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ABSTRACT
The members of the ubiquitous group of thiol-disulfide oxidoreductases are
characterized by a conserved tertiary structure, the thioredoxin (Trx) fold, and by
having a consensus -C-X-X-C- active site sequence motif. By utilizing the active site
cysteines, these proteins participate in redox reactions by catalyzing reversible disulfide
oxidation and reduction. The glutaredoxin (Grx) subgroup and the group of protein
disulfide oxidoreductases (PDOs) found in hyperthermophilic prokaryotes, provide
intriguing examples of variations on the common thioredoxin theme. The glutaredoxins
being effective catalysts of protein-glutathione mixed disulfides, having a high
specificity to the γGlu-Cys-Gly tripeptide, glutathione, and the PDOs being atypical in
the sense of having two Trx fold domains each having the -C-X-X-C- active site
sequence.
To some extent, the members of the Trx superfamily have overlapping activities.
However, regardless of their mechanistic and structural similarities, they also have
distinct activities. These differences are to some extent due to the extrinsic milieu,
however, they are largely dependent on the intrinsic properties of these enzymes such
as active site disulfide standard state redox potential ( E °' ) and active site cysteine thiol
pKa values, in addition to their various substrate specificities.
The central theme of this thesis has been to acquire a deeper knowledge about the
determinants of substrate specificity of the glutaredoxins, using Grx3 from E. coli as a
model system. This required the development of an approach which uses ligandinduced stability to quantify substrate specificity. This work has also included the
investigation of redox properties of active site and nonactive site disulfides in the
human glutaredoxins (hGrx1, hGrx2, and hGrx5) as well as two PDO proteins from the
hyperthermophilic organisms A. aeolicus and P. furiosus.
The results provide details about substrate specificity of the glutaredoxins. In
particular, the individual interactions between Grx3 and glutathione have been
quantified demonstrating the importance of ionic and van der Waals interactions in
Grx3 substrate recognition. Furthermore, additional insight into the structural basis of
activity is obtained from experiments designed at uncovering the origin of Grx1-like
activity in a M43V mutant of Grx3. The results presented here underscore the
importance of Grx1 conformational flexibility in the recognition of substrate proteins.
The characterization of redox properties of human Grx1 and Grx2, and the two PDO
proteins from A. aeolicus and P. furiosus provides data related to their biological
function. Evidence is presented that the human dithiol glutaredoxins as well as the
active sites of the two PDO C-terminal Trx-fold domains have redox potentials in the
order of that reported for many other glutaredoxins (∼ -220-240 mV). The ∼50 mV
redox potential difference of the PDO N-terminal domains, being more reducing,
demonstrate the nonequivalence of the two active sites in each PDO protein.
Furthermore, the identification and determination of redox potential ( E °' = -317 mV) of
a nonactive site disulfide in hGrx2 shows that this disulfide is present in all but the
most reducing conditions, conferring nearly 5 kcal mol-1 in stability to this protein.
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INTRODUCTION

1.1 GENERAL INTRODUCTION TO PROTEINS
Proteins are remarkable molecules. Some proteins are enzymes, meaning that they
make chemical reactions happen in cells; they are crucial components in processes such
as the immune defense, vision, and respiration; they are integral components of our
muscles, hair, nails, and bones – just to mention a few of their functions. Despite the
diverse biological function of proteins, they are a chemically homogeneous group of
molecules, being linear polymers made up of various combinations of in principle 20
different amino acids.
Proteins are encoded by the genome (DNA) of an organism and it has been
estimated that the human genome has some 20000-25000 protein coding genes [1]. The
biosynthesis of proteins [2] takes place in the cellular cytoplasm where the ribosome
which is a large protein/RNA complex encodes messenger RNAs (mRNAs, direct
copies of genes produced in a process called transcription) into a linear sequence of
amino acids in a process called translation. Here, the individual amino acids are
covalently connected (from N- to C-terminus) via amide bonds to form the primary
structure. Due to the large number of degrees of freedom in the primary structure, it
would take an astronomical amount of time if the polypeptide randomly explores all of
the conformations available [3]. However, many polypeptides fold into their native
conformations within seconds, which occurs via a directed folding pathway. The
current idea is that the primary structure in a hierarchical manner via a so-called folding
funnel, describing an energetic landscape in which there are several local minima and a
global minimum, will undergo a hydrophobic collapse into a state referred to as a
molten globule. Here, small local elements of structure are present (e.g., α-helices, βsheets) while native-like contacts are missing. These local elements will then come
together to form larger elements, followed by the formation of yet larger elements etc.
until the structure finds the global free energy minimum, corresponding to the native
state at the bottom of the funnel (reviewed in [4]).
In eukaryotic cells, the folding event mainly occurs in a cellular organelle called
the endoplasmic reticulum (ER) [5], while in prokaryotic cells, it takes place in the
bacterial periplasm [6, 7].The folding process is in most instances regarded as a
spontaneous process. However, sometimes the folding is not spontaneous, and
complicating matters even more is the presence of cysteine residues. Cysteines have the
ability to form covalent crosslinks in the form of disulfide bonds, and during the
folding process these may form nonnative crosslinks, thereby preventing the formation
of a native structure. In the ER of eukaryotic cells and the periplasm of prokaryotic
cells, there are a number of different proteins that can aid in protein folding (e.g.,
molecular chaperones) and also catalyze the isomerization of disulfide bonds (e.g.,
protein disulfide isomerase (PDI) and homologues proteins in eukaryotes [8, 9], and the
Dsb family of proteins in bacteria [6, 10]).
1.1.1 The significance of protein stability
There are a number of different forces that contributes to protein folding, and hence, the
stability (∆G) of a folded protein. One of the governing forces is the hydrophobic
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effect, which causes nonpolar, hydrophobic, groups in a protein to minimize their
contact to the polar surrounding (water) by aggregating into a hydrophobic core in the
interior of a protein [11]. Hydrogen bonds may also contribute to stabilizing the native
state, although the magnitude of this contribution is not known since it would require
accurate knowledge of the difference in energy between protein-protein and proteinsolvent hydrogen bonds. There is also an entropic effect of having the hydrogen bonds
that is formed between the unfolded protein and the solvent broken upon folding, which
increases the entropy (∆S, Eq. 1.1) of the solvent [11, 12].
∆G = ∆H − T∆S

Eq. 1.1

A number of studies performed on proteins from hyperthermophilic organisms
reveal numerous ionic interactions at the protein surface which have been suggested to
stabilize the native state. However, this effect appears to be most significant for
proteins from hyperthermophilic organisms, and less evident for proteins from
mesophilic organisms [13]. Finally, many proteins have intramolecular disulfide bonds
which provide a means to further stabilize the protein. Since a disulfide introduces a
covalent bond (and an associated enthalpic (∆H) effect, Eq. 1.1) in the protein it might
be believed that this is the sole reason for the increased stability. However, since the
disulfide is also present in the unfolded state, the enthalpic effect is minimal. Instead,
the stabilizing effect is due to a decrease of the conformational entropy in the unfolded
state [14]. Overall, the implication of having (de)stabilizing effects in both the folded
and unfolded states is that proteins are only marginally stable, of the order of 5 – 15
kcal mol-1 (compared to 30 – 150 kcal mol-1 for a covalent bond).
The above discussion on stability mainly concerns the thermodynamic stability of
a protein. Although related to thermodynamic stability, the kinetic stability is referred
to the rate of unfolding of a protein and has more direct implications to functional
circumstances. This is in particular true for proteins that do not unfold reversible or
undergoes permanent changes in the unfolded state (e.g., aggregates, disulfide
exchange, proteolysis) since a kinetically stable protein unfolds very slowly.
1.1.2 Proteins and molecular interactions – why details matter
The in vivo function of a protein almost exclusively depends on its interaction with
surrounding molecules. The cellular environment is extremely crowded having a total
concentration of RNA and proteins of ∼300 – 400 g l-1 [15]. This has the consequence
that a protein is in constant contact with surrounding molecules (including molecular
interactions and repulsion). With regards to physiological function, it is of major
importance that each protein can discriminate between the surrounding molecules and
find the appropriate one(s) to interact with. While some proteins may be promiscuous
in their interactions, many proteins bind to others with a high degree of specificity.
Investigating the determinants of these intermolecular interactions is fundamental to the
understanding of proteins in general, and provides a foundation for exploring the
structure-function relationship of proteins.
The central theme of this thesis concerns the structure-function relationship of a
group of enzymes named the glutaredoxins (Grxs), and during this work, glutaredoxins
from both prokaryotes and eukaryotes have been used. One project has also involved a
family of glutaredoxin-related protein disulfide oxidoreductases (PDOs) from
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hyperthermophilic prokaryotes (reviewed in [16, 17]), having optimum growth
temperatures >80 °C, as opposed to mesophilic organisms having optimum growth
temperatures between 20 and 50 °C.
1.2 GLUTAREDOXINS AND RELATED THIOL-DISULFIDE
OXIDOREDUCTASES
Since the discovery and characterization of a glutaredoxin protein in 1976 [18] as being
a low molecular weight thiol-disulfide oxidoreductase, capable of reducing a disulfide
bond in ribonucleotide reductase (RR), the field of glutaredoxin research has expanded
and is still increasing. As of December 2008, there were 900 entries for “glutaredoxin”
in the ISI Web of Science (including 107 reviews), whereof half of these dates back to
the last six years.
The glutaredoxins are found in virtually all kingdoms of life from virus and
bacteria to mammals, and are members of the thioredoxin (Trx) superfamily including
for instance thioredoxin [19], protein disulfide isomerase (PDI) [8, 9], the Dsb family
of proteins [6, 10], glutathione S-transferase [20], and also a relatively recent
discovered group of PDO proteins from thermophilic organisms [7, 21].
1.2.1 Structural and functional aspects of glutaredoxins and related
proteins
The members of the Trx superfamily are characterized by having a common tertiary
structure – the Trx fold [22, 23]. In its essence, the Trx fold consists of a three-layer
sandwich, having a four-stranded, mixed parallel and anti-parallel β-sheet flanked by
three α-helices (Fig. 1.1). A highly conserved cis-proline loop is also found in the
active site region [22]. While this minimum consensus structure has so far only been
observed in some of the bacterial glutaredoxins, the other members of the family have,
in various degrees, additional structures (and even domains) inserted (Fig. 1.1). The
PDI and the PDO proteins are atypical in the sense that they comprise a total of four
and two covalently connected Trx fold domains, respectively [24-27].
1.2.1.1 Relating the consensus -C-X-X-C- active site sequence motif to redox
potentials and pKa values
Another hallmark of the Trx superfamily is the presence of a consensus -C-X-X-Cactive site sequence motif (Table 1.1), where “X” is any amino acid. The intervening
dipeptide -X-X- sequence is conserved within each protein family. For instance, within
the glutaredoxin family, the classical active site sequence is -C-P-Y-C- (although
subgroups of the mammalian Grxs also have conserved -C-Y-S-C-, and -C-G-F-Ssequences (Paper II)), while in the Trxs the sequence is -C-G-P-C-, and in DsbA and
PDI the sequences are -C-P-H-C- and -C-G-H-C-, respectively. Interestingly, while the
N-unit active site sequence in the family of hyperthermophilic PDO proteins containing
two Trx-like units are novel sequences, the C-unit sequences almost exclusively are
identical to the classical glutaredoxin one (although the motif in a PDO from A.
aeolicus (AaPDO) is identical to the -C-G-Y-C- found in DsbC) [33].
Despite their similar overall structures and active site conformations, some
proteins like glutaredoxins and thioredoxins appear to be general disulfide reductases
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while others are oxidants (e.g., DsbA and DsbB) and some are isomerases (e.g., PDI,
DsbC, PDO). Although the redox environment that these proteins act in is of obvious
importance, there are also intrinsic factors, like active site cysteine redox potentials and
pKa values as well as molecular specificity that contribute to their activity.

Figure 1.1. Selected structures of members of the Trx superfamily demonstrating the Trx fold
elements, having α-helices colored blue, β-sheet colored red, and additional structures colored
grey. The -C-X-X-C- active site cysteines (and other cysteines) are shown as ball-and-sticks
having sulfurs colored in yellow. The representative proteins are: E. coli (Ec)Trx1 (PDBid
2TRX) [28], human (h)Grx2 (2FLS) [29], P. furiosus (Pf)PDO (1A8L) [25], EcDsbA (1A23)
[30], S. cerevisiae (Sc)PDI (2B5E) [24], and hGST (2C3N) [31]. The figure was prepared in
MOLMOL 2K.2 [32] and rendered using MegaPov (http://megapov.inetart.net).

The N-terminal active site cysteine of proteins within the Trx superfamily is in
general more solvent exposed and located in a loop which immediately precedes an αhelix in which the more buried C-terminal cysteine is located (Fig. 1.1). During
catalysis, these active site cysteines cycle between a dithiol and disulfide form, thereby
enabling the reversible reduction and oxidation of substrate disulfides and thiols. This
requires the N-terminal active site cysteine to be in a thiolate form to allow for
nucleophilic attack on substrate disulfides. Since it is thought that the reaction
mechanism of thiol-disulfide oxidoreductases is similar to that of small organic thiolcontaining compounds [34], a lowering of the pKa value will make the reaction rate be
larger due to effects on nucleophilicity and leaving group ability of the formed thiolate
[34, 35]. Subsequently, a lowered pKa value of the N-terminal active site cysteine and
an elevated value for the C-terminal one (Table 1.1), relative that of a free cysteine thiol
(pKa ≈ 8.5), is frequently observed within the members of the Trx superfamily resulting
in an N-terminal cysteine thiolate at physiological pH. For instance, glutaredoxins
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having the classical -C-P-Y-C- active site motif values have been reported to be < 6
[36-39] and Paper II.
TABLE 1.1
Active site (-C-X-X-C-) redox potentials and pKa values from selected thiol-disulfide
oxidoreductases, ordered according to redox potentials.
Thiol-disulfide
Active site
E°′
pKa
pKa
oxidoreductase
sequence
(mV)
N-term Cys
C-term Cys
AaPDO N-unit
-C-E-S-C-287
9.5*
23.0*
PfPDO N-unit
-C-Q-Y-C-281
12.0*
26.5*
EcTrx1
-C-G-P-C-270
7.1
9.9
AaPDO C-unit
-C-G-Y-C-239
6.0*
26.9*
EcGrx1
-C-P-Y-C-233
∼5.0*
∼17.0*
hGrx1
-C-P-Y-C-232
3.5
PfPDO C-unit
-C-P-Y-C-224
8.0*
25.3*
hGrx2
-C-S-Y-C-221
<6
EcGrx3
-C-P-Y-C-198
<5.5
>10.5
hPDI N-unit (a domain)
-C-G-H-C-188
4.22
>10
hPDI C-unit (a′ domain)
-C-G-H-C-152
EcDsbC
-C-G-Y-C-130
EcDsbA
-C-P-H-C-124
3.2
>10
References are: EcGrx1 [40, 41], EcGrx3 [37, 38, 40], hGrx1 [36] and Paper II, hGrx2 Paper
II, EcTrx1 [42, 43], hPDI [44, 45], EcDsbA [40, 46-48], EcDsbC [49], AaPDO and PfPDO
[27] and Paper IV. Asterisks indicate that the value has been determined by computational
methods.

Attempts have been made to acquire an understanding for the factors that
influence the lowered pKa of the N-terminal active site cysteine. One explanation lies in
the fact that the thiolate is located at the N-terminus of a α-helix, and hence, it is likely
that the helix dipole contributes to the thiolate stability [28, 48, 50] (and reviewed in
[51]). It has also been demonstrated that the intervening -X-X- active site cysteine
dipeptide sequence influence the pKa value of the N-terminal active site cysteine [52]

Figure 1.2. The relative number of hydrogen bonds to the N-terminal active site thiolate by the X-X- cysteine intervening residues and the C-terminal thiol influence the pKa in reduced
EcDsbA, EcGrx3 and hTrx (although values are for EcTrx1). (Taken and modified from [38]).
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and studies have suggested that the more hydrogen bonds that can be donated to
stabilize the thiolate, the lower the pKa value (Fig. 1.2) [38, 53, 54]. The possibility of
stabilization of the thiolate by additional hydrogen bonding or ionic interactions
provided by peripheral residues has also been invoked [38, 43, 52].
It has been demonstrated that there is a correlation between pKa values and active
site standard state redox potential ( E °' ) [34, 55, 56]. It is therefore not surprising that
the -X-X- dipeptide sequence also has influence on the active site redox properties, as
demonstrated by mutagenesis studies where the -X-X- sequence has been changed to
mimic that of other thiol-disulfide oxidoreductases whereupon a shift has been
observed towards that of the natural oxidoreductases [42, 47, 55-58].
Finally, it has also been demonstrated that global effects may have important
consequences on redox properties as a single point mutation far from the active site can
alter both the pKa value of the N-terminal cysteine and the active site redox potential
[59]. Here, the observed changes were ascribed to the overall motion of the protein
which influence the possibility of peripheral residues to stabilize the N-terminal thiolate
[59] and Paper III.
1.2.2 The general enzymatic mechanism of thiol-disulfide
oxidoreductases
The basis of the enzymatic mechanism of thiol-disulfide oxidoreductases is the
participation of the two active site cysteines. As discussed above, the reaction requires
the N-terminal solvent exposed cysteine to be in a thiolate form which makes a
nucleophilic attack on the substrate disulfide, thus forming an intermediary mixed
disulfide complex with the substrate [60, 61]. The more C-terminal active site cysteine,
which is buried, makes a nucleophilic attack on the N-terminal cysteine, thereby
forming an intramolecular disulfide and release of the substrate protein in reduced form
(Fig. 1.3). Since the redox reaction is reversible, the presented mechanism in Figure 1.3
describing the activity of a reductase can be reversed, which is the case for
oxidoreductases having either oxidase or isomerase activity.

Figure 1.3. The general reversible enzymatic mechanism of thiol-disulfide oxidoreductases.
Here, the N-terminal thiolate of the reduced enzyme (E) attacks the disulfide substrate (R),
thereby forming a mixed disulfide complex. In a next step, the C-terminal active site cysteine
attacks the N-terminal one, and the enzyme becomes oxidized, followed by the release of
reduced substrate.

After intramolecular disulfide bond formation and release of reduced substrate,
the oxidoreductases need to be reactivated by having the intramolecular disulfide
reduced. This provides a mechanistic difference between the members of the Trx
superfamily. For instance thioredoxin and glutaredoxin, having stronger reducing
capacity, are themselves reduced by the enzyme Trx reductase and the small thiol
containing tripeptide glutathione (GSH, γGlu-Cys-Gly) [62], respectively, although it
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has been demonstrated that the reduction of hGrx2 is also catalyzed by Trx reductase
[63]. The prokaryotic DsbA protein, being a general oxidase, which catalyzes the
oxidation of substrate protein thiols, is maintained oxidized by DsbB [64]. A family of
eukaryotic Ero (ER oxidoreductin) proteins are responsible for regenerating the two -CX-X-C- active sites in PDI during disulfide isomerization (reviewed in [9, 65]). It has
been reported that Trx reductase from the hyperthermophilic organism P. horikoshii is
able to catalyze the reduction of the glutaredoxin-like active site in a PDO protein from
the same organism [66], thus there is some indication that similar relationships exist
even in archaea. Furthermore, data presented in Paper IV suggests that the PDO
proteins, having two -C-X-X-C- redox active sites with very different redox potentials,
have the ability to reactivate each other (Paper IV).
1.2.2.1 The alternative mechanism of glutaredoxins
The glutaredoxins are atypical members of this family in two aspects. First, while most
oxidoreductases are regenerated by other enzymes, the glutaredoxins are specifically
regenerated by glutathione. Secondly, the glutaredoxins are able to use either both
active site cysteines for catalysis in a dithiol mechanism or only the N-terminal active
site cysteine in a monothiol mechanism [60, 67, 68] (Fig. 1.4).
Similar to the general thiol-disulfide oxidoreductase mechanism (Fig. 1.3), the
dithiol mechanism of glutaredoxins involves both active site cysteines. Here, the more
N-terminal cysteine forms a mixed disulfide with the substrate protein, followed by the
formation of an intramolecular disulfide and subsequent release of the reduced
substrate. Two glutathione molecules are then required to regenerate the oxidized
glutaredoxin whereof the action of the first one results in a transiently stable Grx-SG
mixed disulfide [40] (and Paper II), involving the N-terminal cysteine of glutaredoxin.
In the monothiol mechanism, which is used to reduce S-glutathionylated proteins
(reviewed in [70, 71]), referring to proteins having attached a disulfide bonded

Figure 1.4. The dual activity of glutaredoxins as shown by their distinct mechanistic pathways:
the monothiol and dithiol mechanisms. (Modified from [69]).
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glutathione molecule, the N-terminal active site cysteine makes a nucleophilic attack on
the disulfide between the substrate protein and glutathione. A Grx-SG mixed disulfide
is subsequently formed, followed by the reduction of this complex by a second
glutathione molecule.
The glutaredoxins then have at least two distinct activities being capable of
functioning as a general protein disulfide reductase, and being effective reductants of Sglutathionylated proteins.
1.2.3 Substrate recognition of thiol-disulfide oxidoreductases
As discussed above, the enzymatic mechanism exerted by thiol-disulfide
oxidoreductases proceeds via a covalent intermediary substrate mixed disulfide
complex. In order to understand the basis of the interactions between these proteins and
their substrates, a number of different structures have been solved (e.g., [29, 60, 67-69,
72-76]). For this purpose, mutant versions have in most occasions been used where the
C-terminal cysteine is replaced by for example a serine to prevent the formation of an
intramolecular disulfide, thereby trapping the mixed disulfide complex (e.g. [67-69, 7275, 77].
The structures of these proteins reveal that in addition to the covalent bond
afforded by the disulfide, a common theme in substrate recognition is the formation of
a short anti-parallel β bridge, involving sequence-nonspecific backbone to backbone
hydrogen bonds by atoms located in the cis-proline loop (Fig. 1.5). In fact, it has even
been observed that these conserved hydrogen bonds can be formed in either a antiparallel or a parallel orientation in hTrx [72, 73]. Recent structures of hGrx2 [29] and
poplar GrxC1 [76] reveal a distance between the cysteine sulfur atoms that is too long
(> 2.7 Å) to be defined as a covalent bond (∼ 2.0 Å), indicating the presence of a noncovalent complex. Nevertheless, the glutathione substrate is oriented similar to that
observed in other glutathione mixed disulfide complexes [60, 67, 69], thus preserving
the sequence-nonspecific β bridge hydrogen bonds.

Figure 1.5. The sequence-nonspecific backbone to backbone hydrogen bonds (dashed line)
between the substrate (light grey stick representation) and the β bridge (dark grey) can be
accommodated in a anti-parallel (A, C) and parallel (B) fashion as demonstrated in the mixed
disulfide structures between (A) EcGrx3 and glutathione (PDBid 3GRX [69]), and (B) hTrx and
the NfkB peptide (PDBid 1MDI [72]. Here, the side chain of the cis-prolines are also shown.
Despite the fact that the complex involving hGrx2 and glutathione (PDBid 2FLS [29]) is
noncovalent, the anti-parallel β bridge is preserved. The figure was prepared in MOLMOL
2K.2 [32] and rendered using MegaPov (http://megapov.inetart.net).
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1.2.3.1 The importance of electrostatic interactions exemplified by the EcGrx3-SG
mixed disulfide
In addition to the recognition of the peptide backbone, numerous other interactions
contribute to specificity. For instance, in the complex between hTrx and the NfκB
peptide, the importance of hydrophobic interactions are highlighted as there are a total
of 12 hydrophobic interactions identified in the binding groove in addition to 9
electrostatic interactions [72]. A similar theme of hTrx substrate interaction was also
observed in the complex with the Ref-1 peptide [73].
While hydrophobic interactions appears to play a crucial role in hTrx proteinprotein interactions, several structures point to the important role of electrostatic
interactions in substrate specificity of the glutaredoxins [29, 60, 67-69, 76]. This also
appears to be the case in protein-protein interactions of glutaredoxins as the EcGrx1
mixed disulfide complex with a 25-residue peptide from EcRR reveals the presence of
numerous charged residues lining the binding groove [68]. Furthermore, the covalent
complex between EcGrx3 and glutathione [69] demonstrates a recurring theme in
glutaredoxin-glutathione specificity, seen in other covalent Grx-SG mixed disulfides
complexes [60, 67, 69] and noncovalent complexes [29, 76]. Here, the Grx3 surface
provides complementary charges both at the γGlu and Gly moieties (Fig. 1.6), in
addition to making the sequence-nonspecific backbone to backbone interactions and
van der Waals interactions with Tyr13, Thr51, and Val52.

Figure 1.6. A schematic representation of the role played by electrostatic interactions in
glutaredoxin substrate recognition exemplified by the EcGrx3-SG mixed disulfide [69]. The
electrostatic surface potential of Grx3 (A) provides complementary charges to the glutathione
molecule as seen in the B panel showing a blow-up of the active site. Here, the electrostatic
interactions are shown as dashed lines. (Taken from [78]).
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1.2.4 The biological significance of glutaredoxins and related proteins
The in vivo role of thiol-disulfide oxidoreductases is diverse (e.g., reviewed in [6, 7, 19,
21, 65, 79-81]) but have in common reversible disulfide reduction and oxidation
reactions involving the -C-X-X-C- active site cysteines as describe above. Although the
intrinsic properties (i.e., redox potential, pKa of cysteine sulfurs, specificity etc.) of the
oxidoreductases are crucial components dictating biological function, the redox
environment that they act in is also critical [82, 83]. Glutathione is present in cells at
millimolar concentrations (1-11 mM [84]) and is fundamental to the cellular redox
environment since the ratio of GSH over GSSG determines the redox state [85].
1.2.4.1 Oxidative stress
The intracellular environment is normally reducing due to the ratio of GSH/GSSG
(100/1), although this ratio is changed in different organelles [82, 83]. However, this
redox homeostasis is disrupted when cells experience oxidative stress due to excessive
reactive oxygen species (ROS, e.g., hydrogen peroxide, superoxide, and hydroxyl
radicals), whereupon the GSH/GSSG ratio can decrease to a value of 10/1 [85], which
subsequently creates a more oxidizing environment. One of the consequences of this is
the reversible formation of disulfide bonds, which serves as a mechanism to regulate
proteins. It has been demonstrated that the formation of an intramolecular disulfide in
the transcription factor OxyR from E. coli subsequently leads to the transcription and
expression of the genes encoding Grx1 and glutathione reductase [86]. Via a feedback
mechanism, the OxyR protein is then deactivated by disulfide bond reduction catalyzed
by Grx1 [86].
There may also be instances where irreversible modifications of proteins take
place [87]. Here, cysteine residues in particular are sensitive to oxidation due to the
formation of sulfenic (RSOH), sulfinic (RSO2H), or sulfonic (RSO3H) acid. However,
cysteine residues may be protected by protein S-glutathionylaton [88] and it has for
example been estimated that almost 70% of the mitochondrial protein thiols becomes
glutathionylated under conditions of oxidative stress [89]. To return to cellular redox
homeostasis, the glutathionylated proteins must have their mixed disulfide bonds
broken. It has been shown that this process is effectively catalyzed by the glutaredoxins
[89-93].
1.2.4.2 Protein S-glutathionylation
Not only does protein S-glutathionylation serve as a means of preserving cysteine
residues, studies have also indicated that this may serve as way to regulate protein
activity (for reviews see [70, 71, 94]) in much the same way as phosphorylation. The
number of identified proteins that undergoe S-glutathionylation upon external stimuli
increases continuously [95]. For instance, glutathionylation has been demonstrated to
regulate the activity of the transcription factors NF1 [96], c-Jun [97, 98], and NfκB
[99].
1.2.4.3 Protein folding
A number of observations [93, 100, 101] have demonstrated the ability of glutaredoxins
and thioredoxins to catalyze protein refolding in the classical PDI assay [102]. A
synergistic effect with PDI has also been observed using catalytic amounts of
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glutaredoxin [103]. The assay is performed in a glutathione redox buffer, similar to the
in vivo conditions [104] having high levels of glutathione present. One hypothesis
therefore includes protein S-glutathionylated mixed disulfides in the folding process
and it is then indicated that glutaredoxins and thioredoxins may play important role in
this process. However, with regards to the thiol-disulfide oxidoreductases and protein
folding, the main focus has been on the ability of some of these proteins to catalyze
disulfide reduction, isomerization, and oxidation.
Proteins having cysteine residues may encounter difficulties during the protein
folding process since an incorrect disulfide arrangement prevents correct folding. In
eukaryotes, protein folding mainly occurs in the ER where PDI and the PDI-related Ero
family of proteins are located (e.g., reviewed in [9, 65]). Here, PDI is responsible for
the disulfide isomerase activity by using its two -C-X-X-C- redox active sites. The
family of Ero proteins is then involved in the regeneration of PDI. In prokaryotes the
folding process mainly takes place in the periplasm where the Dsb family of proteins
(DsbA, DsbB, DsbC, and DsbD) hosts (e.g., reviewed in [6, 10]). Here, the oxidase
activity of disulfide bond formation is provided for by DsbA which is being
regenerated by the membrane bound DsbB. DsbC on the other hand, has disulfide
isomerase activity and requires the action of the membrane bound DsbD for redox
regeneration.
It was earlier believed that the prevalence of cysteine residues in proteins from
hyperthermophilic organisms was rare. This stems from the fact that cysteine residues
(at least when taken out of their biological context) are sensitive to the harsh conditions
under which these organisms thrive. However, recent findings point to the frequent
occurrence of disulfides in proteins from hyperthermophilic organisms [33, 105], and
studies on the PDO proteins indicate that these proteins apparently are important for the
folding process (reviewed in [7, 106] and Paper IV).

11

2

THE PRESENT STUDY

2.1 AIMS OF THE STUDY
The central goal of my work has been to gain a deeper understanding for the molecular
basis of protein specificity and activity by using the ubiquitous protein glutaredoxin and
its natural substrate the tripeptide glutathione as a model system. The specific aims of
this work were the following:
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-

To develop a novel method to investigate ligand specificity based on the
phenomenon of ligand-induced stability (Paper I)

-

To investigate the substrate specificity of E. coli Grx3 (Papers I and III)

-

To elucidate the determinants for the Grx1-like activity of a Grx3(M43V)
mutant using biophysical techniques (Paper III)

-

To characterize the human dithiol Grx1 and Grx2 in terms of disulfide redox
properties and provide a broader context of relationships in this family of
proteins (Paper II)

-

To characterize the glutaredoxin-related hyperthermophilic PDO proteins from
A. aeolicus and P. furiosus in terms of redox properties and their PDI-like
activity (Paper IV)

3

METHODOLOGICAL CONSIDERATIONS

To achieve the goals of this thesis, a number of different techniques were utilized. In
addition to standard molecular biology methods for cloning and mutagenesis, and
standard procedures for protein expression and purification, other chemical,
biochemical and biophysical methods were also used. The detailed procedures are
thoroughly described in each paper (or referenced therein). The purpose of this section
is to provide the reader of a brief background with practical considerations for some of
these methods.
3.1

PEPTIDE SYNTHESIS

In Paper I, a number of different glutathione analogs were utilized [78]. These peptide
analogs were synthesized manually using solid phase peptide synthesis [107]. Building
peptide chains on an insoluble solid support as opposed to the corresponding synthesis
in solution has many advantages, like for instance being less time consuming as excess
reagents, solvents and byproducts can easily be removed simply by filtration. The
resulting product yields are generally high due to the fact that the intermediary forms of
the peptide remains on the resin and the chemistries used have been optimized. The
experimental setup makes solid phase peptide synthesis amenable to automation,
although in this project, all peptide analogs were synthesized manually using a small
scale peptide synthesis reaction vessel.
The basic principle of solid phase peptide synthesis [108] is illustrated in Figure
3.1 and can be divided into four steps. First, the C-terminal residue of the target peptide
is attached to an insoluble support via its backbone carboxy group. Since amino acids
have various side chain functional groups that may react with other species in an
uncontrolled manner, any reactive side chain functional group must be orthogonally
protected – that is to say, rendered unreactive during synthesis, but capable of being
removed before final purification. The resin-attached (C-terminal) amino acid is then
treated to remove the group protecting the α-amino functional group rendering it in its
reactive nucleophilic form. The penultimate amino acid is then added, in activated
form. To ensure fast and efficient coupling between the α-amino (of the resin-attached
residue) and the carboxy group (of the introduced amino acid), the latter group is
activated to ensure a better leaving group, usually by making it into a corresponding
active ester form (often as a symmetric or asymmetric anhydride). These steps are
repeated until the target peptide has been assembled (from C-terminus to N-terminus),
whereupon the peptide is cleaved off the resin under conditions that also will cleave off
the “permanent” protecting groups, leaving the deprotected peptide ready for
subsequent purification.
Generally, there are two strategies of solid phase peptide synthesis utilizing either
tert-butoxycarbonyl (Boc) [107] or 9-fluorenylmethoxycarbonyl (Fmoc) [109] as
temporary protection groups of the α-amino functional group. For our purposes, the
latter one is advantageous due to the ability to cleave off the desired peptide (along with
the “permanent” acid-labile side chain protection groups) from the resin using
relatively mild acidic conditions (e.g., trifluoroacetic acid, TFA), as opposed to
hydrofluoric acid which, apart from being highly toxic requires an elaborate distillation
setup constructed entirely of Teflon. Hence, the Fmoc methodology was used in this
project together with PyBOP/HOBt [110] based activation of carboxy groups. For the
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production of peptide C-terminal acids, a 2-chlorotrityl chloride resin [111] was used
while peptide C-terminal amides were synthesized using a rink amide MBHA resin
[112].

Figure 3.1. A schematic diagram of the general principle of solid phase peptide synthesis. The
C-terminal residue of the target peptide is attached to the solid support via its backbone
carboxy group. In (A), the α-amino protection group “X” is removed, leaving a nucleophilic αamino group. In (B), the next residue, in an activated form “Z”, is added whereupon coupling
takes place via an amide bond. This procedure is repeated until the target peptide is assembled,
followed by (C), where all remaining protection groups (“X”, “Y’”, and “Y’’”) are removed
instantaneously as the target peptide is removed from the solid support. (Modified from [108]).

Since all peptides synthesized contained a cysteine residue (and thereby a labile
sulfur atom) special considerations were taken. For this purpose, an S-triphenylmethyl
[113] protecting group was used, having the ability to be removed simultaneously with
all other side chain protecting groups under conditions for cleavage from the resin.
During this process, highly reactive cationic species are formed from the protecting
groups and the resin which may form unwanted byproducts and reduce yields. To
prevent these side reactions from occurring, highly nucleophilic compounds (e.g.,
triisopropylsilane [114]) are included as scavengers in the TFA cleavage mixture that
will react with these ions.
Following cleavage from the resin, the peptides were recovered by water
extraction and lyophilized to remove residual solvents. Purification of all peptides was
performed by preparative reversed phase (RP) high performance liquid chromatography
(HPLC). Some peptides were further N-terminally modified in solution by allowing
them to react with acetic, butyric, or glutaric anhydride. All products were analyzed by
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analytical RP HPLC followed by electrospray ionization mass spectrometry (ESI-MS).
The peptides (free thiol forms) were allowed to air oxidize in a slightly alkaline
buffered solution for approximately one day, thereby forming disulfide bonds creating
peptide homodimers.
3.2 SPECTROSCOPY
This section will discuss the various techniques of spectroscopy that have been used
throughout the work of this thesis. Spectroscopy is the study describing how matter
(being proteins in this thesis work) interacts with electromagnetic radiation.
Electromagnetic radiation has a dual nature as it can be described in terms of a wave
and in terms of particles of energy, called photons. The wavelength regions of the
electromagnetic spectrum that are frequently used in spectroscopy of proteins are
shown if Figure 3.2.

Figure 3.2. Wavelength regions of the electromagnetic spectrum frequently used in the study of
proteins. (Modified from [115]).

Wavelength (λ) is defined as the distance of two adjacent amplitude maxima, and is
related to frequency (ν) by ν=c/λ, where c is the speed of light in vacuum (2.99 x 108 m
s-1). By using the Planck’s equation E=hν, where h is the Planck’s constant (6.626 x 1034
J Hz-1), it is possible to convert frequency into units of energy (E), thus describing
the energy of a photon. Different regions of the electromagnetic spectrum then
correspond to different levels in energy.
3.2.1 Ultraviolet (UV) absorbance spectroscopy
The technique that has been most frequently utilized in this work is ultraviolet (UV)
spectroscopy [115, 116] as it has been routinely used for the detection and
quantification of protein solutions. UV spectroscopy measures the absorption of a
sample by comparing the intensities of the incident and exiting light. In order for
absorption to occur, there must be “absorbing species”, called chromophores, present in
the sample. Proteins contain intrinsic chromophores that absorb light in the near-UV
region (∼240-350 nm) being the aromatic side chains (tryptophan, tyrosine, and
phenylalanine), and disulfide bonds. The absorption (A) of these chromophores
depends on the optical path length (l, in cm) that the light travels through, the
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concentration of the sample (c, M), and the extinction coefficient (ε, M-1 cm-1) of the
chromophore describing the amount it absorbs at a given wavelength. This relationship
is described by the Beer-Lambert law:
A = ε ⋅c⋅l

Eq. 3.1

Pathlength is a very important experimental parameter in all forms of optical
spectroscopy. Solutions containing too large of an absorbance do not allow enough
photons to reach the photomultiplier resulting in a signal which no longer obeys BeerLambert’s law. Since the absorbance of a sample is the total absorbance of the protein,
buffer and cuvette, narrow pathlength cuvettes can allow measurements to be taken of
very concentrated solutions and in highly absorbing buffers.

Figure 3.3. Absorbance spectra using 1 cm cuvette path length, plotted as a function of
wavelength, of 1M solutions of N-acetyl-L-tryptophanamide, N-acetyl-L-tyrosineamide, and Nacetylphenyl ethyl ester (solid lines) and the average signal of a set of water soluble proteins
(dashed lines) containing only one of the three chromophores. Note the difference in
absorbance between the three chromophores. The “red shift”to a longer wavelength seen for
the averaged protein absorbances stems from the different local environments of the aromatic
amino acids when in a protein. (Taken and modified from [116]).

In general, proteins have a characteristic absorption maximum (λmax) at ∼280 nm,
Fig. 3.4. Upon incident radiation, proteins in their ground electronic state will absorb
light and become excited. This absorption is assigned to the electronic π to π* transition
of the delocalized electrons of the aromatic side chains, meaning that electrons will
move from bonding to anti-bonding molecular orbitals upon light-induced excitation
[115]. The λmax of proteins at ∼280 nm is then mainly attributed to the collected
absorbances of tryptophanes and tyrosines having λmax at ∼280 nm, while the
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contribution from phenylalanine is not significant at this wavelength (Fig. 3.3). The
absorption of a protein is then dependent on the total extinction coefficient of all
contributing components (ε280 M-1 cm-1) which can be theoretically calculated (Eq. 3.2)
- assuming no interaction and based on the extinction coefficients of tryptophan (ε280 =
5690 M-1 cm-1), tyrosine (ε280 = 1280 M-1 cm-1), and a disulfide (ε280 = 120 M-1 cm-1)
[117, 118]:
ε 280 ( M −1cm −1 ) = nTrp ⋅ 5690 + nTyr ⋅ 1280 + n SS ⋅ 120

Eq. 3.2

where nTrp, nTyr, and nSS are the total number of tryptophanes, tyrosines and disulfides in
a protein. Thus, by incorporating the calculated extinction coefficient at 280 nm for a
given protein, and measuring its absorbance at 280 nm, it is possible to calculate the
concentration (mol l-1).

Figure 3.4. Representative absorbance wavelength spectra (in absorbance units, Au), plotted
against wavelength. Solid line represents AaPDO having 2 Trp and 8 Tyr residues, and 2
disulfides. Using Equation 3.1, the concentration is 80.0 µM, using a 0.3 cm cuvette path length
and a theoretical ε280 = 21860 M-1 cm-1. Dashed line represents E. coli Grx3, having only 4 Tyr
contributing to the absorbance. The concentration is 324.2 µM using a theoretical ε280 = 5120
M-1 cm-1.

Proteins have also strong absorption in the far-UV region (∼180-240 nm)
attributed to the electronic π to π* transition of the delocalized electrons in the
polypeptide backbone amide bonds [115]. Although this region is not normally used for
determination of protein concentration (due to significant absorbance of atmospheric
oxygen and from many buffers), it is common to detect proteins at ∼214 nm when
performing high performance liquid chromatography (HPLC) analysis.
It should also be noted that not only is it possible to determine protein
concentrations using UV absorbance spectroscopy, a near-UV wavelength scan will
also give valuable information about the purity of the protein sample. One source of
contamination during the protein purification process is the presence of nucleic acids.
However, a wavelength scan will quickly reveal the presence of nucleic acids due to
intense absorption at ∼260 nm where most proteins have a pronounced minimum.
3.2.2 Fluorescence spectroscopy
In Paper IV, fluorescence spectroscopy was used to quantify the binding of AaPDO and
PfPDO with γS-ATP. This section will give a brief introduction to fluorescence and its
application to quantifying binding reactions between a protein and a ligand.
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Fluorescence is a process by which an absorbing molecule emits energy in the
form of light [119, 120]. As with absorbance, it is required that the molecule have
absorbing chromophores, being the aromatic side chain residues and disulfides in
proteins. As depicted in the Jabłoński diagram (Fig. 3.5), the chromophores absorb light
rapidly (∼10-15 seconds) and will subsequently be excited from their ground states (S0)
to an electronic state of higher energy (S1). The acquired energy will then be lost (∼1012
seconds), via different vibrational levels in a process called internal conversion, to
the surroundings in the form of thermal energy. Thereby, the excited chromophore
reaches the lowest vibrational level, followed by the return to the ground electronic
state (S0). This process can either result in the emission of light (fluorescence) of lower
energy (longer wavelengths), or in nonradiative paths including quenching.

Figure 3.5. A Jabłoński diagram, showing the different processes that may occur upon
absorption of light. Upon absorption, the chromophore will be excited from the electronic
ground state (S0) to the vibrational states of an excited state (S1). The energy will then be lost
via the vibrational levels to the lowest level of the excited state. The chromophore can then
return to the electronic ground state by emitting light or by nonradiative processes. (Taken
from [120]).

Protein fluorescence is very sensitive to the surrounding environment and is
hence a suitable probe for monitoring alterations in the tertiary structure. Fluorescence
is therefore a common tool used to follow protein unfolding reactions but is also useful
for monitoring ligand-binding reactions, either by measuring the fluorescence from the
intrinsic chromophores or by using a fluorescent ligand. In paper IV, intrinsic protein
fluorescence was utilized to monitor a binding event with a ligand, thereby retrieving a
dissociation constant (Kd).
In order to be able to follow the binding reaction it must first be determined
whether or not the binding event will cause a shift in fluorescence. For this purpose it
is useful to measure emission wavelength scans of unbound and ligand bound protein
(Fig. 3.6, inset). If a change in fluorescence between the two different states is
observed, it should be possible to extract a Kd by titrating the ligand into a solution of
protein. The resulting titration curve (Fig. 3.6) is then analyzed by nonlinear regression
using a proper model (Eq. 3.3) [121] to describe the binding reaction.
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F = F0 +

(Fmax − F0 )⎡ P + D + K − P + D + K 2 − 4P D ⎤ + NS ⋅ D
(
( 0 0 d)
0
d)
0 0⎥
0
⎣⎢ 0
⎦
2P0

Eq. 3.3

Here, F is the observed fluorescence, F0 is the initial fluorescence and Fmax is the
fluorescence of ligand bound protein, P0 is the total protein concentration, D0 is the
total ligand concentration, and NS is a non-specific binding constant.

Figure 3.6. Using fluorescence spectroscopy at an excitation wavelength of 295 nm to measure
binding affinity. The addition of γS-ATP into a solution of AaPDO (1µM initial concentration)
results in a binding curve (circles) where the baseline subtracted fluorescence signal from the
protein is plotted against the ligand concentration. The data is fitted (solid line) by nonlinear
regression to Equation 3.3 yielding a Kd of 7.6±1.5 µM [122]. The inset demonstrates the
change in AaPDO (1 µM) signal due to γS-ATP (300 µM) binding. Here the solid line
represents the emission wavelength scan of unbound AaPDO whereas the dashed line
represents the ligand bound form.

3.2.3 Circular dichroism (CD) spectroscopy
Circular dichroism (CD) spectroscopy [123] is a form of absorption spectroscopy,
which has been extensively utilized in this thesis work (Papers I – IV) due to the fact
that it is a sensitive probe for secondary and tertiary structures of proteins.
CD is a phenomenon in which matter interacts with circularly polarized light by
absorption. Circularly polarized light is interconvertible with linearly or plane polarized
light as the latter can be described in terms of a right and left circularly polarized light
beam of equal intensity (Fig. 3.7 A).
If a chromophore absorbs incident right and left circularly polarized light
differently, the resulting difference is a measure of the effect (Fig. 3.7 B). CD can then
be defined as the difference in absorption (∆A) of right (Ar) and left (Al) circularly
polarized light with each component conforming to the Beer-Lambert law (section
3.2.1):
∆A = Al − Ar = ε l cl − ε r cl = ∆ε ⋅ c ⋅ l

Eq. 3.4

where εl and εr are the extinction coefficients of the left and right circularly polarized
light absorbing components, and ∆ε is the difference between εl and εr. Note that CD
can also be defined in terms of the resulting ellipticity after chiral absorption of linearly
polarized (equal amounts of left and right circularly polarized) light.
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To exhibit a CD effect at a given wavelength, a molecule must have a
chromophore capable of absorption at this wavelength, and the chromophore must also
meet the requirement of either being inherently chiral (asymmetrical) or if achiral, the
chromophores must be in an asymmetric environment (which will distort their
electronic symmetry). The intrinsic chromophores used in CD spectroscopy of proteins
are the peptide group in the far-UV region, and the aromatic amino acids and disulfide
bonds in near-UV region.

Figure 3.7.The relation between ellipticity and the differential absorption of right and left
circularly polarized light. An oscillating light beam described as a sinus wave (O) is
proceeding out of the plane of the paper towards the viewer. Panel (A) shows the right (R) and
left (L) linearly polarized components of a plane polarized beam (I), as described by their
vector sums. (B) The differential absorption of left (L′) and right (R′) circularly polarized light
by a chromophore results in unequal intensities of the two components and elliptically
polarized light is formed. Here, the angle (φ) defines optical rotation while the angle (θ) defines
ellipticity. (Taken and modified from [124]).

The fact that the intrinsic chromophores in proteins are sensitive to the electronic
environment makes circular dichroism a particularly useful tool when investigating
protein secondary and tertiary structure. The peptide amide group n→π* (from
nonbonding to anti-bonding molecular orbital) and π→π* transitions (see section 3.2.1)
give rise to signals at ∼215 – 222 and ∼190 nm, respectively, and experience intense
circular dichroism when located in regular, rigid conformations within proteins. It is
therefore not surprising that the different secondary structures like α helices, β sheets,
and turns give rise to characteristic CD spectra in the far-UV region (Fig 3.8). A
number of different empirical algorithms exist which uses CD data collected in the farUV region to estimate the secondary structural content in proteins. Briefly, most of
these methods use a basis set of CD spectra of proteins for which tertiary structures
have been determined, and secondary structural content calculated [125]. The
subsequent comparison of an unknown protein’s CD spectrum with those of the basis
set, and applying the algorithm, will then yield estimates in percentage of the secondary
structural content [125].
The near-UV CD spectra of proteins are associated with the π→π* transitions of
the aromatic side chains and also disulfide bonds, and therefore reflects the detailed
conformational environment of these chromophores. Alterations in near-UV spectra
can therefore be interpreted in terms of changes in tertiary structure or dynamics.
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Although measured as a difference between left and right circularly polarized
light, the raw data from most CD instruments is reported using the traditional definition
of ellipticity in units of degrees ⋅ 10-3. To account for the concentration of the sample (c
in g l-1) and the pathlength of the optical cuvette (l in cm), the raw data can be
converted into molar ellipticity, [θ], in degrees cm2 dmol-1 using Equation 3.5:

[θ ] =

100 ⋅ θ ⋅ M r
c⋅l

Eq. 3.5

where θ is the measured ellipticity in degrees, and Mr is the molar mass of the
molecule. When analyzing far-UV spectra, in which the amide bonds are the
chromophore, it is useful to correct for the number of amino acids to give the average
molar ellipticity per amino acid [θ]MRW (Eq. 3.6), since this value can be compared
regardless of the size of the protein.

[θ ] = 100 ⋅ θ ⋅ M r
c ⋅ l ⋅ N aa

Eq. 3.6

where Naa is the number of amino acids in the protein. However, it is also common to
report CD data in the more logical unit of molar circular dichroism, ∆ε, in M-1 cm-1.
This can be achieved using the following relation:
∆ε =

[θ ]
3298

Eq. 3.7

Figure 3.8. Far-UV CD spectra demonstrating the various types of secondary structure: αhelix (solid line), anti-parallel β-sheet (long dashed line), type I β-turn (dotted line), extended
3I-helix or poly (Pro) II helix (cross dashed line), and irregular structure (dashed line). (Taken
and modified from [126]).

3.2.4 Nuclear magnetic resonance (NMR) spectroscopy
In Paper III, nuclear magnetic resonance (NMR) spectroscopy was used to probe
structural alterations in an E. coli Grx3 mutant relative the wild type protein, and a brief
background to NMR will therefore be given in this section.
NMR spectroscopy is, together with x-ray crystallography the major technique
for determining atomic resolution tertiary structures of biomolecules. However, NMR
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spectroscopy is potentially more versatile as it can readily be used to probe protein
backbone and side chain dynamics, characterize and quantify ligand or protein-protein
interactions, determine residual pKa values, to mention a few of its applications.
NMR is a phenomenon in which a nuclei, when present in an external magnetic
field, interacts with radiation by absorption at a well-defined frequency [127]. The
intrinsic property of a nucleus allowing for this interaction is called “spin”, which is
derived from quantum mechanics and is described by a spin quantum number (I) (e.g.,
1
H, 13C, and 15N, which are the most utilized nuclei in protein NMR, have I = ½). In the
absence of an external magnetic field (B0 in tesla, T), different nuclear spin states are
degenerate, meaning that they have the same energy. However, in the presence of an
external magnetic field different nuclei have different energy and in the case of nuclei
having I = ½, two different energy levels are possible, separated according to:
∆E =

γhB0

Eq. 3.8

2π

where ∆E is the difference in energy between the two levels; γ is a constant property of
a nucleus, the magnetogyric ratio (107 rad sec-1 T-1); h is the Planck constant (6.626 x
10-34 J s). This energy difference between the two levels is related to a frequency for the
transition, the Larmor frequency ( ω 0 , Eq. 3.9).
ω0 =

∆E
h

=

γB0
2π

Eq. 3.9

An NMR signal is observed when there is a transition between the two levels (for
nuclear spin states of I = ½) which occurs when energy is applied to the system in the
form of a pulse of radiation at the Larmor frequency. Since the Larmor frequency is
proportional to the external magnetic field, this frequency corresponds to
radiofrequency radiation (300 – 1000 MHz) in commercially available NMR magnets.
All nuclei in a molecule experience a slightly different electronic environment
and these differences give rise to small perturbations in the magnetic field relative B0.
These nuclei will therefore have characteristic signals resulting from their individual
magnetic environment. This phenomenon is called the chemical shift and is the basis
for NMR experiments. As an example, for 1H nuclei, this environment-induced
chemical shift is of the magnitude 10 parts per million of the Larmor frequency. Two
nuclei may have the same chemical shift (referred to as degenerate or overlapped
resonances) because of identical chemical environments, despite being chemically
distinct. Chemical shift overlap is a fundamental problem in NMR of biomolecules and
much effort has been placed on solving this limitation.
In paper III, the NMR 1H-15N heteronuclear single quantum coherence (HSQC)
experiment was extensively utilized together with a set of triple resonance experiments
[128]. The use of heteronuclear multidimensional spectra can largely overcome the
limitations of chemical shift overlap. For this purpose 15N single labeled and 13C-15N
double labeled protein samples were prepared. The 1H-15N HSQC experiment results in
a 2D spectrum in which one peak per backbone amide proton – except glycine which
has two and proline imides which have none, is represented (Fig. 3.9). It is therefore
expected that the number of peaks correlate roughly with the number of residues in a
protein (although peaks from side chain amides will give rise to additional peaks).
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Figure 3.9. Contour plots of H- N HSQC spectra of M43V mutant (red) and wild type (blue)
Grx3 from E. coli demonstrating chemical shift similarities and differences due to a single point
mutation. The sequence specific residue assignment is indicated next to selected peaks. Peaks
marked with an asterisk belong to side chain amides. (Data taken from [129]).

In order to identify from which residue each peak in the spectrum originates, a
series of triple resonance experiments were performed. Here for example, the HSQC
2D plane is expanded into a third dimension based on 13C using a doubly labeled
protein. Many triple resonance experiments correlate backbone amides to the
surrounding carbons (e.g., the carbonyl, Cα, and Cβ carbons) thus providing a network
of chemical shifts used for the subsequent sequence specific assignment. This
procedure can be performed manually; however, there is software available that can
calculate the resonance assignment based on the triple resonance experiments
automatically. For this purpose the GARANT software [130] was used.
3.3 USING SPECTROSCOPY TO MEASURE PROTEIN
CONFORMATIONAL STABILITY
Measuring the stability of proteins and protein-ligand complexes by solute-induced
unfolding [131, 132] has been central to this thesis work (Papers I – III) and will
therefore be discussed in this section.
The stability of a protein is referred to the thermodynamic stability at
equilibrium, defined as the free energy change (∆G) for the reversible reaction of going

23

from a folded to an unfolded state (Eq. 3.10). Conformational stability ( ∆G H 2O ) is
referred to the value of ∆G at 25 °C in the absence of solute.
Folded (F)

K

Unfolded (U)

Eq. 3.10

One way of measuring conformational stability is to use a chemical denaturant
(e.g., urea or guanidine hydrochloride) which is added to a protein solution. Due to its
nonionic character as opposed to guanidine hydrochloride (becoming ionized at neutral
pH into guanidinium), urea was chosen as the denaturing solute [133]. The unfolding
reaction can be monitored using a selected spectroscopic probe (e.g., CD, UV,
fluorescence spectroscopy). For this purpose, CD spectroscopy in the far-UV region
was used at all times, mainly due to two reasons. First, the difference in signal between
a folded and unfolded protein is in general large (Fig. 3.8). Secondly, the possibility in
our laboratory to set up the unfolding experiments semi-automatically using a
pipetting-robot connected to the CD spectropolarimeter, made the experimental
procedure straightforward.
3.3.1 Practical considerations
The general experimental setup includes the preparation of buffered protein solutions
(∼0.03 g l-1) including one having a high concentration of urea (∼10 M). Following the
addition of urea (0.1 M steps) into a 1 cm stirred cuvette and proper equilibration time
(∼7 min), the ellipticity at 222 nm was recorded. The 0.1 M step size ensures that
enough data points are collected to accurately define the transition region as well as the
pre- and post-transition regions (Fig. 3.10). The urea concentration was determined by
measuring the refractive index of the urea stock solution and inserting the difference in
refractive index (∆N) between the urea and buffer containing solutions into Equation
3.11 [134].

[Urea ](M ) = 117.66(∆N ) + 29.753(∆N )2 + 185.56(∆N )3

Eq. 3.11

Measuring the refractive index of the cuvette at the end of the experiment
allowed for controlling the accuracy of the automated pipetting, and would allow the
possibility to correct any deviations in concentration due to pipetting errors. Since each
experiment includes eighty withdrawals from, and eighty additions to the protein
solution, minor pipetting errors could build up. However, the end concentration never
deviated more than ± 0.1 M in the measurement of approximately 8M solutions.
It is of major importance that the sample has reached equilibrium at the point of
data collection, meaning that the unfolding reaction (Eq. 3.10) must be in balance.
Additionally, this also requires the unfolding reaction to be reversible. Reversibility and
equilibration time can be checked by performing reverse titration (i.e., starting with a
high solute concentration and then adding buffered solution) or by changing the solute
concentration rapidly and follow the reaction as a function of time. The degree of signal
recovery then gives an estimate of the reversibility.
3.3.2 Analyzing unfolding curves
A solute dependent unfolding curve has a characteristic sigmoid shape defined by a
transition region flanked by pre- and post-transition regions (Fig. 3.10). For the
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following analysis, a reversible, two-state mechanism is assumed (Eq. 3.10), meaning
that at any point there are only fractions of folded (fF) or unfolded (fU) protein
contributing to the observed signal (i.e., fF + fU = 1). At any point fU can be calculated
using the following relationship [131, 132]:
fU =

(yF − y)
( y F − yU )

Eq. 3.12

where yF and yU represent the signals from folded and unfolded protein which
individually obey Beer’s law make up the total observed signal, yobs. It is often

Figure 3.10. (A) The raw data from a urea unfolding curve of Grx3 (C14S/C65Y) (circles)
monitored by CD at 222 nm. The fit of the data to Eq. 3.16 using nonlinear regression analysis
is shown as a solid line, and the resulting parameters are shown. Here, the units are ∆GH2O in
kcal mol-1, all m-values in kcal mol-1 M-1 urea, all y-intercept values are in millidegrees, and
temperature in K. (B) The raw data has been converted to fraction unfolded using Eq. 3.12. The
inset shows ∆G as a function of urea concentration (Eq. 3.17). (Data taken from [78]).

observed that the extinction coefficients of the folded and unfolded conformations are
solution dependent. This can be seen in Figure 3.10 as a sloping pre- and post-transition
region. The dependence of the extinction coefficient of chromophores on solution
conditions is a well-known phenomenon [131, 135] and can be estimated at any solute
condition by adding a correction to the denaturant free coefficient, yF°, that depends on
the solute concentration and an empirically determined coefficient, mF. A similar
relationship exists for the unfolded conformation.

y F = y F ° + mF [D]

Eq. 3.13

yU = yU ° + mU [D]

Eq. 3.14

The equilibrium constant (Eq. 3.10) can then be calculated at any point in the titration
using Equation 3.15:
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K=

fU
fF

=

( yF − y)
(1 − fU ) ( y − yU )
fU

=

Eq. 3.15

and the free energy change (∆G) derived from the equilibrium constant for the
unfolding reaction using the following expression:
⎡ ( y F − y )⎤
∆G = − RT ln K = − RT ln ⎢
⎥
⎢⎣ ( y − y U )⎥⎦

Eq. 3.16

The simplest, and most often used method to determine ∆G H 2O is to assume a
linear dependence of the unfolding free energy, ∆G, on urea within the transition region
and extrapolate the fitted line back to 0 M solute (Fig. 3.10 B, inset) [136]:
∆G = ∆G H 2O − mtrans [D ]

Eq. 3.17

where [D] is the concentration of solute. Combining Equations 3.16 and 3.17 and
solving for the experimental observable, (yobs), yields an equation that can be used to
describe the entire titration experiment:

(y
y obs =

F

o

⎧ mtrans [D ] − ∆G H 2O ⎫
o
+ m F [D ] + yU + mU [D ] ⋅ exp ⎨
⎬
⎭
⎩
RT
⎧ mtrans [D ] − ∆G H 2O ⎫
1 + exp ⎨
⎬
⎭
⎩
RT

) (

)

Eq. 3.18

This equation can be used in nonlinear regression analysis [137], using commercially
available software (e.g., Igor Pro) to determine the best fit of the parameters where
∆G H 2O is the conformational stability in the absence of solute; yF°, and yU° are the yintercepts of the pre- and post-transition regions, respectively; mtrans, mF, and mU are the
slopes in the transition region, and the pre- and post-transition regions, respectively.
The assumption of the unfolding reaction conforming to a two-state mechanism
can be tested for by measuring unfolding using different spectroscopic probes. It would
for instance be possible to monitor the unfolding reaction both in the far- and near-UV
region, or to combine CD spectroscopy and fluorescence. If the mechanism is a twostate, it is expected that the resulting unfolding curves where different techniques have
been used to probe global (e.g., far-UV CD) and local changes (e.g., near-UV CD or
fluorescence), are identical. Although it should be noted that comparable data from
different spectroscopic probes may be due to circumstantial coincidences, and therefore
only serves to indicate a 2-state mechanism.
3.3.3 Using ligand-induced stability to measure ligand specificity

The approach of using ligand-induced stability to investigate ligand specificity is in
detail presented in Paper I, and will only briefly be presented here. This approach was
also used in Paper III to demonstrate the acquired affinity of a Grx3 M43V mutant
towards RR.
Several studies have demonstrated that the free energy of ligand binding to a
protein results in a change in conformational stabilization of the protein-ligand complex
with respect to the unbound form (e.g., [138-141]). The novel application of this
technique, used here for the first time, is that this ligand-induced stability change can be
exploited by using a set of ligand analogs where specific interactions toward the active
site of the enzyme have been removed. By quantifying the effect each ligand analog has
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on the conformational stability of the protein, it is also possible to map out and quantify
ligand specificity (Fig. 3.11). That this should be feasible was suggested by Kleanthous
and co-workers in 1991 [140]. However to our knowledge, there are no papers in the
literature, until now, demonstrating the power of this approach.
In order for this approach to be useful it is important that the conformational
stability of the protein, in complex with these ligand analogs, can be accurately
determined. As discussed above, this can be achieved by solute-induced protein
unfolding experiments monitored by a spectroscopic technique. In order to map out the
individual interactions between a protein and a ligand thoroughly, special care needs to
be taken when designing the ligand analogs so that all possible interactions can be
estimated. As seen in Figure 3.11, it is also critical that the unfolded state free energies
of each protein-ligand complex are known. In cases where the differences in ligands are
relatively small (e.g., one missing methyl, carboxyl, or ammonium group) it is adequate
to assume that the unfolded state free energies of the protein-ligand complexes are
similar. However, this can also be assayed by simultaneously exposing the unfolded
protein to two (or more) ligands at equimolar concentrations. If the different proteinligand complexes have formed to the same extent (as determined by for example RP
HPLC), it is taken as evidence that the unfolded protein does not discriminate between
the ligands and the unfolded state free energies are degenerate.

) between
Figure 3.11. A thermodynamic cycle describing the free energy changes ( ∆GHFold
2O
unfolded and folded protein, in non-bound and ligand-bound forms. A non-bound protein
having a certain degree of conformational stability ( ∆GHFold
) is stabilized by a ligand as
2O
determined by the difference in stability between the ligand-bound and non-bound form of the
protein ( ∆∆G1 ). Similarly, by determining the difference in stability between a ligand analogprotein complex and a reference protein-ligand complex ( ∆∆G2 ), the difference of the analog
being for example a missing molecular group, it is possible to quantify the contribution of that
particular group to the stability of the protein (and hence protein-ligand specificity). (Taken
from [78]).
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A fundamental assumption in this analysis is that the ligand analogs are
coordinated in a similar fashion at the protein binding area as the “natural” ligand. It is
also important that the overall conformation of the protein is similar in all proteinligand complexes. The latter can be tested by collecting far-UV CD wavelength scans
of all complexes. If the resulting spectra are similar, the individual ligands have not
affected the secondary structural content and it can be assumed that the protein part of
the complexes is indistinguishable.
3.4

REDOX POTENTIAL DETERMINATION

The determination of standard state redox potentials of thiol-disulfide pairs has been a
reoccurring theme throughout this thesis (Papers II-IV). This section will focus on the
three different techniques that have been utilized for this purpose. First however,
follows a brief discussion of the concept of oxidation-reduction chemistry.
The term “redox” refers to reduction and oxidation of molecules, and involves the
interchange of electrons. The reduction potential or redox potential ( E o ) is measured in
volts (V), and refers to the tendency of a compound to acquire electrons from another
compound (reducing capacity) which then becomes oxidized, thereby loosing electrons.
The redox potential is directly related to the Gibbs free energy by (Eq. 3.19):
∆G o = − nF∆E o

Eq. 3.19

where n is the number of electrons exchanged in the redox reaction and F is the
Faraday constant (23040.612 cal mol-1 V-1). For practical use in biological systems at
pH 7, far from the conditions in the hydrogen electrode in 1M acid, a biological
standard state, E °' , is defined (1M concentrations at 25 °C). Each redox reaction can
then be considered as two half reactions: one describing the reduction of a compound
and the other one defining the oxidation.
Oxidation of compound A:
Ared → Aox + e- + H+
Reduction of compound B:
Box + e- + H+ → Bred
Overall redox reaction:
Ared + Box
Aox + Bred
3.4.1 Using redox buffers

The most frequently used technique to measure biological standard state redox
potentials is by allowing a protein under study to reach redox equilibrium in a redox
buffer with a defined redox potential. Here, a protein is added to a redox buffer of
known redox potential. It is important that the buffer is free from oxygen throughout
the experiment to prevent unwanted oxidation. After the protein has reached
equilibrium with the redox buffer, the sample is quenched by the addition of acid and
then analyzed by RP HPLC. The cysteine side chains are only nucleophilic when in the
thiolate form and at pH less than their pKa, these residues will be protonated and
unreactive in further redox reactions. Integration of the resulting peak areas of the
oxidized and reduced protein species allows for the quantification of the equilibrium
constant ( K1' , 2 , Eq. 3.21) which is then used in the Nernst equation (Eq. 3.22) to
calculate the standard state redox potential of the protein. Commonly used redox
buffers are for instance the GSH/GSSG ( E °' = -240 mV) [40, 85], DTT/oxDTT ( E °' = 312 mV) [85], and NADPH/NADP+ ( E °' = -327 mV) [85] couples. Although there
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have been a number of different standard state redox potentials reported in the literature
for the GSH/GSSG pair the (205 to -260 mV), the value of -240 appears to be the most
accurate [40]. However for the sake of comparison, values can always be recalculated
using the Nernst equation (Eq. 3.22).

SH
PSH
+ BSS

K1'

S
PSH

K1' , 2 = K1' ⋅ K 2' =

°'
−
E °' = E buffer

S
S B

[PSS ][BSHSH ]
[PSHSH ][BSS ]

RT
nF

ln K1' , 2

K 2'

SH
PSS + B SH

Eq. 3.20

Eq. 3.21

Eq. 3.22

SH
Here, PSH
and PSS are the reduced and oxidized states of the protein, respectively; BSS
SH
and BSH
are the oxidized and reduced species of the redox partner (the redox buffer in
S ⎯ S
this case); PSH
HS B is the intermediate mixed disulfide species formed in the redox
'
reaction; K1 and K 2' are the equilibrium constants as indicated in Eq. 3.20; R is the gas
constant (1.987 cal K-1 mol-1); n is the number of electrons transferred in the reaction
(here n = 2); F is the Faraday constant (23040.612 cal mol-1 V-1). As is evident from
Equation 3.21, the formation of mixed disulfide species does not affect the overall
equilibrium constant.
The determination of standard state redox potentials is also dependent upon being
able to quantify the respective redox form of the protein. Here, RP HPLC has proven to
be a useful technique for members of the Trx superfamily (e.g., [40] and Papers II and
IV) (Fig. 3.12). It may be the case that the peaks from the two redox forms of the
protein do not separate well. In these cases, applying a routine for the deconvolution of
peaks, like for instance the MultiPeak fitting routine in the Igor Pro software
(Wavemetrics, Inc.), has been extremely useful (Paper IV).

Figure 3.12. Representative analytical RP HPLC separation (monitored at 214 nm) of the two
redox forms of AaPDOcm using DTT/oxDTT redox buffers at -280, -290, and -300 mV. By
definition, at the standard state redox potential of a protein, the ratio between oxidized and
reduced species is 1:1. Visual inspection of the chromatograms suggest that the redox potential
is somewhere in between -280 and -290 mV, and proper quantification using the Eq. X reveals
a standard state redox potential of -287 mV. (Taken and modified from [142]).

Finally, the analysis of redox equilibrium between a protein and a redox partner
assumes that the interaction between the two species is nonspecific and does not
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include kinetic barriers due to for example steric hindrance or charge repulsion. In
theory, due to the relatively small molecular weight of the compounds making up the
redox buffers, these should have access to most disulfides in a protein and steric
hindrance should therefore not affect the interaction. Nevertheless, observations in
Papers II and IV indicate that there may be instances where proteins do not reach
equilibrium within a reasonable time frame (24 hrs).
3.4.2 Using the protein-protein equilibrium method

An approach similar to the one utilizing redox buffers is a method in which a protein is
allowed to reach redox equilibrium with another protein with known biological
standard state redox potential, the so-called direct protein-protein equilibrium method
[40]. This method has been applied to a number of different proteins within the Trx
superfamily (e.g., [40, 143-145] and Papers II and IV). Here, two proteins “A” (with
unknown E °' ) and “B” (with known E °' ) are allowed to reach redox equilibrium with
each other in an oxygen-free buffer. When equilibrium has been reached, the protein
solution is quenched by acid and then analyzed by RP HPLC (Fig. 3.13).

Figure 3.13. Representative RP HPLC analysis (monitored at 214 nm) of the redox equilibrium
between AaPDOnm and E. coli Trx (P34H) showing peaks from the reduced and oxidized
species. The asterisk indicates the mixed disulfide between the two proteins. Based on the
equilibrium constant (Eq. X), it is possible to calculate the biological standard state redox
potential of AaPDOnm (-241 mV) using the known value for Trx (P34H) (-235 mV [42]).
(Taken and modified from [142]).

The subsequent quantification of the respective peaks from the reduced and
oxidized species allows for an estimation of the equilibrium constant ( K1' ,2 ) according
to Equation 3.23. By insertion of the equilibrium constant into the Nernst equation (Eq.
3.23), the difference in redox potential ( ∆E °' ) between proteins A and B is calculated,
and a standard state redox potential of protein A extracted.
∆E °' = E Ao '− E Bo ' =

RT
nF

ln K1' ,2

Eq. 3.23

3.4.3 Using thermodynamic linkage

In Papers II and III, an indirect approach to determining a redox potential of a protein
disulfide was used. Here, the conformational stabilities (see section 3.3) of the reduced
( ∆G Hred2O ) and oxidized ( ∆G Hox2O ) protein and the Gibbs free energy of disulfide bond
formation in the unfolded state ( ∆GUSSbond ) are measured. A redox potential can then be
extracted by calculating the Gibbs free energy of disulfide bond formation in the native
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state ( ∆G NSSbond ) using thermodynamic cycle analysis [40, 146] (Fig. 3.14) and Equation
3.19 and then relate the value to the standard state redox potential of glutathione.
For the thermodynamic cycle analysis to hold, a proper value for disulfide bond
formation in the unfolded state ( ∆GUSSbond ) is required. One way to measure this value is
by allowing the protein to reach redox equilibrium in a redox buffer (section 3.4.1)
under denaturing condition (e.g., 8 M urea or 6 M Guanidinium chloride). However,
there are various methods to estimate ∆GUSSbond . One is based on peptide models having
the characteristic Trx superfamily -C-X-X-C- active site sequences [148]. Another is
based on the effect a disulfide has on chain entropy, calculated as a function of the
number of residues in the disulfide-bonded loop (Eq. 3.24) [14].
⎛ 3⎞
∆S conf = −2.1 − ⎜ ⎟ ⋅ R ⋅ ln( n )
⎝ 2⎠

Eq. 3.24

Here, ∆S conf is the conformational entropy of a protein due to a disulfide bond; R is the
gas constant; n is the number of residues connecting the disulfide.

Figure 3.14. Panel (A), thermodynamic linkage diagram of the relative Gibbs free energies of
SH
SH
the native and unfolded states of the oxidized ( N SH
, U SH
) and reduced states ( N SS , U SS ) of a
protein. Panel (B) demonstrates a thermodynamic cycle analysis on hGrx1 TM, yielding a value
for disulfide bond formation in the native state of 0.24 kcal mol-1. (Taken and modified from
[147]).

Although the method of using thermodynamic linkage is indirect and not as
sensitive as the above described methods, it is noticeable that the results from such
analysis have been found to agree closely to values from the other methods [40] (and
Papers II and III).
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4

RESULTS AND DISCUSSION

The results on which this thesis is based are thoroughly presented and discussed in
papers I-IV. Below follows a brief summary and comments on each paper.
4.1

PAPER I: QUANTIFYING ESCHERICHIA COLI GLUTAREDOXIN-3
SUBSTRATE SPECIFICITY USING LIGAND-INDUCED STABILITY

In this paper, a novel approach to investigating protein-ligand specificity is presented
which has been applied on the E. coli Grx3-SG mixed disulfide complex. The
methodology is more thoroughly presented in section 3.3.3 and will only briefly be
discussed here.
The traditional way of investigating protein-ligand specificity is by making a set
of mutant proteins and then measuring their affinities to a constant ligand, usually
performed by kinetic or equilibrium measurements. The individual mutant proteins will
have different affinities depending on their ability to interact with the ligand. The
differential affinities, relative the wild type protein, are then taken as a measure of
specificity. However, protein mutagenesis sometimes alters the intrinsic properties of
the protein, making subsequent analysis difficult. Furthermore, if the binding reaction
between a protein and a ligand involves a relatively stable intermediate (as is the case
between Grx3 and glutathione), standard methods of measuring affinity are limited.
Several studies have demonstrated that the free energy of binding of a ligand to a
protein is changed with respect to the unbound form of the protein (e.g., [138-141]). It
was proposed in 1991 by Kleanthous and co-workers that this ligand-induced
stabilization could be further utilized to quantify the contribution individual interactions
have on protein-ligand specificity [140]. This could be achieved by using a set of ligand
analogs where the ligand (as opposed to the protein) is “mutated” and quantifying the
effect they have on the stability of the protein-ligand complex. To our knowledge,
ligand-induced stability has not been used to explore specificity and it was therefore
decided that this approach should be adopted to quantify the interactions between Grx3
and glutathione. Together with the tripeptide glutathione, the natural substrate of Grx3,
a total of fourteen different glutathione analogs were synthesized (except for
glutathione disulfide, cystine, acetylcysteine disulfide and 2-hydroxyethyl disulfide)
using solid phase peptide synthesis (see section 3.1) all having varying degrees of
glutathione resemblance. Glutathione and the analogs were covalently attached to Grx3
via a disulfide bridge to the N-terminal active site cysteine – the C-terminal one being
mutated into a serine allowing for a stable complex between the two molecules. The
conformational stability of each mixed disulfide complex was measured by standard
urea-induced unfolding experiments monitored by CD spectroscopy and the raw data
were analyzed by least squares non-linear regression. By comparing the conformational
stabilities in a systematic manner using thermodynamic cycle analysis (Fig. 3.11) it is
possible to quantify the contribution a particular molecular group have on the stability
of the Grx3 protein – which then is a measure of specificity.
For the thermodynamic cycle analysis to hold true, it is crucial that unfolded state
free energies of each Grx3-analog complex are known (Fig. 3.11). Since there are only
smaller variations between the different Grx3-analog complexes in their unfolded
states, it is expected that these have similar unfolding free energies. However, when
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presenting this work at a conference, a discussion with Prof. Peter Halling, University
of Strathclyde, UK, led us into developing a simple assay where unfolded Grx3 was
allowed to react with two peptide ligands at equimolar concentrations. Unfolded
protein-analog complex formation was followed and quantified by RP HPLC. The fact
that the resulting peak areas differed by less than 6% demonstrate that unfolded Grx3
does not significantly discriminate between the tested peptides, which then is taken as
evidence that the Grx3-analog mixed disulfide complexes are degenerate in the
unfolded states.
Our results demonstrate the potential of using ligand-induced stability to
investigate protein-ligand specificity and provide important information about Grx3
substrate specificity. Most importantly, we demonstrate that the N-terminal γ-Glu
moiety of glutathione is more important (by -1.88 kcal mol-1) than the C-terminal Gly.
This observation was also reported by Peltoniemi and co-workers [149]. Surprisingly,
while the interaction exerted by the carboxylate group of the γ-Glu is worth -0.58 kcal
mol-1, the effect of the unique charged amino group is negligible and it appears as if this
group merely is to prevent repulsive effects. The interaction between glutaredoxins and
glutathione has often been a discussion about hydrogen bonds and charge-charge
interactions, however, here it is also demonstrated that the aliphatic linker of γ-Glu is
also important for Grx3 specificity as it contributes by -1.41 kcal mol-1 to stability.
4.2 PAPER II: REDOX PROPERTIES AND EVOLUTION OF HUMAN
GLUTAREDOXINS

In this paper, we performed a comparative study of the human Grxs (the dithiol Grx1
and Grx2, and the monothiol Grx5) in terms of determining redox potentials and
characterizing the nonactive site cysteines. Our collaborators in Prof. Arne Holmgren’s
lab, Karolinska Institutet, had preliminary (but not conclusive) results on the redox
potentials of hGrx1 and hGrx2 and the identification of a nonactive site disulfide in
hGrx2. The task was given over to our lab and was divided up between Johan
Sagemark (JS) and me. At this time there were no other published values of active site
redox potentials for glutaredoxin other than Grx1 (-233 mV) and Grx3 (-198 mV) from
E. coli. Furthermore, since the human glutaredoxins all contain additional cysteines
outside the active sites, we began a phylogenetic analysis in order to better understand
the origin of these cysteines and possibly gain insights into their functional
significance. Our initial encouraging results led us to a productive collaboration with
Thomas Bürglin (TB) from our department.
While JS set up experiments using redox buffers and the protein-protein
equilibrium method [40] to determine the redox potentials, I used CD spectroscopy
together with thermodynamic linkage to extract redox potentials and also to
characterize the proteins (and their mutants). The results demonstrate active site redox
potentials of -232 and -221 mV for hGrx1 and hGrx2, respectively, which places them
in a range found in the two previously characterized E. coli glutaredoxins. To
demonstrate the existence of a second disulfide in hGrx2, JS set up an experiment using
chemical digestion by CNBr and the results point at a disulfide between the non-active
cysteines Cys28 and Cys113. However, during the preparation of this manuscript, two
structures of hGrx2 (one NMR structure PDB ID 2CQ9 [150] and one crystal structure
2FLS [29]) were released in the Protein Data Bank. Although both structures have a
disulfide between Cys28 and Cys113, they should be interpreted with caution on this
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detail since the dihedral angles (χ3) defining this disulfide in the NMR structure are
largely undefined and the crystal structure was modeled based on the previous one.
Nevertheless, the existence of this disulfide is undoubted. We characterized this
disulfide further and determined the redox potential to be -317 mV. The importance of
this disulfide was furthers highlighted by the fact that this disulfide confers nearly five
kcal mol-1 in stability to the hGrx2 protein. Taken together, this suggests that this
disulfide is present in all but the most reducing conditions.
The phylogenetic analysis performed by TB gave some intriguing results. The
analysis was performed with the three hGrxs as starting points and different data bases
were searched using blastp. In terms of the evolution of these proteins, the Grx5 genes
were found to represent a very distinct group having clear homologs from bacteria to
animals. The analysis also distinguished two vertebrate glutaredoxin clades
corresponding to Grx1 and Grx2 and the results show that these two groups separated
at some point before the protostome and deuterostome split about 670 million years
ago. In terms of the additional non-active site cysteines it was found that some were
well conserved. For instance, Cys122 (hGrx5 numbering) was found in nearly all Grx5
sequences as well as in the bacterial Grx1/2 and in some Grx1 sequences. It has been
demonstrated by Tamarit and co-workers that this residue rescued a dithiol like
mechanism in the monothiol yeast Grx5 (only having one active site cysteines) as this
protein could reduce protein disulfides [145]. Cysteine residues homologous to Cys28
and Cys113 in hGrx2 were also found in many members in the Grx2 group, which adds
to the importance of the nonactive site disulfide discussed above. Furthermore, it
appears as if some proteins in the Grx2 group have cysteine pairs positioned to provide
a disulfide homologue to the Cys28-Cys113 linkage.
4.3 PAPER III: INVESTIGATING THE DETERMINANTS OF ACTIVITY IN
GLUTAREDOXINS: AN IN VITRO EVOLVED GRX1-LIKE VARIANT OF
E. COLI GRX3

Earlier work in our lab and the work presented in Paper I, led us into collaboration with
the group of Prof. Jon Beckwith, Harvard Medical School, USA. They have been
working on the variation in substrate specificities amongst the glutaredoxins and
presented us with a problem concerning a Met43 to Val mutant form of E. coli Grx3.
They had found that this mutant has an altered activity (both in vivo and in vitro), now
behaving as a Grx1. This mutant was found to restore viability in an E. coli strain
lacking the genes encoding Trx1, Trx2 and Grx1 – all capable of reducing
ribonucleotide reductase. In a paper previously published by the Beckwith group [59],
this mutant was biochemically characterized and compared with the wild type Grx3.
However, there were still questions left unanswered concerning structural aspects of
this mutant. Like for instance, did the M43V mutation cause structural alterations that
could explain the change in activity?
In an attempt to uncover any structural alterations that could provide an
explanation to the Grx1-like activity of Grx3 M43V, we undertook a series of
experiments on this mutant and the wild type protein using CD and NMR spectroscopy.
It was decided that the C65Y version of Grx3 should be used for this project despite the
fact that this mutation was not included in the previous published papers on the M43V
mutant [59, 151]. The C65Y mutant had been extensively used in previous studies e.g.,
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[40, 69, 78, 152] to avoid unwanted homodimers or mixed disulfides [40]. The in vitro
activity of the C65Y mutant had been demonstrated to be identical to the wild type [69]
and we thought it would be important to have in vivo data on this mutant. Our
collaborators at Harvard therefore set up an in vivo activity measurement using the
M43V/C65Y mutant. The ability of this mutant to restore bacterial growth to the same
extent as the M43V mutant demonstrated the inert role played by the Cys65 in reducing
RR.
The secondary and tertiary structures of the M43V/C65Y mutant were probed,
and compared to the C65Y mutant, by far- and near-UV CD spectroscopy, respectively.
The data showed similar far-UV CD spectra but significant differences were observed
in the near-UV spectra. Furthermore, 1H-15N HSQC spectra of the two proteins
demonstrate that 41 out of 74 amide resonances have experienced significant chemical
shift deviations. Although these data can be rationalized in terms of alterations in
tertiary structure, the data can as likely be explained by changes in dynamics, or a
combination of these two. These results led us into comparing millisecond motions in
the M43V/C65Y and C65Y proteins by performing H/D exchange experiments where
NMR 1H-15N HSQC spectra were collected at different time points. The results showed
dramatic differences in dynamics. While the H/D exchange reaction was done in about
two weeks for the C65Y protein, the reaction was over in 6 hours for the M43V/C65Y
protein. Furthermore, the data pinpointed at specific backbone amides located in the
central β-sheet core experiencing the most drastic change. It then appears as if the
M43V mutation “loosens” up the inner core of Grx3 which then is translated out into
the remainder of the protein.
It has previously been argued that the M43V mutation makes the Grx3 molecule
a more “open” structure in the area of the active site [59], which then would turn it into
a more Grx1-like protein having a higher degree of “dynamic plasticity” as proposed by
Berardi and Bushweller [68], and thereby being more promiscuous towards substrates
[59, 68]. Our results agree with an “opening” of the structure which then provides a
rationale for the Grx1-like activity of the Grx3 M43V mutant.
4.4

PAPER IV: REDOX PROPERTIES OF TWO HYPERTHERMOPHILIC
PROTEIN DISULFIDE OXIDOREDUCTASES AND COMPARISON TO
PROTEIN DISULFIDE ISOMERASE

This project was initiated by Prof. Rudolf Ladenstein at our department who presented
us with a problem regarding redox properties of the PDO proteins. The aim of this
paper was therefore to characterize two PDOs (AaPDO and PfPDO), in terms of their
redox properties and their binding to ATP.
It has been hypothesized that the PDO family of proteins have functions similar
to the mesophilic Dsb family [6, 10] and the eukaryotic PDIs [8], being involved in
oxidation and isomerization of disulfide bonds during protein folding. A number of
previous studies have biochemically characterized PDOs from a hyperthermophilic
bacterium and various archaea [26, 27, 153, 154], demonstrating the isomerase, oxidase
and reductase activities of these proteins. Disulfide redox catalysis exerted by
oxidoreductases is expected to correlate with the redox properties of the two active site
disulfides as well as the redox environment in which they functions. There had only
been one redox potential for a PDO reported and that ascribed to the C-unit Trx-like
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domain of a PDO protein from P. horikoshii ( E °' = -268 mV). Additionally it was
stated that the N-unit was not redox active, despite the presence of a -C-Q-Y-C- active
site sequence (identical to PfPDO). It was decided that the redox potentials of the two
active sites in the PDO proteins from A. aeolicus and P. furiosus should be determined.
Another link to the eukaryotic PDI protein was the observation that yeast PDI bind to
ATP with a high affinity (Kd = 9.66 µM) [155]. It was therefore decided that the
binding of ATP to the AaPDO and PfPDO proteins should be investigated.
The redox potentials of N- and C-unit active site disulfides were measured
using mutant PDOs (having one or the other of the active sites deactivated by sitedirected mutagenesis), and a combination of DTT redox buffers and the protein-protein
equilibrium method. Using glutathione redox buffers was not useful due to the
observation that equilibrium was not reached after 24 h. Attempts were also made using
urea or guanidinium chloride induced unfolding together with thermodynamic cycles to
extract redox potentials. However, urea was not capable of inducing unfolding and the
more powerful denaturant, guanidinium chloride, did not give reproducible results. The
first observation indicates that electrostatic interactions are important in stabilizing the
native state. The data irreproducibility indicate that unfolding equilibrium was never
reached, and indeed it appears as if a dominant strategy adopted by proteins from
hyperthermophilic organisms to withstand high temperature, is to have “super-slow”
kinetic stability [156]. Nevertheless, the redox potentials of the AaPDO N-unit (-C-E-SC-) and DsbC-like C-unit active site (-C-G-Y-C-) were determined to -287 and -239
mV, respectively, while the PfPDO N-unit (-C-Q-Y-C-) and glutaredoxin-like (-C-P-YC-) were found to be -281 and -224 mV, respectively. These values support the idea
that the two active sites within the PDOs are non-equivalent which has also been
demonstrated for the eukaryotic protein disulfide isomerases (PDIs). The nonequivalence of active site properties was further demonstrated using a RNase A
refolding assay, showing that the C-unit active sites are ∼5-fold more active in disulfide
bond isomerization than the N-unit ones, having activities in the order of the
corresponding wild type proteins.
The differential fluorescence emission of the two PDO proteins in their free and
ATP-bound forms showed that fluorescence should be suitable for monitoring the
binding reaction. The binding between ATP and the wild type proteins were
subsequently quantified by titrating a non-hydrolysable ATP analog, γS-ATP, into a
solution of Aa- or PfPDO. The resulting dissociation constants (Kd) for Aa- and PfPDO
were determined to be 7.6 and 3.5 µM, demonstrating the ability of these proteins to
interact with ATP with an affinity in the same order as yeast PDI. To test whether or
not ATP affects the isomerase activity of the two PDO proteins, ATP (in complex with
magnesium) was included in the RNase A refolding assay. The results showed that
ATP is not required for the isomerization of disulfides.
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CONCLUDING REMARKS AND FUTURE
PERSPECTIVES

The objective of this thesis has been to elucidate the basis of substrate specificity of the
glutaredoxins and to characterize the redox properties of glutaredoxins and
glutaredoxin-related PDO proteins from hyperthermophilic organisms.
To investigate substrate specificity of Grx3 from E. coli with respect to
glutathione, a novel approach which uses ligand-induced stability was developed
(Paper I). The results demonstrate the usefulness of applying this approach when
dissecting intermolecular interactions, and provide detailed information about the
interactions stabilizing the intermediate Grx3-SG mixed disulfide complex. This
approach should be useful for the investigation of substrate specificity of other
oxidoreductases within the Trx superfamily. In particular it would be interesting to
apply this method to the mammalian Grx1, Grx2 and Grx5. Initial results using hGrx5,
although surprising, indicate that this protein is not stabilized, but instead destabilized,
by glutathione. Further experiments need to be performed to get more conclusive
results. However, if this protein has no specificity to glutathione, is it then appropriate
to call it a glutaredoxin? Before leaving this topic, it is noteworthy that ligand-induced
stability should be able to be extended to address non-covalent complexes, providing
the unfolding reactions are performed in the presence of a large excess of ligand. This
would broaden the applications of the technique considerably.
The investigation of the active site redox properties of the human dithiol Grx1
and Grx2 and a characterization of nonactive site cysteines in glutaredoxins were
performed in Paper II. Here, the active site redox potentials were determined as well as
for one nonactive site disulfide in hGrx2. The results demonstrate that the nonactive
site disulfide, to a large extent, contributes to the conformational stability of this
protein. The importance of having this disulfide present was further demonstrated using
phylogenetic analysis showing that this disulfide is a reoccurring theme in the Grx2
subgroup. The in vivo function of the nonactive site cysteines in hGrx1 and hGrx5
remains unclear and further studies need to be undertaken.
In Paper III, I returned to investigating the substrate specificities among
glutaredoxins, this time focusing on elucidating the determinants of a Grx1-like activity
of a Grx3 (M43V) mutant. The wild type and mutant Grx3 proteins were analyzed by
different spectroscopic probes trying to unravel any structural alterations caused by the
mutation. Drastic alterations in the mutant protein in terms of motion (in the slow timescale, minutes to days) were detected using H/D exchange monitored by NMR, thus
providing a rationale for the altered activity. To get a full picture of the motional effects
caused by the mutation, the fast time-scale motions (millisecond) also need to be
addressed. Furthermore, a detailed structural determination of this mutant protein is
under way which promises to provide further details about the altered activity.
In Paper IV, the redox properties and PDI like behavior of two glutaredoxin-like
PDO proteins from the hyperthermophilic organisms A. aeolicus and P. furiosus, were
investigated. Here the redox potentials were determined for the two -C-X-X-C- active
sites in each protein demonstrating that they differ by more than 50 mV. It was also
shown that the active site in one unit had no difficulty equilibrating with the active site
of the other unit in another molecule. Can this observation provide for a means for
redox regulation? It was also demonstrated that these two proteins (similar to the
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eukaryotic PDI) are able to bind to ATP with high (µM) affinity. However, the
biological significance of PDI and the PDO proteins to bind to ATP needs to be further
investigated. A major challenge for those investigating these unique proteins from
extremophilic organisms is to develop assays that will function at conditions natural to
these proteins (e.g., close to or above the boiling point of water).
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SVENSK SAMMANFATTNING

Proteiner är en grupp ämnen som kan kallas för ”naturens egna robotar” då dessa
ansvarar för i stort sett alla biokemiska processer i en organism. Vissa proteiner är
enzymer vilket innebär att de påskyndar kemiska reaktioner. Andra proteiner är
involverade i immunförsvaret genom att agera som t ex antikroppar. Vår förmåga att se
är också beroende av proteiner då dessa tar emot ljussignaler i ögat och omvandlar
dessa till nervsignaler. Dessutom är proteiner också grundlägande komponenter i våra
muskler, hår och naglar, för att nämna ett fåtal av alla de funktioner som proteiner
ansvarar för.
Rent kemiskt är dessa proteiner lika, då de är uppbyggda av olika långa
enkelsträngade kedjor av aminosyror. Dessa enkelsträngade kedjor är direkta
översättningar av olika delar av en organisms genom (DNA) som kallas för gener. Det
har uppskattats att det finns ca 20 000 – 25 000 olika gener i det mänskliga genomet.
Då en gen i princip ”avkodas” till ett protein, finns det även drygt 20 000 – 25 000 olika
proteiner hos en människa. Generellt sett krävs det att den enkelsträngade kedjan av
aminosyror veckar ihop sig till en egen-specifik tredimensionell struktur. Denna
specifika struktur bestämmer sedan den biologiska funktionen för detta protein. Det
finns således ett struktur-funktionsförhållande hos proteiner.
Arbetet som omfattas av denna avhandling bygger på just detta strukturfunktionsförhållande hos en grupp enzymer som kallas för tiol-disulfid oxidoreduktaser
(TDOr). Dessa har gemensamt en liknande tredimensionell struktur som kallas för
tioredoxin (Trx)-strukturen och har även en sekvens om fyra aminosyror belägen i det
aktiva sätet (dvs, det ställe på enzymet där de kemiska reaktionerna sker som enzymet
påskyndar) som är strikt konserverad i dessa enzymer. Denna sekvens är ”-C-X-X-C-”,
där C står för aminosyran cystein och X står för någon av de andra aminosyrorna.
Cysteiner har den egenskapen att dessa, via en reversibel process kan bilda en s k
disulfidbindning till en annan cystein. Dessa disulfider är f f a viktiga för proteiners
stabilitet (och därmed funktion och livslängd). Genom att använda de två cysteinerna i
det aktiva sätet kan TDOr proteinerna både bryta och bilda disulfider hos andra
proteiner.
Trots att denna familj av enzymer ur ett strukturellt perspektiv är väldigt lika, så
har de även mycket varierande funktioner. Medlemmarna i denna familj är därför
vidare klassificerade i subfamiljer med utgångspunkt från deras funktion. Vissa
subfamiljer tenderar att bilda disulfider medans andra effektivt kan bryta dessa. Vidare
finns det subfamiljer som kan göra både och, och därmed omgruppera disulfider hos ett
målprotein som har fler än två cysteiner. Skillnaderna i funktion hos TDOr proteinerna
är beroende av t ex hur dessa känner igen ett annat målämne (dvs, hur pass väl de kan
binda till målämnet). Skillnaderna ligger också i en inneboende egenskap hos
cysteinerna i det aktiva sätet – den s k reduktionspotentialen som i detta sammanhang
är ett värde på hur pass effektiv en disulfid är på att antingen bryta eller bilda andra
disulfider.
I mina projekt har jag främst arbetat med att studera strukturfunktionsförhållandet i två av dessa subfamiljer: glutaredoxinerna (Grx) och en relativt
nyfunnen grupp av proteindisulfidoxidoreduktaser (PDO) som hittils endast observerats
i bakterier som lever och frodas vid en temperatur över 80 °C. Främst har jag undersökt
vad det är som bestämmer hur glutaredoxinerna m h a olika bindningar känner igen ett
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annat målämne. Jag har även bestämt den inneboende reduktionspotentialen hos
cysteinerna i det aktiva sätet.
För att undersöka hur glutaredoxinerna generellt känner igen andra målämnen har
jag valt ut en glutaredoxin (Grx3) från E. coli bakterier. Dock var jag först tvungen att
utveckla en metod för att kunna mäta de olika bindningarna mellan Grx3 och målämnet
glutation, som är ett förhållandevis litet ämne. Utvecklandet av denna metod samt en
analys om bindningarna mellan Grx3 och glutation finns beskrivna i artikel 1 i denna
avhandling. I artikel 3 fortsatte jag med studier kring hur glutaredoxiner känner igen
andra målämnen genom att jämföra Grx3 med en annan glutaredoxin (Grx1) som
effektivt kan bryta disulfider hos andra proteiner (som är mycket större än glutation).
Resultaten visar på en möjlig förklaring till hur olika glutaredoxiner känner igen olika
målämnen. Då Grx1 har en mer ”lös” struktur till skillnad från Grx3 som har en mer
”rigid” struktur, har Grx1 förmågan att binda till relativt större målämnen än Grx3.
I artiklarna 2 och 4 har jag undersökt och bestämt reduktionspotentialerna hos
cysteinerna i aktiva sätena hos glutaredoxiner från människa (hGrx1 och hGrx2) och de
två bakteriella PDO proteinerna. Dessa PDO proteiner är speciella då varje PDO
protein innehåller två stycken sammankopplade Trx-strukturer (Trx-domän 1 och 2)
med vardera ett aktivt säte innehållandes -C-X-X-C- sekvensen. Resultaten visar på att
de aktiva sätena i hGrx1 och hGrx2 har reduktionspotentialer som liknar de som har
bestämts för andra glutaredoxiner. Slutsatsen är därför att dessa generellt bryter
disulfider hos målämnen. Vidare har vi i hGrx2 identifierat en disulfid som inte är ett
aktivt säte, och våra resultat visar att denna disulfid i mycket stor grad bidrar till en
ökad stabilitet hos hGrx2 vilket antagligen krävs för dess funktion. Vad gäller PDO
(artikel 4) proteinerna så visar resultaten att de två aktiva sätena i vardera PDO protein
är mycket olika, vilket kan kopplas till den biologisk funktionen för dessa proteiner.
Kortfattat har resultaten som presenterats i denna avhandling har ökat förståelsen
för hur TDOr proteiner generellt känner igen och binder till andra målämnen. Vidare
har en ny metod presenterats som kan utnyttjas för vidare studier av andra proteiner.
Slutligen har våra mätningar av reduktonspotentialer hos cysteiner bidragit till en ökad
förståelse för hur dessa proteiner fungerar. Den typ av forskning som jag har bedrivit är
grundforskning. Därmed har själva syftet med forskningen inte varit att finna direkta
tillämpningar till resultaten. Dock bidrar mina resultat till en ökad förståelse för hur
dessa ”naturens robotar” fungerar och i ett större perspektiv kan dessa komma att
tillämpas inom områden som exempelvis medicin och bioteknik.
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