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Nov 9, 2017 
 
Dr Michelle Chang  
Associate Editor, Chemical Science 
 

MS ID: SC-EDG-10-2017-004416 
 
Dear Dr Chang, 

Thank you for the opportunity to revise the above manuscript. We are encouraged by the overall 
positive comments from both reviewers. We thank them for their valuable insights and constructive 
suggestions that have helped us to improve our revision. We have now completed the revision 
accordingly. I have uploaded two copies of the revision, one without highlighting the changes in docx 
format and the other as “Supporting Information for reviewers only” with the major changes 
highlighted in red for easy identification. Our responses (in blue) to the reviewers’ comments are given 
below. 
 
REVIEWER 1 

Overall comments:  
They are positive and encouraging and are quoted briefly below:- 
‘A clever and quantitative label-free LC-ESI-MS-based method’ 
‘an outstanding experimental design’ and ‘expertly performed and of very high quality’ 
‘an important contribution’ 
 
Major comments: 
The structure of the manuscript is cumbersome.  The Discussion is very long, and largely seems to 
arrive at the conclusion that both pre-equilibrium monothiol models and competing mono- and dithiol 
models adequately describe the data. A more compelling case could be made if the raw data in Figs 2-5 
were modeled in some way, using theoretical predictions from one or more different models. The 
authors try to do this verbally, but it is difficult to follow. 
 
Response: We have shortened the manuscript throughout and the Discussion in particular. Some 
highlights may include: (i) the abstract has been cut by 25%; (ii) the Discussion has been shortened to 
make it more readable by transferring certain analytical details to notes 39-41 and to the SI; (iii) 
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discussion of Scheme II has been largely re-drafted. 
 
Even so, the discussion may look still long but is necessarily since the system covers many types of 
related but distinct reactions (dithiol oxidation; disulfide reduction; monothiol/dithiol mechanisms; 
chemical pre-equilibria; thiol-disulfide exchange). We could separate these different aspects into 
different papers for a more focused discussion. However, they are highly correlated and we believe 
they should be published in one paper for optimal impact, especially by Chemical Science, a flagship 
journal in the area. 
 
We agree completely with the ambition to model the data quantitatively. In fact, we did attempt 
modelling based on our reaction schemes II, III, IV, but found it too complex (see above) and 
unreliable at this stage for the following reasons: (i) the overall reactions given in Figures 2-5 involve 
multiple parallel reaction pathways, including competing catalytic and non-catalytic routes within 
individual monothiol or dithiol mechanisms; (ii) the relative contributions of these different routes are 
sensitive to the experimental conditions including the concentrations of each substrate, the nature of the 
individual Grx enzyme and, crucially, the concentrations of GSSG/GSH that bind to the enzymes and 
tune the reduction potentials; (iii) our IAA/ESI-MS analysis approach (while ‘clever, quantitative and 
label-free’; see overall comments above) does not, at the present stage of technical development, enable 
us to maintain sufficiently high concentrations of HMA4n substrates for reliable steady-state reaction 
rates. We are currently developing another detection approach based upon real-time probes for these 
complex reactions and we hope that the new data will allow more meaningful modelling. However, this 
is 6-12 months away from being practical. 
 
Minor comments: 
 
1) Cartoons showing different oxidation states of protein substrate and enzyme in Fig. 2 and Fig 3(b) 
are small and hard to read. Perhaps these can be made larger. 
 
Response: Both figures have been enlarged from single column to double column presentation to 
enhance readability. 
 
2) Table 2: The data in this table require confidence intervals of some kind (standard error of the mean, 
etc.) 
 
Response: The data have been updated to include the errors. 
 
3) p.5: The thiol-disulfide exchange reaction between these two enzymes is very slow, even in the 
presence of the catalyst, and may not be physiologically meaningful. Can the authors comment on this? 
 
Response: Model reaction 3 is very slow and is not meant to be physiologically meaningful. Note that 
the reactants are not enzymes, as suggested, but metallo-chaperone domains. This model catalysis 
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allowed a detailed analysis of this type of reaction (both in the presence and absence of crucial co-
substrate GSH; see Discussion) with conclusions that illuminate the relevant reaction mechanisms in 
molecular detail. It demonstrates that the catalytic functions of Grx enzymes rely on the availability of 
the GSSG/2GSH redox buffer as electron acceptor/donor, effectively acting as a cellular redox 
currency. This message has been added on page 6 of the revision. 
 
4) The R-SA designations for the carboxyamidomethylated (CAM) thiols is unconventional and was 
originally confusing.  I suggest R-SCAM or simply define the A notation clearly in the figure legends 
or somewhere in the text.  
 
Response: The notation R-SA has been defined in the text (see the paragraph after eq 1). The definition 
is repeated again in the figure legends of Figs 2 and 3.   
 
 
REVIEWER 2 
 
General comments: 
Again, they are positive and encouraging as quoted: ‘The result of this in depth investigation is 
convincing …’;  ‘Overall this is an excellent paper both in methods and presentation.’ 
 
Specific points: 
1. In the introduction and the first paragraph the references should be complemented by the 
original description of the thioredoxin fold like the article in Annu Rev. Biochem. 54, 237-271 1985 or 
PNAS 1975  72, 2305-2309, 1975 and the discovery of the mechanism of thioredoxin from the 
differential activity of the SH- groups in the active site , J. Biol. Chem, 255 10261-10265, 1980. This 
article also serves to introduce the use of alkylation with iodoacetamide to analyse reactivity.  
 
Response: We thank this reviewer for directing us to these important original papers that have now all 
been cited in the revision. 
 
2. The equations on page 3 and 4 could be balanced by using 2 GSH. 
  
Response: Both equations have been balanced. 
 
We trust the manuscript is now suitable for publication.   
 
 
Yours faithfully, 

 
Dr. Zhiguang Xiao 
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Glutaredoxins Employ Parallel Monothiol-Dithiol Mechanisms to 

Catalyze Thiol-Disulfide Exchanges with Protein Disulfides 

Ashwinie A. Ukuwela,a Ashley I. Bush,b Anthony G. Wedd a and Zhiguang Xiao* a,b 

Glutaredoxins (Grxs) are a family of glutathione (GSH)-dependent thiol-disulfide oxidoreductases. They feature GSH-

binding sites that directly connect the reversible redox chemistry of protein thiols to the abundant cellular nonprotein 

thiol pool GSSG/GSH. This work studied the pathways for oxidation of protein dithiols P(SH)2 and reduction of protein 

disulfides P(SS) catalyzed by Homo sapiens HsGrx1 and Escherichia coli EcGrx1. The metal-binding domain HMA4n(SH)2 was 

chosen as  substrate as it contains a solvent-exposed CysCys motif. Quenching of the reactions with excess iodoacetamide 

followed by protein speciation analysis via ESI-MS allowed interception and characterization of both substrate and enzyme 

intermediates. The enzymes shuttle between three catalytically-competent forms (Grx(SH)(S-), Grx(SH)(SSG) and Grx(SS)) 

and employ conserved parallel monothiol and dithiol mechanisms. Experiments with dithiol and monothiol versions of 

both Grx enzymes demonstrate which monothiol (plus GSSG or GSH) or dithiol pathways dominate a specific oxidation or 

reduction reaction. Grxs are shown to be a class of versatile enzymes with diverse catalytic functions that are driven by 

specific interactions with GSSG/GSH. 

Introduction 

The thioredoxin family of enzymes catalyze biological thiol-

disulfide exchange reactions and play vital roles in a wide 

spectrum of cellular functions including redox sensing, cell 

signaling, cellular redox homeostasis, oxidative protein folding, 

regulation of protein thiol function and apotopsis.1-7 They 

share a common thioredoxin fold featuring a conserved Cys-xx-

Cys active site (Fig. 1a-c).8-10 The Cys residue closer to the N-

terminus is solvent-exposed with a low pKa (< 5 in most cases) 

that allows its thiolate anion to launch nucleophilic attack on a 

target disulfide bond.6,11,12 

The family includes thioredoxins (Trxs), glutaredoxins 

(Grxs), protein disulfide-isomerases (PDIs) and the disulfide 

bond protein family A-D (DsbA-D).6,7 The Grxs are unique in 

being dependent for their catalytic activity upon the abundant 

cellular GSSG/2GSH redox couple where GSH is glutathione.6,13-

15 During catalysis, they shuttle between three competent 

oxidation states, namely, the dithiol Grx(SH)(S-), the internal 

disulfide Grx(SS) and the glutathionylated form Grx(SH)(SSG).16 

There is at least one GSH-specific binding site that enables 

the Grxs to act as scaffold proteins for the assembly and 

delivery of GSH.17 X-ray crystal structures are available in 

which the GSH molecule interacts with a group of highly 

conserved residues and forms Grx(SH)(SSG) via the reactive N-

terminal Cys (Fig. 1b).18-20 

 

Fig. 1 Protein molecular structures. (a) fully reduced HsGrx1 (PDB: 1JHB; 
thioredoxin fold); (b) HsGrx1(C8,26,79,83S)-GSH complex (1B4Q); (c) 
reduced EcGrx1 (1EGR); (d) Zn(II)-AtHMA4n (2KKH; ferredoxin fold); (e) 
Cu(I)-Atox1 (1TL4). Labelled amino acid residues and the GSH fragment are 
shown as sticks while the metal ions in Zn(II)-AtHMA4n and Cu(I)-Atox1 are 
represented as spheres. 
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Scheme I. (a) Proposed chemical pre-equilibrium monothiol mechanism for the classic bis(2-hydroxyethyl)disulfide (HEDS) assay.21,22 It consists of two 

coupled enzyme reactions employing HEDS as the disulfide substrate; (b, c) Proposed dithiol mechanism (b)15 and monothiol mechanism (c)23 for catalytic 

reduction of protein disulfide P(SS) by Grx/GSH. 

We have recently re-evaluated the reduction potentials of 

two Grx enzymes, H. sapiens HsGrx1 and E. coli EcGrx1 (Fig. 

1a,c).16 They exhibited similar standard reduction potentials 

������
��  ~−170 mV (vs SHE) at pH 7.0. This is significantly more 

positive than those (~−270 mV)24,25 reported for Trxs, but 

more negative than those (~−125 mV)16,26,27 of DsbAs. Trxs are 

generally believed to function as disulfide reductases while 

DsbAs are known as protein dithiol oxidases. The intermediate 

reduction potentials of Grxs mean that they may function as 

either reductases or oxidases, depending upon the cellular 

conditions imposed by the GSSG/2GSH redox couple. Notably, 

the reduction potential for both catalytically competent 

oxidized forms Grx(SS) and Grx(SH)(SSG) were demonstrated 

to vary with GSH concentrations.16  

The apparent half-cell reduction potential defined by the 

GSSG/2GSH redox couple correlates with the biological status 

of the cell: ~−240 mV for proliferation, ~−200 mV for 

differentiation and ~−170 mV for apoptosis.28 Importantly, 

relative concentrations of GSSG/GSH vary considerably across 

different cellular compartments and so do the formal 

reduction potentials imposed by the GSSG/2GSH couple.29 

Consequently, the catalytic functions of Grxs are linked directly 

to the redox state of GSSG/2GSH via the Nernst equation. 

While study of the catalytic oxidation of protein dithiols by 

Grx/GSSG is limited,23 the catalytic reduction of protein 

disulfides by Grx/GSH has been widely examined and three 

different mechanisms have been proposed (Schemes Ia-

1c).6,15,21-23,30-33 These variously involve chemical pre-equilibria 

and/or monothiol or dithiol mechanisms, depending on the 

nature of the substrate and Grx enzyme. 

To resolve this uncertain situation, the present work 

undertook a systematic study of the two representative 

enzymes H. sapiens HsGrx1 and E. coli EcGrx1 in the catalytic 

oxidation/reduction of a protein dithiol/disulfide with 

GSSG/GSH as the electron acceptor/donor system. Quenching 

of the reactions with excess iodoacetamide (IAA),12 followed 

by protein speciation analysis with electrospray ionization 

mass spectrometry (ESI-MS), allowed interception and 

characterization of both substrate and enzyme intermediates 

and provided new insights into the catalytic mechanisms. 

Selected variants of the enzymes were employed to 

demonstrate that Grxs may employ either a monothiol 

mechanism or a dithiol mechanism or, more frequently, both 

in parallel. Consequently, Grxs are defined as a class of 

dynamic thiol-disulfide oxidoreductases. Their specific 

interaction with GSH means that their reduction potentials are 

dependent upon GSH concentration and so their catalytically-

competent glutathionylated forms allow versatile catalytic 

functions. 

Results 

Glutaredoxin enzymes and protein thiol/disulfide 
substrates  

HsGrx1 contains a total of five Cys residues with two present in 

the active site motif Cys23-xx-Cys26 whereas EcGrx1 contains 

only the two that are located in the active site Cys12-xx-Cys14 

(Fig. 1a,c). Protein variants generated included two single 

mutants HsGrx1-C23S and EcGrx1-C14S (in which the C-

terminal Cys of the active site is replaced by Ser), a triple 

mutant HsGrx1-tm (HsGrx1-C8,79,83S where three non-active 

site Cys residues are replaced by Ser) and a quadruple mutant 

HsGrx1-qm (HsGrx1-C8,26,79,83S where, in addition, the C-

terminal Cys is replaced by Ser). Production and 

characterization of these proteins was reported previously.16,23 

Two well-characterized proteins were chosen as dithiol 

substrates. HMA4n is the N-terminal metal binding domain of 
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the heavy metal transporting P1B-type ATPase HMA4 from the 

plant Arabidopsis thaliana. It contains a double CysCys motif in 

a solvent-exposed Zn(II)-binding sequence (Cys27-Cys28-xx-

Glu31) (Fig. 1d).34 It was selected as the primary protein 

substrate since the two Cys thiols can be oxidized readily to a 

disulfide. The sulfur redox chemistry of copper metallo-

chaperone Atox1 has been studied recently.23 It features a high 

affinity Cu(I) binding motif (Cys12-Gly-Gly-Cys15) and was used 

for comparative studies in selected cases. Both HMA4n and 

Atox1 were oxidized quantitatively by a slight excess of 

[FeIII(CN)6]3- to cleanly yield internal disulfides HMA4n(SS) and 

Atox1(SS). The identities of the reduced and the oxidized forms 

were confirmed by quantitative thiol assay and ESI-MS 

analysis. The reduction potentials of Atox1(SS) and HMA4n(SS) 

are essentially identical at ������
��  = −192 mV at pH 7.0 (see 

Supporting Information, Fig. S1, Tables S1-S2). 

Oxidation of a protein dithiol by GSSG 

The two adjacent cysteinyl thiols in HMA4n(SH)2 can be 

oxidized by GSSG to generate the internal disulfide 

HMA4n(SS). This reaction is slow (Fig. 2a,b) but is catalyzed by 

Grx enzymes according to the overall reaction of eq 1: 

 HMA4n(SH)2  +  GSSG  
�	
�
��  HMA4n(SS)  + 2 GSH   (1) 

The reaction in KPi buffer (50 mM, pH 7.0) was evaluated 

by quenching with excess IAA, followed by protein speciation 

analysis with ESI-MS. Alkylation of protein thiols by IAA is 

much faster than thiol-disulfide exchange reactions.16 Addition 

of group A = CH2CONH2 to each accessible free protein thiol 

P(SH) leads to a net increase in molar mass of 57 Da in P(SA). 

Reaction 1 was followed under a variety of conditions (Fig. 2). 

 

Fig. 2  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): IAA/ESI-MS analysis and speciation distribution for non-catalytic oxidation (a,b) and for catalysis by HsGrx1-tm (100 nM; c,d) and by 
HsGrx1-qm (50 nM; e,f). RS-A refers to the alkylated thiol RS-CH2CONH2. 
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Fig. 3 (a) Comparison of substrate turnover rates for catalytic oxidation of HMA4n(SH)2 by different Grx enzymes under the condition of Fig. 2; (b) IAA/ESI-

MS analysis for HsGrx1-tm (left panel) and HsGrx1-qm (right panel) during the catalysis of Fig. 2. RS-A refers to the alkylated thiol RS-CH2CONH2. 

IAA/ESI-MS analysis confirmed that HMA4n(SS) was the 

dominant product that increased with reaction time under all 

experimental conditions (Fig. 2a-f). Two other components, 

HMA4n(SH)(SSG) and HMA4n(SSG)2, were detected at low 

levels during catalysis (Fig. 2c-f), but not for the non-catalytic 

control (Fig. 2a,b). When the variant HsGrx1-tm (0.1 µM; 

containing the active site motif Cys23-xx-Cys26 as the only Cys 

residues) was used as the catalyst for oxidation of HMA4n(SH)2 

(10 µM) in buffer containing GSSG (400 µM)/GSH (40 µM),35 

the concentration of HMA4n(SH)(SSG) increased quickly and 

reached a maximum within the first minute to ~10% of total 

HMA4n fractions (Fig. 2c,d). Its concentration then decreased 

steadily while that of HMA4n(SSG)2 increased slowly up to 

~15% and then deceased  after > 80% of HMA4n(SH)2 had 

been oxidized. 

Unexpectedly, the activity of monothiol HsGrx1-qm (the 

reactive N-terminal Cys23 is the only Cys present) is about 

double that of dithiol HsGrx1-tm (Figs. 2c-f and 3a). The 

appearance and decay of HMA4n(SH)(SSG) and HMA4n(SSG)2 

are qualitatively similar in each system, but the latter is more 

abundant with HsGrx1-qm as catalyst (compare Fig. 2c,d and 

2e,f for equivalent substrate oxidation rates). These properties 

were shared by the equivalent E. coli enzymes EcGrx1 and 

EcGrx1-C14S (Fig. S2). 

IAA/ESI-MS analysis may be applied to the enzymes as well. 

Only HsGrx1-tm(SS) and HsGrx1-qm(SSG) were detected 

throughout the catalysis although both were added as the fully 

reduced forms (Fig. 3b). This indicates that, under the 

oxidative conditions defined by the GSSG (400 µM)/2GSH (40 

µM) redox couple, these oxidized Grx forms acted as the 

resting enzymes ensuring their optimal oxidase function. 

The overall oxidation rates are defined most adequately by 

the consumption rate of substrate HMA4n(SH)2. Variation of 

enzyme concentration allowed estimation of the turnover rate 

(Fig. 3a). HsGrx1-tm and EcGrx1 exhibit comparable catalytic 

activities with an average substrate turnover rate of ~26 

µM/min/µM enzyme (Table 1). They each feature an intact 

Cys-xx-Cys active site (Fig. 1a,c). Mutation of the N-terminal 

reactive Cys23 to Ser in HsGrx1 abolished the enzyme function 

completely while mutation of the C-terminal Cys to Ser in both 

HsGrx1-tm and EcGrx1 effectively doubled the enzyme activity 

(Fig. 3a, Table 1). 

Table 1.  HMA4n turnover rates by Grx enzymes a 

Enzyme As an oxidase b 

(µM/min/µM enzyme) 

As a reductase c 

(µM/min/µM enzyme) 

HsGrx1-C23S ~ 0 0.2 

hGx1-tm 24 5.9 

HsGrx1-qm 47 6.9 

EcGrx1 28 6.1 

EcGrx1-C14S 49 7.1 

a The background substrate turnover rate under the same conditions without 

enzyme was subtracted in each case; b In KPi buffer (50 mM, pH 7.0) containing 

GSSG (400 µM)/GSH (40 µM), HMA4n(SH)2 (10 µM) and a Grx enzyme (0-20 nM); 

see Fig. 2; c In KPi buffer (50 mM, pH 7.0) containing GSSG (20 µM)/GSH (800 

µM), HMA4n(SS) (10 µM) and a Grx enzyme (0-100 nM); see Fig. 4. 

The above observations lead to several conclusions: (1) 

HMA4n(SH)(SSG) is a key intermediate species on the pathway 

to the final oxidation product HMA4n(SS) but may be trapped 

partially as the doubly glutathionylated form HMA4n(SSG)2 

also, especially when the monothiols HsGrx1-qm or EcGrx1-

C14S were used as catalysts (Figs. 2c-f); (2) HMA4n(SSG)2 can 

also be converted to the disulfide HMA4n(SS) under the 

conditions; its overall concentration increased initially and 

then decreased once the oxidation was > 80% complete (Figs. 

2c-f); (3) monothiol Grxs lacking the N-terminal Cys residue are 
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inactive but those lacking the C-terminal Cys residue are about 

twice as active (Fig. 3a). Consequently, the catalysis relies on 

the N-terminal Cys residue only, but the C-terminal Cys 

appears to modulate both the enzyme activity (by acting as a 

catalytic brake) and the catalytic pathway. Intriguingly, most 

native monothiol Grxs are inactive in the classic Grx activity 

assay but, in conjunction with GSH, are important in iron 

homeostasis and Fe-S cluster assembly.36 

Reduction of a protein disulfide by GSH 

The GSSG/GSH ratio was adjusted to drive reaction 1 in the 

reverse direction (eq 2): 

 HMA4n(SS)  + 2 GSH  
�	
�
��   HMA4n(SH)2  +  GSSG  (2) 

Incubation of HMA4n(SS) (10 µM) in de-oxygenated KPi 

buffer (50 mM, pH 7.0) containing GSSG (20 µM)/GSH (800 

µM) was followed by IAA/ESI-MS analysis.35 In the absence of 

enzyme, a fast exchange equilibrium was established between 

HMA4n(SS) and HMA4n(SH)(SSG) (~7%; in 1-2 min). The latter 

was reduced further to HMA4n(SH)2 at a slow rate (~0.01 µM 

min-1; Fig. 4a,c). However, upon addition of catalytic amounts 

of HsGrx1-tm, HMA4n(SS) was reduced enzymatically to the 

fully reduced form HMA4n(SH)2 (Fig. 4b,c). The catalytic rate 

increased linearly with enzyme concentration in the range 

0.02-0.10 µM, allowing reliable estimation of a substrate 

turnover rate of ~6 µM/min/µM enzyme under the conditions 

(Fig. 4d, Table 1). This is, however, only one quarter of the 

substrate turnover rate for the reverse reaction 1 (Table 1) and 

implies that the catalytic routes and mechanisms of reactions 1 

and 2 must be different. 

The steady-state concentration of the intermediate species 

HMA4n(SH)(SSG) decreased with increased enzyme 

concentration, i.e., decreased as the catalytic reduction rate 

increased (Fig. 4a,b; Table 2). This suggested that the pre-

chemical formation of HMA4n(SH)(SSG) was not a bottleneck 

in the reduction and so other route(s) toward the final product 

HMA4n(SH)2 must exist. 

Again, while the variant HsGrx1-C23S was inactive in 

catalysis, HsGrx1-qm and EcGrx-C14S (both retain the single N-

terminal Cys residue only) were catalytically more competent, 

although by ~17 % only under the conditions. This contrasts 

with the doubling of activity for reverse reaction 1 (Table 1). 

Both enzymes were detected in their fully reduced forms 

HsGrx1-tm(SH)2 and HsGrx1-qm(SH) only during catalysis 

under the conditions (Fig. S3), indicating that they are the 

resting enzyme forms at high GSH concentration. Again, this 

ensures their optimal function as reductases under the 

conditions. We have demonstrated that, in the presence of 

abundant GSSG/GSH, the Grx enzymes shuttle rapidly (t1/2 < 1 

min) between three oxidation states: internal disulfide Grx(SS), 

glutathionylated Grx(SH)(SSG) and dithiol Grx(SH)(S-).16 

Grx(SH)(SSG) is the key intermediate species for the transition 

between Grx(SS) and Grx(SH)(S-) but is not stable relative to 

the latter two forms: it is detected maximally at 3-4% of total 

fractions in a solution of GSSG/GSH with a reduction potential 

EGSSG (for the GSSG/2GSH couple) approaching the standard 

reduction potential ������
��  for the Grx(SS)/Grx(SH)(S-) redox 

couple.16,23 

 

Fig. 4 Reduction of HMA4n(SS) by GSH in KPi buffer (50 mM, pH 7.0, 100 

mM NaCl): (a) IAA/ESI-MS analysis of HMA4n (10 µM) in the buffer 

containing GSSG (20 µM)/GSH (800 µM) without a Grx enzyme, inset: 

expanded view for the two minor HMA4n components; (b) The same 

analysis upon addition of HsGrx1-tm (100 nM) into (a); (c) reduction time 

course with no enzyme control and with either HsGrx1-tm or HsGrx1-qm as 

catalyst (each 100 nM); (d) correlation of catalytic rate with HsGrx1 enzyme 

concentrations (note: the catalytic rates given in Table 1 are obtained from 

the slopes of the best linear fits of the first three data points with enzyme 

concentration ≤ 0.1 µM). 

Table 2. Catalytic reduction of P(SS) (P = HMA4n) by HsGrx1-tm a 

[HsGrx1-

tm]  

(µM) 

Reduction rate  

of P(SS) 

(µM min-1) 

Steady-state 

[P(SH)(SSG)] 

 (µM) 

Reductase activity 

(µM/min/µM 

enzyme) 

0 0.010(2) ~ 0.7 − 

0.02 0.12(1) 0.45-0.49 6.0(5) 

0.05 0.32(2) 0.37-0.43 6.4(4) 

0.10 0.59(2) 0.31-0.36 5.9(2) 

0.20 0.69(1) 0.27-0.33 3.5(1) 

a In KPi buffer (50 mM, pH 7.0) containing HMA4n(SH)2 (10 µM) and GSSG (20 

µM)/GSH (800 µM); the bracketed values are the errors in the last digits averaged 

over three measurements. 
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Thiol-disulfide exchange between HMA4n and 
Atox1 

HMA4n and Atox1 are both metal-binding proteins with two 

surface-exposed vicinal cysteinyl thiols that are the major 

ligands for the respective metal-binding sites (Fig. 1d,e). These 

thiols may be oxidized to an internal disulfide that lacks metal-

binding capability.23,37 Their reduction potentials are 

essentially identical at ~−190 mV (Table S1). Thiol-disulfide 

exchange (eq 3) between these two proteins is very slow (Fig. 

5a; t1/2 > 24 h) but is catalyzed by Grx enzymes (Fig. 5b-c). This 

provided an opportunity to investigate the behavior of Grx 

enzymes in the presence and absence of GSH. Each 

experiment was undertaken from both directions of eq 3. The 

progress of the forward reaction is shown in Fig. 5 and that of 

the reverse reaction in Fig. S4. 

Atox1(SS)  +  HMA4n(SH)2  ⇌  Atox1(SH)2  +  HMA4n(SS)     (3) 

Atox1(SS) and HMA4n(SH)2 (each 10 µM) were mixed and 

incubated in de-oxygenated KPi buffer (50 mM, pH 7.0) at 

room temperature for 24 h. Addition of monothiol HsGrx1-qm 

(0.5 µM) into the system had little impact on the slow thiol-

disulfide exchange rate and HsGrx1-qm was detected in its 

original reduced form of HsGrx1-qm(SH) only ('red' in Fig. 5a). 

Addition of catalytic GSH (1.0 µM) accelerated the exchange 

rate considerably (t1/2 < 8 h) and the enzyme HsGrx1-qm was 

detected as a mixture of HsGrx1-qm(SSG) and HsGrx1-qm(SH) 

('ox' and 'red' in Fig. 5b). A control experiment in the absence 

of enzyme demonstrated that GSH at 1.0 µM had no 

detectable impact. The reduction of Atox1(SS) was coupled to 

the simultaneous oxidation of HMA4n(SH)2 (Fig. 5a,b). 

In contrast, the dithiol HsGrx1-tm (0.5 µM) clearly 

catalyzed reaction 3 in the absence of GSH (Fig. 5c) and the 

enzyme was detected as a mixture of its oxidized HsGrx1-

tm(SS) and reduced HsGrx1-tm(SH)2 forms. Inclusion of GSH 

(1.0 µM) into the exchange mixture had little impact on the 

exchange process (Fig. 5d). 

These observations were mirrored by the equivalent 

experiments for the reverse of reaction 3 (Fig. S4). 

Reaction 3 is slow, even in the presence of a catalytic 

amount of a Grx enzyme. This is supported by detection of 

both oxidized and reduced Grxs as the resting enzyme forms 

consistent with existence of at least two rate-limiting steps for 

the catalysis (Figs. 5b-d, S4). In each case, the Grx enzyme was 

added in fully reduced form. It was oxidized only partially 

during the catalysis to reach a maximal oxidized ratio at a 

reaction time of ~8 h and then the ratio decreased slowly 

toward a redox equilibrium (Figs. 5b-d, S4b). This means that 

Grx cannot function as an effective catalyst without the driving 

force provided by the abundant cellular components 

GSH/GSSG as electron donor/acceptor. Apparently, reaction 3 

is too slow to be physiologically relevant but can be analyzed 

(see Discussion) with conclusions that illuminate the various 

reaction mechanisms in molecular detail.  

 

Fig. 5 IAA/ESI-MS analysis of reaction progress and protein speciation for 

thiol-disulfide exchange between Atox1(SS) and HMA4n(SH)2 (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 

from the result with no enzyme present); (b) monothiol HsGrx1-qm (0.5 µM) 

plus GSH (1.0 µM); (c) dithiol HsGrx1-tm (0.5 µM); (d) dithiol HsGrx1-tm (0.5 

µM) plus GSH (1.0 µM). Note: for protein dithiol, the oxidized (ox) and the 

reduced (red) form is P(SS) and P(SA)2, respectively and for protein 

monothiol, the oxidized (ox) and the reduced (red) form is P(SSG) and P(SA), 

respectively; the dashed line in (d) indicates the position for the putative 

species HsGrx1-tm(SA)(SSG). 

Discussion 

General considerations for thiol-disulfide exchange 
reactions 

These are second-order reactions that involve sequential 

bimolecular nucleophilic substitution (SN2), expressed 

generally in eq 4:6,14  

 RS���
� 	� 		RS� � S��R		 → 		RS��� � S�R		 �	 	RS��

�   (4) 

RS���
�  is the attacking thiolate, RS� is the central sulfur 

participating in both reactant and product disulfide and RS��
�  is 

the leaving group. The attacking thiolate may be pre-existent 

or generated dynamically in situ by deprotonation, depending 

on its pKa and the environments of the thiol and the disulfide. 

The attack can only occur along the direction of the disulfide 

bond.6,14 Reaction is generally slow for aliphatic thiols and 

disulfides. GSH is a weak nucleophile (due to the high 

thermodynamic barrier involved in deprotonating its cysteinyl 
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thiol: pKa ~ 8.5), while GSSG is a weak electrophile and GS a 

poor leaving group.11 Consequently, reactions 1-3 normally 

require a redox enzyme.38 The thioredoxin family have evolved 

to act as both excellent nucleophiles and leaving groups. In 

addition, their solvent-exposed reactive thiolates can act as 

accessible electrophilic central sulfur atoms to be targeted in 

disulfide forms and so these enzymes promote thiol-disulfide 

exchange reaction 4. A bonus for Grx enzymes is their capacity 

to employ the GSSG/2GSH redox couple as both catalytic 

cofactor and co-substrate. These general considerations 

rationalize the catalytic mechanisms discussed below. 

Distinct monothiol and dithiol mechanisms for 
thiol-disulfide exchange 

The uncatalyzed rate of the thiol/disulfide exchange between 

HMA4n and Atox1 (eq 3) is very slow. In the absence of GSH, 

the exchange in either direction is catalyzed by the dithiol 

HsGrx1-tm (Figs. 5c, S4b), but not by the monothiol HsGrx1-qm 

(Figs. 5a, S4a). This is consistent with the dithiol mechanism of 

Scheme IIa: catalysis proceeds sequentially via two thiol-

disulfide exchange reactions with the requirement for both 

cysteinyl thiols in the active site. As required by this model, 

HsGrx1-tm was detected to shuttle between the two active 

forms HsGrx1(SH)(S-) and HsGrx1(SS) (Figs. 5c, S4b) whereas 

the inactive monothiol HsGrx1-qm remained as HsGrx1(OH)(S-) 

only (Figs. 5a, S4a). Notably, during the catalysis, the relative 

concentration of HsGrx1(SS) increased with time to reach a 

maximum at ~8 h and then decreased again towards a redox 

equilibrium and such behavior was seen for either direction of 

eq 3 (Figs. 5c, S4b). This indicates that step (i) of Scheme IIa is 

faster than step (iii) due to the more favorable nucleophilic 

attack on a disulfide bond by a Grx thiolate anion relative to a 

neutral protein thiol. 

On the other hand, the presence of a catalytic amount of 

GSH induced activity in the monothiol HsGrx1-qm, with 

comparable efficiency (Figs. 5b). This is consistent with the 

monothiol mechanisms of Scheme IIb. Step (i) produces 

Grx(OH)(SS)(SH)P1 which cannot by itself release the protein 

P1 as the fully reduced form P(SH)2. Addition of GSH facilitates 

key step (ii) to allow the monothiol Grx to be glutathionylated 

as Grx(OH)(SSG) with simultaneous release of the fully reduced 

P1(SH)2. This scheme is supported by the direct detection of 

the two catalytically competent enzyme forms Grx(OH)(S-) and 

Grx(OH)(SSG) of the monothiol Grx throughout the catalytic 

process (Fig. 5b). Apparently, step (ii) is promoted by the 

specific interaction between GSH and the Grx enzyme (Fig. 1b). 

In support, protein P2(SH)2 (HMA4n(SH)2 in Fig. 5b) is unable to 

promote step (ii) due to lack of a specific binding interaction 

and to the steric hindrance of forming a transient complex 

between three protein molecules. 

The oxidized enzyme form Grx(OH)(SSG) may induce 

P2(SH)2 oxidation via steps (iii) and (iv). Step (iii) was 

demonstrated by our recent observation that Grx(OH)(SSG) 

reacts with a protein monothiol P(SH) to yield P(SSG) only16 

while step (iv) is a spontaneous non-catalytic chemical process. 

Similar to the reactions in Fig. 5c (Scheme IIa), the oxidized 

enzyme form Grx(OH)(SSG) in Fig. 5b (Scheme IIb) was also 

detected with the highest relative concentration at a reaction 

time of ~8 h, suggesting that step (i) is faster than step (iii) I 

both cases for the reason mentioned above. 

On the other hand, both steps (i) and (iii) are rate-limiting 

(relative to steps (ii) and (iv)) in both the monothiol and dithiol 

mechanisms of Schemes IIa and IIb. This rationalizes the 

detection of two forms of each enzyme throughout the 

catalytic exchange reactions and the slow catalytic processes 

(Figs. 5b-d and S4b). 

It was speculated that oxidation of P(SH)2 by Grx(SH)(SSG) 

might also proceed via nucleophilic attack of P(SH)2 on the 

reactive sulfur atom in Grx(SH)(SSG) (similar to step (iii) of 

IIa)39 and this will lead to an alternative reaction Scheme S1. 

However, such speculation is not supported by the 

experimental data (see further discussion in the Supporting 

Information). 

 

Scheme II. Dithiol mechanism in the absence of GSH (a) and monothiol 

mechanism in the presence of GSH (b) employed by Grx enzymes catalyzing 

thiol-disulfide exchange between proteins P1(SS) and P2(SH)2. 

The mechanisms of catalytic oxidation of protein 
dithiols P(SH)2 by GSSG 

The above discussion provides a solid basis for interpretation 

of the experimental data of Fig. 2 in terms of Scheme III. 

Substrate HMA4n(SH)2 (������
��  = –192 mV; Table S1) is 

thermodynamically unstable in a buffer at pH = 7.0 containing 

GSSG (400 µM)/GSH (40 µM): ~–81 mV (eqs S1-2; see 

Supporting Information). In the absence of a catalyst, the 

Page 11 of 36 Chemical Science



ARTICLE Journal Name 

8 | Chem. Sci., 2017, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx 

Please do not adjust margins 

Please do not adjust margins 

oxidation can only be initiated by nucleophilic attack of a thiol 

in HMA4n(SH)2 on GSSG. This, however, is a kinetically 

unfavorable process due to the poor nucleophilicity of a 

normal protein thiol group and the relative stability of the 

disulfide bond in GSSG. 

 

Scheme III. Proposed parallel monothiol-dithiol mechanism for catalytic 

oxidation of protein dithiol P(SH)2 (such as HMA4n(SH)2) by Grx/GSSG. The 

monothiol oxidation route is shown in solid lines whereas the dithiol 

oxidation route in dashed lines. Under the oxidative conditions, the resting 

enzyme forms for dithiol Grx and monothiol Grx are Grx(SS) and Grx(SSG), 

respectively. 

Addition of enzyme allows effective activation of the GSSG 

disulfide bond to yield active Grx(SH)(SSG) (step i). Parallel 

routes then become available. The first is a monothiol 

mechanism (shown in solid arrows) in which the enzyme 

directly glutathionylates a protein thiol in HMA4n(SH)2 to 

produce unstable HMA4n(SH)(SSG) (step ii) that converts 

spontaneously to HMA4n(SS) (step iii).40 The second is a 

dithiol mechanism (in dashed arrows) in which Grx(SH)(SSG) 

oxidizes spontaneously to the disulfide Grx(SS) (step iv). The 

latter may execute the oxidation of protein dithiol substrate 

via steps (v) and (vi). 

Evidence for the dithiol mechanism includes: (1) under the 

oxidative conditions imposed by GSSG, the Grx enzyme was 

detected as the fully oxidized form Grx(SS) only (Fig. 3b): it is 

the resting enzyme form under these conditions and is 

consistent with both reverse step (iv) and forward step (v) 

being rate-determining steps in Scheme III; (2) in the absence 

of GSSG/GSH, dithiol HsGrx1-tm, but not monothiol HsGrx1-

qm, catalyzed the thiol-disulfide exchanges of eq 3 (Figs. 5, S4). 

These can proceed via a dithiol mechanism only, as outlined in 

Scheme IIa. 

Evidence for the monothiol mechanism in the presence of 

GSSG/GSH is summarized below: 

(1) Intermediate species HMA4n(SH)(SSG) was readily 

detected, especially in the early stages when its production 

rate reached a maximum due to the high relative 

concentration of substrate HMA4n(SH)2 (Fig. 2c-f). This 

intermediate can only be generated via step (ii) of the 

monothiol route.41 

(2) Mutation of the C-terminal Cys to Ser in the Cys-xx-Cys 

active site motif of dithiol Grx enzymes eliminated the 

possibility of a dithiol mechanism and enhanced the catalytic 

activity by ~100% (Table 1). This confirms the existence of a 

monothiol route that is more efficient than the dithiol route. In 

support, Grx(OH)(SSG) was detected as the resting enzyme 

form (Fig. 3b).42 

 (3) In the absence of GSH, monothiol HsGrx1-qm was not 

able to catalyze reaction 3, the thiol-disulfide exchange 

between two dithiol proteins. However, addition of a catalytic 

quantity of GSH rescued its catalytic activity and the enzyme 

was detected to shuttle between the two catalytically 

competent forms HsGrx1-qm(SH) and HsGrx1-qm(SSG) during 

the catalysis (Fig. 5a,b). This can only occur via the monothiol 

steps of Scheme IIb. 

These observations demonstrate that the trace enzyme 

species Grx(SH)(SSG), although difficult to detect under 

oxidizing conditions, plays an important role in oxidation of 

protein dithiols P(SH)2 via the monothiol mechanism. This may 

be attributed to the high efficiency of its glutathionylation of 

protein thiols (step ii of Scheme III): the fully reduced Grx 

enzyme is an excellent leaving group upon reduction of a 

disulfide bond involving its reactive thiol (see eq 4). 

As discussed above, speculation that the oxidation of 

HMA4n(SH)2 might proceed also via nucleophilic attack of 

HMA4n(SH)2 on the reactive sulfur atom in Grx(SH)(SSG)39 is 

not supported by our previous equivalent experiments with 

protein monothiol P(SH) (see further discussion in SI).16 

Nevertheless, reaction Scheme III demonstrates that Grxs are a 

class of versatile enzymes with flexibility in catalyzing protein 

dithiol oxidation by GSSG via either a monothiol mechanism or 

a dithiol mechanism or, more likely, both in parallel. 

The mechanism of catalytic reduction of protein 
disulfides P(SS) by GSH 

An enzyme normally catalyzes a reaction in both directions. 

However, catalytic oxidation of a protein dithiol by Grx/GSSG 

(eq 1) may proceed via two different routes as shown in 

Scheme III. Step (iii) in the key monothiol route does not 

require the action of an enzyme. This raises an intriguing 

question: what is the reaction mechanism for the reverse 

catalytic process, i.e., for catalytic reduction of a protein 

disulfide by Grx/GSH, as represented by eq 2. This has been 

controversial and three mechanisms (Schemes Ia-c) have been 

proposed and are debated currently. The availability of 

IAA/ESI-MS analysis in this work allowed design of a number of 

experiments to examine the possibilities. 

(a) Chemical pre-equilibrium monothiol mechanism 

This mechanism is adapted from that proposed for the classic 

HEDS assay (Scheme 1a).21,22 It assumes that there is a fast pre-

equilibrium between protein disulfide P(SS) and GSH to 

generate disulfide P(SH)(SSG) that is reduced enzymatically by 

Grx via the monothiol mechanism. This scheme was used 

recently to describe the mechanism of catalytic reduction of a 

disulfide bond in both human SOD1 and human Trx1 by 

Grx/GSH.30,31 In fact, it is equivalent to the proposal that step 

(iii) in Scheme III is chemically reversible and rapidly 
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equilibrated. If this was the case, the reduction of HMA4n(SS) 

would proceed, at elevated GSH concentration, via reverse 

steps (iii) → (ii) → (i). 

Experimental evidence from the present work appears to 

support this mechanism: in a buffer containing GSSG (20 

µM)/GSH (800 µM) without a Grx enzyme, HMA4n(SS) (10 µM) 

does equilibrate quickly with GSH to yield HMA4n(SH)(SSG) (~7 

%) that, in the absence of a catalyst, is reduced at a very slow 

rate to HMA4n(SH)2 (Fig. 4a,c). Upon addition of an active Grx 

enzyme, the reduction rate increased considerably and was 

proportional to the enzyme concentration (Fig. 4b,c). 

However, the steady-state concentration of HMA4n(SH)(SSG) 

decreased proportionally with increase in the reduction rate 

(Fig. 4a,b; Table 2). This indicates that this chemical pre-

equilibrium adjusts too slowly to account for the observed 

enzyme activity and that there must be parallel reduction 

routes in operation. Similar conclusions were reached from a 

recent re-evaluation of the reaction mechanism of the HEDS 

assay (Scheme 1a).33 

 (b) Parallel monothiol-dithiol mechanisms 

The catalytic reduction of a protein disulfide by Grx/GSH may 

proceed via the reverse direction of step (vi) of Scheme III. This 

would lead to the parallel monothiol-dithiol mechanisms 

shown in Scheme IV.23 This possibility is now explored. 

 

Scheme IV. Proposed parallel monothiol-dithiol mechanisms for catalytic 

reduction of protein disulfides P(SS) by Grx/GSH. The monothiol reduction 

route is shown in solid arrows with the dithiol route in dashed arrows. 

Under the reducing conditions, the resting forms for dithiol and monothiol 

Grx enzymes are Grx(SH)(S-) and Grx(OH)(S-), respectively. 

Scheme IV is actually an integration of the two separate 

mechanisms (mono- and di-thiol) presented in Scheme Ib,c. It 

suggests that dithiol Grx enzymes are adapted to catalyze 

protein disulfide reduction by GSH via direct attack on the 

disulfide to form an enzyme-protein disulfide complex (step i). 

This is followed by either a monothiol mechanism (steps ii, iii) 

or a dithiol mechanism (step iv) or both in parallel. 

Step (i) is seen to occur in Fig. 5 (see Scheme II) as the first 

step of each catalytic reaction and is supported by our direct 

detection of the transient enzyme-protein complex in a similar 

case.23 Step (ii) is the key for the monothiol mechanism in 

which the protein mixed disulfide bond is attacked by an 

external GSH molecule to complete the reduction and to yield 

the glutathionylated enzyme Grx(SH)(SSG). This step is 

promoted by the specific interaction between GSH and Grx  

(Fig. 1b) and by the high concentration of GSH. On the other 

hand, step (iv) of the dithiol mechanism is independent of the 

GSH concentration and involves formation of the enzyme 

disulfide Grx(SS). Both Grx(SH)(SSG) and Grx(SS) can be re-

activated by GSH at high concentration.16 

Mutation of the C-terminal Cys to Ser in both HsGrx1 and 

EcGrx1 led to ~17% increase in their activities for reduction of 

HMA4n(SS) by GSH (eq 2). This contrasts with ~100% increase 

in their oxidase activities for oxidation of HMA4n(SH)2 by GSSG 

(eq 1; Table 1). The reasons could be twofold: (1) GSH at the 

high concentrations required for disulfide reduction is 

expected to promote the monothiol reduction route for dithiol 

Grx enzymes; (2) the Grx(SS) species formed via the dithiol 

mechanism can be re-activated efficiently by GSH at high 

concentrations.16 Nevertheless, the C-terminal Cys acts as a 

catalytic brake in either case. 

Notably, the catalytic rate for reduction of HMA4n(SS) is 

slower than that of the reverse reaction by the same enzyme 

(about 24% and 15% for dithiol and monothiol Grx, 

respectively; see Table 1). The reason is that the oxidation is 

promoted by a fast non-enzymatic step (iii) in Scheme III 

whereas the reverse reaction rate of this step is much slower, 

even at the high GSH concentration of 800 µM (Fig. 4a). 

The resting enzyme form now detected is fully reduced 

Grx(SH)(S-) or Grx(OH)(S-) (Fig. S3), consistent with the rate-

determining step (i) at high GSH concentration in Scheme IV. 

It has been reported that both active site Cys residues in 

EcGrx1 are required for catalytic reduction of certain disulfides 

(see detailed discussion in SI).21,32,43-45 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. Indeed, the presence of two 

Cys residues in the Grx active site allows the versatility of 

access to both the monothiol and dithiol pathways. 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).  

Conclusions 

Grxs are a class of GSH-dependent thiol-disulfide 

oxidoreductases that directly bridge the reversible sulfur redox 

chemistry of protein thiols to the abundant cellular non-

protein GSSG/2GSH redox couple. They are adapted to 

catalyze oxidation of a protein dithiol to a disulfide by GSSG via 

either a monothiol or a dithiol mechanism or more likely, both 

in parallel (Scheme III). The monothiol mechanism is more 

efficient than the dithiol mechanism, likely due to the fact that 

the glutathionylated substrate species P(SH)(SSG) generated 

via the monothiol mechanism (step ii) is highly activated and 

converted rapidly and spontaneously to the stable disulfide 

product (steps iii). 

Grxs are also adapted to catalyze reduction of protein 

disulfides by GSH via parallel monothiol-dithiol mechanisms 

(Scheme IV). The monothiol mechanism relies on access of 

GSH to the mixed disulfide of the Grx-protein complex. When 
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access is inhibited, the reduction is constrained to the dithiol 

mechanism. A chemical pre-equilibrium monothiol mechanism 

may also play a minor role but this non-catalytic process is 

generally too slow for fast enzyme action. In addition, Grxs can 

catalyze reversible glutathionylation/deglutathionylation via a 

monothiol mechanism.16 The flexibility of Grx enzymes in 

catalysis can be attributed primarily to the specific binding 

interaction between GSH and the enzymes (Fig. 1b). 

Recent progress shows that the relative concentrations of 

GSH and GSSG vary considerably across different cellular 

compartments and, consequently, so do the formal reduction 

potentials imposed by the GSSG/2GSH redox couple.29 

However, cellular processes usually work under steady-state 

kinetic controls that deviate from thermodynamic 

equilibria.46,47 In this sense, Grx enzymes must play important 

roles in facilitating essential dynamic cellular redox processes. 

Experimental section 

Materials and general methods 

General chemicals and reagents were purchased from Sigma-

Aldrich and used as received. Stock solutions of dithiothreitol 

(DTT) and GSH were prepared in deoxygenated Milli-Q water 

and stored in an anaerobic glove box. Their concentrations 

based on quantitative dissolution were confirmed and 

calibrated with the Ellman assay.48
 

To ensure accurate quantification of redox events and 

redox equilibria, all chemicals and proteins in air-sensitive 

reduced forms were prepared, stored and handled under 

anaerobic conditions inside a glove-box. Unless indicated, 

most experiments on thiol-disulfide exchange reactions were 

also conducted under anaerobic conditions using thoroughly-

deoxygenated buffers. 

Protein production, quantification and 
characterization 

Various Grx enzymes and Atox1 protein were expressed and 

isolated as reported.16,23 The protein domain HMA4n was also 

expressed and isolated according to a previous report.34 Each 

purified protein was fully reduced with DTT and buffer-

exchanged using a desalting column with thoroughly 

deoxygenated Mops buffer (50 mM, pH 7.0, 100 mM NaCl) in 

an anaerobic glove-box. Correct thiol content was determined 

in each case with Ellman’s reagent 5,5-dithiobis(2-nitrobenzoic 

acid) (DTNB) based on the concentrations estimated from 

respective solution absorbance at 280 nm.48 The oxidized 

proteins HMA4n(SS), Atox1(SS), HsGrx1-tm(SS) and EcGrx1(SS) 

were generated by oxidation with a slightly excess of 

[FeIII(CN)6]3- and then buffer-exchanged with a desalting 

column to separate the protein component from the Fe 

complexes. The reduction potentials of protein disulfides were 

determined as reported (see Supporting Information).16 

Electrospray ionization mass spectrometry 

All experiments were conducted on an Agilent time-of-flight 

mass spectrometer (TOF-MS) (model 6220, Palo Alto, CA) 

coupled to an Agilent 1200 LC system with details given 

previously.23 Control experiments demonstrated that, for the 

same protein, the integrated mass spectral intensities for 

different redox forms are proportional to their relative 

concentrations, as demonstrated previously.23 Consequently, 

the fraction of each oxidation component for the same protein 

was determined by integration of the mass spectral peak area 

of that component and then divided by the sum of the total 

peak areas for all components of that protein. All protein thiols 

were alkylated with excess iodoacetamide (IAA) for ESI-MS 

detection. For each thiol group, a net mass of 57 Da for an 

acetamide group –CH2CONH2 was added to the detected molar 

mass of the protein target. 

Oxidation of protein dithiols in GSSG/GSH buffer 

The oxidation was effected by incubation of HMA4n(SH)2 (10 

µM) in a redox buffer composed of GSSG (400 µM)/GSH (40 

µM) in KPi buffer (50 mM, pH 7.0) in the absence and presence 

of a selected Grx enzyme at various concentrations (20 – 100 

nM) . The reactions were followed by IAA/ESI-MS analysis and 

were started by adding HMA4n(SH)2 containing either no Grx 

enzyme or various amounts of a selected Grx enzyme into the 

GSSG/GSH redox buffer to make a reaction mixture containing 

the required final concentration for each component as 

quoted above. An aliquot of the reaction mixture (~10 µL) was 

transferred into a micro-tube containing an IAA solution (5 µL 

50 mM in H2O; >50-fold excess) to quench the reaction along 

the reaction time course. The oxidation rate for each reaction 

was calculated from the initial reaction rate that increased 

linearly with time. The substrate turnover numbers for each 

enzyme expressed as µM/min/µM enzyme was quoted from 

the reaction with an enzyme concentration at 20 nM. The 

background oxidation rate was removed in the calculation. 

Reduction of protein disulfides in GSSG/GSH buffer 

HMA4n(SS) with an internal disulfide was the sole product of 

HMA4n(SH)2 oxidation by [FeIII(CN)6]3- and was selected for the 

experiments. The reduction was effected by incubation of 

HMA4n(SS) (10 µM) in a redox buffer composed of GSSG (20 

µM)/GSH (800 µM) in KPi buffer (50 mM, pH 7.0) in the 

absence or presence of a selected Grx enzyme at various 

concentrations (20 – 200 nM). The reactions were followed by 

IAA/ESI-MS analysis. The control reaction with no enzyme was 

started by adding HMA4n(SS) into the GSSG/GSH redox buffer. 

The catalytic reaction was started by first addition of 

HMA4n(SS), followed by the required Grx enzyme. The 

reaction was timed upon the final addition of the enzyme and 

was followed by IAA/ESI-MS analysis as detailed above. 
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Thiol-disulfide exchange between HMA4n and 
Atox1 

These two proteins, one in oxidized form P1(SS) and the other 

in reduced form P2(SH)2, were mixed in 1:1 molar ratio (each 

10 µM) in de-oxygenated KPi buffer (50 mM, pH 7.0), followed 

by adding no enzyme or selected Grx enzyme (0.05 µM) to 

start the exchange reaction. GSH (1.0 µM) was included for 

selected reactions. The reaction was conducted from either 

direction and followed by IAA/ESI-MS analysis. 
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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. 

GSSG	 + 	2	H� + 2	e	 	⇌ 	2	GSH	 	 	 	 	 S1	

���
� 	= 		 ���

�� −	
��

��
		��	

[��]�

[��]
		 	 	 	 	 S2	

P�SS� + 	2	H� + 2	e	 	⇌ 	P�SH��		 	 	 	 	 S3	

�!����
� 	= 	�!����

�� −	
��

��
	��	

[!�����]

[!����]
			 		 	 	 	 S4	

P1�SS� 	+ 	P2�#$�� 		⇌ 	P1�#$�� 	+ 	P2�SS�	 	 	 	 S5	

�!&����
�� −	�!�����

�� 	= 		
��

��
	��	

[!&�����]	[!�����]

[!&����]	[!������]
				 	 	 	 S6	

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 

that of Atox1 (�!����
��  = −191 mV), but is about 23 mV more negative than those of the two 

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) b ref 

dithiol      

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

HsGrx1-tm H. sapies Cys
23-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 Cys
11-Pro-Tyr-Ser14 − −213 1 

HsGrx1-qm H. sapiens Cys
23-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). 
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Table S2. Comparison of (�!&	!�
��  for protein dithiols determined via direct pair-wise 

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

Equilibrium of eq 6a  Kex  (�!&	!�
��  (mV) from 

P1(SS) P2(SH)2  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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Glutaredoxins	Employ	Parallel	Monothiol-Dithiol	Mechanisms	to	
Catalyze	Thiol-Disulfide	Exchanges	with	Protein	Disulfides	
Ashwinie	A.	Ukuwela,a	Ashley	I.	Bush,b	Anthony	G.	Wedd	a	and	Zhiguang	Xiao*	a,b	

Glutaredoxins	 (Grxs)	 are	 a	 family	 of	 glutathione	 (GSH)-dependent	 thiol-disulfide	 oxidoreductases.	 They	 feature	 GSH-
binding	 sites	 that	 directly	 connect	 the	 reversible	 redox	 chemistry	 of	 protein	 thiols	 to	 the	 abundant	 cellular	 nonprotein	
thiol	 pool	 GSSG/GSH.	 This	work	 studied	 the	 pathways	 for	 oxidation	 of	 protein	 dithiols	 P(SH)2	 and	 reduction	 of	 protein	
disulfides	P(SS)	catalyzed	by	Homo	sapiens	HsGrx1	and	Escherichia	coli	EcGrx1.	The	metal-binding	domain	HMA4n(SH)2	was	
chosen	as		substrate	as	it	contains	a	solvent-exposed	CysCys	motif.	Quenching	of	the	reactions	with	excess	iodoacetamide	
followed	by	protein	speciation	analysis	via	ESI-MS	allowed	interception	and	characterization	of	both	substrate	and	enzyme	
intermediates.	The	enzymes	shuttle	between	three	catalytically-competent	forms	(Grx(SH)(S-),	Grx(SH)(SSG)	and	Grx(SS))	
and	 employ	 conserved	 parallel	monothiol	 and	 dithiol	mechanisms.	 Experiments	with	 dithiol	 and	monothiol	 versions	 of	
both	Grx	enzymes	demonstrate	which	monothiol	(plus	GSSG	or	GSH)	or	dithiol	pathways	dominate	a	specific	oxidation	or	
reduction	reaction.	Grxs	are	shown	to	be	a	class	of	versatile	enzymes	with	diverse	catalytic	 functions	that	are	driven	by	
specific	interactions	with	GSSG/GSH.	

Introduction	
The	 thioredoxin	 family	 of	 enzymes	 catalyze	 biological	 thiol-
disulfide	 exchange	 reactions	 and	 play	 vital	 roles	 in	 a	 wide	
spectrum	 of	 cellular	 functions	 including	 redox	 sensing,	 cell	
signaling,	cellular	redox	homeostasis,	oxidative	protein	folding,	
regulation	 of	 protein	 thiol	 function	 and	 apotopsis.1-7	 They	
share	a	common	thioredoxin	fold	featuring	a	conserved	Cys-xx-
Cys	 active	 site	 (Fig.	 1a-c).8-10	 The	Cys	 residue	 closer	 to	 the	N-
terminus	is	solvent-exposed	with	a	low	pKa	(<	5	in	most	cases)	
that	allows	its	thiolate	anion	to	launch	nucleophilic	attack	on	a	
target	disulfide	bond.6,11,12	

The	 family	 includes	 thioredoxins	 (Trxs),	 glutaredoxins	
(Grxs),	 protein	 disulfide-isomerases	 (PDIs)	 and	 the	 disulfide	
bond	 protein	 family	 A-D	 (DsbA-D).6,7	 The	 Grxs	 are	 unique	 in	
being	dependent	for	their	catalytic	activity	upon	the	abundant	
cellular	GSSG/2GSH	redox	couple	where	GSH	is	glutathione.6,13-
15	 During	 catalysis,	 they	 shuttle	 between	 three	 competent	
oxidation	 states,	 namely,	 the	 dithiol	 Grx(SH)(S-),	 the	 internal	
disulfide	Grx(SS)	and	the	glutathionylated	form Grx(SH)(SSG).16	

There	is	at	least	one	GSH-specific	binding	site	that	enables	
the	 Grxs	 to	 act	 as	 scaffold	 proteins	 for	 the	 assembly	 and	

delivery	 of	 GSH.17	 X-ray	 crystal	 structures	 are	 available	 in	
which	 the	 GSH	 molecule	 interacts	 with	 a	 group	 of	 highly	
conserved	residues	and	forms	Grx(SH)(SSG)	via	the	reactive	N-
terminal	Cys	(Fig.	1b).18-20	

	

Fig.	 1	 Protein	 molecular	 structures.	 (a)	 fully	 reduced	 HsGrx1	 (PDB:	 1JHB;	
thioredoxin	 fold);	 (b)	 HsGrx1(C8,26,79,83S)-GSH	 complex	 (1B4Q);	 (c)	
reduced	 EcGrx1	 (1EGR);	 (d)	 Zn(II)-AtHMA4n	 (2KKH;	 ferredoxin	 fold);	 (e)	
Cu(I)-Atox1	(1TL4).	Labelled	amino	acid	residues	and	the	GSH	fragment	are	
shown	as	sticks	while	the	metal	ions	in	Zn(II)-AtHMA4n	and	Cu(I)-Atox1	are	
represented	as	spheres.	
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Scheme	 I.	 (a)	 Proposed	 chemical	 pre-equilibrium	 monothiol	 mechanism	 for	 the	 classic	 bis(2-hydroxyethyl)disulfide	 (HEDS)	 assay.21,22	 It	 consists	 of	 two	
coupled	enzyme	reactions	employing	HEDS	as	the	disulfide	substrate;	(b,	c)	Proposed	dithiol	mechanism	(b)15	and	monothiol	mechanism	(c)23	for	catalytic	
reduction	of	protein	disulfide	P(SS)	by	Grx/GSH.	

We	have	recently	 re-evaluated	the	reduction	potentials	of	
two	 Grx	 enzymes,	H.	 sapiens	 HsGrx1	 and	 E.	 coli	 EcGrx1	 (Fig.	
1a,c).16	 They	 exhibited	 similar	 standard	 reduction	 potentials	
𝐸"($$)&' 	~-170	mV	(vs	SHE)	at	pH	7.0.	This	 is	 significantly	more	
positive	 than	 those	 (~-270	 mV)24,25	 reported	 for	 Trxs,	 but	
more	negative	than	those	(~-125	mV)16,26,27	of	DsbAs.	Trxs	are	
generally	 believed	 to	 function	 as	 disulfide	 reductases	 while	
DsbAs	are	known	as	protein	dithiol	oxidases.	The	intermediate	
reduction	 potentials	 of	 Grxs	mean	 that	 they	may	 function	 as	
either	 reductases	 or	 oxidases,	 depending	 upon	 the	 cellular	
conditions	imposed	by	the	GSSG/2GSH	redox	couple.	Notably,	
the	 reduction	 potential	 for	 both	 catalytically	 competent	
oxidized	 forms	 Grx(SS)	 and	 Grx(SH)(SSG)	 were	 demonstrated	
to	vary	with	GSH	concentrations.16		

The	 apparent	 half-cell	 reduction	 potential	 defined	 by	 the	
GSSG/2GSH	redox	couple	correlates	with	 the	biological	 status	
of	 the	 cell:	 ~-240	 mV	 for	 proliferation,	 ~-200	 mV	 for	
differentiation	 and	 ~-170	 mV	 for	 apoptosis.28	 Importantly,	
relative	concentrations	of	GSSG/GSH	vary	 considerably	across	
different	 cellular	 compartments	 and	 so	 do	 the	 formal	
reduction	 potentials	 imposed	 by	 the	 GSSG/2GSH	 couple.29	
Consequently,	the	catalytic	functions	of	Grxs	are	linked	directly	
to	the	redox	state	of	GSSG/2GSH	via	the	Nernst	equation.	

While	study	of	the	catalytic	oxidation	of	protein	dithiols	by	
Grx/GSSG	 is	 limited,23	 the	 catalytic	 reduction	 of	 protein	
disulfides	 by	 Grx/GSH	 has	 been	 widely	 examined	 and	 three	
different	 mechanisms	 have	 been	 proposed	 (Schemes	 Ia-
1c).6,15,21-23,30-33	These	variously	 involve	chemical	pre-equilibria	
and/or	 monothiol	 or	 dithiol	 mechanisms,	 depending	 on	 the	
nature	of	the	substrate	and	Grx	enzyme.	

To	 resolve	 this	 uncertain	 situation,	 the	 present	 work	
undertook	 a	 systematic	 study	 of	 the	 two	 representative	
enzymes	H.	 sapiens	HsGrx1	and	E.	 coli	 EcGrx1	 in	 the	 catalytic	
oxidation/reduction	 of	 a	 protein	 dithiol/disulfide	 with	
GSSG/GSH	as	the	electron	acceptor/donor	system.	Quenching	

of	 the	 reactions	 with	 excess	 iodoacetamide	 (IAA),12	 followed	
by	 protein	 speciation	 analysis	 with	 electrospray	 ionization	
mass	 spectrometry	 (ESI-MS),	 allowed	 interception	 and	
characterization	 of	 both	 substrate	 and	 enzyme	 intermediates	
and	provided	new	insights	into	the	catalytic	mechanisms.	

Selected	 variants	 of	 the	 enzymes	 were	 employed	 to	
demonstrate	 that	 Grxs	 may	 employ	 either	 a	 monothiol	
mechanism	or	 a	dithiol	mechanism	or,	more	 frequently,	 both	
in	 parallel.	 Consequently,	 Grxs	 are	 defined	 as	 a	 class	 of	
dynamic	 thiol-disulfide	 oxidoreductases.	 Their	 specific	
interaction	with	GSH	means	that	their	reduction	potentials	are	
dependent	upon	GSH	concentration	and	so	 their	catalytically-
competent	 glutathionylated	 forms	 allow	 versatile	 catalytic	
functions.	

Results	

Glutaredoxin	enzymes	and	protein	thiol/disulfide	
substrates		
HsGrx1	contains	a	total	of	five	Cys	residues	with	two	present	in	
the	 active	 site	 motif	 Cys23-xx-Cys26	 whereas	 EcGrx1	 contains	
only	 the	 two	 that	 are	 located	 in	 the	 active	 site	 Cys12-xx-Cys14	
(Fig.	 1a,c).	 Protein	 variants	 generated	 included	 two	 single	
mutants	 HsGrx1-C23S	 and	 EcGrx1-C14S	 (in	 which	 the	 C-
terminal	 Cys	 of	 the	 active	 site	 is	 replaced	 by	 Ser),	 a	 triple	
mutant	HsGrx1-tm	 (HsGrx1-C8,79,83S	where	 three	non-active	
site	Cys	residues	are	replaced	by	Ser)	and	a	quadruple	mutant	
HsGrx1-qm	 (HsGrx1-C8,26,79,83S	 where,	 in	 addition,	 the	 C-
terminal	 Cys	 is	 replaced	 by	 Ser).	 Production	 and	
characterization	of	these	proteins	was	reported	previously.16,23	
Two	 well-characterized	 proteins	 were	 chosen	 as	 dithiol	
substrates.	HMA4n	 is	the	N-terminal	metal	binding	domain	of	
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the	heavy	metal	transporting	P1B-type	ATPase	HMA4	from	the	
plant	Arabidopsis	thaliana.	It	contains	a	double	CysCys	motif	in	
a	 solvent-exposed	 Zn(II)-binding	 sequence	 (Cys27-Cys28-xx-
Glu31)	 (Fig.	 1d).34	 It	 was	 selected	 as	 the	 primary	 protein	
substrate	since	the	two	Cys	thiols	can	be	oxidized	readily	to	a	
disulfide.	 The	 sulfur	 redox	 chemistry	 of	 copper	 metallo-
chaperone	Atox1	has	been	studied	recently.23	It	features	a	high	
affinity	Cu(I)	 binding	motif	 (Cys12-Gly-Gly-Cys15)	 and	was	used	
for	 comparative	 studies	 in	 selected	 cases.	 Both	 HMA4n	 and	
Atox1	 were	 oxidized	 quantitatively	 by	 a	 slight	 excess	 of	
[FeIII(CN)6]

3-	 to	cleanly	yield	 internal	disulfides	HMA4n(SS)	and	
Atox1(SS).	The	identities	of	the	reduced	and	the	oxidized	forms	
were	 confirmed	 by	 quantitative	 thiol	 assay	 and	 ESI-MS	
analysis.	The	reduction	potentials	of	Atox1(SS)	and	HMA4n(SS)	
are	 essentially	 identical	 at	 𝐸"($$)&' 	 =	 -192	 mV	 at	 pH	 7.0	 (see	
Supporting	Information,	Fig.	S1,	Tables	S1-S2).	

Oxidation	of	a	protein	dithiol	by	GSSG	

The	 two	 adjacent	 cysteinyl	 thiols	 in	 HMA4n(SH)2	 can	 be	
oxidized	 by	 GSSG	 to	 generate	 the	 internal	 disulfide	
HMA4n(SS).	This	reaction	is	slow	(Fig.	2a,b)	but	is	catalyzed	by	
Grx	enzymes	according	to	the	overall	reaction	of	eq	1:	

	 HMA4n(SH)2		+		GSSG		
()*+

		HMA4n(SS)		+	2	GSH		 	(1)	

The	 reaction	 in	KPi	buffer	 (50	mM,	pH	7.0)	was	evaluated	
by	quenching	with	excess	 IAA,	 followed	by	protein	 speciation	
analysis	 with	 ESI-MS.	 Alkylation	 of	 protein	 thiols	 by	 IAA	 is	
much	faster	than	thiol-disulfide	exchange	reactions.16	Addition	
of	 group	 A	 =	 CH2CONH2	 to	 each	 accessible	 free	 protein	 thiol	
P(SH)	 leads	to	a	net	 increase	 in	molar	mass	of	57	Da	 in	P(SA).	
Reaction	1	was	followed	under	a	variety	of	conditions	(Fig.	2).	

	
Fig.	2		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):	IAA/ESI-MS	analysis	and	speciation	distribution	for	non-catalytic	oxidation	(a,b)	and	for	catalysis	by	HsGrx1-tm	(100	nM;	c,d)	and	by	
HsGrx1-qm	(50	nM;	e,f).	RS-A	refers	to	the	alkylated	thiol	RS-CH2CONH2.	
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Fig.	3	(a)	Comparison	of	substrate	turnover	rates	for	catalytic	oxidation	of	HMA4n(SH)2	by	different	Grx	enzymes	under	the	condition	of	Fig.	2;	(b)	IAA/ESI-
MS	analysis	for	HsGrx1-tm	(left	panel)	and	HsGrx1-qm	(right	panel)	during	the	catalysis	of	Fig.	2.	RS-A	refers	to	the	alkylated	thiol	RS-CH2CONH2.	

IAA/ESI-MS	 analysis	 confirmed	 that	 HMA4n(SS)	 was	 the	
dominant	product	 that	 increased	with	 reaction	 time	under	all	
experimental	 conditions	 (Fig.	 2a-f).	 Two	 other	 components,	
HMA4n(SH)(SSG)	 and	 HMA4n(SSG)2,	 were	 detected	 at	 low	
levels	during	 catalysis	 (Fig.	2c-f),	but	not	 for	 the	non-catalytic	
control	 (Fig.	 2a,b).	 When	 the	 variant	 HsGrx1-tm	 (0.1	 µM;	
containing	 the	 active	 site	motif	 Cys23-xx-Cys26	 as	 the	only	Cys	
residues)	was	used	as	the	catalyst	for	oxidation	of	HMA4n(SH)2	
(10	 µM)	 in	 buffer	 containing	 GSSG	 (400	 µM)/GSH	 (40	 µM),35	
the	 concentration	 of	 HMA4n(SH)(SSG)	 increased	 quickly	 and	
reached	 a	maximum	within	 the	 first	minute	 to	 ~10%	 of	 total	
HMA4n	 fractions	 (Fig.	2c,d).	 Its	 concentration	 then	decreased	
steadily	 while	 that	 of	 HMA4n(SSG)2	 increased	 slowly	 up	 to	
~15%	 and	 then	 deceased	 	 after	 >	 80%	 of	 HMA4n(SH)2	 had	
been	oxidized.	

Unexpectedly,	 the	 activity	 of	 monothiol	 HsGrx1-qm	 (the	
reactive	 N-terminal	 Cys23	 is	 the	 only	 Cys	 present)	 is	 about	
double	 that	 of	 dithiol	 HsGrx1-tm	 (Figs.	 2c-f	 and	 3a).	 The	
appearance	 and	 decay	 of	 HMA4n(SH)(SSG)	 and	HMA4n(SSG)2	
are	qualitatively	similar	 in	each	system,	but	the	 latter	 is	more	
abundant	with	 HsGrx1-qm	 as	 catalyst	 (compare	 Fig.	 2c,d	 and	
2e,f	for	equivalent	substrate	oxidation	rates).	These	properties	
were	 shared	 by	 the	 equivalent	 E.	 coli	 enzymes	 EcGrx1	 and	
EcGrx1-C14S	(Fig.	S2).	

IAA/ESI-MS	analysis	may	be	applied	to	the	enzymes	as	well.	
Only	 HsGrx1-tm(SS)	 and	 HsGrx1-qm(SSG)	 were	 detected	
throughout	the	catalysis	although	both	were	added	as	the	fully	
reduced	 forms	 (Fig.	 3b).	 This	 indicates	 that,	 under	 the	
oxidative	 conditions	defined	by	 the	GSSG	 (400	µM)/2GSH	 (40	
µM)	 redox	 couple,	 these	 oxidized	 Grx	 forms	 acted	 as	 the	
resting	enzymes	ensuring	their	optimal	oxidase	function.	

The	overall	oxidation	rates	are	defined	most	adequately	by	
the	 consumption	 rate	 of	 substrate	 HMA4n(SH)2.	 Variation	 of	

enzyme	concentration	allowed	estimation	of	the	turnover	rate	
(Fig.	 3a).	 HsGrx1-tm	 and	 EcGrx1	 exhibit	 comparable	 catalytic	
activities	 with	 an	 average	 substrate	 turnover	 rate	 of	 ~26	
µM/min/µM	 enzyme	 (Table	 1).	 They	 each	 feature	 an	 intact	
Cys-xx-Cys	 active	 site	 (Fig.	 1a,c).	 Mutation	 of	 the	 N-terminal	
reactive	Cys23	to	Ser	in	HsGrx1	abolished	the	enzyme	function	
completely	while	mutation	of	the	C-terminal	Cys	to	Ser	in	both	
HsGrx1-tm	and	EcGrx1	effectively	doubled	the	enzyme	activity	
(Fig.	3a,	Table	1).	

Table	1.		HMA4n	turnover	rates	by	Grx	enzymes	a	

Enzyme	 As	an	oxidase	b	
(µM/min/µM	enzyme)	

As	a	reductase	c	
(µM/min/µM	enzyme)	

HsGrx1-C23S	 ~	0	 0.2	
hGx1-tm	 24	 5.9	

HsGrx1-qm	 47	 6.9	
EcGrx1	 28	 6.1	

EcGrx1-C14S	 49	 7.1	
a	 The	 background	 substrate	 turnover	 rate	 under	 the	 same	 conditions	 without	
enzyme	was	subtracted	in	each	case;	b	 In	KPi	buffer	(50	mM,	pH	7.0)	containing	
GSSG	(400	µM)/GSH	(40	µM),	HMA4n(SH)2	(10	µM)	and	a	Grx	enzyme	(0-20	nM);	
see	 Fig.	 2;	 c	 In	 KPi	 buffer	 (50	mM,	 pH	 7.0)	 containing	GSSG	 (20	 µM)/GSH	 (800	
µM),	HMA4n(SS)	(10	µM)	and	a	Grx	enzyme	(0-100	nM);	see	Fig.	4.	

The	 above	 observations	 lead	 to	 several	 conclusions:	 (1)	
HMA4n(SH)(SSG)	is	a	key	intermediate	species	on	the	pathway	
to	the	final	oxidation	product	HMA4n(SS)	but	may	be	trapped	
partially	 as	 the	 doubly	 glutathionylated	 form	 HMA4n(SSG)2	
also,	 especially	 when	 the	 monothiols	 HsGrx1-qm	 or	 EcGrx1-
C14S	were	used	as	 catalysts	 (Figs.	2c-f);	 (2)	HMA4n(SSG)2	 can	
also	 be	 converted	 to	 the	 disulfide	 HMA4n(SS)	 under	 the	
conditions;	 its	 overall	 concentration	 increased	 initially	 and	
then	decreased	once	the	oxidation	was	>	80%	complete	(Figs.	
2c-f);	(3)	monothiol	Grxs	lacking	the	N-terminal	Cys	residue	are	
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inactive	but	those	lacking	the	C-terminal	Cys	residue	are	about	
twice	 as	 active	 (Fig.	 3a).	 Consequently,	 the	 catalysis	 relies	 on	
the	 N-terminal	 Cys	 residue	 only,	 but	 the	 C-terminal	 Cys	
appears	 to	modulate	both	 the	enzyme	activity	 (by	acting	as	a	
catalytic	 brake)	 and	 the	 catalytic	 pathway.	 Intriguingly,	 most	
native	 monothiol	 Grxs	 are	 inactive	 in	 the	 classic	 Grx	 activity	
assay	 but,	 in	 conjunction	 with	 GSH,	 are	 important	 in	 iron	
homeostasis	and	Fe-S	cluster	assembly.36	

Reduction	of	a	protein	disulfide	by	GSH	

The	 GSSG/GSH	 ratio	 was	 adjusted	 to	 drive	 reaction	 1	 in	 the	
reverse	direction	(eq	2):	

 HMA4n(SS)		+	2	GSH		
()*+

			HMA4n(SH)2		+		GSSG	 	(2)	

Incubation	 of	 HMA4n(SS)	 (10	 µM)	 in	 de-oxygenated	 KPi	
buffer	 (50	 mM,	 pH	 7.0)	 containing	 GSSG	 (20	 µM)/GSH	 (800	
µM)	was	 followed	by	 IAA/ESI-MS	analysis.35	 In	 the	absence	of	
enzyme,	a	fast	exchange	equilibrium	was	established	between	
HMA4n(SS)	and	HMA4n(SH)(SSG)	(~7%;	 in	1-2	min).	The	latter	
was	reduced	further	to	HMA4n(SH)2	at	a	slow	rate	(~0.01	µM	
min-1;	Fig.	4a,c).	However,	upon	addition	of	catalytic	amounts	
of	 HsGrx1-tm,	 HMA4n(SS)	 was	 reduced	 enzymatically	 to	 the	
fully	 reduced	 form	 HMA4n(SH)2	 (Fig.	 4b,c).	 The	 catalytic	 rate	
increased	 linearly	 with	 enzyme	 concentration	 in	 the	 range	
0.02-0.10	 µM,	 allowing	 reliable	 estimation	 of	 a	 substrate	
turnover	rate	of	~6	µM/min/µM	enzyme	under	the	conditions	
(Fig.	 4d,	 Table	 1).	 This	 is,	 however,	 only	 one	 quarter	 of	 the	
substrate	turnover	rate	for	the	reverse	reaction	1	(Table	1)	and	
implies	that	the	catalytic	routes	and	mechanisms	of	reactions	1	
and	2	must	be	different.	

The	steady-state	concentration	of	the	intermediate	species	
HMA4n(SH)(SSG)	 decreased	 with	 increased	 enzyme	
concentration,	 i.e.,	 decreased	 as	 the	 catalytic	 reduction	 rate	
increased	 (Fig.	 4a,b;	 Table	 2).	 This	 suggested	 that	 the	 pre-
chemical	 formation	 of	HMA4n(SH)(SSG)	was	 not	 a	 bottleneck	
in	the	reduction	and	so	other	route(s)	toward	the	final	product	
HMA4n(SH)2	must	exist.	

Again,	 while	 the	 variant	 HsGrx1-C23S	 was	 inactive	 in	
catalysis,	HsGrx1-qm	and	EcGrx-C14S	(both	retain	the	single	N-
terminal	Cys	residue	only)	were	catalytically	more	competent,	
although	 by	 ~17	 %	 only	 under	 the	 conditions.	 This	 contrasts	
with	the	doubling	of	activity	for	reverse	reaction	1	(Table	1).	

Both	 enzymes	were	 detected	 in	 their	 fully	 reduced	 forms	
HsGrx1-tm(SH)2	 and	 HsGrx1-qm(SH)	 only	 during	 catalysis	
under	 the	 conditions	 (Fig.	 S3),	 indicating	 that	 they	 are	 the	
resting	 enzyme	 forms	 at	 high	 GSH	 concentration.	 Again,	 this	
ensures	 their	 optimal	 function	 as	 reductases	 under	 the	
conditions.	 We	 have	 demonstrated	 that,	 in	 the	 presence	 of	
abundant	GSSG/GSH,	the	Grx	enzymes	shuttle	rapidly	(t1/2	<	1	
min)	between	three	oxidation	states:	internal	disulfide	Grx(SS),	
glutathionylated	 Grx(SH)(SSG)	 and	 dithiol	 Grx(SH)(S-).16	
Grx(SH)(SSG)	is	the	key	intermediate	species	for	the	transition	
between	 Grx(SS)	 and	 Grx(SH)(S-)	 but	 is	 not	 stable	 relative	 to	
the	 latter	two	forms:	 it	 is	detected	maximally	at	3-4%	of	total	
fractions	in	a	solution	of	GSSG/GSH	with	a	reduction	potential	

EGSSG	 (for	 the	 GSSG/2GSH	 couple)	 approaching	 the	 standard	
reduction	 potential	 𝐸"($$)&' 	 for	 the	 Grx(SS)/Grx(SH)(S-)	 redox	
couple.16,23	

	

Fig.	 4	Reduction	 of	HMA4n(SS)	 by	GSH	 in	 KPi	 buffer	 (50	mM,	 pH	 7.0,	 100	
mM	 NaCl):	 (a)	 IAA/ESI-MS	 analysis	 of	 HMA4n	 (10	 µM)	 in	 the	 buffer	
containing	 GSSG	 (20	 µM)/GSH	 (800	 µM)	 without	 a	 Grx	 enzyme,	 inset:	
expanded	 view	 for	 the	 two	 minor	 HMA4n	 components;	 (b)	 The	 same	
analysis	 upon	 addition	 of	 HsGrx1-tm	 (100	 nM)	 into	 (a);	 (c)	 reduction	 time	
course	with	no	enzyme	control	and	with	either	HsGrx1-tm	or	HsGrx1-qm	as	
catalyst	(each	100	nM);	(d)	correlation of catalytic rate with HsGrx1 enzyme 
concentrations (note: the catalytic rates given in Table 1 are obtained from 
the slopes of the best linear fits of the first three data points with enzyme 
concentration ≤ 0.1 µM).	

Table	2.	Catalytic	reduction	of	P(SS)	(P	=	HMA4n)	by	HsGrx1-tm	a	

[HsGrx1-
tm]		
(µM)	

Reduction	rate		
of	P(SS)	

(µM	min-1)	

Steady-state	
[P(SH)(SSG)]	

	(µM)	

Reductase	activity	
(µM/min/µM	
enzyme)	

0	 0.010(2)	 ~	0.7	 −	
0.02	 0.12(1)	 0.45-0.49	 6.0(5)	
0.05	 0.32(2)	 0.37-0.43	 6.4(4)	
0.10	 0.59(2)	 0.31-0.36	 5.9(2)	
0.20	 0.69(1)	 0.27-0.33	 3.5(1)	

a	 In	 KPi	 buffer	 (50	mM,	 pH	 7.0)	 containing	HMA4n(SH)2	 (10	 µM)	 and	GSSG	 (20	
µM)/GSH	(800	µM);	the	bracketed	values	are	the	errors	in	the	last	digits	averaged	
over	three	measurements.	
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Thiol-disulfide	exchange	between	HMA4n	and	
Atox1	

HMA4n	 and	 Atox1	 are	 both	metal-binding	 proteins	 with	 two	
surface-exposed	 vicinal	 cysteinyl	 thiols	 that	 are	 the	 major	
ligands	for	the	respective	metal-binding	sites	(Fig.	1d,e).	These	
thiols	may	be	oxidized	to	an	internal	disulfide	that	lacks	metal-
binding	 capability.23,37	 Their	 reduction	 potentials	 are	
essentially	 identical	 at	 ~−190	 mV	 (Table	 S1).	 Thiol-disulfide	
exchange	(eq	3)	between	these	two	proteins	is	very	slow	(Fig.	
5a;	t1/2	>	24	h)	but	is	catalyzed	by	Grx	enzymes	(Fig.	5b-c).	This	
provided	 an	 opportunity	 to	 investigate	 the	 behavior	 of	 Grx	
enzymes	 in	 the	 presence	 and	 absence	 of	 GSH.	 Each	
experiment	was	undertaken	from	both	directions	of	eq	3.	The	
progress	of	the	forward	reaction	is	shown	in	Fig.	5	and	that	of	
the	reverse	reaction	in	Fig.	S4.	

Atox1(SS)		+		HMA4n(SH)2		⇌		Atox1(SH)2		+		HMA4n(SS)					(3)	

Atox1(SS)	and	HMA4n(SH)2	 (each	10	µM)	were	mixed	and	
incubated	 in	 de-oxygenated	 KPi	 buffer	 (50	 mM,	 pH	 7.0)	 at	
room	temperature	for	24	h.	Addition	of	monothiol	HsGrx1-qm	
(0.5	 µM)	 into	 the	 system	 had	 little	 impact	 on	 the	 slow	 thiol-
disulfide	 exchange	 rate	 and	 HsGrx1-qm	 was	 detected	 in	 its	
original	reduced	form	of	HsGrx1-qm(SH)	only	('red'	 in	Fig.	5a).	
Addition	 of	 catalytic	 GSH	 (1.0	 µM)	 accelerated	 the	 exchange	
rate	considerably	 (t1/2	<	8	h)	and	 the	enzyme	HsGrx1-qm	was	
detected	as	a	mixture	of	HsGrx1-qm(SSG)	and	HsGrx1-qm(SH)	
('ox'	and	'red'	 in	Fig.	5b).	A	control	experiment	in	the	absence	
of	 enzyme	 demonstrated	 that	 GSH	 at	 1.0	 µM	 had	 no	
detectable	 impact.	The	reduction	of	Atox1(SS)	was	coupled	to	
the	simultaneous	oxidation	of	HMA4n(SH)2	(Fig.	5a,b).	

In	 contrast,	 the	 dithiol	 HsGrx1-tm	 (0.5	 µM)	 clearly	
catalyzed	 reaction	 3	 in	 the	 absence	 of	 GSH	 (Fig.	 5c)	 and	 the	
enzyme	 was	 detected	 as	 a	 mixture	 of	 its	 oxidized	 HsGrx1-
tm(SS)	 and	 reduced	 HsGrx1-tm(SH)2	 forms.	 Inclusion	 of	 GSH	
(1.0	 µM)	 into	 the	 exchange	mixture	 had	 little	 impact	 on	 the	
exchange	process	(Fig.	5d).	

These	 observations	 were	 mirrored	 by	 the	 equivalent	
experiments	for	the	reverse	of	reaction	3	(Fig.	S4).	

Reaction	 3	 is	 slow,	 even	 in	 the	 presence	 of	 a	 catalytic	
amount	 of	 a	 Grx	 enzyme.	 This	 is	 supported	 by	 detection	 of	
both	 oxidized	 and	 reduced	Grxs	 as	 the	 resting	 enzyme	 forms	
consistent	with	existence	of	at	least	two	rate-limiting	steps	for	
the	catalysis	(Figs.	5b-d,	S4).	In	each	case,	the	Grx	enzyme	was	
added	 in	 fully	 reduced	 form.	 It	 was	 oxidized	 only	 partially	
during	 the	 catalysis	 to	 reach	 a	 maximal	 oxidized	 ratio	 at	 a	
reaction	 time	 of	 ~8	 h	 and	 then	 the	 ratio	 decreased	 slowly	
toward	a	 redox	equilibrium	 (Figs.	 5b-d,	 S4b).	 This	means	 that	
Grx	cannot	function	as	an	effective	catalyst	without	the	driving	
force	 provided	 by	 the	 abundant	 cellular	 components	
GSH/GSSG	as	electron	donor/acceptor.	Apparently,	 reaction	3	
is	 too	slow	to	be	physiologically	 relevant	but	can	be	analyzed	
(see	 Discussion)	 with	 conclusions	 that	 illuminate	 the	 various	
reaction	mechanisms	in	molecular	detail.		

	

Fig.	 5	 IAA/ESI-MS	 analysis	 of	 reaction	 progress	 and	 protein	 speciation	 for	
thiol-disulfide	exchange	between	Atox1(SS)	and	HMA4n(SH)2	 (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	
from	the	result	with	no	enzyme	present);	(b)	monothiol	HsGrx1-qm	(0.5	µM)	
plus	GSH	(1.0	µM);	(c)	dithiol	HsGrx1-tm	(0.5	µM);	(d)	dithiol	HsGrx1-tm	(0.5	
µM)	plus	GSH	(1.0	µM).	Note:	 for	protein	dithiol,	 the	oxidized	(ox)	and	the	
reduced	 (red)	 form	 is	 P(SS)	 and	 P(SA)2,	 respectively	 and	 for	 protein	
monothiol,	the	oxidized	(ox)	and	the	reduced	(red)	form	is	P(SSG)	and	P(SA),	
respectively;	 the	 dashed	 line	 in	 (d)	 indicates	 the	 position	 for	 the	 putative	
species	HsGrx1-tm(SA)(SSG).	

Discussion	

General	considerations	for	thiol-disulfide	exchange	
reactions	

These	 are	 second-order	 reactions	 that	 involve	 sequential	
bimolecular	 nucleophilic	 substitution	 (SN2),	 expressed	
generally	in	eq	4:6,14		

	 RS/012 	+ 		RS1 − S67R		 → 		 RS/01 − S1R		 + 	 	RS672   (4) 

RS/012 	 is	 the	 attacking	 thiolate,	 RS1	 is	 the	 central	 sulfur	
participating	in	both	reactant	and	product	disulfide	and	RS672 	is	
the	 leaving	 group.	 The	 attacking	 thiolate	may	be	pre-existent	
or	generated	dynamically	 in	situ	by	deprotonation,	depending	
on	its	pKa	and	the	environments	of	the	thiol	and	the	disulfide.	
The	attack	 can	only	occur	 along	 the	direction	of	 the	disulfide	
bond.6,14	 Reaction	 is	 generally	 slow	 for	 aliphatic	 thiols	 and	
disulfides.	 GSH	 is	 a	 weak	 nucleophile	 (due	 to	 the	 high	
thermodynamic	barrier	 involved	 in	deprotonating	 its	cysteinyl	
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thiol:	 pKa	 ~	 8.5),	while	 GSSG	 is	 a	weak	 electrophile	 and	GS	 a	
poor	 leaving	 group.11	 Consequently,	 reactions	 1-3	 normally	
require	a	redox	enzyme.38	The	thioredoxin	family	have	evolved	
to	 act	 as	 both	 excellent	 nucleophiles	 and	 leaving	 groups.	 In	
addition,	 their	 solvent-exposed	 reactive	 thiolates	 can	 act	 as	
accessible	 electrophilic	 central	 sulfur	 atoms	 to	 be	 targeted	 in	
disulfide	 forms	 and	 so	 these	 enzymes	 promote	 thiol-disulfide	
exchange	reaction	4.	A	bonus	for	Grx	enzymes	is	their	capacity	
to	 employ	 the	 GSSG/2GSH	 redox	 couple	 as	 both	 catalytic	
cofactor	 and	 co-substrate.	 These	 general	 considerations	
rationalize	the	catalytic	mechanisms	discussed	below.	

Distinct	monothiol	and	dithiol	mechanisms	for	
thiol-disulfide	exchange	

The	uncatalyzed	 rate	of	 the	 thiol/disulfide	exchange	between	
HMA4n	and	Atox1	 (eq	3)	 is	very	slow.	 In	 the	absence	of	GSH,	
the	 exchange	 in	 either	 direction	 is	 catalyzed	 by	 the	 dithiol	
HsGrx1-tm	(Figs.	5c,	S4b),	but	not	by	the	monothiol	HsGrx1-qm	
(Figs.	5a,	S4a).	This	is	consistent	with	the	dithiol	mechanism	of	
Scheme	 IIa:	 catalysis	 proceeds	 sequentially	 via	 two	 thiol-
disulfide	 exchange	 reactions	 with	 the	 requirement	 for	 both	
cysteinyl	 thiols	 in	 the	 active	 site.	 As	 required	 by	 this	 model,	
HsGrx1-tm	 was	 detected	 to	 shuttle	 between	 the	 two	 active	
forms	 HsGrx1(SH)(S-)	 and	 HsGrx1(SS)	 (Figs.	 5c,	 S4b)	 whereas	
the	inactive	monothiol	HsGrx1-qm	remained	as	HsGrx1(OH)(S-)	
only	 (Figs.	 5a,	 S4a).	Notably,	 during	 the	 catalysis,	 the	 relative	
concentration	 of	 HsGrx1(SS)	 increased	 with	 time	 to	 reach	 a	
maximum	at	 ~8	h	 and	 then	decreased	again	 towards	 a	 redox	
equilibrium	and	such	behavior	was	seen	for	either	direction	of	
eq	3	(Figs.	5c,	S4b).	This	indicates	that	step	(i)	of	Scheme	IIa	is	
faster	 than	 step	 (iii)	 due	 to	 the	 more	 favorable	 nucleophilic	
attack	on	a	disulfide	bond	by	a	Grx	thiolate	anion	relative	to	a	
neutral	protein	thiol.	

On	 the	other	hand,	 the	presence	of	 a	 catalytic	 amount	of	
GSH	 induced	 activity	 in	 the	 monothiol	 HsGrx1-qm,	 with	
comparable	 efficiency	 (Figs.	 5b).	 This	 is	 consistent	 with	 the	
monothiol	 mechanisms	 of	 Scheme	 IIb.	 Step	 (i)	 produces	
Grx(OH)(SS)(SH)P1	 which	 cannot	 by	 itself	 release	 the	 protein	
P1	as	the	fully	reduced	form	P(SH)2.	Addition	of	GSH	facilitates	
key	step	(ii)	to	allow	the	monothiol	Grx	to	be	glutathionylated	
as	Grx(OH)(SSG)	with	simultaneous	release	of	the	fully	reduced	
P1(SH)2.	 This	 scheme	 is	 supported	 by	 the	 direct	 detection	 of	
the	two	catalytically	competent	enzyme	forms	Grx(OH)(S-)	and	
Grx(OH)(SSG)	 of	 the	 monothiol	 Grx	 throughout	 the	 catalytic	
process	 (Fig.	 5b).	 Apparently,	 step	 (ii)	 is	 promoted	 by	 the	
specific	interaction	between	GSH	and	the	Grx	enzyme	(Fig.	1b).	
In	support,	protein	P2(SH)2	(HMA4n(SH)2	in	Fig.	5b)	is	unable	to	
promote	 step	 (ii)	 due	 to	 lack	 of	 a	 specific	 binding	 interaction	
and	 to	 the	 steric	 hindrance	 of	 forming	 a	 transient	 complex	
between	three	protein	molecules.	

The	 oxidized	 enzyme	 form	 Grx(OH)(SSG)	 may	 induce	
P2(SH)2	 oxidation	 via	 steps	 (iii)	 and	 (iv).	 Step	 (iii)	 was	
demonstrated	 by	 our	 recent	 observation	 that	 Grx(OH)(SSG)	
reacts	 with	 a	 protein	 monothiol	 P(SH)	 to	 yield	 P(SSG)	 only16	
while	step	(iv)	is	a	spontaneous	non-catalytic	chemical	process.	

Similar	to	the	reactions	in	Fig.	5c	(Scheme	IIa),	the	oxidized	
enzyme	 form	 Grx(OH)(SSG)	 in	 Fig.	 5b	 (Scheme	 IIb)	 was	 also	
detected	with	the	highest	relative	concentration	at	a	reaction	
time	of	 ~8	 h,	 suggesting	 that	 step	 (i)	 is	 faster	 than	 step	 (iii)	 I	
both	cases	for	the	reason	mentioned	above.	

On	the	other	hand,	both	steps	(i)	and	(iii)	are	rate-limiting	
(relative	to	steps	(ii)	and	(iv))	in	both	the	monothiol	and	dithiol	
mechanisms	 of	 Schemes	 IIa	 and	 IIb.	 This	 rationalizes	 the	
detection	 of	 two	 forms	 of	 each	 enzyme	 throughout	 the	
catalytic	 exchange	 reactions	 and	 the	 slow	 catalytic	 processes	
(Figs.	5b-d	and	S4b).	

It	was	speculated	that	oxidation	of	P(SH)2	by	Grx(SH)(SSG)	
might	 also	 proceed	 via	 nucleophilic	 attack	 of	 P(SH)2	 on	 the	
reactive	 sulfur	 atom	 in	 Grx(SH)(SSG)	 (similar	 to	 step	 (iii)	 of	
IIa)39	 and	 this	will	 lead	 to	 an	 alternative	 reaction	 Scheme	 S1.	
However,	 such	 speculation	 is	 not	 supported	 by	 the	
experimental	 data	 (see	 further	 discussion	 in	 the	 Supporting	
Information).	

	

Scheme	 II.	 Dithiol	 mechanism	 in	 the	 absence	 of	 GSH	 (a)	 and	 monothiol	
mechanism	in	the	presence	of	GSH	(b)	employed	by	Grx	enzymes	catalyzing	
thiol-disulfide	exchange	between	proteins	P1(SS)	and	P2(SH)2.	

The	mechanisms	of	catalytic	oxidation	of	protein	
dithiols	P(SH)2	by	GSSG	

The	above	discussion	provides	 a	 solid	basis	 for	 interpretation	
of	 the	 experimental	 data	 of	 Fig.	 2	 in	 terms	 of	 Scheme	 III.	
Substrate	 HMA4n(SH)2	 (𝐸"($$)&' 	 =	 –192	 mV;	 Table	 S1)	 is	
thermodynamically	unstable	in	a	buffer	at	pH	=	7.0	containing	
GSSG	 (400	 µM)/GSH	 (40	 µM):	 ~–81	 mV	 (eqs	 S1-2;	 see	
Supporting	 Information).	 In	 the	 absence	 of	 a	 catalyst,	 the	
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oxidation	can	only	be	initiated	by	nucleophilic	attack	of	a	thiol	
in	 HMA4n(SH)2	 on	 GSSG.	 This,	 however,	 is	 a	 kinetically	
unfavorable	 process	 due	 to	 the	 poor	 nucleophilicity	 of	 a	
normal	 protein	 thiol	 group	 and	 the	 relative	 stability	 of	 the	
disulfide	bond	in	GSSG.	

	

Scheme	 III.	 Proposed	 parallel	 monothiol-dithiol	 mechanism	 for	 catalytic	
oxidation	of	protein	dithiol	P(SH)2	 (such	as	HMA4n(SH)2)	by	Grx/GSSG.	The	
monothiol	 oxidation	 route	 is	 shown	 in	 solid	 lines	 whereas	 the	 dithiol	
oxidation	route	in	dashed	lines.	Under	the	oxidative	conditions,	the	resting	
enzyme	 forms	 for	dithiol	Grx	and	monothiol	Grx	are	Grx(SS)	and	Grx(SSG),	
respectively.	

Addition	of	enzyme	allows	effective	activation	of	the	GSSG	
disulfide	 bond	 to	 yield	 active	 Grx(SH)(SSG)	 (step	 i).	 Parallel	
routes	 then	 become	 available.	 The	 first	 is	 a	 monothiol	
mechanism	 (shown	 in	 solid	 arrows)	 in	 which	 the	 enzyme	
directly	 glutathionylates	 a	 protein	 thiol	 in	 HMA4n(SH)2	 to	
produce	 unstable	 HMA4n(SH)(SSG)	 (step	 ii)	 that	 converts	
spontaneously	to	HMA4n(SS)	(step	iii).40	 The	 second	 is	 a	
dithiol	 mechanism	 (in	 dashed	 arrows)	 in	 which	 Grx(SH)(SSG)	
oxidizes	 spontaneously	 to	 the	 disulfide	 Grx(SS)	 (step	 iv).	 The	
latter	 may	 execute	 the	 oxidation	 of	 protein	 dithiol	 substrate	
via	steps	(v)	and	(vi).	

Evidence	for	the	dithiol	mechanism	includes:	(1)	under	the	
oxidative	 conditions	 imposed	 by	 GSSG,	 the	 Grx	 enzyme	 was	
detected	as	 the	 fully	oxidized	 form	Grx(SS)	only	 (Fig.	3b):	 it	 is	
the	 resting	 enzyme	 form	 under	 these	 conditions	 and	 is	
consistent	 with	 both	 reverse	 step	 (iv)	 and	 forward	 step	 (v)	
being	rate-determining	steps	 in	Scheme	III;	 (2)	 in	the	absence	
of	 GSSG/GSH,	 dithiol	 HsGrx1-tm,	 but	 not	 monothiol	 HsGrx1-
qm,	catalyzed	the	thiol-disulfide	exchanges	of	eq	3	(Figs.	5,	S4).	
These	can	proceed	via	a	dithiol	mechanism	only,	as	outlined	in	
Scheme	IIa.	

Evidence	for	 the	monothiol	mechanism	 in	the	presence	of	
GSSG/GSH	is	summarized	below:	

(1)	 Intermediate	 species	 HMA4n(SH)(SSG)	 was	 readily	
detected,	 especially	 in	 the	 early	 stages	 when	 its	 production	
rate	 reached	 a	 maximum	 due	 to	 the	 high	 relative	
concentration	 of	 substrate	 HMA4n(SH)2	 (Fig.	 2c-f).	 This	
intermediate	 can	 only	 be	 generated	 via	 step	 (ii)	 of	 the	
monothiol	route.41	

(2)	Mutation	of	the	C-terminal	Cys	to	Ser	in	the	Cys-xx-Cys	
active	 site	 motif	 of	 dithiol	 Grx	 enzymes	 eliminated	 the	
possibility	 of	 a	 dithiol	mechanism	and	 enhanced	 the	 catalytic	

activity	 by	 ~100%	 (Table	 1).	 This	 confirms	 the	 existence	 of	 a	
monothiol	route	that	is	more	efficient	than	the	dithiol	route.	In	
support,	 Grx(OH)(SSG)	 was	 detected	 as	 the	 resting	 enzyme	
form	(Fig.	3b).42	

	(3)	 In	 the	absence	of	GSH,	monothiol	HsGrx1-qm	was	not	
able	 to	 catalyze	 reaction	 3,	 the	 thiol-disulfide	 exchange	
between	two	dithiol	proteins.	However,	addition	of	a	catalytic	
quantity	 of	 GSH	 rescued	 its	 catalytic	 activity	 and	 the	 enzyme	
was	 detected	 to	 shuttle	 between	 the	 two	 catalytically	
competent	 forms	HsGrx1-qm(SH)	 and	HsGrx1-qm(SSG)	 during	
the	catalysis	 (Fig.	5a,b).	This	can	only	occur	via	the	monothiol	
steps	of	Scheme	IIb.	

These	 observations	 demonstrate	 that	 the	 trace	 enzyme	
species	 Grx(SH)(SSG),	 although	 difficult	 to	 detect	 under	
oxidizing	 conditions,	 plays	 an	 important	 role	 in	 oxidation	 of	
protein	dithiols	P(SH)2	via	the	monothiol	mechanism.	This	may	
be	 attributed	 to	 the	high	 efficiency	 of	 its	 glutathionylation	of	
protein	 thiols	 (step	 ii	 of	 Scheme	 III):	 the	 fully	 reduced	 Grx	
enzyme	 is	 an	 excellent	 leaving	 group	 upon	 reduction	 of	 a	
disulfide	bond	involving	its	reactive	thiol	(see	eq	4).	

As	 discussed	 above,	 speculation	 that	 the	 oxidation	 of	
HMA4n(SH)2	 might	 proceed	 also	 via	 nucleophilic	 attack	 of	
HMA4n(SH)2	 on	 the	 reactive	 sulfur	 atom	 in	 Grx(SH)(SSG)39	 is	
not	 supported	 by	 our	 previous	 equivalent	 experiments	 with	
protein	 monothiol	 P(SH)	 (see	 further	 discussion	 in	 SI).16	
Nevertheless,	reaction	Scheme	III	demonstrates	that	Grxs	are	a	
class	of	 versatile	enzymes	with	 flexibility	 in	 catalyzing	protein	
dithiol	oxidation	by	GSSG	via	either	a	monothiol	mechanism	or	
a	dithiol	mechanism	or,	more	likely,	both	in	parallel.	

The	mechanism	of	catalytic	reduction	of	protein	
disulfides	P(SS)	by	GSH	

An	 enzyme	 normally	 catalyzes	 a	 reaction	 in	 both	 directions.	
However,	 catalytic	 oxidation	of	 a	 protein	dithiol	 by	Grx/GSSG	
(eq	 1)	 may	 proceed	 via	 two	 different	 routes	 as	 shown	 in	
Scheme	 III.	 Step	 (iii)	 in	 the	 key	 monothiol	 route	 does	 not	
require	 the	 action	 of	 an	 enzyme.	 This	 raises	 an	 intriguing	
question:	 what	 is	 the	 reaction	 mechanism	 for	 the	 reverse	
catalytic	 process,	 i.e.,	 for	 catalytic	 reduction	 of	 a	 protein	
disulfide	 by	 Grx/GSH,	 as	 represented	 by	 eq	 2.	 This	 has	 been	
controversial	and	three	mechanisms	(Schemes	Ia-c)	have	been	
proposed	 and	 are	 debated	 currently.	 The	 availability	 of	
IAA/ESI-MS	analysis	in	this	work	allowed	design	of	a	number	of	
experiments	to	examine	the	possibilities.	

(a)	Chemical	pre-equilibrium	monothiol	mechanism	

This	mechanism	is	adapted	from	that	proposed	for	the	classic	
HEDS	assay	(Scheme	1a).21,22	It	assumes	that	there	is	a	fast	pre-
equilibrium	 between	 protein	 disulfide	 P(SS)	 and	 GSH	 to	
generate	disulfide	P(SH)(SSG)	that	is	reduced	enzymatically	by	
Grx	 via	 the	 monothiol	 mechanism.	 This	 scheme	 was	 used	
recently	to	describe	the	mechanism	of	catalytic	reduction	of	a	
disulfide	 bond	 in	 both	 human	 SOD1	 and	 human	 Trx1	 by	
Grx/GSH.30,31	 In	 fact,	 it	 is	equivalent	 to	the	proposal	 that	step	
(iii)	 in	 Scheme	 III	 is	 chemically	 reversible	 and	 rapidly	
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equilibrated.	 If	this	was	the	case,	the	reduction	of	HMA4n(SS)	
would	 proceed,	 at	 elevated	 GSH	 concentration,	 via	 reverse	
steps	(iii)	®	(ii)	®	(i).	

Experimental	 evidence	 from	 the	 present	work	 appears	 to	
support	 this	 mechanism:	 in	 a	 buffer	 containing	 GSSG	 (20	
µM)/GSH	(800	µM)	without	a	Grx	enzyme,	HMA4n(SS)	(10	µM)	
does	equilibrate	quickly	with	GSH	to	yield	HMA4n(SH)(SSG)	(~7	
%)	that,	in	the	absence	of	a	catalyst,	is	reduced	at	a	very	slow	
rate	to	HMA4n(SH)2	(Fig.	4a,c).	Upon	addition	of	an	active	Grx	
enzyme,	 the	 reduction	 rate	 increased	 considerably	 and	 was	
proportional	 to	 the	 enzyme	 concentration	 (Fig.	 4b,c).	
However,	 the	 steady-state	 concentration	 of	 HMA4n(SH)(SSG)	
decreased	 proportionally	 with	 increase	 in	 the	 reduction	 rate	
(Fig.	 4a,b;	 Table	 2).	 This	 indicates	 that	 this	 chemical	 pre-
equilibrium	 adjusts	 too	 slowly	 to	 account	 for	 the	 observed	
enzyme	 activity	 and	 that	 there	 must	 be	 parallel	 reduction	
routes	 in	 operation.	 Similar	 conclusions	were	 reached	 from	a	
recent	 re-evaluation	 of	 the	 reaction	mechanism	 of	 the	 HEDS	
assay	(Scheme	1a).33	

	(b)	Parallel	monothiol-dithiol	mechanisms	

The	catalytic	 reduction	of	a	protein	disulfide	by	Grx/GSH	may	
proceed	via	the	reverse	direction	of	step	(vi)	of	Scheme	III.	This	
would	 lead	 to	 the	 parallel	 monothiol-dithiol	 mechanisms	
shown	in	Scheme	IV.23	This	possibility	is	now	explored.	

	

Scheme	 IV.	 Proposed	 parallel	 monothiol-dithiol	 mechanisms	 for	 catalytic	
reduction	of	 protein	disulfides	P(SS)	 by	Grx/GSH.	 The	monothiol	 reduction	
route	 is	 shown	 in	 solid	 arrows	 with	 the	 dithiol	 route	 in	 dashed	 arrows.	
Under	the	reducing	conditions,	 the	resting	 forms	for	dithiol	and	monothiol	
Grx	enzymes	are	Grx(SH)(S-)	and	Grx(OH)(S-),	respectively.	

Scheme	 IV	 is	 actually	 an	 integration	 of	 the	 two	 separate	
mechanisms	(mono-	and	di-thiol)	presented	 in	Scheme	 Ib,c.	 It	
suggests	 that	 dithiol	 Grx	 enzymes	 are	 adapted	 to	 catalyze	
protein	 disulfide	 reduction	 by	 GSH	 via	 direct	 attack	 on	 the	
disulfide	to	form	an	enzyme-protein	disulfide	complex	(step	i).	
This	 is	followed	by	either	a	monothiol	mechanism	(steps	ii,	 iii)	
or	a	dithiol	mechanism	(step	iv)	or	both	in	parallel.	

Step	(i)	is	seen	to	occur	in	Fig.	5	(see	Scheme	II)	as	the	first	
step	of	each	 catalytic	 reaction	 and	 is	 supported	by	our	direct	
detection	of	the	transient	enzyme-protein	complex	in	a	similar	
case.23	 Step	 (ii)	 is	 the	 key	 for	 the	 monothiol	 mechanism	 in	
which	 the	 protein	 mixed	 disulfide	 bond	 is	 attacked	 by	 an	
external	GSH	molecule	to	complete	the	reduction	and	to	yield	
the	 glutathionylated	 enzyme	 Grx(SH)(SSG).	 This	 step	 is	
promoted	 by	 the	 specific	 interaction	 between	 GSH	 and	 Grx		

(Fig.	 1b)	 and	by	 the	high	 concentration	of	GSH.	On	 the	other	
hand,	step	(iv)	of	the	dithiol	mechanism	is	independent	of	the	
GSH	 concentration	 and	 involves	 formation	 of	 the	 enzyme	
disulfide	 Grx(SS).	 Both	 Grx(SH)(SSG)	 and	 Grx(SS)	 can	 be	 re-
activated	by	GSH	at	high	concentration.16	

Mutation	of	 the	C-terminal	Cys	 to	Ser	 in	both	HsGrx1	and	
EcGrx1	led	to	~17%	increase	in	their	activities	for	reduction	of	
HMA4n(SS)	by	GSH	(eq	2).	This	contrasts	with	~100%	increase	
in	their	oxidase	activities	for	oxidation	of	HMA4n(SH)2	by	GSSG	
(eq	1;	Table	1).	 The	 reasons	 could	be	 twofold:	 (1)	GSH	at	 the	
high	 concentrations	 required	 for	 disulfide	 reduction	 is	
expected	to	promote	the	monothiol	reduction	route	for	dithiol	
Grx	 enzymes;	 (2)	 the	 Grx(SS)	 species	 formed	 via	 the	 dithiol	
mechanism	 can	 be	 re-activated	 efficiently	 by	 GSH	 at	 high	
concentrations.16	 Nevertheless,	 the	 C-terminal	 Cys	 acts	 as	 a	
catalytic	brake	in	either	case.	

Notably,	 the	 catalytic	 rate	 for	 reduction	 of	 HMA4n(SS)	 is	
slower	 than	that	of	 the	reverse	 reaction	by	 the	same	enzyme	
(about	 24%	 and	 15%	 for	 dithiol	 and	 monothiol	 Grx,	
respectively;	 see	 Table	 1).	 The	 reason	 is	 that	 the	 oxidation	 is	
promoted	 by	 a	 fast	 non-enzymatic	 step	 (iii)	 in	 Scheme	 III	
whereas	the	reverse	reaction	rate	of	this	step	is	much	slower,	
even	at	the	high	GSH	concentration	of	800	µM	(Fig.	4a).	

The	 resting	 enzyme	 form	 now	 detected	 is	 fully	 reduced	
Grx(SH)(S-)	 or	 Grx(OH)(S-)	 (Fig.	 S3),	 consistent	 with	 the	 rate-
determining	step	(i)	at	high	GSH	concentration	in	Scheme	IV.	

It	 has	 been	 reported	 that	 both	 active	 site	 Cys	 residues	 in	
EcGrx1	are	required	for	catalytic	reduction	of	certain	disulfides	
(see	detailed	discussion	in	SI).21,32,43-45	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.	 Indeed,	 the	 presence	 of	 two	
Cys	 residues	 in	 the	 Grx	 active	 site	 allows	 the	 versatility	 of	
access	 to	both	the	monothiol	and	dithiol	pathways.	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).		

Conclusions	
Grxs	 are	 a	 class	 of	 GSH-dependent	 thiol-disulfide	
oxidoreductases	that	directly	bridge	the	reversible	sulfur	redox	
chemistry	 of	 protein	 thiols	 to	 the	 abundant	 cellular	 non-
protein	 GSSG/2GSH	 redox	 couple.	 They	 are	 adapted	 to	
catalyze	oxidation	of	a	protein	dithiol	to	a	disulfide	by	GSSG	via	
either	a	monothiol	or	a	dithiol	mechanism	or	more	likely,	both	
in	 parallel	 (Scheme	 III).	 The	 monothiol	 mechanism	 is	 more	
efficient	than	the	dithiol	mechanism,	likely	due	to	the	fact	that	
the	 glutathionylated	 substrate	 species	 P(SH)(SSG)	 generated	
via	 the	monothiol	mechanism	 (step	 ii)	 is	 highly	 activated	 and	
converted	 rapidly	 and	 spontaneously	 to	 the	 stable	 disulfide	
product	(steps	iii).	

Grxs	 are	 also	 adapted	 to	 catalyze	 reduction	 of	 protein	
disulfides	 by	 GSH	 via	 parallel	 monothiol-dithiol	 mechanisms	
(Scheme	 IV).	 The	 monothiol	 mechanism	 relies	 on	 access	 of	
GSH	to	the	mixed	disulfide	of	the	Grx-protein	complex.	When	
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access	 is	 inhibited,	 the	 reduction	 is	 constrained	 to	 the	dithiol	
mechanism.	A	chemical	pre-equilibrium	monothiol	mechanism	
may	 also	 play	 a	 minor	 role	 but	 this	 non-catalytic	 process	 is	
generally	too	slow	for	fast	enzyme	action.	In	addition,	Grxs	can	
catalyze	 reversible	 glutathionylation/deglutathionylation	 via	 a	
monothiol	 mechanism.16	 The	 flexibility	 of	 Grx	 enzymes	 in	
catalysis	 can	 be	 attributed	 primarily	 to	 the	 specific	 binding	
interaction	between	GSH	and	the	enzymes	(Fig.	1b).	

Recent	progress	 shows	 that	 the	 relative	 concentrations	of	
GSH	 and	 GSSG	 vary	 considerably	 across	 different	 cellular	
compartments	and,	consequently,	 so	do	 the	 formal	 reduction	
potentials	 imposed	 by	 the	 GSSG/2GSH	 redox	 couple.29	
However,	 cellular	 processes	 usually	 work	 under	 steady-state	
kinetic	 controls	 that	 deviate	 from	 thermodynamic	
equilibria.46,47	 In	this	sense,	Grx	enzymes	must	play	 important	
roles	in	facilitating	essential	dynamic	cellular	redox	processes.	

Experimental	section	

Materials	and	general	methods	

General	 chemicals	 and	 reagents	were	purchased	 from	Sigma-
Aldrich	and	used	as	 received.	 Stock	 solutions	of	dithiothreitol	
(DTT)	 and	GSH	were	 prepared	 in	 deoxygenated	Milli-Q	water	
and	 stored	 in	 an	 anaerobic	 glove	 box.	 Their	 concentrations	
based	 on	 quantitative	 dissolution	 were	 confirmed	 and	
calibrated	with	the	Ellman	assay.48	

To	 ensure	 accurate	 quantification	 of	 redox	 events	 and	
redox	 equilibria,	 all	 chemicals	 and	 proteins	 in	 air-sensitive	
reduced	 forms	 were	 prepared,	 stored	 and	 handled	 under	
anaerobic	 conditions	 inside	 a	 glove-box.	 Unless	 indicated,	
most	 experiments	 on	 thiol-disulfide	 exchange	 reactions	were	
also	 conducted	 under	 anaerobic	 conditions	 using	 thoroughly-
deoxygenated	buffers.	

Protein	production,	quantification	and	
characterization	

Various	 Grx	 enzymes	 and	 Atox1	 protein	 were	 expressed	 and	
isolated	as	reported.16,23	The	protein	domain	HMA4n	was	also	
expressed	and	 isolated	according	 to	a	previous	 report.34	Each	
purified	 protein	 was	 fully	 reduced	 with	 DTT	 and	 buffer-
exchanged	 using	 a	 desalting	 column	 with	 thoroughly	
deoxygenated	Mops	buffer	 (50	mM,	pH	7.0,	100	mM	NaCl)	 in	
an	anaerobic	glove-box.	Correct	thiol	content	was	determined	
in	each	case	with	Ellman’s	reagent	5,5-dithiobis(2-nitrobenzoic	
acid)	 (DTNB)	 based	 on	 the	 concentrations	 estimated	 from	
respective	 solution	 absorbance	 at	 280	 nm.48	 The	 oxidized	
proteins	HMA4n(SS),	Atox1(SS),	HsGrx1-tm(SS)	and	EcGrx1(SS)	
were	 generated	 by	 oxidation	 with	 a	 slightly	 excess	 of	
[FeIII(CN)6]

3-	 and	 then	 buffer-exchanged	 with	 a	 desalting	
column	 to	 separate	 the	 protein	 component	 from	 the	 Fe	
complexes.	The	reduction	potentials	of	protein	disulfides	were	
determined	as	reported	(see	Supporting	Information).16	

Electrospray	ionization	mass	spectrometry	

All	 experiments	 were	 conducted	 on	 an	 Agilent	 time-of-flight	
mass	 spectrometer	 (TOF-MS)	 (model	 6220,	 Palo	 Alto,	 CA)	
coupled	 to	 an	 Agilent	 1200	 LC	 system	 with	 details	 given	
previously.23	 Control	 experiments	 demonstrated	 that,	 for	 the	
same	 protein,	 the	 integrated	 mass	 spectral	 intensities	 for	
different	 redox	 forms	 are	 proportional	 to	 their	 relative	
concentrations,	 as	 demonstrated	 previously.23	 Consequently,	
the	fraction	of	each	oxidation	component	for	the	same	protein	
was	determined	by	integration	of	the	mass	spectral	peak	area	
of	 that	 component	 and	 then	 divided	 by	 the	 sum	 of	 the	 total	
peak	areas	for	all	components	of	that	protein.	All	protein	thiols	
were	 alkylated	 with	 excess	 iodoacetamide	 (IAA)	 for	 ESI-MS	
detection.	 For	 each	 thiol	 group,	 a	 net	 mass	 of	 57	 Da	 for	 an	
acetamide	group	–CH2CONH2	was	added	to	the	detected	molar	
mass	of	the	protein	target.	

Oxidation	of	protein	dithiols	in	GSSG/GSH	buffer	

The	 oxidation	was	 effected	 by	 incubation	 of	 HMA4n(SH)2	 (10	
µM)	 in	 a	 redox	 buffer	 composed	 of	 GSSG	 (400	 µM)/GSH	 (40	
µM)	in	KPi	buffer	(50	mM,	pH	7.0)	in	the	absence	and	presence	
of	a	 selected	Grx	enzyme	at	various	concentrations	 (20	–	100	
nM)	.	The	reactions	were	followed	by	IAA/ESI-MS	analysis	and	
were	 started	by	 adding	HMA4n(SH)2	 containing	either	no	Grx	
enzyme	or	various	amounts	of	a	selected	Grx	enzyme	into	the	
GSSG/GSH	redox	buffer	to	make	a	reaction	mixture	containing	
the	 required	 final	 concentration	 for	 each	 component	 as	
quoted	above.	An	aliquot	of	the	reaction	mixture	(~10	µL)	was	
transferred	into	a	micro-tube	containing	an	IAA	solution	(5	µL	
50	mM	in	H2O;	>50-fold	excess)	 to	quench	 the	reaction	along	
the	reaction	time	course.	The	oxidation	rate	for	each	reaction	
was	 calculated	 from	 the	 initial	 reaction	 rate	 that	 increased	
linearly	 with	 time.	 The	 substrate	 turnover	 numbers	 for	 each	
enzyme	 expressed	 as	 µM/min/µM	 enzyme	 was	 quoted	 from	
the	 reaction	 with	 an	 enzyme	 concentration	 at	 20	 nM.	 The	
background	oxidation	rate	was	removed	in	the	calculation.	

Reduction	of	protein	disulfides	in	GSSG/GSH	buffer	

HMA4n(SS)	with	an	 internal	disulfide	was	 the	 sole	product	of	
HMA4n(SH)2	oxidation	by	[Fe

III(CN)6]
3-	and	was	selected	for	the	

experiments.	 The	 reduction	 was	 effected	 by	 incubation	 of	
HMA4n(SS)	 (10	µM)	 in	 a	 redox	buffer	 composed	of	GSSG	 (20	
µM)/GSH	 (800	 µM)	 in	 KPi	 buffer	 (50	 mM,	 pH	 7.0)	 in	 the	
absence	 or	 presence	 of	 a	 selected	 Grx	 enzyme	 at	 various	
concentrations	(20	–	200	nM).	The	reactions	were	followed	by	
IAA/ESI-MS	analysis.	The	control	reaction	with	no	enzyme	was	
started	by	adding	HMA4n(SS)	into	the	GSSG/GSH	redox	buffer.	
The	 catalytic	 reaction	 was	 started	 by	 first	 addition	 of	
HMA4n(SS),	 followed	 by	 the	 required	 Grx	 enzyme.	 The	
reaction	was	timed	upon	the	final	addition	of	the	enzyme	and	
was	followed	by	IAA/ESI-MS	analysis	as	detailed	above.	
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Thiol-disulfide	exchange	between	HMA4n	and	
Atox1	

These	two	proteins,	one	in	oxidized	form	P1(SS)	and	the	other	
in	 reduced	 form	P2(SH)2,	were	mixed	 in	1:1	molar	 ratio	 (each	
10	µM)	in	de-oxygenated	KPi	buffer	(50	mM,	pH	7.0),	followed	
by	 adding	 no	 enzyme	 or	 selected	 Grx	 enzyme	 (0.05	 µM)	 to	
start	 the	 exchange	 reaction.	 GSH	 (1.0	 µM)	 was	 included	 for	
selected	 reactions.	 The	 reaction	 was	 conducted	 from	 either	
direction	and	followed	by	IAA/ESI-MS	analysis.	

Acknowledgments	
This	 work	 was	 supported	 by	 funds	 from	 the	 Australian	
Research	 Council	 Grant	 DP130100728.	 ESI-MS	 analysis	 was	
conducted	 at	 the	 Bio21	 Mass	 Spectrometry	 and	 Proteomics	
Facility.	

Notes	and	references	
1 I.	 Dalle-Donne,	 G.	 Colombo,	 N.	 Gagliano,	 R.	 Colombo,	 D.	

Giustarini,	R.	Rossi	and	A.	Milzani,	Free	Radic.	Res.,	2011,	45,	
3-15.	

2 E.	M.	Allen	and	J.	J.	Mieyal,	Antioxid.	Redox	Signal.,	2012,	17,	
1748-1763.	

3 E.	Ströher	and	A.	H.	Millar,	Biochem.	J.,	2012,	446,	333-348.	
4 Y.	M.	Go	and	D.	P.	Jones,	Crit.	Rev.	Biochem.	Mol.	Biol.,	2013,	

48,	173-181.	
5 E.	M.	Hanschmann,	J.	R.	Godoy,	C.	Berndt,	C.	Hudemann	and	

C.	H.	Lillig,	Antioxid.	Redox	Signal.,	2013,	19,	1539-1605.	
6 L.	E.	S.	Netto,	M.	A.	de	Oliveira,	C.	A.	Tairum	and	J.	F.	da	Silva	

Neto,	Free	Radic.	Res.,	2016,	50,	206-245.	
7 P.	 R.	 Smith,	 J.	 J.	 Paxman,	 J.	 M.	 Scanlon	 and	 B.	 Heras,	

Molecules,	2016,	21.	
8 A.	 Holmgren,	 B.	 O.	 Söderberg,	 H.	 Eklund	 and	 C.	 I.	 Brändén,	

Proc.	Natl.	Acad.	Sci.	U.S.A.,	1975,	72,	2305-2309.	
9 A.	Holmgren,	Annu.	Rev.	Biochem.,	1985,	54,	237-271.	
10 Y.	Qi	and	N.	V.	Grishin,	Proteins,	2005,	58,	376-388.	
11 P.	Nagy,	Antioxid.	Redox	Signal.,	2013,	18,	1623-1641.	
12 G.	 B.	 Kallis	 and	 A.	 Holmgren,	 J.	 Biol.	 Chem.,	 1980,	 255,	

10261-10265.	
13 M.	M.	Gallogly,	D.	W.	Starke	and	J.	J.	Mieyal,	Antioxid.	Redox	

Signal.,	2009,	11,	1059-1081.	
14 M.	Deponte,	Biochim.	Biophys.	Acta,	2013,	1830,	3217-3266.	
15 C.	 H.	 Lillig	 and	 C.	 Berndt,	Antioxid.	 Redox	 Signal.,	 2013,	18,	

1654-1665.	
16 A.	A.	Ukuwela,	A.	 I.	Bush,	A.	G.	Wedd	and	Z.	Xiao,	Biochem.	

J.,	2017,	in	press,	DOI:	10.1042/BCJ20170589.		
17 P.	 Begas,	 L.	 Liedgens,	 A.	 Moseler,	 A.	 J.	 Meyer	 and	 M.	

Deponte,	Nat.	Commun.,	2017,	8,	14835.	
18 Y.	 Yang,	 S.	 Jao,	 S.	 Nanduri,	 D.	W.	 Starke,	 J.	 J.	Mieyal	 and	 J.	

Qin,	Biochemistry,	1998,	37,	17145-17156.	
19 K.	 F.	 Discola,	 M.	 A.	 de	 Oliveira,	 J.	 R.	 Rosa	 Cussiol,	 G.	

Monteiro,	 J.	 A.	 Bárcena,	 P.	 Porras,	 C.	 A.	 Padilla,	 B.	 G.	
Guimarães	 and	 L.	 E.	 S.	 Netto,	 J.	Mol.	 Biol.,	 2009,	385,	 889-
901.	

20 X.	Zhang,	W.	Wang,	C.	Li,	Y.	Zhao,	H.	Yuan,	X.	Tan,	L.	Wu,	Z.	
Wang	and	H.	Wang,	J.	Inorg.	Biochem.,	2017,	173,	21-27.	

21 J.	 H.	 Bushweller,	 F.	 Aslund,	 K.	 Wuthrich	 and	 A.	 Holmgren,	
Biochemistry,	1992,	31,	9288-9293.	

22 S.	A.	Gravina	and	 J.	 J.	Mieyal,	Biochemistry,	 1993,	32,	 3368-
3376.	

23 J.	Brose,	S.	La	Fontaine,	A.	G.	Wedd	and	Z.	Xiao,	Metallomics,	
2014,	6,	793-808.	

24 J.	 T.	 Mason,	 S.-K.	 Kim,	 D.	 B.	 Knaff	 and	 M.	 J.	 Wood,	
Biochemistry,	2006,	45,	13409-13417.	

25 H.	El	Hajjaji,	M.	Dumoulin,	A.	Matagne,	D.	Colau,	G.	Roos,	 J.	
Messens	and	J.	F.	Collet,	J.	Mol.	Biol.,	2009,	386,	60-71.	

26 B.	Heras,	M.	Totsika,	R.	Jarrott,	S.	R.	Shouldice,	G.	Gunčar,	M.	
E.	S.	Achard,	T.	J.	Wells,	M.	P.	Argente,	A.	G.	McEwan	and	M.	
A.	Schembri,	J.	Biol.	Chem.,	2010,	285,	18423-18432.	

27 U.	 Grauschopf,	 J.	 R.	 Winther,	 P.	 Korber,	 T.	 Zander,	 P.	
Dallinger	and	J.	C.	A.	Bardwell,	Cell,	1995,	83,	947-955.	

28 F.	Q.	Schafer	and	G.	R.	Buettner,	Free	Radic.	Biol.	Med.,	2001,	
30,	1191-1212.	

29 M.	 Schwarzländer,	 T.	 P.	 Dick,	 A.	 J.	 Meyer	 and	 B.	 Morgan,	
Antioxid.	Redox	Signal.,	2015,	24,	680-712.	

30 S.	 D.	 Bouldin,	 M.	 A.	 Darch,	 P.	 J.	 Hart	 and	 C.	 E.	 Outten,	
Biochem.	J.,	2012,	446,	59-67.	

31 Y.	 Du,	 H.	 Zhang,	 X.	 Zhang,	 J.	 Lu	 and	 A.	 Holmgren,	 J.	 Biol.	
Chem.,	2013,	288,	32241-32247.	

32 F.	 Åslund,	 K.	 Nordstrand,	 K.	 D.	 Berndt,	 M.	 Nikkola,	 T.	
Bergman,	 H.	 Ponstingl,	 H.	 Jörnvall,	 G.	 Otting	 and	 A.	
Holmgren,	J.	Biol.	Chem.,	1996,	271,	6736-6745.	

33 P.	Begas,	V.	Staudacher	and	M.	Deponte,	Chem.	Sci.,	2015,	6,	
3788-3796.	

34 M.	Zimmermann,	O.	 Clarke,	 J.	M.	Gulbis,	D.	W.	 Keizer,	 R.	 S.	
Jarvis,	 C.	 S.	 Cobbett,	 M.	 G.	 Hinds,	 Z.	 Xiao	 and	 A.	 G.	Wedd,	
Biochemistry,	2009,	48,	11640-11654.	

35 The	 inclusion	 of	 a	 low	 concentration	 of	 product	GSH	 in	 the	
reaction	buffer	avoids	a	very	high	 initial	driving	 force	 in	 the	
starting	 solution	 and	 promotes	 a	 steady	 oxidation	 process.	
Likewise,	for	reduction	with	GSH	as	reductant,	a	low	level	of	
GSSG	was	also	included	for	similar	reasons.	

36 C.	Berndt	and	C.	H.	Lillig,	Antioxid.	Redox	Signal.,	2017,	DOI:	
10.1089/ars.2017.7132.	

37 C.	Laurent,	G.	Lekeux,	A.	A.	Ukuwela,	Z.	Xiao,	J.-B.	Charlier,	B.	
Bosman,	M.	Carnol,	P.	Motte,	C.	Damblon,	M.	Galleni	and	M.	
Hanikenne,	Plant	Mol.	Biol.,	2016,	90,	453-466.	

38 C.	Berndt,	C.	H.	Lillig	and	L.	Flohe,	Front.	Pharmacol.,	2014,	5,	
168.	

39 R.	Xiao,	J.	Lundström-Ljung,	A.	Holmgren	and	H.	F.	Gilbert,	J.	
Biol.	Chem.,	2005,	280,	21099-21106.	

40 A	 small	 fraction	 of	 HMA4n(SH)(SSG)	 was	 observed	 to	 be	
catalytically	 glutathionylated	 further	 to	 a	 more	 stable	 form	
HMA4n(SSG)2.	

41 HMA4n(SH)(SSG)	 is	 also	 the	 first	 oxidation	 product	 induced	
by	GSSG	in	the	absence	of	a	Grx	enzyme	(Fig.	2a,b)	but	then	
its	 rate	 	 of	 production	 is	 much	 slower	 than	 its	 rate	 of	
consumption	 via	 step	 (iii).	 Consequently,	 it	 was	 difficult	 to	
detect	under	non-catalytic	conditions.	

42 A	 further	 support	 is	 provided	 by	 the	 observation	 that	 a	
higher	 proportion	 of	 HMA4n	 was	 trapped	 as	 HMA4n(SSG)2	
via	a	repeated	step	(ii)	of	Scheme	III	(see	Figs.	2f	vs	2d;	S2a	vs	
S2b).	However,	the	latter	 is	converted	to	HMA4n(SS)	slowly,	
via	deglutathionylation	to	HMA4n(SH)(SSG)	by	Grx,	followed	
by	step	(iii).	

43 M.	 J.	 Berardi	 and	 J.	 H.	 Bushweller,	 J.	Mol.	 Biol.,	 1999,	 292,	
151-161.	

44 C.	 H.	 Lillig,	 A.	 Prior,	 J.	 D.	 Schwenn,	 F.	 Aslund,	 D.	 Ritz,	 A.	
Vlamis-Gardikas	and	A.	Holmgren,	 J.	Biol.	Chem.,	1999,	274,	
7695-7698.	

45 C.	Berndt,	J.-D.	Schwenn	and	C.	H.	Lillig,	Chem.	Sci.,	2015,	6,	
7049-7058.	

46 M.	 B.	 Toledano	 and	 M.-E.	 Huang,	 Antioxid.	 Redox	 Signal.,	
2017,	27,	1127-1129.	

47 M.	Deponte,	Antioxid.	Redox	Signal.,	2017,	27,	1130-1161.	
48 G.	L.	Ellman,	Arch.	Biochem.	Biophys.,	1959,	82,	70-77.	

	

Page 36 of 36Chemical Science


