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ABSTRACT: Glutaredoxins are ubiquitous thiol—disulfide oxidoreductases which catalyze the reduction of
glutathione—protein mixed disulfides. Belonging to the thioredoxin family, they contain a conserved active
site CXXC motif. The N-proximal active site cysteine can form a mixed disulfide with glutathione or an
intramolecular disulfide with the C-proximal cysteine. The C-proximal cysteine is not known to be involved in
the catalytic mechanism. The stability of the mixed disulfide with glutathione has been investigated in detail
using a mutant variant of yeast glutaredoxin 1, in which the C-proximal active site cysteine has been replaced
with serine. The exchange reaction between the reduced protein and oxidized glutathione leading to formation
of the mixed disulfide could readily be monitored by isothermal titration calorimetry (ITC) due to the
enthalpic contributions from the noncovalent interactions and the protonation of glutathione thiolate.
An algorithm for the analysis of this type of reaction by ITC was developed and showed that the interaction
is enthalpy driven with a large entropy penalty. The applicability of the method was verified by a mass
spectrometry-based approach, which gave a standard reduction potential of =295 mV for the mixed disulfide.
In another set of experiments, the pK, value of the active site cysteine was determined. In line with what
has been observed for other glutaredoxins, this cysteine was found to have a very low pK, value. The
glutathionylation of glutaredoxin was shown to have a substantial effect on the thermal stability of the protein

as revealed by differential scanning calorimetry.

In most cells glutathione (y-GluCysGly) is present in milli-
molar amounts, making it the most abundant intramolecular
small-molecule thiol (7). It is present throughout cellular com-
partments where it acts as an important antioxidizing agent in
maintaining constant redox environments. In the cytosol, glu-
tathione is kept in the reduced state (GSH)' through constant
action of the enzyme glutathione reductase, which catalyzes the
reduction of glutathione disulfide (GSSG) by NADPH. GSH
functions as a reducing agent and a radical scavenger. One of its
primary roles is to prevent irreversible damage caused by reactive
oxygen species (2—4). During oxidative stress oxidized forms of
cysteine thiols, such as sulfenic acids (—SOH), can be formed.
Sulfenic acids are unstable and are easily oxidized further to
sulfinic (—SO,H) or sulfonic (—SOs;H) acids. These modifica-
tions are often considered irreversible and can therefore cause
permanent damage to proteins (5). However, sulfenic acids also
readily react with thiols to form disulfides. Since GSH is such an
abundant thiol, oxidative stress therefore leads to the formation
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of mixed disulfides between protein cysteines and gluta-
thione (5—7). This process of so-called S-glutathionylation can
be seen as a way of protecting protein thiols from being oxidized
irreversibly. Another suggested function of glutathionylation is
as a mode of regulation since glutathionylation has been seen to
efficiently alter the activity of certain enzymes and transcription
factors (5). Also, glutathionylation has been observed as a
response to normal signaling events not related to stress condi-
tions (8). Whether glutathionylation mediates protection or
regulation, the modification needs to be removed when oxidative
stress or a signaling event is over. This process of deglutathiony-
lation may be catalyzed by glutaredoxin (Grx) under appropriate
redox conditions (9).

Grxs are small (9—15 kDa) ubiquitous thiol—disulfide oxido-
reductases, which reduce disulfides through thiol—disulfide ex-
change reactions (/0). They are members of the thioredoxin
superfamily of proteins, and as many other members of this
family they contain an active site CXXC motif (Grxs usually have
the active site sequence CPYC). In contrast to thioredoxins,
which act as general reductases, Grxs have been found to react
specifically with glutathione-containing disulfides (9, /1). During
the reaction with an S-glutathionylated protein, the N-proximal
active site cysteine of the Grx engages in a nucleophilic attack on
the target disulfide leading to the breakage of the original mixed
disulfide and concomitant transfer of the glutathione moiety to
the Grx, so that the enzyme itself becomes glutathionylated and
the reduced target protein is released. Afterward, the reduced
active form of the Grx is reestablished by GSH-mediated
reduction of the mixed disulfide (Figure 1) (10, 11). The basis
for the specificity of Grxs has been investigated by determination
of the three-dimensional structures of several different Grxs in
complex with glutathione (12— 17). In all cases, a specific binding

©2009 American Chemical Society



Article
s
e
er\é + GsH

n possible side reaction

SH SSG
er\ 4+ GSS—Protein —— er\ + HS—Protein
SH SH
GSSG GSH
NADPH + H'
Glutathione reductase .
NADP
2 GSH

FIGURE 1: Schematic representation of the reaction mechanism used by
glutaredoxins (Grxs). As shown, Grxs ultimately rely on reducing power
of NADPH. In principle, the reactions can proceed in both directions,
but for simplicity only the arrows that are physiologically relevant
are shown. The enzyme reacts by a ping-pong mechanism in which a
mixed disulfide is formed as an intermediate. The brackets indicate the
possible off-pathway formation of an intramolecular disulfide.

pocket containing several conserved glutathione interaction
partners has been revealed.

As shown in Figure 1, the C-proximal active site cysteine does
not participate in the process of Grx-catalyzed deglutathionyla-
tion. This has been confirmed by the observation that mutant
Grxs, which have the C-proximal cysteine replaced by serine,
retain enzymatic activity (/6—19) and in some cases have even
higher activities than the wild-type enzymes (16, 17, 19).
Although the C-proximal cysteine is not directly involved in
deglutathionylation, it is able to attack the mixed disulfide with
glutathione so that an intramolecular disulfide is formed between
the two cysteines in the CXXC motif (Figure 1). Previous studies
have suggested that this reaction is slow, though, and its
significance is as yet unknown (/9). Why is the second cysteine
then conserved among Grxs? One explanation could be that it is
necessary in order for Grxs to be able to reduce specific substrates
other than glutathione-containing disulfides. Thus, Grxs were
originally discovered in Escherichia coli as enzymes that catalyze
the reduction of ribonucleotide reductase in a way that requires
both cysteines in the active site (18, 20). However, mouse Grx 2
has recently been shown only to require the N-proximal cysteine
for full activity, suggesting that this Grx and possibly other
eukaryotic Grxs catalyze the reduction of ribonucleotide reduc-
tase via a glutathionylated intermediate (/7). It has also been
suggested that the buried C-proximal cysteine is there to protect
the reactive solvent-exposed N-proximal cysteine from irrever-
sible oxidation during oxidative stress (2/). Thus, one can
imagine that an intramolecular disulfide will quickly be formed
from the sulfenic acid derivative of the N-proximal cysteine.
Finally, the C-proximal cysteine has been implicated in modulat-
ing the reactivity of the N-proximal cysteine (17, 19, 22). In this
respect, it is interesting that the mutation to CPYS has been
shown to have opposite effects on the activities of yeast Grx 1 and
Grx 2, where the Grx 1 C30S mutant is five times more active and
the Grx 2 C30S mutant is five times less active than their
respective wild types (17).

With the overall goal of increasing the understanding of the
mechanisms underlying Grx-catalyzed deglutathionylation, we
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here present a characterization of Grx 1 from yeast (Grxlp).
We wanted to investigate the stability of the mixed disulfide
between the enzyme and glutathione, which should provide
missing information about the redox properties of Grxs. In order
to avoid the side reaction shown in Figure 1, a single-cysteine
variant of Grxlp (sCGrxlp) in which the C-proximal active site
cysteine, Cys30, has been changed to serine was used.

The thiol—disulfide exchange reaction between glutaredoxin
and glutathione is

GrxSH + GSSG < GrxSSG + GSH (1)

where K, is the equilibrium constant. In this reaction a disulfide
bond is broken and another one formed, which would be
expected to be associated with a very small enthalpy change.
However, crystal structures of both the reduced (GrxSH) and
glutathionylated (GrxSSG) form of this protein have been
determined recently, and six electrostatic interactions between
different groups in the glutathione molecule and conserved
residues in sCGrxlp are formed (3, 17). This implies that the
reaction might be associated with a significant enthalpy change.
In addition, the thiol group of Grx is deprotonated at the
experimental pH 7.0 (/7) and the thiol of glutathione is proto-
nated (23), so eq 1 is more correctly stated as

GrxS~ +GSSG + H" = GrxSSG + GSH (2)

where the proton is donated by the buffer. Thus, the protonation
of glutathione thiolate and deprotonation of the buffer will also
contribute to the enthalpy change, and the overall reaction is
expected to be measurable by calorimetry. The catalytically
enhanced rate of the reaction makes it feasible to study the
thiol—disulfide exchange by isothermal titration calorimetry
(ITC). It is unconventional to use ITC for monitoring covalent
chemistry, and since the reaction follows an exchange scheme, a
new algorithm had to be developed for analysis of the data. These
data were compared with data for the stability of the mixed
disulfide obtained from mass spectrometry. Furthermore, we
determined the pK, value of the catalytic thiol since this is
important for the magnitude of K, (24).

EXPERIMENTAL PROCEDURES

Materials. Methoxypolyethylene glycol 5000 maleimide
(mPEG-mal) was from Nektar Therapeutics. Tris(hydroxypro-
pyl)phosphine (THP) was purchased from Calbiochem, and
sinapinic acid was from Fluka. Other chemicals were from Sigma
Aldrich or Merck. NAP-5 and NAP-10 gel filtration columns
were obtained from GE Healthcare.

Expression and Purification of sCGrxl1p. The yeast glu-
taredoxin single cysteine mutant Grx1p C30S with the C-terminal
His-tag extension LEHHHHHH (here simply referred to as
sCGrxlp) was expressed and purified essentially as previously
described (19). The protein was extracted from the strain BL21-
(DE3) (Novagen) by two freeze/thaw cycles in 50 mM potassium
phosphate, pH 7.0, and 0.3 M NaCl and subsequent sonication
on ice. The resulting lysate was centrifuged (10000g, 25 min,
4 °C), and the supernatant was collected.

The protein was purified in the glutathionylated state by
addition of GSH and GSSG to 1 and 5 mM, respectively.
Afterward, the protein was purified on a column (1.8 x 10 cm)
with TALON resin (Clontech) charged with Co®" ions. After
loading, the column was washed with 130 mL of 50 mM
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potassium phosphate, pH 7.0, and 0.3 M NaCl at a flow rate of
1 mL min~". The protein was then eluted by applying a linear
gradient from 0 to 150 mM imidazole in the same buffer over
100 mL. After the protein had been isolated, it was verified by
sodium dodecyl sulfate—polyacrylamide gel -electrophoresis
(SDS—PAGE) that it was pure. Finally, the buffer was changed
to 50 mM potassium phosphate, pH 7.0, by dialysis, and the
protein was stored at —18 °C.

Preparation of Solutions for ITC. A 10 mM potassium
phosphate buffer, pH 7.0, prepared from Milli-Q ultrapure water
(182 MQ cm ") was used. Oxygen was removed as thoroughly as
possible by saturating with Ar for 45 min and then degassing the sol-
ution by stirring under vacuum for 15 min. This procedure was
repeated, and finally the solution was saturated with Ar for
15 min.

A volume of 775 uL of the sCGrxlp stock (0.4 mM) was
reduced by addition of 25 uL of 50 mM DTT followed by
incubation for 15 min. DTT and GSH were afterward removed
by gel filtration on a prepacked NAP-10 column. To avoid
oxidation of the protein during filtration, the column was
equilibrated with deoxygenated buffer, and filtration took place
in a container, which had its atmosphere replaced by Ar. The
protein was eluted in 2 mL, giving a protein concentration of
approximately 0.15 mM; 1.5 mL was injected in the calorimeter,
and the rest was used to determine the protein concentration.
This was done by measuring absorbance at 280 nm and using a
theoretical extinction coefficient of 5960 M~ cm ™' (25).

Isothermal Titration Calorimetry (ITC). The ITC experi-
ments were performed using an MCS isothermal titration
calorimeter (MicroCal LLC, Northampton, MA) (26) with a
cell volume of 1.32 mL. The titrations were carried out at 25 °C
and a stirring rate of 400 rpm. The calorimeter was calibrated by
electrical heat pulses. Before the ITC experiment could begin, the
newly filtrated sample was degassed for another 12 min with
stirring under vacuum, and the instrument had its sample cell
filled with Ar. A 1.6 mM solution of GSSG was made in
deoxygenated buffer. The initial injection of all experiments
was 3 ul, which was discarded in the subsequent analysis,
followed by 21 injections of 7 uL with 180 s between all injections.
Baseline correction and peak integration were done by the Origin
7.0 software supplied by the instrument manufacturer.

Analysis of ITC Data. The exchange equilibrium in eq | can
be represented by the more general scheme:

AB+CD==AC+BD (3)

In the present case C and D are formally identical (the glutathio-
nyl moiety), but no information of the actual chemical mechan-
ism is embedded in an ITC model. The equilibrium constant for
this reaction is

[AC][BD]

K=r——— 4

[ABJ][CD] )
If it is assumed that the initial concentrations of the species on the
right-hand side in eq 3 are both zero, then combining the mass pre-
servation equations with the mass action eq 4 gives a quadratic equa-
tion, which may be solved (see Supporting Information for details)

AC) = 55 ([A]m +[Ch

i\/<[Alml+[cw——4(K‘1)£?h°t[qt°‘) g
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where [A] o and [C], are the total (stoichiometric) concentrations
of the species containing the moieties A and C in the sample cell,
respectively. In eq 5 the plus sign in front of the square root pertains
to K < 1 and the minus sign to K > 1. The heat change, ¢; after
the ith injection is given by

qi = Vel AH°A[AC]; (6)

where Ve is the volume of the sample cell, AH® is the standard
molar enthalpy change of the reaction, and A[AC]; is the change in
the concentration of AC (=A[BD];). This is given by

NAC) = IAC,~AC) e ) )

cell

where V; is the volume of the ith injection. The exponential
expression in eq 7 is the dilution factor of the sample cell contents
after the ith injection (27).

The apparent equilibrium constant and AH° for the exchange
reaction were determined from the ITC isotherms by nonlinear
least-squares regression analysis using eqs 5—7. The standard free
energy change, AG®, and standard entropy change, AS°, were
calculated from the standard thermodynamic relations:

AG® = —RTIn K = AH°—TAS® (8)

where R is the universal gas constant (8.3144 Jmol ' K™ ") and T
is the absolute temperature.

An Origin Function Definition File called Exchange.fdf has
been written to enable this analysis. This file and a PDF file with a
more detailed description of the model are available as Support-
ing Information.

Mass Spectrometry (MS). K, was also determined by MS
based on the 306 Da difference in mass between reduced and
glutathionylated sCGrxlp and the peak areas that can be
obtained from an MS experiment. The instrument used was
a matrix-assisted laser desorption/ionization time-of-flight
(MALDI-TOF) mass spectrometer of the type autoflex from
Bruker Daltonics (Bremen, Germany). The applied matrix was
prepared on the same day or the day before an experiment and
was made by dissolving 1 mg of sinapinic acid in 50 uL of 0.2%
(v/v) trifluoroacetic acid (TFA) and 50 uL of acetonitrile.
Analysis of a sample was in each case done by mixing 1 uL of
sample with 1 uL of matrix on a piece of Parafilm and applying
1 uL of the mix onto a target plate where it was allowed to dry
before the target plate was loaded in the mass spectrometer.
Results were always obtained by shooting on three different spots
within the same sample. Even in completely oxidized samples,
small amounts of reduced sCGrxlp were detected. This is
probably caused by laser-induced breakage of approximately
5% of the disulfide bridges present in a sample. This artifact was
corrected for when calculating the relative amounts of reduced
and oxidized protein by assuming that a fraction (5%) of the
disulfide bonds would always be broken by shooting.

To test if reduced and glutathionylated sCGrx1p fly equally
well in an MS experiment, various mixtures of reduced and
oxidized sCGrxlp were made and subjected to MS. The areas
under the peaks corresponding to the reduced and glutathiony-
lated protein were determined by numeric integration and used as
a measure of the relative amounts of the two forms of sCGrx1p.
Reduced sCGrx1p was prepared by mixing 15 uL of the oxidized
protein stock (0.4 mM) with 2 L of 50 mM DTT followed by
incubation for 15 min. One sample volume of 1 M HCl was added
to both the completely reduced and the completely oxidized
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sample before they were mixed in different ratios. The final
samples used for MS were diluted in 0.5 M HCl to a total protein
concentration of 10 M.

For determination of K, sCGrxlp was incubated with
different [GSH]/[GSSG] ratios, and the relative amounts of
reduced and glutathionylated protein were in each case deter-
mined by MS as described above. The GSH solution used for all
samples was freshly prepared by dissolving GSH to 50 mM in
50 mM potassium phosphate, pH 7.0, and 1 mM EDTA. The
pH was readjusted to 7.0 by addition of 2 M NaOH, and the
precise concentration of GSH was afterward determined with
5,5'-dithiobis(2-nitrobenzoic acid) (DTNB) by measuring absor-
bance at 412 nm and using an extinction coefficient of 14150 M~
em™ ' (28). The amount of GSH (25 uL) was held constant in each
sample, whereas the amount of GSSG was varied by addition of
eithera 0.5 M ora 50 mM stock solution. Since a freshly prepared
solution of GSH contains a small amount of GSSG, high
[GSH]/[GSSG] ratios were obtained by reducing some of the
GSSG by addition of 5mM THP to 50 4L of the GSH solution.
Twenty-five microliters of 0.2 mM sCGrx1p was added to each
mix of GSH and GSSG, whereas 50 uL was used for samples with
added THP. sCGrxlp was allowed to equilibrate with the
glutathione for 10 min before the reaction was quenched by
addition of one sample volume of 1 M HCI. Samples for MS were
made by taking 5 uL from each acid-quenched reaction and
diluting it in 20 4L of 0.5 M HCL

Determination of the [GSH]/[GSSG] Ratio. Since GSH
was in big excess in all samples, the amount was assumed
constant before and after equilibration with sCGrx1p and was
thus determined from the initial reaction with DTNB. The
amount of GSSG, on the other hand, was in many samples even
smaller than the amount of protein. In order to obtain the precise
amount of GSSG at equilibrium, a sample from each acid-
quenched reaction mixture was analyzed by high-performance
liquid chromatography (HPLC) using an AKTA purifier system
(GE Healthcare) equipped with a Vydac (218TP5415) 4.6 x 150
mm C-18 reversed-phase column. Each sample was diluted in
0.5 M HCl to a final volume of 200 #L and then injected manually
in the HPLC system. GSSG was eluted isocratically in 0.1% TFA
after ~8 min at a flow rate of 1 mL/min. The elution was
monitored by continuously measuring absorbance at 248 nm,
and the amount of GSSG in each sample was quantified by
determination of the area of a resulting peak on the chromato-
gram. The determined areas were converted to molar amounts by
correlation with a standard curve of areas obtained from samples
with known amounts of GSSG.

Differential Scanning Calorimetry (DSC). Protein un-
folding thermodynamics was determined by DSC using a VP-
DSC from MicroCal LLC (Northampton, MA) (29, 30) with a
cell volume of 0.52061 mL. A scan rate of 1 °C min~' and an
excess pressure of 2 bar were applied. The DSC cell was filled with
Ar before solutions were injected. Before commencing the DSC
experiments of the protein, blank scans were collected with buffer
in both the reference and sample cells until two consecutive scans
coincided. The last blank scan was subtracted from the sample
scans. The reversibility of the thermal transitions was assessed by
checking the reproducibility of the scan upon immediate cooling
and rescanning. Thermograms were plotted, and unfolding
temperatures (7, the temperature where 50% of the protein is
unfolded), and enthalpy changes were determined using Origin
7.0 software supplied by the manufacturer.
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For the thermal denaturation experiments both states of the
glutaredoxin mutant were analyzed. The solutions were made the
same way as for the ITC experiments with the only difference
being that the final protein concentration was only 40 uM.
For the glutathionylated state, a theoretical extinction coeffi-
cient of 6085 M~! cm™! was used in order to determine the
concentration (295).

The unfolding temperatures and enthalpy changes obtained
from the DSC experiments were used to calculate the equilibrium
constants of unfolding (K,) at 25 °C according to the van’t Hoff
equation

dIn K, AH®
a7y -~ R ©)

and the relationship between temperature and enthalpy change
AH°(T) = AH°(Tq) + AC,(T —Ty) (10)

where the change in heat capacity, AC,, is assumed to be
independent of temperature. Substitution of eq 10 into eq 9
and integration from Ty to T yields

Ku(T) = exp{ — [(AHO(Td) ~T4AC) <;_T1d>

sen(Z)]} "

since K(Tq) = 1. Thus, from the DSC data and a calculated
value of AC, based on the changes in solvent-accessible polar and
nonpolar surface area upon unfolding (see below), it is possible to
calculate the equilibrium constants for the following reactions at
any temperature:

GrxSH == unfolded GrxSH (12)

and
GrxSSG = unfolded GrxSSG (13)
If reactions in eqs 12 and 13 are combined with a third reaction

unfolded GrxSH + GSSG = unfolded GrxSSG+ GSH (14)

then a thermodynamic cycle is completed, and the reactionineq |
is obtained. The equilibrium constant for the thiol—disulfide
exchange reaction shown in eq 14 may be assumed to have a value
of 1, since unfolded Grx has lost all noncovalent interactions with
bound glutathione and the mixed disulfide can therefore be
assumed to have the same thermodynamic stability as the
disulfide in GSSG. Hence, it is possible to estimate a value of
K,x from the DSC data alone. This K, is based solely on the
noncovalent interactions between sCGrx1p and glutathione and
does not account for the effect of thiol pK, values on the
stabilities of the disulfide bonds in GSSG and GrxSSG.

Calculation of Solvent-Accessible Surface Area. Calcula-
tions of the polar and nonpolar solvent-accessible surface areas of
the folded and unfolded states of both forms of sCGrx1p were
carried out using the ASACalc program (v.1.2) (31), which is
based on the Lee and Richards algorithm (32). As input for the
glutathionylated form, GrxSSG, was used its PDB file, 2jac.
pdb (13), and as input for GrxSH was used an edited version of
the PDB file for the sCGrxlp-rxYFP fusion protein, 2jad.
pdb (13), in which the coordinates for rxYFP were deleted (the
N-terminal 238 residues).
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Determination of the Thiol pK, Value. The pK, value
of the cysteine thiol in sCGrxlp was determined based on its
reactivity with iodoacetamide (IAM) at different pH values.
sCGrxlp (0.2 mM) was reduced by addition of an equal volume
of 5SmM DTT followed by incubation for 15 min. Ten microliters
of this solution was added to 85 uL of buffer followed by addition
of 5 uL of 20 mM IAM. The reaction was allowed to take place
for exactly 1 min before it was quenched by addition of 11 uL of
100% (w/v) trichloroacetic acid (TCA). Each sample was put on
ice for 15 min and then centrifuged (16100g, 10 min, 4 °C). The
pellet was dissolved by sonication in 50 uL of 2x SDS—PAGE
sample buffer (0.1 M Tris-HCI, pH 6.8, 4% SDS, 0.2% (w/v)
bromophenol blue, 20% (v/v) glycerol) containing | mM mPEG-
mal, and the pH was adjusted by addition of 5 uL of 1 M Tris-
HCI, pH 8.0. The samples were incubated for 30 min and
then loaded on a high-Tris 15% polyacrylamide gel (33). After
running, the gel was Coomassie stained, and the bands were
quantified using the program ImageJ (http://rsb.info.nih.gov/ij/).

The buffers were all 0.1 M in concentration and were as follows:
sodium citrate, pH 2 and 3; sodium acetate, pH 3.5, 4, and 4.5;
MES, pH 5 and 6; potassium phosphate, pH 7; Tris-HCI, pH 8.

Investigation of the pH Dependence of K,,.. K,y for
sCGrxlp was determined by the MS method at different pH
values. However, only a single [GSH]/[GSSG] ratio was used for
each K., determination. The ratio used was obtained from
dissolving GSH and not adding either GSSG or THP, which in
this case gave a [GSH]/[GSSG] ratio of approximately 250:1.
Thus, GSH was dissolved to 50 mM in 5 mM buffer, and the pH
was adjusted to the appropriate values with 2 M NaOH. Twenty-
five microliters of the GSH solution was mixed with 25 uL of
0.2 mM sCGrx1p, and the species were allowed to equilibrate for
20 min. Afterward, the reaction was quenched as before. MS
analysis and determination of the exact [GSH]/[GSSG] ratio was
done as described above. The buffers were the same as the ones
described for the pK, determination experiment, and the pH
values were 3, 4, 5.1, 5.6, 6, and 8. The K, value at pH 7 was
taken from the MS experiment described above.

RESULTS

Isothermal Titration Calorimetry (ITC). A representative
thermogram and the corresponding isotherm for the titration of
0.126 mM GrxSH with 1.60 mM GSSG obtained at 25.1 °C are
shown in Figure 2. The concentrations were chosen from initial
trials to obtain suitably sigmoid exchange isotherms. The iso-
therms were fitted using a new algorithm based on the exchange
scheme described herein, and the results are shown in Figure 2B.
The titration of GrxSH with GSSG was done three times, and
the thermodynamic parameters obtained from regression analy-
sis using the Exchange algorithm are shown in Table 1. The
reproducibility is reasonably good although the value of K, is
not determined very accurately. The error estimates calculated as
standard deviations of the averages are somewhat larger than the
errors for each experiment. The results show that the reaction is
enthalpy driven with a large unfavorable entropy penalty
(=TAS° = +17.9 kJ mol™"). This strongly unfavorable con-
tribution from entropy to the glutathionylation reaction prob-
ably stems from conformational restrictions on the protein
structure as well as lost translational, rotational, and conforma-
tional freedom of glutathione upon binding. The determined Ko
value of 105 indicates that a significant stabilization of the protein
structure is imposed by the formation of the mixed disulfide.
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FIGURE 2: Isothermal titration calorimetric thermogram (A) and
isotherm (B) for the glutathionylation of sCGrx1p. The dotted line
in (A) is the adjusted calorimetric baseline. The solid line in (B) has
been obtained from nonlinear least-squares regression to both the
OneSites and the Exchange model (the regression lines from the two
algorithms coincide). The first data point in (B) stems from the initial
injection and was not used in fitting of the data.

The observed enthalpy change is the sum of contributions
from breaking the disulfide bond in GSSG, forming the disulfide
bond in GrxSSG, the formation of noncovalent interactions, the
deprotonation of phosphate, and the protonation of glutathione
thiolate (eq 2). The enthalpy change for protonation of glu-
tathione thiolate is —32 kJ mol ™' (23), and AHP for deprotona-
tion of dihydrogen phosphate is +3.6 kJ mol™" (34). Breaking
and making the disulfide bonds may be assumed to cancel out
enthalpically, so by far most of the observed enthalpy change is
due to the protonation of glutathione thiolate. The contribution
to AH® from the noncovalent bonds is accordingly judged to be
close to zero.

Determination of K, by MS. The value of K,, was also
determined by MS based on the 306 Da difference in mass
between reduced and glutathionylated sCGrxlp. A representa-
tive example of a mass spectrum obtained from a mixture of
reduced and glutathionylated sCGrx1p is shown in Figure 3A. It
was verified that the two forms fly equally well ina MALDI-TOF
experiment and thus that the peak areas obtained from the
resulting spectrum can be used as a measure of the relative
amounts of the two forms of the protein (Figure 3A, inset).

In order to determine K, sSCGrx1p was allowed to equilibrate
with different ratios of [GSH]/[GSSG] at pH 7.0, and the
distribution between reduced and glutathionylated protein was
in each case determined by MS analysis after quenching of the
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Table 1: Thermodynamic Data for Glutathionylation of Glutaredoxin Determined by Isothermal Titration Calorimetry and the Exchange Model

no. temp (°C)  [GrxSH]p (mM)  [GSSGlyyringe (MM) N Kox AG° (kImol™")  AH° (kImol™")  AS°(Jmol ' K™")
1 25.1 0.126 1.60 1.29 £0.02 133+ 36 —12.1 £0.7 —30.8£1.0 —62.6 £4.0
2 25.1 0.156 1.81 1.134+0.02 69 £25 —10.1£0.9 —284+1.3 —59.9+5.2
3 25.1 0.156 1.81 1.31+£0.04 112+ 59 —11.7£1.3 —257+19 —47.1£7.8
average 1.24+0.10 105+33 —11.3£1.1 —28.3£2.6 —56.5£8.3
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o 02r i Differential Scanning Calorimetry (DSC). In order to
investigate further the stabilizing interactions between sCGrx1p
0.0k e e T and glutathione, the thermal stabilities of both GrxSH and
1 10 100 1000 the glutathionylated form, GrxSSG, were determined by DSC.
[GSHJ[GSSG] Experiments for both GrxSH and GrxSSG were carried out in

FIGURE 3: Mass spectrometric analysis of the distribution between
reduced and glutathionylated sCGrx1p. An example of a spectrum
obtained from a mixture of the two forms is shown in (A). The
spectrum is zoomed in on the two resulting peaks at mass/charge
ratios of 13429 and 13735 corresponding to reduced and glutathio-
nylated sCGrx1p, respectively. The inset shows that the two forms fly
equally well in a MALDI-TOF experiment. The fraction of reduced
protein measured by MS was plotted against the fraction that
was actually prepared. Linear regression gave a slope of 1. (B) The
fraction of reduced sCGrxlp that was measured by MS after
equilibration with a glutathione buffer was plotted against the
[GSH]/[GSSG] ratio. K, was obtained from nonlinear least-squares
regression (solid line). The fraction of reduced sCGrx1pis plotted asa
mean £ SD obtained from three different measurements on the same
sample.

reaction with HCI. The fraction of sCGrxlp in the reduced
state was determined in each case and plotted against the
[GSH]/[GSSG] ratio (Figure 3B). K, was determined after
nonlinear least-squares regression according to the relation:

GSH]
[GrxSH] _ [GSSG] (15)
(GraSH] +[GniSSG] ~ [GSH] |
[GSSG] o

the absence of free glutathione. One peak was observed for each
species at 49.5 °C for GrxSH (Figure 4, left curve) and at 66.3 °C
for GrxSSG (Figure 4, right curve). No reversibility of unfolding
was observed when the samples were rescanned after heating
to 100 °C. However, repeated scans in the temperature range
20—62 °C for GrxSH and 20—72 °C for GrxSSG were recorded,
and full reversibility of unfolding was observed for both forms
(data not shown). It is thus appropriate to analyze the DSC data
using reversible thermodynamics.

The DSC peaks were fitted to the standard non-two-state
unfolding mechanism routines by Origin 7.0, and the obtained
fits are shown as dotted lines in Figure 4. Table 2 shows the
denaturation temperatures, the calorimetric enthalpy change of
unfolding determined as the peak areas, AH®.,, and the van’t
Hoff enthalpy changes, AH®,y, determined from the peak shapes
assuming a two-state transition. The fits show that the unfolding
of both forms cannot quite be characterized as a two-state
transition but seems to go through an intermediate state. The
substantial difference in Ty of about 17 °C indicates that the
association of the three amino acid residues from glutathione
imposes a quite strong stabilizing effect on the protein structure.
This stabilization must entirely or almost entirely result from the
noncovalent interactions.
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Table 2: Unfolding Thermodynamics of Reduced and Glutathionylated
Glutaredoxin Determined by Differential Scanning Calorimetry and Struc-
ture-Based Calculations of Accessible Surface Areas

GrxSH GrxSSG
T4 (°C) 49.48 +0.05 66.32 =+ 0.01
AH® (k] mol™") 340 + 2 531 + 1
AH®yy (kJ mol™1)? 203 +2 415+ 1
AH® \y/AH 0.60 £ 0.01 0.78 4+ 0.01
Alled, (A2 3509 3293
Auntolded (A%) 9341 9469
AAnonpolar (AZ)I) 5832 6176

ARied (A%) 2788 2638
Aunfolded (A2) 6477 6720
Adporar (A2 3689 4082
AC,(predicted) (kJ mol ™' K™ 6.9 72

K, (25 °C) 43 %1074 9.7 x 107

“The van’t Hoff enthalpy change of unfolding assuming a two-state
transition. “Calculation of changes in polar and nonpolar solvent-acces-
sible surface areas of the unfolding of glutaredoxin on the basis of the
crystal structures enables predictions of the thermodynamic values of the
unfolding.

Calculations of solvent-accessible polar and nonpolar surface
areas of the folded and unfolded states of both forms using the
ASACalc v1.2 software give the values listed in Table 2. Glu-
tathionylation results in a slight decrease in the polar surface area
and a larger decrease in the nonpolar surface area of the folded
form. On the basis of the changes of these areas upon unfolding,
the heat capacity change between the folded and unfolded states,
AC,, can be estimated from the following empirical relation
assuming complete unfolding (35):

ACp = CnAAnonpolar + CpAApolar (16)

where the area changes are in A’and ¢, = 1.88 and cp=—109J
mol ™' K™" A™2, respectively.

Asdescribed in Experimental Procedures, K, can be estimated
from the DSC experiments based on calculations of the equilib-
rium constants of unfolding at 25 °C for GrxSH and GrxSSG
(Kox = KE™SH/KE™S5G) The determined equilibrium constants
obtained from the measured values for Ty and AH° and the
calculated values for AC, are given in Table 2. By this approach
a K,y value of 4.4 x 10* was obtained when the calorimetric
enthalpy changes (AH,,) are used and 5.3 x 10* when the van’t
Hoff enthalpy changes are used. It has thus little effect which
enthalpy is used in the calculations. The calculation of K,
depends on AC,. If eq 11 is differentiated with respect to AC,,
then 9K, /0AC, is 1.7 x 10~ and 1.0 x 10~ mol K J™" at 25 °C
for GrxSH and GrxSSG, respectively. These values are both
small compared to K. AC, could also have been estimated from
the shifts in the baselines of the DSC scans, but that method is
very uncertain. Another way to estimate AC), is by dividing the
difference in AH°, for the unfolding of GrxSH and GrxSSG
with the difference in Ty, which gives 11.3 kJ mol ™' K™, This is
somewhat larger than AC, calculated from the surface areas and
may suggest that these are underestimated. However, using
AC, = 11.3k] mol ' K" in eq 11 yields values of K, of 2.3 x
10~ and 7.5 x 1077 for GrxSH and GrxSSG, respectively, and
an apparent K., = 3.1 x 10°. These differences are within a
reasonable range of uncertainty. Ko, derived from DSC is much
larger than what was determined by both ITC and MS, but here it
should be noted that the value obtained from the DSC data only
reflects the noncovalent interactions that stabilize the mixed
disulfide between sCGrxlp and glutathione and does not take
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the effect of thiol pK, values on the stability of disulfide bonds
into consideration. A lower pK, of GrxSH compared to GSH will
destabilize the mixed disulfide in GrxSSG compared to the GSSG
disulfide because a more stable thiolate anion has decreased
nucleophilic character and at the same time better leaving group
abilities (24). Thus, the K, value determined from the DSC
experiments can be seen as the K, that would be expected if
GrxSH and GSH had equal thiol pK, values.

The Thiol pK,, Value of sCGrx1p. The data obtained from
the DSC experiments together with the K, values that were
determined from ITC and MS indicate that the cysteine residue in
GrxSH has a pK, value, which is substantially lower than the pK,
value of the cysteine in GSH. This would be consistent with what
has been found for other Grxs for which pK, values as low as 3.5
have been reported for the N-proximal cysteine in the active
site (17, 22, 36—38). In order to estimate the pK, value of the one
cysteine residue in sCGrxlp, we investigated the reactivity of
GrxSH with the small alkylating agent IAM at different pH
values. After incubation for exactly 1 min, the reaction was
quenched by acidification and precipitation of the protein with
TCA. GrxSH that had not reacted with IAM was in each case
modified with another alkylating agent, mPEG-mal, which adds
5 kDa to the molecular mass of the protein. Thus, the two
differently modified forms of sCGrxlp can be separated on a
polyacrylamide gel (Figure 5A). In fact, the observable shift
in mobility that mPEG-mal produces is even larger than what
would be expected from its mass because of extensive water
binding by the polyethylene glycol chain. The amount of protein
that had reacted with IAM and therefore unreactive toward
mPEG-mal was determined by quantification of the intensities of
the Coomassie-stained protein bands.

Since IAM was in large excess over GrxSH, the reaction can be
analyzed as a pseudo-first-order reaction. The observable sec-
ond-order rate constant, ks, for the alkylation of GrxSH
by IAM was calculated at each pH value from the fraction of
the protein that was reactive toward mPEG-mal. Since it is the
thiolate anion that acts as a nucleophile in the reaction, the
reactivity at a given pH depends on the pK,, value of the cysteine.
The relationship between pH and ks is given by the expression

ks~

- l_l_lopKrpH (17)

kobs
where kg- is the rate constant for the reaction between the thiolate
anion and IAM. According to this relationship, plotting ko
against pH should give a single transition at a pH equal to the
cysteine pK, value (Figure 5B). The values for the fit are pK, =
45+0.1and ks- = 44+ 2 M 's7! (reduced 5> = 7.3), which
clearly shows that the cysteine in sCGrx1p does in fact have a
much lower pK, value than the cysteine in GSH, which accord-
ing to previous studies has a pK, of 8.9 (39). The pK, value
determined here is somewhat higher than what was recently
found for yeast wild-type Grx 1 by Discola et al. (/7). They used
two different approaches to determine the pK, value of the
N-proximal cysteine: enzyme inhibition with IAM and alkylation
with monobromobimane at different pH values giving pK, values
of 4.0 and 3.2, respectively. One possible explanation for our pK,
value being higher might be found in the data presented in
Figure 5. Although the significance is questionable, the appear-
ance of the data points in Figure 5B could imply two transitions
instead of one, suggesting that something else might be titrating
in a way that affects the nucleophilicity of Cys27. Also, the large
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FIGURE 5: Determination of the pK, value of Cys27. (A) Coomassie-
stained SDS—PAGE gel where the number above each lane is the pH
value at which sCGrx1p and IAM were incubated. sCGrx 1p that had
not reacted with IAM (~26 kDa band) was separated from sCGrx1p
that had reacted with IAM (~14 kDa band) by modification with
mPEG-mal followed by SDS—PAGE. At the lowest pH values,
sCGrxlp is expected to be unreactive toward IAM and thus fully
modified by mPEG-mal. This is not exactly what is seen, since a
fraction of the protein has not reacted with mPEG-mal. We suspect
that this incomplete modification was due to either partial oxygen
oxidation during the preparation or the presence of free maleimide in
the mPEG-mal. We assumed that the same fraction of protein was
unmodified in all samples and corrected for this in the calculation of
Kobs- (B) kops Was calculated from the intensity of the gel bands for pH
values 2—7 and plotted against pH. The pK, value of Cys27 and kg-
were then obtained by nonlinear least-squares regression using a
single transition model. ks is plotted as a mean obtained from two
independent experiments.

rate constant that is reached at neutral pH supports the idea that
a different group increases the nucleophilicity of the thiolate (40).
If the data are instead fitted to a two-state model, pK, values
0f 3.3 £0.7 and 4.8 £ 0.2 are obtained (data not shown), where
the low value would be the true pK, of the cysteine. This fits well
with the lower pK, value that was found by Discola et al. (17).
Importantly, their data are based on pH values lower than ~4.5,
and a possible second transition cannot be seen. It should be
stressed that the two-state model is somewhat speculative.
However, with respect to the nucleophilicity of Cys27, our data
imply an effective pK, of around 4.5, regardless of the model.

Relationship between pH and K. Since GrxSH and GSH
have different thiol pK, values, the reaction between GrxSH and
GSSG will take up one proton if it takes place at a pH value
between the two pK,, values. This implies that K, should increase
by a factor of 10 for each unit the pH is decreased between pH ~9
and pH ~5. In order to investigate this relationship, K, was
estimated at different pH values by the MS method.

If the observable forward and reverse rate constants asso-
ciated with the equilibrium given in eq 1 are named kopobs
and ko ons, respectively, then the logarithm of K, can be
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FIGURE 6: Dependence of K, on pH. The logarithm of K,, was
determined at different pH values by the MS method using a single
[GSH]/[GSSG] ratio of approximately 250:1. The obtained values
were plotted against pH as means &= SD obtained from three different
measurements on each sample. The cysteine pK, values of GrxSH
and GSH along with the value of log(kon s-/kofrs-) Were obtained by
nonlinear least-squares regression (solid line).

expressed as

kon, S
1 + lopKd(GrXSH)* pH

10g Ko = log kon,obs - log koff, obs — log

l _I_ 10pKH(GSH) —pH kon, -
kofr, s~

(18)

o Kofr, s o
& 1PKa(GSH) —pH — 08 1 (oRe(GrSH) —pH

+log

Since it is the thiolate anion that acts as the nucleophile in both
the forward and reverse reaction given in eq 1, the correlation
given in eq 17 has been used to describe the reaction rates.
Thus, kons- and ko s- refer to the rate constants for the attack
of the thiolate anions of GrxSH and GSH on GSSG and
GrxSSG, respectively. Plotting the logarithm of K, against
pH followed by nonlinear least-squares regression gave pK,
values of 5.1 + 0.2 and 6.8 £ 0.2 for the cysteines in GrxSH and
GSH, respectively (Figure 6). The value of log(kon s-/Kofr.s-)
was determined to be 1.67 £ 0.12. The data points follow the
expected trend nicely between pH ~5 and pH ~7. The pK,
value of 5.1 fits fairly well with what was determined for the
sCGrxl1p cysteine in Figure 5. The pK, value of 6.8, on the
other hand, is two pH units below the correct value for the
GSH cysteine. This suggests that something else might be
titrating in that area in a way that affects K. This could be a
histidine residue although no histidines are directly involved in
glutathione binding. His31, however, sits close to Cys27 and
could affect the nucleophilic character of the thiolate anion so
that deprotonation will cause a destabilization that increases
the nucleophilicity and decreases the leaving group ability of
the thiolate. This is an unresolved issue, and it would have been
desirable to apply the same experimental approach to other
Grxs with known active site pK, values in order to determine
whether the problem with the apparent pK, of GSH is peculiar
to this form of Grx.

Although the reasons for the observed pH dependence remain
to be determined in detail, it should be pointed out that many
effects potentially could affect the pH dependence of K.
Furthermore, the strong pH dependence of K, between pH 5
and pH 7 confirms the much lower pK, value of the GrxSH thiol
compared to the GSH thiol.
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DISCUSSION

The use of ITC in the analysis of a thiol—disulfide exchange
reaction between a monocysteine glutaredoxin mutant and
oxidized glutathione was carried out successfully. This work
has demonstrated the use of a novel regression function based on
the exchange scheme for the analysis of ITC data. Fitting instead
by the standard OneSites binding function of Origin yields
regression curves that completely coincide with curves from the
Exchange model, and the values for %7, stoichiometry (N), AH®,
and heat of dilution are the same. The two models have the same
number of regression parameters and therefore the same number
of degrees of freedom (DoF). The apparent binding constant
obtained with the OneSites model is (1.1 4 0.3) x 10° M ™", This
value is not only of the wrong dimension but also 4 orders of
magnitude greater than K, obtained by the Exchange model.
The erroneous value of the equilibrium constant by the OneSites
model propagates into apparent values of AG® = —35.54+0.7kJ
mol " and AS® = +11.4 + 4.1 J mol™' K™'. It is important to
emphasize that it is not possible to distinguish between the two
models solely on the basis of ITC data, so independent knowledge
of the molecular reaction scheme is necessary. Nor is it possible to
infer any information regarding the chemical mechanism of a
reaction from an ITC experiment. The standard binding model in
the OneSites algorithm assumes a number of identical and
independent binding sites on the protein and pertains to the
reaction scheme A + B = AB, which typically describes an
addition or a ligand binding interaction. The Exchange algori-
thm corresponds to the scheme AB + CD = AC + BD. The
glutathionylation of GrxSH in eq 1 is an exchange reaction, and
the Exchange model must therefore be the correct model to use
here. Selection of a function that corresponds to the correct mass
action expression is thus crucial when studying a specific reaction.
Otherwise, a meaningless value for the equilibrium constant may
be obtained, and as a consequence erroneous values of AG® and
AS° are estimated. This may be relevant to take into account in
many cases that may not be as obvious as the one described
here. If, for instance, a binding interaction is accompanied by a
protonation change, e.g., A + B= AB + H™, then this is formally
an exchange reaction and more appropriately analyzed by the
Exchange model than by the standard binding model (OneSites).
However, the protonation linkage will not significantly influence
the determination of the equilibrium constant using the standard
binding model (4/). This also applies to eq 2 where there are three
reactants on the left-hand side, but where [H']is constant and does
not influence the equilibrium significantly. If, instead, a metal ion is
released (A + B = AB + M™), then a suitable chelator or other
metal buffer must be present for the standard OneSites binding
model to be employed. We have shown that sigmoid curves are
obtained by the Exchange model for equilibrium constants in the
range 5 < K < 10* (Supporting Information). The equilibrium
constant observed here (K = 105) is nicely within this range.

Noninteger values of the stoichiometry parameter N are due to
uncertainties in the concentrations of protein and glutathione.
The protein concentration has been determined spectrophoto-
metrically using an absorption coefficient that was calculated
from the amino acid composition (25), and this may under-
estimate the concentration. [GSSG] was also determined spectro-
photometrically, but it is unlikely that this would be significantly
overestimated. The molar enthalpy change is determined relative
to the ligand concentration and is not affected by uncertainties in
the protein concentration.
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The K, value of 105 that was determined by ITC indicates a
significant stabilization of the mixed disulfide between sCGrx1p
and glutathione caused by favorable interactions between the
protein and the bound glutathione moiety. In addition, the linked
equilibrium of glutathione thiolate protonation further drives the
reaction in eq 2 toward the right-hand side.

In contrast to K, determined by ITC, the apparent K, = 4.4 x
10* determined by DSC stems from contributions from the non-
covalent interactions only. This corresponds to AG®oncovatent =
—26.5 kJ mol ™!, and since AH®,oncovatent = 0 kJ mol ™!, then
AS°oncovalent = 89 J mol™! K1, This large favorable entropic
contribution is probably due to the release of surface-bound
water molecules into bulk solvent. The total entropy change is the
sum of changes in covalent and noncovalent interactions plus
changes in translational, rotational, and conformational entropy
of Grx and GSH. It may be assumed that AS°.ovatent & 0, which
means that the entropic penalty imposed by translational, rota-
tional, and conformational restrictions is very large, ~—146 J
mol ' K~'. Elgdn and Berndt recently reported a very detailed
study where they dissect the noncovalent interactions between
E. coli Grx 3 and glutathione (42). They used 14 synthetically
modified analogues and derivatives of glutathione and deter-
mined their influence of their destabilizing or stabilizing effects
on Grx 3 toward urea denaturation detected by circular dichro-
ism spectroscopy. The reported free energy changes of folding
can be used to calculate K, values. If this is done for the free
enzyme, a value of 3.6 x 10* is obtained. This corresponds
closely to what we report in Table 2 for sCGrx1Ip (4.3 x 107%).
Interestingly, however, the value of K|, for the glutathione-bound
form of Grx 3 is only reduced to 1.5 x 10™%, suggesting a much
less stabilizing effect of the glutathionylation than what is
reported here (K, = 9.7 x 10~°). The denaturation approach
using glutathione analogues does not give any information on the
enthalpy or entropy of the interactions, and it would be very
informative to apply ITC measurements on such analogues.

The applicability of the ITC method was in the present case
demonstrated by confirming the determined value of the equi-
librium constant, Ky, by an MS-based approach. A value of 105
was determined by ITC, whereas MS analysis gave Ko, = 74. The
MS experiments represent a more classic approach to determina-
tion of K,, where the protein is incubated in different ratios of
[GSH]/[GSSG] followed by determination of the degree of
oxidation in each case. The ITC approach, on the other hand,
obviates the need for construction of individual redox buffers.
Although the K, value that was derived from MS is more
accurately determined, the ITC method has the advantage that it
produces additional thermodynamic information, which cannot
easily be obtained otherwise.

The standard reduction potential for the mixed disulfide
between sCGrxlp and glutathione can be calculated from the
knowledge of the value of K, according to the Nernst equation

RT
E%Grssc = E”GssG — F InK (19)

where Fis the Faraday constant (9.6485 x 10*J V™' mol™") and
E%Gssg 18 the standard reduction potential for the GSSG
disulfide. If a K, of 74 is used and E*ggsg is set to —240
mV (43), then a standard reduction potential of —295 mV is
obtained at 25 °C. To our knowledge this is the first reported
value of the redox potential for the mixed disulfide between a
Grx and glutathione. However, standard reduction potentials
have been determined for the intramolecular disulfide in both
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E. coli (44) and human (45) Grxs. For these disulfides, values
ranging from —198 to —232 mV have been reported. When the
standard reduction potentials of both the intramolecular disul-
fide and the mixed disulfide with glutathione are known, it is
possible to calculate the equilibrium constant for the side reaction
shown in Figure 1

2F(EO/GFX§f{G —EO/GTX)
RT

InK = (20)

As a model, the E* value determined here for the mixed disulfide
between sCGrx1p and glutathione can be used together with the
—232 mV that has been reported for the intramolecular disulfide
in human Grx 1 (49). This approach gives an equilibrium
constant of 7.4 x 107° M. Assuming an intracellular GSH
concentration of 10 mM, this means that the ratio between the
amounts of intramolecular disulfide and mixed disulfide will be
0.74:1 at equilibrium; i.e., they will be present in almost equal
amounts. However, according to experiments with the sensor
rxYFP, the [GSH]/[GSSG] ratio in the yeast cytosol is of the
order ~3000:1 (46), which means that the sum of the two oxidized
forms will account for only ~4% of the total amount of enzyme
at equilibrium. This makes sense, of course, since only reduced
Grx is active in deglutathionylation.

In line with previous studies of other Grxs, the cysteine residue
in sCGrx1p was found to have a very low pK, value. The data
presented in Figure 5 suggests that the pK, value of Cys27 is
around 4.5. The low pK, value of the N-proximal cysteine in the
active site of E. coli Grx 3 was suggested to result from
stabilization of the thiolate anion by hydrogen bonds with two
backbone amide hydrogen atoms as well as the thiol hydrogen of
the C-proximal cysteine in the active site (22, 24). Corresponding
interactions can be found when studying the crystal structure of
reduced sCGrx1p (PDB code 2JAD) where the thiolate anion is
stabilized through hydrogen bonding with the backbone amide
hydrogen atoms of Tyr29 and Ser30 as well as hydrogen bonding
with the side chain hydroxyl group of Ser30.

Lowering the pK, value of a thiol decreases the nucleophilic
character and increases the leaving group ability of the corre-
sponding thiolate anion. Both effects will make the sulfur atom
less willing to be involved in disulfide bonding (47). On the other
hand, ifa thiol is to engage in a thiol —disulfide exchange reaction,
it is a criterion that the thiolate anion is present since this is the
reactive species (24). Thus, if a thiol should participate in disulfide
bond formation, its pK, value cannot be so high that no thiolate
anions are present at the pH of the solution. All of these effects
should be considered when trying to predict the dependence of
K,y on the pK, of the cysteine in sSCGrx1p.

The rate constant for the reaction between a thiolate anion and
a disulfide can be described by a general Bronsted relation (48)

10g ks- =C +ﬁnucpKanuC +ﬂCpKaC +ﬂlngilg (21)

where Cis a constant and pK,™, pK,*, and pK, ' are the pK,
values of the thiols that act as nucleophile, central thiol, and
leaving group, respectively. Based on studies performed on
small molecule thiols, Szajewski and Whitesides assigned
values of 0.59, —0.4, and —0.59 to the Bronsted coefficients
Bruues Be. and By, respectively (48). If these values are used and
eqs 18 and 21 are combined, then it is possible to describe the
theoretical relationship between the pK, of Cys27 in sCGrxIp
and K,y (Figure 7). According to this relationship, changing
the cysteine pK, of sCGrxlp from 4.5 to 8.9 (the pK, of the
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log K,

pK, of Cys27 in sCGrx1p

F1GURE 7: Expected relationship between the logarithm of K, and
the cysteine pK, of sCGrx1p at pH 7.0. The curve is based on eqs 18
and 21 and a fixed point at a pK, value of 4.5 and a K, of 74.

GSH cysteine) should result in an increase in K, from 74 to
1.4 x 10°. This nicely explains the high value of K, that was
estimated from the DSC data (K, = 4.4 x 10%) where only the
noncovalent interactions which stabilize the glutathionylated
form of sCGrxlp were considered. These interactions make
sure that the Grx reacts specifically with glutathione-contain-
ing disulfides. At the same time they cause K, to become very
high, though. Had K,, been 4.4 x 10% the ratio between
GrxSSG and GrxSH would be 15:1 at a[GSH]/[GSSG] ratio of
3000:1. Thus, in the cytosol most of the enzyme would be in the
glutathionylated or oxidized state at equilibrium. The low pK,
of the N-proximal active site cysteine in Grxs can therefore be
seen as a means for keeping K, relatively low and at the same
time retain high specificity.
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