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Determination of reduction potentials for protein disulfides

The reduction potentials of Atox1(SS) and Grx(SS) have been determined,1 but that of 

HMA4n(SS) has not. This work determined the reduction potential of the latter following 

the same two protocols.1 The first was the poised potential method that employed 

GSSG/2GSH as a redox buffer. HMA4n (~10 µM) was incubated overnight under 

anaerobic conditions in a series of redox buffers GSSG/GSH (total [GSH + 2 GSSG] = 10 

mM) in KPi (50 mM, pH 7.0) whose reduction potentials are defined by eqs S1-4. The 

second was redox equilibration between two protein dithiols with different starting 

oxidation states based on eqs S5-6. The protein compositions at each redox equilibrium 

was quantified by IAA/ESI-MS analysis.
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The results are summarised in Figure S1 and Tables S1-2. A standard reduction potential 

of  = 192 mV at pH 7.0 was determined (Figure S1). It is essentially identical to 𝐸 𝑜'
𝑃(𝑆𝑆)

that of Atox1 (  = 191 mV), but is about 23 mV more negative than those of the two 𝐸 𝑜'
𝑃(𝑆𝑆)

dithiol Grx enzymes (Table S1). These differences were confirmed by a series of pairwise 

redox equilibrium experiments (Table S2; see also Figure 5).
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Further discussion of reaction Scheme IIb

An alternative route for oxidation of P2(SH)2 in Scheme IIb may proceed via steps (iii) and (iv) 

shown in Scheme S1 below, namely, dithiol protein P2(SH)2 may undertake a nucleophilic 

attack on the mixed disulfide bond in Grx(OH)(SSG) from the more positive sulfur group in 

Grx (step (iii); similar to step (iii) in Scheme IIa). This will lead to formation of an enzyme- 

protein complex Grx(OH)(SS)(SH)P2 which is expected to undertake further disulfide bond re-

shuttling to release fully oxidized P2(SS) and fully reduced Grx(OH)(S-) via step (iv). This 

possibility was speculated in a previous study.2 However, such speculation is not supported by 

our recent experiments that demonstrated that reaction between monthiol Grx(OH)(SSG) and 

monothiol protein P(SH) yields P(SSG) only with no detectable Grx(OH)(SS)P.1  It is likely 

that the sulfur atom of the GS group in Grx(OH)(SSG) is a more favourable nucleophilic target 

in this case due to steric reason.  

Scheme S1. Putative alternative reaction routes for P2(SH)2 oxidation for Scheme IIb.
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Discussion on literature examples of dithiol mechanism for EcGrx1

It has been reported that both active site Cys residues in EcGrx1 are required for catalytic 

reduction of certain disulfides.  For example, mutation of the C-terminal Cys14 to Ser in 

EcGrx1 led to a complete loss of its activity for reduction of a protein disulfide bond in 

ribonucleotide reductase or in bovine pancreas insulin.3,4 This is likely due to limited access of 

the extenal GSH to the EcGrx1-protein disulfide bond. Indeed, an NMR structural study of 

catalytic GSH reduction of ribonucleotide reductase revealed that a mixed disulfide bond was 

formed between the EcGrx1-C14S variant and a peptide of the interacting subunit B1. The B1 

peptide occupied the GSH binding site in EcGrx1 and protected the mixed disulfide bond from 

attack by an external nucleophile. Consequently, the monothiol mechanism facilitated by GSH 

was supressed.5 A similar case was reported for GSH reduction of a protein disulfide bond in 

the E. coli enzyme 30-phosphoadenosine 50-phosphosulfate (PAPS) reductase that was 

catalyzed by EcGrx1, but not by EcGrx1-C14S.6 A systematic study and analysis suggested 

that favorable electrostatic and complementary surface interactions between the protein 

partners are the key determinants that impose a dithiol mechanism in these cases.7 The 

conclusion was that the C-terminal Cys in dithiol Grxs does not just simply act as a catalytic 

brake, it also plays an important role in catalysis when the monothiol route is blocked. 

However, for catalytic oxidation/reduction of a surface-exposed protein dithiol/disulfide such 

as those in HMA4n and Atox1 (Fig. 1d,e), the monothiol mechanism is more efficient for both 

HsGrx1 and EcGrx1 (see Figs. 3a, 4c,d).
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Table S1.  Reduction potentials for monothiol and dithiol sites 

Protein Organisms Active site pKa a (mV) b𝐸𝑜' ref

dithiol

EcGrx1 E. coli Cys11-Pro-Tyr-Cys14 < 5.0 8 −168 1

HsGrx1-tm H. sapies Cys23-Pro-Tyr-Cys26 3.5 9 −169 1

Atox1 H. sapiens Cys12-Gly-Gly-Cys15 5.5 10 −191 1

HMA4n A. thaliana Cys27-Cys28-x-x-Glu31 − −192 This work

monothiol

EcGrx1-C14S E. coli Cys11-Pro-Tyr-Ser14 − −213 1

HsGrx1-qm H. sapiens Cys23-Pro-Tyr-Ser26 − −230 1

a Refer to Cys thiol highlighted in bold in the active site; b Determined in GSSG/GSH 

buffer (10 mM) based on  = −240 mV (vs SHE) at pH 7.0 (see Figure S1).𝐸 𝑜'
𝐺𝑆𝑆𝐺
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Table S2. Comparison of  for protein dithiols determined via direct pair-wise Δ𝐸 𝑜'
𝑃1 ‒ 𝑃2

protein-protein interaction and via separate reactions with GSSG/GSH redox buffer a

Equilibrium of eq 6a  (mV) fromΔ𝐸 𝑜'
𝑃1 ‒ 𝑃2

P1(SS) P2(SH)2

Kex

eq S6 directly eq S1-4 
indirectly

EcGrx1(SS) HMA4n(SH)2 5.07 21 24

HsGrx1-tm(SS) HMA4n(SH)2 5.31 21 23

Atox1(SS) HMA4n(SH)2 1.34 b 4 1

HMA4n(SH)2 0.16 c −24 1

HMA4n(SS) Atox1(SH)2 0.98 b −4 −1

Atox1(SH)2 0.22 c −18 −1

a Each pair of proteins (each 10 µM) was incubated in deoxygenated KPi buffer (50 mM, pH 

7.0) for 24 h and then the protein compositions were analyzed by IAA/ESI-MS approach (see 

Figure 2); b A catalytic amount of a dithiol Grx enzyme such as HsGrx1-tm or EcGrx1 (each 

0.5 µM) was added to catalyze the thiol-disulfide exchange reaction between Atox1 and 

HMA4n; c Non-equilibrium position after 24 h incubation with no added Grx enzymes or in the 

presence of a monothiol Grx enzyme such as HsGrx1-qm.
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Figure S1. Determination of reduction potential for P(SS)/P(SH)2 (P = HMA4n): (a) Variation 

of P(SH)2/[P]tot with solution reduction potentials defined by GSSG/GSH according to eqs S1-

2. The solid trace is the curve-fitting of the experimental data to eq S4 for the redox 

equilibrium of eq S3; (b) A representative IAA/ESI-MS spectrum detecting the redox 

equilibrium S3 in a redox buffer GSSG (1.85 mM)/GSH (6.3 mM) (E, −191 mV).

Figure S2. Protein speciation and reaction progress analysis upon oxidation of 

HMA4n(SH)2 (10 µM) in deoxygenated KPi buffer (50 mM, pH 7.0) containing GSSG 

(400 µM)/GSH (40 µM): (a) with EcGrx1 (100 nM) as catalyst; (b) with EcGrx1-C14S 

(50 nM) as catalyst.
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Figure S3. IAA/ESI-MS speciation analysis for HsGrx1-tm (a) and HsGrx1-qm (b) during the 

course of the catalytic reduction of HMA4n(SS) by GSH/Grx showed in Figure 4c.
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Figure S4. IAA/ESI-MS analysis of reaction progress and protein speciation for thiol-disulfide 

exchange between Atox1(SH)2 and HMA4n(SS) (each 10 µM) in deoxygenated Mops buffer 

(50 mM, pH 7.0) with either monothiol or dithiol Grx enzymes: 

(a) monothiol HsGrx1-qm (0.5 µM) (indistinguishable with no enzyme); 

(b) dithiol HsGrx1-tm (0.5 µM).
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