in stick representation. (A) human 
Alpha class (PDB code 1GUH),57 (B) human Mu class (PDB code 1HNA),91 (C) human Pi 
class (PDB code 1GSS),92 (D) human Theta class (PDB code 1LJR)93 and (E) human 
Omega class (PDB code 1EEM).94 
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A set of ten isoenzymes (human GSTs A1-1, A2-2, A3-3, A4-4, the A4-4 mutant Y9F, 
M2-2, M4-4, O1-1, P1-1, mouse GST M5-5 and rat GST T2-2) from five classes were used 
in the screening experiment. Each protein was incubated with GSB for 24 hours, 
proteolytically digested, and the resulting peptides were analyzed by MALDI-MS to 
identify the fragments containing the catalytic residue corresponding to Y9 in human GST 
A1-1. The catalytic residue is a Tyr in the Alpha, Mu and Pi class whereas Omega and 
Theta has a Cys and Ser residue respectively in the corresponding position.52 This residue 
is crucial in the natural detoxication activity of the GSTs. The MALDI-MS analysis 
showed that only the Tyr residue in the Alpha class GSTs was modified by GSB and this 
shows the modification reaction to be class-specific. The human GST A4-4 mutant Y9F 
did not show any trace of modification, again providing evidence that Y9 is the site of 
modification. 
 

The depressed pKa values of Y9 in the Alpha class, ranging from 6.7 (A4-4) to 9.2 (A2-2), 
could be a contributing factor for the class-specific modification of the Alpha class, but on 
the other hand, the Pi class displays pKa values in the same range.42,77,95-97 Similar 
compounds have been shown to bind to the Alpha, Mu and Pi class with comparable KD 
values so the binding preference is most likely not the case.98 In conclusion, the thiolester 
functionality seems to be better oriented in the Alpha class to facilitate the nucleophilic 
attack of Y9 compared to the corresponding catalytic residues in the other classes.  
 

6.1.3. The reaction is general with respect to GS-thiolester 

In Paper I, two additional GS-thiolesters (GS-ANT, formed from glutathione and N-
methylanthranilic acid and S-lactoylglutathione, Figure 6.5) were tested to investigate 
whether GSB was the only substrate able to modify Y9. MALDI-MS analysis showed that 
GS-ANT modified Y9 whereas S-lactoylglutathione did not. 
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Figure 6.5. Structures of GS-ANT, S-lactoylglutathione and succinimidyl N-
methylanthranilate (ANT-NHS). 
 

Viljanen et al has extended the study and screened a GS-thiolester library to explore the 
reagent requirements of the modification reaction.74 They showed that it was a general 
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reaction since 13 out of 17 GS-thiolesters were able to acylate Y9 of human GST A1-1. 
The modification reaction was also versatile with respect to the other Alpha class members 
(human GSTs A2-2, A3-3 and A4-4) and the accepted GS-thiolesters ranged from 72 to 
83%. The acylating reagents included fluorescent groups, photochemical probes and an 
aldehyde that greatly enhanced the versatility of the reaction.74 In total, 15 out of 20 (75%) 
GS-thiolesters tested modified Y9 of wild-type human GST A1-1 but the authors did not 
find any general rules regarding requirements of size, hydrophobicity, reactivity etc. 
 

6.1.4. The underlying principles of the site-specificity 

The modification reaction of human GST A1-1 is very specific in that only one out of 51 
possible nucleophiles, one out of ten Tyr residues, becomes covalently modified. The 
reason for the specificity is the positioning of the thiolester functionality in close proximity 
to the side chain of Y9 in the active site. The GSH backbone provides the affinity for the 
G-site, and the H-site shows affinity for hydrophobic molecules. The GSH backbone is 
required for specificity, since an activated ester, ANT-NHS (succinimidyl N-methyl-
anthranilate, Figure 6.5), mainly acylated surface-exposed Lys residues and only to a 
minor extent Y9. In contrast, the corresponding GS-thiolester, GS-ANT, modified only Y9. 
Another factor that probably also contributes to the specificity is the depressed pKa value 
of Y9 that makes the nucleophilic phenolate ion more abundant at pH 7 in position 9 than 
the other surface-exposed Tyr residues in the protein. 
 
The modification reaction of human GST A1-1 is a nice example of site-specific acylation 
since it is usually considered difficult to target only one nucleophile out of several in a 
large protein and, in particular a relatively unreactive Tyr residue. This is made possible by 
the proximity and orientation of the thiolester relative to Y9 in concert with the 
hydrophobic microenvironment of the H-site. 

6.2. A Tyr ester versus a Lys amide 
The benzoyl ester formed at the side chain of Y9 in the wild-type human GST A1-1 was 
not stable towards GSH, and GSB was formed upon addition of GSH to pre-modified wild-
type protein. The possibility of using Y9-modified protein in purification or fusion protein 
experiments is thus limited since the intracellular concentration of GSH is about 1-10 mM. 
However, the benzoyl ester was found to survive in Escherichia coli lysates if a protease 
inhibitor cocktail was added (Paper I). A second drawback of the Y9 system is that 
Viljanen et al found that some Y9-esters were slowly hydrolyzed and that addition of a 
different GS-thiolester to pre-modified human GST A1-1 could result in scrambling of the 
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products.74 To circumvent these problems a more stable linkage such as an amide bond 
would be ideal. An amide, which can be formed with a Lys residue, is a more stable end 
product than an ester and is not easily hydrolyzed.  

6.3. Site-specific labeling of Lys residues 
A set of three Lys mutants of human GST A1 was prepared to investigate the possibility of 
generating the more stable amide bond in the GST modification reaction (Paper V). The 
Y9K mutant was prepared to test if a Lys residue introduced in position 9 could attack the 
thiolester functionality directly. Since a His residue in position 216 has been proven to 
influence the fate of the Y9-ester (Chapter 4 and 5), A216K was prepared as well to test if 
the introduced Lys residue could be in range for a nucleophilic attack. A third mutant, 
Y9F/A216K was prepared to investigate the importance of Y9 since it has been shown that 
Y9 is essential in both the natural detoxication reactions of GSTs and in the A216H-
catalyzed hydrolysis of GSB. 

6.3.1. Site-specific modification of K216 

The three Lys mutants were incubated with an 18-membered GS-thiolester library74 
(Figure 6.6), digested with S. Aureus protease V8 and the resulting peptide fragments were 
analyzed by MALDI-MS.  

HO

O

1. 3,5-Dimethylbenzoic acid

HO

O

HO

O

OO O
2. Naphtalene-2-carboxylic acid (Na) 4. 7-Methoxy-coumarin-3-carboxylic acid

HO

O

O

O

OH

HO
O

3. 5-Carboxy-fluorescein

HO

O
F

5. 3,4-Difluorobenzoic acid

HO

O

6. 4-Acetoamidobenzoic acid

HO

O

7. 2-Biphenylcarboxylic acid

HO

O

8. 2-Methylflavone-8-carboxylic acid
F

N
H

O
O

O

HO

O

9. 2,6-Dimethylbenzoic acid

HO

O

10. 3-(Trifluoromethyl)-benzoic acid

HO

O

N

11. 2-Phenyl-4-quinolinecarboxylic acid

HO

O

12. 4-Benzoylbenzoic acid

FF
F O

HO

O

13. 2-Thiophenecarboxylic acid

HO

O

N

14. 3-(Dimethylamino)-benzoic acid
HO

O

16. Phenylacetic acid
HO

O

17. 6-Phenylhexanoic acid

S HO

O

15. p-Formylbenzoic acid
CHO

 
Figure 6.6. Structures of the acid residues of the GS-thiolesters used in the modification 
reaction. GSB (not shown) was also included in the experiment. 
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The Y9K mutant did not show any trace of modification whereas A216K was modified by 
eight of the 18 (44%) GS-thiolesters tested, Table 6.1. Again, the reaction is very site-
specific and targets only one nucleophile out of 52 present (one out of 25 Lys residues). 
The analyzed amino acid fragment 216-222 (K216RKIFRF) contains a second Lys residue 
in position 218 but this Lys points out to the solution rather than into the H-site according 
to the crystal structure of the wild-type human GST A1-1. Moreover, K218 is not modified 
in the wild-type protein. The third mutant, Y9F/A216K showed modification in only one 
case, with GSB, whereas the rest of the GS-thiolesters did not show any trace of 
modification, Table 6.1. 
 

Table 6.1. Modification reactions of the GSTs. 
 

human GST A1-1 
GS-thiolester Wild-typea A216Kb Y9F/A216Kb Y9Kc 
GSB + + + – 
GS-1 + – – – 
GS-2 + – – – 
GS-3 + – – – 
GS-4 + + – – 
GS-5 + + – – 
GS-6 + + – – 
GS-7 – – – – 
GS-8 + + – – 
GS-9 – – – – 
GS-10 + – – – 
GS-11 – – – – 
GS-12 + – – – 
GS-13 + + – – 
GS-14 + + – – 
GS-15 + – – – 
GS-16 – + – – 
GS-17 + – – – 

 

a + and – corresponds to modified or not modified Y9-fragment.74 
b + and – corresponds to modified or not modified K216-fragment. 
c + and – corresponds to modified or not modified K9-fragment. 
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6.3.2. The amide is stable towards GSH 

Pre-modified A216K (10 µM) was incubated with 1 mM GSH to test the stability of the 
amide bond, and in all cases the modification was still present after 26 h incubation, Table 
6.2. Five of the eight GS-thiolesters were also able to modify A216K in the presence of 1 
mM GSH as well as in E. coli lysates. These features increase the value of the modification 
reaction since the formation of an stable linkage has been demonstrated. 
 

Table 6.2. Modification reactions of A216K.a 

 

A216K 
GS-thiolester 

in buffer 26 h GSHb with GSHc in lysate 
GSB + + + + 
GS-4 + + + + 
GS-5 + + + + 
GS-6 + + – – 
GS-8 + + – – 
GS-13 + + – – 
GS-14 + + + + 
GS-16 + + + + 

 
a + and – corresponds to modified or not modified K216-fragment. 
b Pre-modified A216K incubated in 1 mM GSH for 26 h. 
c GSH was added before incubation of A216K and GS-thiolester. 
 

6.3.3. Mechanistic investigations of the A216K modification reaction 

The mechanism of the A216K modification reaction and the role of Y9 are not 
unequivocal. Since only GSB was able to modify Y9F/A216K, Y9 is potentially an 
essential residue functioning as a nucleophile to form an intermediate Y9-ester. The acyl 
group can then be transferred to K216 after nucleophilic attack by the primary amino group 
of the Lys residue, Figure 6.7. 
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Figure 6.7. Tentative reaction mechanism of the A216K modification reaction. An 
intermediate Y9-ester is formed whereupon the acyl group is transferred to K216. 
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Indeed, a small amount of Y9-ester was detected by mass spectrometry in a semi-
quantitative study where A216K was incubated with GS-4, Figure 6.8. At all times, the 
observed amount of the Y9-ester was tiny and the intramolecular transfer of the acyl group 
from Y9 to K216 therefore seems to be fast. Most of the GS-thiolesters that modify A216K 
are likely to follow this reaction pathway (outlined in Figure 6.7) since only GSB is able to 
modify Y9F/A216K. 
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Figure 6.8. Semi-quantitative analysis by MALDI-MS of the A216K modification by  GS-4. 
Aliquots were withdrawn at different times after mixing and digested with S. Aureus 
protease V8 at (A) pH 7.8 and (B) pH 4. The ratio of modified fragment to total fragment, 
is plotted versus time. 
 

The formation of an acylated intermediate at Y9 does not seem to be an absolute 
requirement for acylation of K216 since modification is observed in the reaction of GSB 
with Y9F/A216K. However, the rates of modification by GSB differ between Y9F/A216K 
and A216K and are slower in the case of Y9F/A216K, Figure 6.9, indicating that Y9 still 
plays a crucial role. Nevertheless, no trace of benzoylated Y9 was found in the A216K 
modification reaction although numerous aliquotes collected over time were analyzed by 
MALDI-MS after proteolytic digestion at both pH 4 and 7.8. 
 

The modification of Y9F/A216K by GSB could be the result of optimal location of the 
thiolester functionality of GSB relative to K216 that enables the direct nucleophilic attack 
by the primary amino group on the GS-thiolester. The role of Y9 in the modification of 
A216K is still not clear but Y9 could potentially act as a general base and abstract a proton 
from K216 as an aid in the direct nucleophilic attack on GSB. A second possible scenario 
is that Y9 stabilizes of the tetrahedral transition state formed upon attack of K216. Both 
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hypotheses could lead to increased modification rates of K216 when Y9 is present, 
although no evidence for either of the reaction pathways has been obtained. 
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Figure 6.9. Semi-quantitative analysis of the GSB modification reaction of (A) A216K and 
(B) Y9F/A216K. The ratio of modified fragmen to total fragment is plotted versus time. 
 
The pKa value of K216 has not yet been determined but it is probably depressed compared 
to the values around 10 usually found for surface-exposed Lys residues.2 This conclusion is 
based on the fact that K216 seems to be present in the hydrophobic environment of the H-
site since it undergoes modification. The pKa value of K216 could also be influenced upon 
binding of different GS-thiolesters in the active site. Moreover, K216 needs to be in the 
unprotonated form to be able to form covalent bonds. 
 

6.4. Future applications of site-specifically labeled GSTs 
There are many possible applications of the site-specific modification reactions described 
in this chapter as it is possible to introduce a wide range of different functionalities. So far, 
wild-type human GST A1-1 has accepted 75% of the GS-thiolesters tested and A216K 
44%. Thus, a desired functionality can be coupled to the thiol group of GSH by a thiolester 
bond and incorporated into the folded GST scaffold. The mutant A216K shows a tendency 
to only accept acyl groups with a logP < 2.3 (logP is the partition coefficient between 
water and n-octanol). Hence, acyl groups for A216K modification should not be very 
hydrophobic and possibly not to large in size since most of the accepted acyl groups are 
among the smallest ones. 
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6.4.1. The wild-type system 

The wild-type system may be used if reversible modification is desired since several Y9-
esters are readily removed upon treatment with GSH. There are potential therapeutic 
applications due to the involvement of GSTs in multiple functions in the cell. For example, 
GSTs have been shown to be over-expressed in tumor cells and to catalyze the conjugation 
of GSH to anti-cancer drugs and could be a contributing factor to drug resistance.52,87,99-101 
The Alpha class enzymes have been linked to resistance to nitrogen mustard drugs99,102 and 
the therapeutic strategy could therefore be to impair the activity by finding a stable 
modification of the catalytically important Y9. 
 

6.4.2. The A216K system 

The A216K system provides a more stable linkage that resists GSH and is therefore well 
suited as a fusion protein in purification systems. The introduction of a fluorophore (for 
example, GS-4) could potentially enable detection and determination of the concentration 
in crude lysates. The fluorophore modification of A216K could also be suitable for 
biosensor applications if the introduced fluorophore is sensitive towards binding events. 
 

6.4.3. A self-functionalizing enzyme 

Catalytic groups could be introduced into the A216K scaffold with the aim of obtaining 
novel enzymes. An attempt to design a self-functionalizing enzyme was initiated bearing in 
mind the results presented in Chapter 4 and 5 which showed that a His residue in position 
216 opened up a route to GSB and GSNa thiolester hydrolysis. The design idea is 
illustrated in Figure 6.10A and GSIm, a thiolester of GSH and 4-imidazolecarboxylic acid, 
was synthesized and found to modify A216K, Figure 6.10B.  
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Figure 6.10. (A) The design strategy for the modification of the self-functionalizing 
enzyme. (B) MALDI-MS spectrum of a proteolytic digest of A216K incubated with GSIm 
that shows that K216 becomes modified. 



 46 

In this way, a His analogue was generated in position 216 that had a longer side chain and 
different orientation and pKa. The in-situ generated artificial His analogue could have a 
long enough side chain to be within distance for a nucleophilic attack on the Y9-ester. In 
comparison, H216 could only act as a general-base catalyst in the A216H-catalyzed 
reaction. 
 
The initial HPLC study of samples with pre-modified A216K incubated with GSB shows 
that the imidazole-functionalized A216K does indeed contribute to a larger decrease of the 
GSB concentration compared to that of the the background reaction, Figure 6.11. The 
results are promising but needs further investigations before any conclusions can be drawn 
about the function of the catalyst. 
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Figure 6.11. HPLC-based analysis of aliquotes withdrawn from samples containing either 
A216K, GSIm and GSB or only GSB. The GSB content of a sample incubated with GSIm 
and GSB was found to be identical to that of a sample of GSB (data not shown). 
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7. Summary 

• The introduction of a single His residue in position 216 turned human GST A1-1 
into a thiolester hydrolase. The rationally designed enzyme is named A216H. 
(Paper II) 

• Saturation kinetics were observed with only two substrates, GSB and GSNa, and 
the promiscuous GST has been transformed into a highly selective catalyst with 
regards to substrate. (Paper II & III) 

• The reaction with GSB proceeds via an acyl intermediate formed at the side chain 
of Y9 and the hydrolysis of the acyl intermediate is enabled by H216 that 
presumably acts as a general base. The hydrolysis of the Y9-intermediate is the 
rate-determining step. (Paper II) 

• The Y9-intermediate of A216H can be selectively trapped by various nucleophiles 
where TFE and 1-PrOH are the most efficient. (Paper IV) 

 
• The wild-type human Alpha class GSTs can be site-specifically modified to 

produce an Y9-ester. (Paper I) 
• A more stable linkage between the acyl group and the protein in the form of an 

amide can be obtained by the introduction of a Lys residue at position 216 in 
human GST A1-1. In total, nine out of 19 (47%) GS-thiolesters tested were able to 
modify K216. (Paper V) 

 
It is fascinating that a single mutation in position 216 has the power to introduce 
completely different reaction pathways depending on the nature of the amino acid inserted. 
His ⇒ thiolester hydrolysis of GSB and GSNa.  
Lys ⇒ site-specific modification at K216. 
 
In addition; 
Ala (the wild-type residue) ⇒ site-specific modification at Y9. 
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8. Expressed protein ligation 

The project described in this chapter is an unfulfilled opportunity that I want to describe 
since I appreciate the technique, expressed protein ligation (EPL). EPL nicely combines 
the knowledge that I have encountered working in the Organic Chemistry lab at Linköping 
University. The aim of the project was to further explore the properties of A216H by site-
specific introduction of artificial groups at position 216. Examples of such groups 
considered were 13C15N-His (for pKa determination by NMR), 4-fluoro-His (to selectively 
decrease the pKa value of the His residue)103,104 and Lys derivatives modified with an 
imidazole moiety (to test the impact of His-analogues of different lengths). 

8.1. The EPL method 
EPL is based on a method called native chemical ligation that has been used to ligate 
synthetic peptides to form larger fragments.17,18,105-108 Peptide synthesis is limited to less 
than approximately 60 residues due to accumulation of side products and hence difficulties 
in purification and decreased yields. The advantage of EPL is that the native chemical 
ligation step takes place between a recombinant protein segment, which is virtually 
unlimited in size, and a synthetic peptide. Native chemical ligation requires a C-terminal 
thiolester and an N-terminal Cys to proceed (Figure 8.1), although alternative methods 
have been developed to circumvent these requirements.108-110  
 
The native chemical ligation strategy can be applied to the modification of recombinant 
protein segments using proteins called inteins (internal protein sequences).111 The inteins 
were discovered in 1987 as self-splicing proteins in unicellular organisms, Figure 8.2.112,113 
The origin of the inteins is still not clear but they are often viewed upon as parasitic genetic 
elements or so-called selfish genes.113,114 
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Figure 8.1. The mechanism of native chemical ligation. 
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Figure 8.2. The basic principle of protein splicing. The protein fragments flanking the 
intein are called exteins. 
 

Commercial kits (i.e. the IMPACTTM-system)115 based on intein chemistry are available 
for cloning the protein of interest in fusion with an intein to generate a C-terminal 
thiolester or an N-terminal Cys.116,117 These systems can also be used for cyclization of 
proteins or for purification of proteins and a chitin-binding domain has been fused to the 
intein to facilitate purification by affinity chromatography.118,119 The protein of interest can 
be cleaved from the intein by addition of a thiol or by a change of pH or temperature 
depending on which intein is fused to the protein.120 The generation of a recombinant 
protein fragment with a C-terminal thiolester and subsequent native chemical ligation with 
a synthetic peptide containing an N-terminal Cys is described in Figure 8.3. 
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Figure 8.3. The EPL strategy where a C-terminal thiolester is produced by addition of a 
thiol (for example MESNA). Native chemical ligation is applied to produce the semi-
synthetic protein. The chitin-binding domain is denoted CBD and the affinity matrix is a 
chitin column. 

8.2. The human GST A1-1 system 

8.2.1. Design of the system 

Position 216 in human GST A1-1 (221 residues) is well suited for studies with the EPL 
method since 216 is located in the C-terminal segment. The cleavage point to produce the 
truncated recombinant protein was determined to be between G201 and S202 (Figure 8.4). 
The design took into account preferred amino acids in the –1 position for the intein 
splicing step and the native chemical ligation step respectively.121,122 The change of S202 
into a Cys in the +1 position of the N-terminal peptide was considered a conservative 
change and the resulting 21-residue peptide had an appropriate length for peptide 
synthesis. See Figure 8.2 for nomenclature of the –1 and +1 positions. The net charge of 
the protein was unaltered and residues known to be important for structure and function of 
human GST A1-1 were unchanged. 
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G201

S202

C-terminal synthetic peptide

N-terminal recombinant protein  
Figure 8.4. The crystal structure of wild-type human GST A1-1 (PDB code 1GUH) where 
only the monomer is shown for reasons of clarity of presentation. The gray part of the 
structure represents the truncated protein to be expressed in fusion with an intein and a 
chitin-binding domain. The site of truncation was determined to be between G201 and 
S202 (shown in stick representations) and the C-terminal part, to be synthesized, is shown 
in black. 
 

8.2.2. Results 

A truncated gene of human GST A1 containing Nde 1 and Sap 1 cleavage sites was 
produced by PCR and ligated into a vector containing the intein and a chitin-binding 
domain, Figure 8.5.  
 

Intein1 MCS Intein2CBD CBD
T7 promoter

Target gene

 
Figure 8.5. The cloning strategy for production of a C-terminal fusion protein. The 
truncated human GST A1 was used as target gene. The chitin-binding domain is denoted 
CBD and MCS is the multiple cloning site. 
 

The cloning procedure was verified by restriction cleavage and agarose gel electrophoresis 
that yielded expected fragments. In addition, DNA sequence analysis was used to verify 
the ligation of the truncated gene into C-terminal fusion with the intein. The fusion protein 
was expressed, as verified by SDS-PAGE (Figure 8.6), and purified by affinity 
chromatography using a chitin column. The truncated GST A1-1 protein (termed G201) 



 53

was cleaved and eluted from the column by addition of the thiol 2-mercaptoethanesufonic 
acid (MESNA, Figure 8.3)107,123 whereupon a C-terminal thiolester was formed. 
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in room temperature overnight.
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in room temperature overnight.

3. G201-Mxe GyrA-CBD expressed 
in 37 °C for 3 hours.

4. G201-Mth RIR1-CBD expressed 
in 37 °C for 3 hours.

 
Figure 8.6. The truncated protein, G201, was expressed in fusion with two different 
inteins, Mxe GyrA and Mth RIR1, and CBD as shown by SDS-PAGE. The molecular 
weights are: G201-Mxe GyrA-CBD = 50 000 Da, G201-Mth RIR1-CBD = 43 250 Da, 
Mxe GyrA-CBD = 27 000 Da, Mth RIR1-CBD = 20 250 Da and G201 = 23 000 Da. 
Sample 2 and 4 show self-cleavage activity during expression. 
 

A 21-residue peptide with the C-terminal wild-type sequence and an N-terminal Cys 
(termed A1 202) was synthesized by solid phase peptide synthesis, deprotected, purified 
and analyzed by MALDI-MS prior to ligation. The full-length wild-type human GST A1-1 
protein was used as a reference to make a first characterization of the ligated protein, i.e. 
the effects of the Ser to Cys mutation was ignored in these initial experiments. The 
recombinant protein fragment with the C-terminal thiolester (G201) was mixed with an 
excess of synthetic peptide (A1 202) and a semi-quantitative analysis by MALDI-MS 
showed that the native chemical ligation had been successful to approximately 50%, Figure 
8.7.  
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Figure 8.7. MALDI-MS spectrum of (A) G201 and (B) G201 ligated with A1 202.  
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However, the ligated human GST A1-1 (termed G201-A1 202) showed only < 5% activity 
towards the standard substrate 1-chloro-2,4-dinitrobenzene124 compared to the wild-type 
human GST A1-1. Fluorescence measurements using Trp-21 were performed to investigate 
if the ligated protein had obtained the correct fold. Since Trp-21 is situated in a region 
close to the ligation site it should be a good reporter of the folded structure.125 In addition, 
Dirr and co-workers showed in a previous study that a truncated human GST A1-1 (termed 
a9del), where the C-terminal helix (residues 211-222) had been deleted, displayed a red-
shift of 5 nm compared to the wild-type protein (λmax (wild-type) = 325 nm) whereas the 
unfolded structure was red-shifted by 30 nm.126 The change in wavelength was primarily 
investigated since it is not dependent on the concentration. The λmax of G201 was found to 
be 337 nm and is to be compared to the observed value of the wild-type protein, λmax = 328 
nm (9 nm red shift), Figure 8.8. This observation was in line with the previous studies by 
Dirr and co-workers using a9del.126 The reason behind the larger red shift in G201 
compared to a9del is probably that Trp-21 is positioned closer to the truncation site in 
G201. However, the ligation mixture (G201-A1 202, typically 50% ligation yield) also 
showed a λmax of 337 nm which indicates that the ligated protein has not gained the correct 
fold, Figure 8.8.  
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Figure 8.8. Fluoroscense spectra of  wild-type human GST A1-1, G201 and the ligated 
product, G201-A1 202.  
 

The reasons for the observations above are still not clear but the 21-residue peptide, A1 
202, is added to the ligation mixture in large excess and could perhaps bind strongly to the 
protein since the peptide is still present even after extensive dialysis. The dimer interface 
of human GST A1-1 consists of three parts where one is a hydrophobic lock-an-key motif, 
the second part is an interaction of two symmetrically Arg residues in position 69 and 
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third, via an electrostatic network between helices α3 and α4.57 The charged peptide A1 
202 (six positive and four negative charges) could perhaps interact electrostatically with 
the dimer interface and thereby hinder the dimerization that is important for 
activity.57,127,128 Further experimental efforts are needed to fully understand the obtained 
results and to achieve the desired properties of a wild-type protein. 
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