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Abstract Thioredoxin constitutes the prototype of the thiol-
disulfide oxidoreductase family. These enzymes contain an
active-site disulfide bridge with the consensus sequence Cys-
Xaa-Xaa-Cys. The more N-terminal active-site cysteine is
generally a strong nucleophile with an abnormal low pK, value.
In contrast, the more C-terminal cysteine is buried and only little
is known about its effective pK, during catalysis of disulfide
exchange reactions. Here we have analyzed the pK, values of the
active-site thiols in wild type thioredoxin and a 400-fold more
oxidizing thioredoxin variant by NMR spectroscopy, using
selectively 13CP-Cys-labeled proteins. We find that the effective
pK, of the buried cysteine (pKj}) of the variant is increased, while
the pK, of the more N-terminal cysteine (pKx) is decreased
relative to the corresponding pK, values in the wild type. We
propose two empirical models which exclusively require the
knowledge of pKn to predict the redox properties of thiol-
disulfide oxidoreductases with reasonable accuracy. © 2000
Federation of European Biochemical Societies. Published by
Elsevier Science B.V. All rights reserved.
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1. Introduction

Thiol-disulfide oxidoreductases of the thioredoxin (Trx)
family are structurally related proteins which share the so-
called Trx fold. These enzymes contain a catalytic disulfide
bond in their active site which is located at the N-terminus
of the first o-helix in the Trx motif and has the consensus
sequence Cys-Xaa-Xaa-Cys (for reviews, see [1,2]). Despite
many similarities in primary and tertiary structure, large dif-
ferences in redox potentials are observed between individual
members of the thiol-disulfide oxidoreductase family. It has
become clear that the Xaa-Xaa dipeptide between the active-
site cysteines is an important determinant of the redox poten-
tial, and that there is a correlation between the redox potential
and the abnormal low pK, value of the N-terminal active-site
thiol group that acts as nucleophile during catalysis of disul-
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fide exchange reactions [3-5]. In the most oxidizing member of
the Trx family, DsbA from Escherichia coli (E," =—122 mV),
the pK, of the nucleophilic cysteine is approximately 3.5, i.e.
6 pK, units below the pK, of a normal cysteine thiol (~9.5).
In the most reducing member of the family, E. coli Trx
(E,’ =—270 mV), the pK, of the nucleophilic thiol is much
higher (7.0-7.5), but still below the normal pK, value of a
cysteine thiol. Several explanations for the lowered pK, of
the nucleophilic thiol group have been proposed such as an
electrostatic interaction between the thiolate anion and the
dipole of the active-site helix, hydrogen bonding between
the thiolate and main chain amide groups of the active-site
helix, a shared proton between both active-site cysteines and,
in the case of DsbA and eukaryotic protein disulfide isomer-
ase (PDI), an electrostatic interaction with a histidine side
chain preceding the second cysteine residue [6-9].

The pK, values of the nucleophilic thiols in thiol-disulfide
oxidoreductases have been correlated quantitatively with their
redox potentials by applying the Bronsted theory that allows
prediction of pH-dependent rate constants of intermolecular
disulfide exchange reactions [3-5,10]. Such a prediction re-
quires the knowledge of the pK, values of all three thiol
groups involved in a disulfide exchange reaction, i.e. the nu-
cleophilic, the central and the leaving group thiol [11]. The
redox potentials of thiol-disulfide oxidoreductases are gener-
ally deduced from their equilibrium constants with reduced
(GSH) and oxidized glutathione (GSSG). As the more C-ter-
minal active-site cysteine of these enzymes is buried and does
not form mixed disulfides with substrates, the overall equilib-
rium between the enzyme, e.g. Trx, and glutathione is deter-
mined by four microscopic rate constants (k;—k4) according to
the following scheme [10]:

k k
Trxsh + GSSGfTrxgsﬁG - GSHfTRXﬁ +2GSH (1)

Consequently, the prediction of the overall equilibrium con-
stant depends on the accurate prediction of the four individual
rate constants kj—k4 which, as mentioned above, depend on
the pK, values of both active-site cysteines.

Many experimental techniques such as chemical modifica-
tions and nuclear magnetic resonance (NMR), Raman and
UV-absorbance spectroscopy [12-16] have been applied to
determine the pK, values of the active-site cysteines in E.
coli Trx. It was found that the pK, of the nucleophilic cysteine
(Cys-32) is approximately 7.0-7.5, while there is still uncer-
tainty about the pK, of the buried active-site cysteine (Cys-35)
[12,14-17]. Specifically, it is not known whether the pK, of
Cys-35 is shifted in active-site variants of Trx that show an
increased redox potential and a decreased pK, of Cys-32.
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Here, we have employed selective *CB-Cys labeling of Trx to
determine the pK, of the buried active-site cysteine (Cys-35)
by 13C-NMR spectroscopy. In addition, we have investigated
the pK, of Cys-35 in the most oxidizing Trx variant known so
far (E,’ =—195 mV). This variant bears the Xaa-Xaa dipep-
tide sequence of glutaredoxin (Pro-Tyr), and the pK, of the
nucleophilic Cys-32 is lowered to 5.9 [5]. We provide exper-
imental evidence for inversely shifted pK, values of the two
active-site cysteines in this variant relative to the cysteine pK,
values in the wild type. Based on this observation, we propose
an empirical model for predicting the redox potentials of thi-
ol-disulfide oxidoreductases which exclusively requires the
knowledge of the pK, of the more N-terminal, active-site cys-
teine. We also present a second model in which the pK, of the
buried, active-site cysteine is assumed to be invariant in all
Trx-like oxidoreductases. Both models are in good agreement
with the known redox properties of Trx-like thiol-disulfide
oxidoreductases.

2. Materials and methods

2.1. Materials

13CB.labeled cystine was purchased from Cambridge Isotope Labo-
ratories. Amino acids, salts for growth media and iodoacetamide were
from Sigma and Merck (Darmstadt, Germany). Isopropyl-B-p-thioga-
lactoside (IPTG) was from AxonLab (Buchs, Switzerland). All other
chemicals were of analysis grade.

2.2. Purification of selectively Cys' CP-labeled Trxs

The T7 expression plasmids for Trx wild type (pTrx) and the glu-
taredoxin-like variant (pTrx(PY)) [5] were used to transform
BL21(DE3)cysESI cells [18] for selective isotopic labeling. Overnight
cultures were grown in rich medium (LB) supplemented with 100 mg/I
ampicillin and used to inoculate the final growth medium by a 1/100
dilution. Specific *CP labeling of the cysteines was performed accord-
ing to the following procedures.

Method 1: a synthetic rich medium was prepared essentially as
described [19,20], containing the following compounds (per liter of
medium): KH,POy, 7.8 g; K;HPO4, 4.0 g; citric acid monohydrate,
1.0 g; NH4Cl, 1.0 g. The pH was adjusted to 7.2 with NaOH and the
medium was autoclaved. Afterwards, amino acids, nucleosides, vita-
mins and glucose were added (amino acids: Ser, 1.6 g; Ala, Gln, Glu,
Arg and Gly, 400 mg each; Asn and Met, 250 mg each; His, Ile, Leu,
Lys, Asn, Pro, Thr, Val and Tyr, 100 mg each; Trp, 50 mg; nucleo-
sides: cytosine, guanosine and uracil, 125 mg each; thymine 50 mg;
nicotinic acid, 50 mg; thiamine, 50 pg; biotin, 100 ug; glucose, 10 g).
Unlabeled cysteine and cystine were omitted and '*CP-labeled cystine
(50 mg/l) was added instead. After inoculation, cells were grown at
37°C to an optical density at 660 nm (ODggp) of ~ 1.0 and induced
with IPTG (final concentration: 1 mM). A second portion of '3CB-
labeled cystine (50 mg/l) was added simultaneously. Cells were grown
further for 3-4 h and harvested by centrifugation.

Method 2: the labeling medium and growth conditions were the
same as in method 1, except that 20 mg/l unlabeled cysteine was
used for growth until an ODggy of 0.5 was reached. Then a single
portion of CP-labeled cystine (50 mg/l) was added. Protein expres-
sion was induced with IPTG 30 min later. Further growth was per-
formed as in method 1.

13CB.Cys-labeled Trx wild type and the labeled [PY]-variant were
purified exactly as described previously [5], with final yields of 80 mg
purified protein per liter of bacterial culture using method 1 and
40 mg/l using method 2. Protein concentrations were determined by
the specific absorbance at 280 nm (4280 nm, 0.1%, 1 em) With values of
1.24 for Trx wild type and 1.37 for [PY]-Trx [5].

2.3. Preparation of the mono-alkylated forms of unlabeled
and 3 CB-Cys-labeled Trxs
Trx (100 uM) was incubated with 50 mM dithiothreitol (DTT) at
pH 7.0 and 25°C for 2 h and separated from excess DTT by gel
filtration (PD10, Pharmacia). The reduced proteins (80 uM) were in-
cubated with 5 mM iodoacetamide at pH 7.0 and 25°C for 30 min and
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then extensively dialyzed against distilled water. Mass spectra of the
reaction products showed that the mono-alkylated proteins were ob-
tained with a yield of > 95%.

2.4. Circular dichroism (CD) spectra

CD spectra were recorded at 25°C on a JASCO-710 spectrometer
using quartz cuvettes of 0.1 cm pathlength. Protein concentrations
were 30 uM. The pH-dependent stability of the proteins was deter-
mined between pH 4 and pH 12 using a buffer system containing
20 mM boric acid and 20 mM sodium phosphate adjusted to the
desired pH by addition of NaOH or HCI. Proteins were incubated
at the corresponding pH for 3 h before the measurements. Far-UV
CD spectra were measured between 250 and 190 nm. Alternatively,
the molar mean residue ellipticity was recorded at a constant wave-
length of 218 nm for 3 min.

2.5. NMR measurements

Protein concentrations were 0.2-0.5 mM in 25 mM sodium phos-
phate pH 7.0, dissolved in 90% H,0/10% D,O. All measurements
were performed on a Varian INOVA 400 spectrometer operating at
a 'H frequency of 400 MHz with a triple resonance probe head
equipped with Z gradient coil. The '*C chemical shifts were calibrated
to the reference (DSS) indirectly [21]. A series of *C-HSQC spectra
was recorded at 298 K after adjusting the respective pH by addition of
minute amounts of HCl or NaOH. In the experiments with reduced
Trxs, DTT was added to a final concentration of 5 mM. The pH of
the sample was verified before and after each measurement. All spec-
tra were processed with the program PROSA [22] and analyzed using
the program XEASY [23].

2.6. Resonance assignments

The assignments of the '*CP resonances of the cysteines in Trx wild
type were straightforward because Trx only contains two cysteines so
that only two strong resonances were observed for the 'CP-Cys-la-
beled proteins. We assigned each '*CP resonance from the two cys-
teines based on the previously reported assignments [24,25]. Upon
alkylation of Trx wild type and [PY]-Trx at Cys-32 with iodoacet-
amide, only one of the two '*CP-Cys resonances in each protein
showed a large chemical shift (from 27.2 to 35.5 ppm in the wild
type and from 31.2 to 37.2 ppm in [PY]-Trx at pH 7.0). The shifted
resonances were therefore assigned to YCP of Cys-32.

2.7. Evaluation of pH titration profiles

Plots of chemical shifts (6) as a function of pH were fitted using the
program KaleidaGraph (Abelbeck Software) using the following
equations [7,17]. For simple titrations involving only one pK, value,
Eq. 2 was used where dya and Jp are the chemical shifts of the fully
protonated and unprotonated forms, respectively.

(6Ha—04)

6(pH) = 5“A_1 T 10(PKa—pH)

)

In those cases where the baselines of the chemical shifts before and
after the titration were pH-dependent, Eq. 3 was used to fit the data.

(mHAA,o'pH + 5HA,0)7(mA.o'pH + 6A,o)

6 (pH) = (mua,opH + dnao)— 1 + 10(PKa—pH)

3)

Here, Syao and 6a, are the chemical shift values of the fully pro-
tonated and unprotonated form, respectively, at pH 0. mpa o, and ma o
are the slopes describing the linear dependency of the chemical shifts
on pH.

Eq. 4 describes a titration with two pK, values where dyan denotes
the chemical shift of the doubly protonated form.

Suan + Opa-10PH—PKD) 4§ ,.10@PH—PKi—pK>)

6(pH) = 102PH—pKi—pK2) | 1 1 10®H-PKD) *)

2.8. Correlation between the equilibrium constant with glutathione
and the pK, values of active-site cysteines
The equilibrium between Trx and glutathione can be described by
Eq. 1 with four different rate constants (k;—k4) for the individual
microscopic disulfide exchange reactions [10]. The equilibrium con-
stant (Kgsh/Gssg) can be expressed by Eq. 5 on the basis of the
concentrations of the individual compounds at equilibrium, or by
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Eq. 6 on the basis of all individual rate constants contributing to this
equilibrium.

[Trx§]-[GSH]?
K = LIS
GSH/GSSG [TraH}{GSSG] (5)
kik
KGsh/Gssg = ﬁ (6)

The individual rate constants k|—k4 at a given pH can be predicted
according to [11] by applying the Brensted theory on general acid/
base catalysis to disulfide exchange reactions. As a prerequisite, the
pK, values of all thiol compounds involved have to be known. In
addition, prediction of the first-order rate constant k3 requires the
knowledge of the effective concentration of the Cys-35 thiol, which
is however unknown. A value of 1 M was used in all calculations,
which yielded reasonable values for the predicted overall equilibrium
constants [3-5,10]. A value of 8.7 was used for the pK, of the thiol in
glutathione in all calculations.

A general reaction scheme for disulfide exchange reactions is de-
picted in Eq. 7, where the terms ‘nuc’, ‘¢’ and ‘lg’ refer to nucleophilic,
central and leaving group sulfur, respectively.

R—S. -8, — R +R" —SHpe — R =S¢ — Spue — R” + R’ — SHy,
()

The apparent rate constant (k) for each individual disulfide ex-
change reaction at a given pH is described by Eq. 8 [11].

logk =

(6.3 + 0.59-pK s e —0.40-pK, c—0.59-pK, 1) —log (1 4 10PKane—PH)
®)
Combination of all calculated values of k;—ks using Eq. 6, and
assuming an effective concentration of 1 M for Cys-35 for calculating
ks yields Kgsg/gss at each pH value (see Section 3). It is important
to note that the relevant pK, of Cys-35 for predicting k3 is the pK, of
Cys-35 that is observed when Cys-32 has formed a mixed disulfide,
and not the pK, of Cys-35 in reduced Trx.

3. Results and discussion

3.1. Production of 3 CB-Cys-labeled Trxs

Trx wild type and its glutaredoxin-like variant with the
Xaa-Xaa sequence Pro-Tyr ([PY]-Trx), specifically labeled at
the CP positions of both active-site cysteines, were cyto-
plasmically expressed and purified with high yields (40-80
mg homogeneous protein per liter of bacterial culture) using
the T7 expression system in the cysteine auxotroph E. coli
strain BL21(DE3)cysES1 [18] (see Section 2).
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3.2. pH titration of reduced wild type and [PY]-Trx by
BC.NMR

The *CB-labeled cysteines allowed the pH titration of the
thiols of Cys-32 and Cys-35 of Trx wild type and the PY-
variant by following the corresponding *CP resonances. Ti-
trations of wild type Trx and [PY]-Trx were carried out in the
reduced and oxidized state (Table 1). The pH dependence of
the 13C chemical shifts of the CP atoms of Cys-32 and Cys-35
of reduced wild type Trx and [PY]-Trx is shown in Fig. 1. The
reduced wild type showed the same transition pattern for the
3CP resonance of Cys-32 as reported before [12], and it is
widely accepted that the first transition in the curve for 3CP
of Cys-32 in reduced wild type Trx, having a pK, of 7.2,
corresponds to the pK, of Cys-32 [12,13,17]. In contrast, the
pK, of Cys-35 in reduced wild type Trx is not evident from
the titration data. The titration profile of Cys-35 shows a
smaller amplitude and is similar to that of Cys-32. This has
been interpreted such that the pH dependence of the CP
chemical shift of Cys-35 between pH 3 and 10 reflects the
ionization of the neighboring Cys-32 thiol and not the ioniza-
tion of the Cys-35 thiol itself [24].

Reduced Trx wild type shows two down-field transitions for
both cysteine *CP resonances with increasing pH (Fig. 1A).
Reduced [PY]-Trx, in contrast, shows just one down-field
transition for Cys-32 and Cys-35 with a pK, of 6.0 and no
second transition (Fig. 1B). In addition, the pre- and post-
transitional baselines of the '*CP chemical shifts in [PY]-Trx
were pH-dependent. Therefore, baseline slopes were included
as additional variables for the evaluation of the chemical shift
data. As in wild type Trx, the '3CP signal of Cys-35 in [PY]-
Trx yielded a similar pK, as the Cys-32 titration, but a smaller
amplitude. Thus, the chemical shift change of '*CP of Cys-35
in the variant was also attributed to the ionization of Cys-32.

3.3. BC-NMR pH titration of alkylated wild type and
[PY]-Trx

The overall disulfide exchange mechanism between Trx and
glutathione (Eq. 1) shows that it is not the pK, value of Cys-
35 in reduced Trx that is relevant for the equilibrium, but the
pK, value of Cys-35 when Cys-32 has formed a mixed disul-
fide with glutathione. However, the mixed disulfide between
Trx and glutathione is kinetically unstable and not directly
accessible for titration experiments. In order to mimic the
Trx/glutathione mixed disulfide, we used chemically modified
forms of wild type and [PY]-Trx in which Cys-32 was selec-
tively alkylated with iodoacetamide [5,24]. Alkylation of Cys-

Table 1
pH dependence of the *CP chemical shifts of Cys-32 and Cys-35 in Trx wild type and [PY]-Trx
Covalent structure Oxidized Reduced Alkylated
protein atom pKa AS (ppm)? pKa AS (ppm)? pK, AS (ppm)?
wild type Trx BCB.Cys-32 7.3240.05¢ —0.2 7.23+0.04 +1.2 7.59£0.09¢
9.530.04¢ +2.0
B3CB.Cys-35 7.45+0.16>4 7.62+0.144 +0.4 7.00+0.12¢ —0.2
9.770.15¢ +0.7 11.1+0.02° +2.0°
[PY]-Trx BCB.Cys-32 7.3240.10¢ —0.2 5.97+0.12° 7.1340.03¢ —0.8
BCB-Cys-35 7.68 +0.09¢ +0.2 6.02+0.16>4 11.8£0.04° +2.0°

2Qverall amplitude of the pH-dependent '3C chemical shift change.

YA linear dependence of the pre- and post-transitional baselines on pH was assumed for fitting the data according to an acid/base equilibrium

(Eq. 3). Ad is not indicated in the case of pH-dependent baselines.

°AS was assumed to be 2.0 ppm for the calculation of the pK, values of Cys-32 in the alkylated proteins [24,26].
dApparent pK,, reflecting the titration of side chains in the vicinity of Cys-32 and Cys-35.
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Fig. 1. Dependence on pH of the '*C chemical shifts of the CP
atoms of Cys-32 and Cys-35 in reduced E. coli Trx, measured at
298 K. (A) wild type Trx, (B) [PY]-Trx. Filled and open symbols in-
dicate the *CP resonances of Cys-35 and Cys-32, respectively. The
solid lines in A are obtained by fitting the data to Eq. 3 and the
curves in B were obtained by fitting the data to Eq. 2 (see Section
2).

32, like formation of the mixed disulfide, removes the pH-
dependent negative charge at Cys-32 and should thus provide
a reasonable model for determination of the microscopic pK,
value of Cys-35 in the Trx/glutathione mixed disulfide.

An up-field titration of *CP for Cys-32 with a pK, of 7.6 in
alkylated wild type Trx has been reported previously [24]. We
observed similar up-field shifts for the *CP resonances of the
alkylated Cys-32 in [PY]-Trx and wild type Trx (Fig. 2B). This
titration has previously been assigned to the ionization of the
neighboring Asp-26 side chain [24]. Importantly, clear differ-
ences between alkylated [PY]- and alkylated wild type Trx are
observed at higher pH values for the '*CP resonances of Cys-
35 (Fig. 2A). A large down-field shift starting around pH 10 is
observed for Cys-35 in alkylated wild type Trx. The transition
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yielded a pK, of 11.1 when a titration amplitude of 2.0 ppm
for the cysteine '*CP resonance was assumed [24,26]. Alky-
lated [PY]-Trx also showed a slight down-field shift of Cys-
35, but at significantly higher pH (Fig. 2A). Assuming the
same amplitude of 2.0 ppm for the titration, a pK, of Cys-
35 of about 11.8 is obtained. Although both transitions could
not be measured completely due to denaturation problems,
the NMR titration data demonstrate that the pK, of Cys-35
in alkylated [PY]-Trx is increased compared to that in the
alkylated wild type, while the pK, of Cys-32 is lowered in
the variant compared to the wild type ([5], Table 1).

29 e
[ (A) C*-Cys35 ]
_28.5[ .
£ - i
§': - wild type, alkylated ]
o C ] ]
T 28 ]
L [PY], alkylated ]
27.5 T PR PN PR FTETE FETTE ST Frees
3 4 5 6 7 8 9 10 11

pH
37.5 e
- (B) C*-Cys32 |
37_— 7
L [PY], alkylated ]
36.5 -
'E' C o1
o C ]
£ 36 ]
© L ]
T 35.5[ 3
C -
351 wild type, alkylated p
34,5 Loty bt b b b 10l

w

4 5 6 7 8 9
pH

10 11

Fig. 2. Dependence on pH of the *C chemical shifts of the CP
atoms of Cys-32 and Cys-35 in E. coli Trx after alkylation of the
solvent-accessible cysteine thiol (Cys-32) with iodoacetamide in or-
der to mimic a mixed disulfide intermediate that occurs in the equi-
librium with glutathione. (A) '*CP resonances of Cys-35, (B) '3CP
resonances of Cys-32. Open circles and filled rectangles indicate
[PY]- and wild type Trx, respectively.
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Fig. 3. Plots of the equilibrium constants with glutathione
(Kgsn/assg) versus the pK, values of the nucleophilic, active-site
cysteines (pKy) of different thiol-disulfide oxidoreductases and var-
iants thereof. (M) Trx variants from [5]; (O0) Trx variants from [17];
(@) and (O) DsbA variants described in [4] and [3], respectively.
Two variants of the isolated human PDI a-domain [9] are also in-
cluded (a). Two different theoretical models were applied to fit the
experimental data on the basis of the Bronsted theory for prediction
of rate constants of disulfide exchange reactions [11] (cf. Egs. 1 and
5-8), and assuming an effective concentration of 1 M of the buried,
active-site cysteine. The solid line corresponds to a fit according to
Eq. 10 where it is assumed that the pK, value of the buried, active-
site cysteine (pKp) is invariant in all Trx-like oxidoreductases. The
fit yields a value of 11.7%5 for pKy (correlation coefficient: 0.930).
The second model (dashed line) assumes that the sum of the
pK. values of the active-site cysteines of thiol-disulfide oxido-
reductases is constant (i.e. inversely shifted values of pKn and pKj).
The fit yields pKntpKy, =16.9%0.5 (correlation coefficient: 0.928).
Wild type Trx (arrow) exhibits the strongest deviation from both
models.

3.4. Models for predicting the redox potential of thiol-disulfide
oxidoreductases from the pK, value of their nucleophilic,
active-site cysteine

Fig. 3 shows the reported equilibrium constants with gluta-
thione (K.q) of active-site variants of DsbA, the PDI a-do-
main, and Trx as a function of the pK, of the more N-termi-
nal, nucleophilic active-site cysteine. Using these data and
assuming an effective concentration of 1 M for the buried,
active-site cysteine to calculate the first-order rate constant
k3 (cf. Egs. 1, 6 and 8), two empirical models for predicting
the redox properties of thiol-disulfide oxidoreductases were
tested that exclusively require the knowledge of the pK, of
the nucleophilic, active-site cysteine thiol.

Combination of Eqgs. 1 and 5-8 yields the general Eq. 9 for
calculating the overall equilibrium constant K.q of the redox
equilibrium between a thiol-disulfide oxidoreductase and an
organic monothiol compound, where pKy is the pK, of the
more N-terminal, exposed active-site cysteine, pKy is the pK,
of the buried active-site cysteine when the exposed cysteine
has formed a mixed disulfide, and pKt is the pK, of the
organic monothiol:

log Keq = 1.18-(pKn + pKp—2pKt) + 2-log (1 + 10PKT~PH)
—log (1 4 10PKN=PHY_[og (1 4 10PKe—PH) 9)

Using standard conditions (pH = 7.0) and glutathione as the
reference thiol compound (pKt =8.7) [11], the predicted equi-
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librium between a thiol-disulfide oxidoreductase and gluta-
thione (Kgsn/gssg) at pH 7.0 is given by Eq. 10.

lOg KGSH/GSSG = 118'(pKN + pr_174)+
3.417—log (1 4+ 10PKN"T)—log (1 + 10PK»~7) (10)

Using Eq. 10, we then compared two different theoretical
models for their agreement with the experimentally deter-
mined pairs of K.q and pKy of different thiol-disulfide oxidor-
eductases (see Fig. 3). In model 1, it was assumed that pKj, is
invariant in all thiol-disulfide oxidoreductases. The fit yielded
a value of 11.7+0.5 for pK, (correlation coefficient 0.930)
(Fig. 3, solid line). Eq. 11 uses pK,=11.7 and predicts
Kgsuycssg at pH 7.0 for any thiol-disulfide oxidoreductase,
exclusively on the basis of its pKy.

lOg KGSH/GSSG = 118'(pKN—573)—10g )1 + 10pKN_7)_1.253
(11)

Eq. 11 proved to predict the known values of Kgsn/Gss
(cf. Fig. 3) reasonably well. All measured values of Kgsu/GssG
deviated by less than a factor of 10 from the theoretical val-
ues. Combination of Eq. 11 with the Nernst equation and the
standard redox potential of glutathione (E,’Gsn/gssn = —240
mV; [27]) yields the general Eq. 12 for predicting the intrinsic
redox potential of a thiol-disulfide oxidoreductase (E,") at
25°C and pH 7.0 with an accuracy of £30 mV:

E, = —0.240 V—0.0296 V+(1.18(pKn—5.73)
—log (1 4 10PKN=7)—1.253) (12)

As we had observed an inverse shift of the pK, values of the
active-site cysteines in [PY]-Trx compared to Trx wild type,
we also tested another theoretical model in which it was as-
sumed that the sum of pKy and pKjy is the same in all thiol-
disulfide oxidoreductases, corresponding to the possibility of
inversely shifted pK, values instead of a constant value of pKy
(cf. [3,9,28]). Fitting the data in Fig. 3 with Eq. 10 yielded
PEN*TPK, =16.9£0.5 (correlation coefficient: 0.928) (Fig. 3,
dashed line). Again, none of the calculated values of
Kash/gssg differed by more than 10-fold from the measured
values, except for that of Trx wild type, where the experimen-
tal value is 22-fold higher than the calculated one. It is at
present not clear whether this is just an outlier or whether
the whole concept of a linkage between thiol pK, value and
redox potential breaks down in wild type Trx [28].

Egs. 13 and 14 allow the prediction of Kgsy/gssg and Eo'
of a thiol-disulfide oxidoreductase according to model 2:

log Kgsn/assG = 2.79—log (1 + 10PX%"7)—log (1 4 10°97PKx)
(13)
E,’ = —0.240 V—0.0296 V+(2.79—log (1 + 10P¥x~7)

—log (1 4 10%°7PKNy) (14)

The Eqs. 12 and 14 predict the redox potentials of thiol-
disulfide oxidoreductases with remarkable accuracy (%30
mV). In both models, a very low effective concentration (1
M) of the buried active-site cysteine during the intramolecular
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reaction (k3) is assumed, and both models, in accordance with
the experimental data, yield abnormal, high values for pKj.
The reactivity of the buried cysteine thus indeed appears to be
very low at physiological pH. This was indeed observed for
glutaredoxin and DsbA, where the activities of the wild type
enzymes were only slightly reduced during catalysis of disul-
fide exchange reactions when their buried active-site cysteines
were replaced [29,30]. Nevertheless, low effective concentra-
tions of the buried thiols in Trx-like enzymes are quite unex-
pected, because rate enhancements for intramolecular reac-
tions are very substantial, and effective concentrations are
reported to be as high as 10> M for disulfide interchange
reactions between organic compounds, 10° M for disulfide
bonds in proteins [31] and up to 10° M for the intramolecular
formation of organic anhydrides [32].

The described empirical models for the interrelation be-
tween the redox potentials and the values of pKy of Trx-
type oxidoreductases may be used in the future for predicting
the function of newly discovered members of this enzyme
family, and for selecting an appropriate catalyst for disulfide
exchange reactions and oxidative protein folding under given
conditions in vitro.
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