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Peroxiredoxins from the Prx1 subfamily (Prx) are highly regulated 

multifunctional proteins involved in oxidative stress response, 

redox signaling and cell protection. Prx is a homodimer that 

associates into a decamer. The monomer C-terminus plays 

intricate roles in Prx catalytic functions, decamer stability and 

interaction with its redox partner the small reductase Sulfiredoxin 

(Srx), that regulates the switch between Prx cellular functions. As 

only static structures of covalent Prx-Srx complexes have been 

reported, whether Srx binding dissociates the decameric assembly 

and how Prx subunit flexibility impacts complex formation is 

unknown. Here, we assessed the non-covalent interactions 

mechanism and dynamics in solution of Saccharomyces cerevisiae 

Srx with the Prx Tsa1 ten subunits at the decamer level via a 

combination of multiscale biophysical approaches including native 

mass spectrometry. We show that the ten subunits of the 

decamer can be saturated by ten Srx molecules and that the Tsa1 

decamer in complex with Srx does not dissociate in solution. 

Furthermore, the binding events of atomic force microscopy 

(AFM) tip-grafted Srx molecules to Tsa1 individual subunits were 

relevant to interactions between free molecules in solution. 

Combined with protein engineering and rapid kinetics, the 

observation of peculiar AFM force-distance signatures revealed 

that Tsa1 C-terminus flexibility controls Tsa1/Srx two-step binding 

and dynamics and determines force-induced dissociation of Srx 

from each subunit of the decameric complex in a sequential or 

concerted mode. This combined approach from the solution to the 

single-molecule levels offers promising prospects for 

understanding oligomeric protein interaction with their partners. 

Protein supramolecular assembly conveys means of regulation 

through multivalent interaction with partners, but designing 

experimental approaches for identifying these links is 

challenging. Peroxiredoxins are ubiquitous peroxide-reducing 

Cys enzymes, whose thiol redox reactivity, oligomeric structure 

and functions are intimately intertwined,
1
 that act as major 

players in oxidative stress defense and in cell redox signaling 

networks.
2–4

 Peroxiredoxins from the Prx1 subfamily 

(hereafter referred to as Prxs) exist as homooligomers. The Prx 

active unit is a symmetrical head-to-tail dimer stabilized by 

interactions between two β-strands that define the B-interface 

(Fig. 1A). They act as essential peroxide-reducing enzymes 

operating with a catalytic cysteine (Cys CP), which reduces 

peroxide substrates with exquisite efficiency, leading to a 

sulfenic acid intermediate. Condensation with a resolving 

cysteine (Cys CR) located in the C-terminal tail of the symmetric 

monomer produces a disulfide, which is reduced by 

thioredoxin or other cellular reductant system (Fig. S1). 

Importantly, Prx dimers associate into toroid structures as 

decamers, defining a dimer-dimer interface named A (Fig. 1A). 

The stability of Interface A is favored by the conformation of 

the C-terminal region in a fully folded FF state, and disfavored 

in the locally unfolded LU conformation adopted in the 

disulfide state (Fig. 1, Fig. S1).
5

   

Eukaryotic Prxs are sensitive to post-translational modification 

of the catalytic Cys CP to a sulfinic acid (also known as 

hyperoxidation), that occurs by reaction of a second peroxide 

molecule with the sulfenic acid intermediate and is critically 

regulated by competition with the FF/LU conformational 

transition along the Prx catalytic cycle (Fig. S1).
6–8

 Prx CP 

sulfinylation inactivates the peroxidase activity, allowing local 

buildup of H2O2 levels,
9
 control of the redox state of reducing 

partners
10

 and regulation of noncovalent interactions with 

signaling partners.
11

 It also activates Prx chaperone 

function,
12,13

 by stabilizing the FF conformation and Prx 

decamer state
14

. Sulfinylated Prx is reduced by the ATP-

dependent sulfinic acid reductase Sulfiredoxin (Srx). By 

regulating the Prx sulfinylation level, Srx is associated with 

aging 
12

 and diseases like cancer.
15–17
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The crystal structure of human Prx1 dimer in complex with Srx 

revealed a double interface: the active site interface that 

enables to bring Prx sulfinylated CP in proximity to Srx catalytic 

Cys; the backside interface consists of the Prx C-terminal tail 

unfolded around Srx, in a conformation akin to the LU state  

(Fig. 1A, Figs. S1, S2).
18

 A similar structure was reported 

recently at the level of the decamer in the crystal state.
19

 The 

Prx/Srx complex formation thus implies unfolding of the C-

terminal Prx region that also could destabilize the decamer A 

interface, thus raising the questions whether Srx binding 

dissociates the decameric assembly and how Prx subunit C-

terminus flexibility impacts complex formation. However, 

presently the mechanism and dynamics in solution of Prx 

decamer interaction with its partner proteins like Srx are 

unknown. Their exploration requires to monitor non-covalent 

dynamic complexes at the level of the decamer, by the use of 

techniques that allow measurements at the oligomer scale, 

such as single-molecule and native mass spectrometry 

techniques.  

Atomic force microscopy (AFM) has been instrumental in 

imaging proteins oligomeric state and supramolecular 

assembly at high resolution.
20–24

 In complement to electronic 

and X-ray crystallography, the technique allows the 

visualization of protein ultrastructures deposited on a 

substrate in liquid and in 3-dimensions, in real-time with 

minimal sample preparation. AFM also permits to quantify the 

forces involved in molecular interactions by decorating the tip 

with specific biomolecules and recording force-distance curves 

while the tip is moved up and down towards the substrate in 

the so-called single-molecule force spectroscopy (SMFS) mode 

at the level of individual subunits of multimeric complex.
25–28

  

We address here the mechanism of Srx interactions with the 

Prx decamer in solution and at multiple scale levels by 

combining AFM in imaging and force spectroscopy modes, 

native mass spectrometry, and bulk measurements via 

fluorescence anisotropy titration, dynamic light scattering and 

binding dynamics using rapid kinetics (Fig. 1B). We obtained 

the first images in liquid of decameric Tsa1, the major Prx in 

the yeast Saccharomyces cerevisiae, deposited on a substrate 

bound with ten Srx molecules. We show that binding of Srx 

does not induce dissociation of the decamer. Furthermore, 

SMFS using a tip grafted with multiple Srx molecules allowed 

to observe binding events with the Prx decamer that are 

relevant to interactions between free molecules in solution. 

Combined with protein engineering and rapid kinetics, the 

observation of peculiar force-distance signatures revealed that 

Prx C-terminal tail plays a critical role in the rupture dynamics 

of the decameric Prx/Srx complex. Altogether our results 

highlight the wider potential of this multiscale methodology to 

obtain highly pertinent correlations from structure to single 

Figure 1. Assessing Prx/Srx interactions at multiscale levels. (A) Top, cartoon scheme of the reduced Tsa1SH X-ray structure from a top view (pdb code 3sbc); the A and B interfaces 

are indicated. Bottom, cartoon scheme of an isolated dimer of the Tsa1 decamer shown above, with subunits in green and cyan. The dimer is rotated 90° compared to the top view. 

The catalytic and resolving Cys CP and CR are indicated in light pink, the C-terminal tails in dark blue, Trp residues are in yellow and the location of the mutated residues is 

orange/red. Right, cartoon scheme of the X-ray structure of human dimeric Prx1-SS-Srx complex (pdb code 2rii), stabilized by a disulfide bond between Prx CP and Srx catalytic Cys. 

The human Prx1 subunits are colored green and cyan as Tsa1SH and the C-terminal tail and P182 residues in the same color code. Human Srx is in purple, the human Prx1-SS-Srx 

disulfide bond and Prx1 Cys CR in light pink. The human Srx residue corresponding to S. cerevisiae L77 on the backside interface is shown in orange. Location of Tsa1 Trp residues is 

shown in yellow. The Prx residues beyond P182 and Srx residues preceding A40 (labelled Srx N-terminus) are not defined in this structure. (B) Multiscale strategy developed in this 

study, based on approaches providing equilibrium and kinetic informations in solution to approaches allowing analyses at the level of single subunits within decamers (native mass 

spectrometry) or at the level of single decamers (AFM). 
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molecule and solution behavior and answer mechanistic 

questions on oligomeric proteins multivalent interactions.  

RESULTS AND DISCUSSION 

Assessing the oligomeric architecture of Tsa1 redox forms in 

solution. We first assessed the behavior of Tsa1 redox forms, i. 

e. the reduced Tsa1SH, disulfide oxidized Tsa1SS and sulfinylated 

hyperoxidized Tsa1SO2 (Fig. S1) by high resolution AFM imaging 

in buffer at physiological pH. Tsa1 solution was deposited on 

atomically flat freshly cleaved mica and the surface was then 

imaged in liquid conditions to avoid any artefacts that could be 

induced by a drying step, using peak force tapping AFM 

imaging (Fig. 2A). As seen on Fig. 2B, the hyperoxidized species 

Tsa1SO2 forms a layer of donut-shaped decameric rings 

homogeneously oriented flat, almost entirely covering the 

mica surface, similar to previous observations.
29,30

 Imaging 

these structures at higher resolution allows to precisely 

distinguish the 5 dimers constituting the decamers (Fig. 2B, 

3C). Imaging the other Tsa1 redoxomers -the reduced Tsa1SH 

and the oxidized CP-CR disulfide Tsa1SS forms- produced similar 

images (Fig. 2D-E), suggesting that even at the concentration 

as low as 100 nM, purified Tsa1 primarily exists in solution as a 

decamer, including in the disulfide state. However, crescent-

shaped structures were also observed amongst decamers (red 

arrows on Fig. 2C-E) with a frequency of 2.8, 2.7 and 12.5 %, in 

Tsa1SO2, Tsa1SH and Tsa1SS images, respectively. This suggests 

that dissociation of the decamer into octamer or hexamer can 

occur in solution or as a result of tip scanning and that the 

decamer structure is destabilized in the disulfide form, 

compared to the other redox forms, which is consistent with 

previous observations on Prxs from various origins.
31–34

 We 

then analyzed the Tsa1 redox forms by native mass 

spectrometry that provides a resolution allowing the 

observation of intermediate oligomers with 2 to 8 subunits for 

human Prx3.
35

 Fig. 2F shows that at low acceleration voltage 

(Vc=80 V) conditions (with minimum perturbation of non-

covalent interactions), the reduced and hyperoxidized Tsa1 are 

decamers, while the Tsa1SS partially dissociates into dimers 

and a small fraction of tetramers and hexamers, a tendency 

confirmed in slightly more energetic conditions (Vc = 120 V, 

Fig. S3). This supports that the crescent-shape images 

correspond to oligomers with intermediate stoichiometry (2 to 

6 subunits), and that the AFM images provide a snapshot of 

the oligomeric states of Tsa1 in solution discarding the 

hypothesis that the dissociation is induced by AFM tip 

scanning. However, we cannot exclude that -as suggested by 

their oriented deposition- interaction of the decamers with the 

mica contributes to stabilization of the decamers, 

compensating the dissociation that might occur at such low 

concentrations (0.1 µM).
33

  

Figure 2. Evaluation of Tsa1 redox forms oligomeric state in solution. (A) Hyperoxidized Tsa1SO2 decamer or Tsa1-SS-Srx decameric complex are deposited on a flat mica surface to 

image their molecular assembly at high resolution using peak force tapping AFM imaging in liquid conditions. (B) AFM image showing that Tsa1SO2 adsorbed on the mica surface 

forms an almost complete monolayer of donut-shaped decamers. High resolution imaging of Tsa1SO2 clearly reveals the 5 dimers composing the decamer. (C-E) Tsa1SO2 (C), Tsa1SH (D) 

and Tsa1SS (E) structures are mostly donut-shaped assemblies, containing a significant fraction of uncomplete rings composed of octamers or hexamers, as highlighted by the red 

arrows. (F) Electrospray ionization mass spectra in native conditions of Tsa1 redox forms showing the dissociation of the decamer (experimental/theoretical mass for each form) (●; 

215,031 ± 47 Da/214,905 Da for Tsa1SO2, 214,592 ± 9 Da/214,585 Da for Tsa1SH and 214,791 ± 142 Da/214,575 Da for Tsa1SS) into hexamers (; 128,749 ± 18 Da/128,745 Da for 

Tsa1SS), tetramers (; 85,840 ± 23 Da/85,830 Da for Tsa1SS) and dimers (; 42,915 ± 2 Da/42,915 Da for Tsa1SS) in the gas phase at Vc= 80 V. 
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The height of the Tsa1SO2 decamers extracted from the AFM 

images (3.3 ± 0.5 nm, Fig. 3C,F,G green sections) were in 

correlation with those obtained from the dimensions of Tsa1 

decamer X-ray structure (4.6 nm, Fig. 3E left), confirming the 

observation of a single layer of decamers. The subtle lower 

height value obtained from AFM measurements might 

correspond to a slight collapse of the structures when 

deposited on the mica or a little indentation of the AFM tip 

while scanning the decamers. Vertical profiles of the rings 

were characterized by two summits -or peaks- (Fig. 3F) 

allowing to measure horizontal peak-to-peak dimensions of 8.5 

± 0.5 nm, perfectly consistent with the value of 8.7 nm 

deduced from the crystal structure (Fig. 3E,F,G). No such direct 

comparison could be done on the total width of the domains, 

as the value from the AFM images can be distorted by the tip 

convolution. Indeed, the total width extracted from AFM 

images (equal to the sum of the peak-to-peak distance plus 

twice the width of the peak-to-base, i.e. 17.3 nm for Tsa1SO2; 

Fig. 3F) is larger than the 12.8 nm of the X-ray structure (Fig. 

3E, left). The overall dimensions of the reduced and disulfide 

forms of Tsa1 deposited on the surface were in the same range 

as Tsa1SO2 (Fig. S4). 

Altogether, the original combination of high-resolution AFM 

imaging and native mass spectrometry allows to sense 

heterogeneities between subunits within the toroidal 

structures, which prompted us to follow the same approach to 

probe the decamers in interaction with its partner Srx.  

 

The Tsa1 decamer in complex with Srx does not dissociate in 

solution. The Prx/Srx complex formation involves unfolding of 

the C-terminal Prx region that also participates in stabilizing 

the decamer A interface (Fig. 1A). Whether the binding of Srx 

to Prx destabilizes or induces the dissociation of the decamer 

is presently unknown in solution. We thus studied Tsa1 

structures in interaction with Srx using similar experimental 

strategy as above. As a preliminary to the observation of the 

Tsa1/Srx complex, we first addressed the question whether 

the Tsa1 decamer could be non-covalently saturated by 10 Srx 

molecules, using dynamic light scattering (DLS) (Fig. 3A). 

Titration of Tsa1SO2 by Srx resulted in an increase of the Tsa1 

hydrodynamic diameter from 11.8 nm to a plateau of ~ 15.2 

nm obtained for ratios above 10 Srx to one Tsa1 decamer, 

suggesting that Tsa1 can be saturated by 10 Srx molecules in 

solution. Similar result was obtained with Tsa1SH. Analogous 

experiment using Tsa1SS in which the C-terminal tail is locked 

by a disulfide bond between Cys CP and CR with Srx
C48S C84A C106V

 

(used here to avoid any disulfide bond exchange) resulted in 

variation of the hydrodynamic diameter between 12 and 13 

nm, indicating that Tsa1SS did not form specific non-covalent 

complexes, as expected.  

To support that the Tsa1/Srx complex exists as a decamer, we 

performed native mass spectrometry on the Tsa1 decamer in 

complex with Srx molecules (Fig. 3B), stabilized by a disulfide 

bond between the catalytic Cys residues of each Srx and Tsa1 

Cys CP, which mimicks the catalytic thiolsulfinate intermediate 

of the Srx catalytic mechanism.
36,37

 This strategy previously 

proved to be successful to resolve the X-ray structure of the 

human Prx1/Srx complex (Fig. 1).
18,19

 The specificity and 

completeness of the reaction between Tsa1 CP and Srx was 

ensured by using mutants that only retain the catalytic Cys 

residues, CP in Tsa1 and C84 in Srx. Reacting Tsa1
C171A

 CP pre-

activated by 2,2’-dipyridyldisulfide (2PDS) with Srx
C48A C106V

 

yielded the Tsa1
C171A

-SS-Srx
C48A C106V

 complex, referred to as 

Tsa1-SS-Srx, as checked by non-reducing SDS-PAGE (Fig. S5, 

Table S1). Native mass spectrometry analysis showed that the 

Tsa1-SS-Srx solution is a mixture of decameric Tsa1 complexes 

with 9 and 10 Srx bound (Fig. 3B), in accordance with the DLS 

titration (Fig. 3A).  

Figure 3. Srx binding increases the width and height of the Tsa1 ring structure. (A) 

Hydrodynamic diameter of Tsa1SO2, Tsa1SH and Tsa1SS decamers measured by DLS as a 

function of the Srx:Tsa1 stoichiometry. SrxC48S C84A C106V mutant was used with Tsa1SS 

to avoid disulfide bond exchange. Data are representative of n=2 independent 

experiments using different proteins samples. (B) Electrospray ionization mass 

spectra in native conditions of the Tsa1SO2 decamer (●; 236,587 ± 37 Da/236,218 Da) 

and decameric Tsa1-SS-Srx complexes at Tsa1:Srx stoichiometries of 9 (;359,819 ± 

9 Da/358,920 Da) and 10 ( ; 373,393 ± 11 Da/372,468 Da) in the gas phase at 

acceleration voltage Vc = 80 V (experimental/theoretical mass for each form). (C,D) 

High resolution AFM images of Tsa1SO2 (C) and Tsa1-SS-Srx complex (D) with cross 

sections used to determine decamers dimensions. (E) left, top and side views of 

Tsa1SH (code pdb 3sbc); right, top and side views of human Prx1-SS-Srx decameric 

model in surface mode, constructed by superimposition of the X-ray structure of five 

Prx1-SS-Srx dimers (code pdb 2rii) (Fig. 1A) on the Tsa1SH structure. The height, width 

and peak-to-peak dimensions (defined in panel f) are indicated on the side views. 

Superimposition and measurements were done using Pymol 2.2.2 
62

. (F) Typical 

cross-sections of Tsa1SO2 decamer (green) and Tsa1-SS-Srx complex (pink) extracted 

from AFM images in c and d. (G) Decamers dimensions shown by box charts. The 

bottom and top of the boxes represent the 25th and 75th percentiles, the whiskers the 

10
th

 and 90
th

 percentiles and the horizontal bands the median. Data stem from 

measurements on at least: 25 donuts for Tsa1SO2 and 15 complexes for Tsa1-SS-Srx. 

Differences between Tsa1SO2 and Tsa1-SS-Srx were compared using two-sample t-

tests. The peak-to base difference was considered statistically significant (p<0.05).  
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Next, to observe the morphology of the Tsa1 decamer in 

interaction with Srx, we imaged by AFM a Tsa1-SS-Srx solution 

deposited on the mica-surface (Fig. 3D). Statistical analysis of 

the AFM-imaged decamers dimensions reveals that binding of 

Srx induces no significant changes on the peak-to-peak 

distances (8.2 ± 0.7 nm), but increases the height and peak-to-

base dimensions of the rings by 0.9 nm (from 3.3 to 4.2 nm) 

and 2.7 nm, (from 4.4 to 7.1 nm) respectively (Fig. 3F,G). 

Although the tip convolution might increase the length of the 

peak-to-base in absolute value, the relative difference 

between these dimensions measured before and after 

addition of Srx remains significant (Fig. 3F,G).  These values 

were then compared to the dimensions deduced from a model 

of the decameric complex constructed by superposition of five 

duplicates of the human disulfide (Prx1-SS-Srx)2 complex
18

 and 

the Tsa1SH decamer X-ray structures.
38

 This model suggested 

an increase of 1.5 nm of the height and 1.6 nm of the peak-to-

base dimensions upon Srx binding (Fig. 3E right), in good 

agreement with the tendency obtained by AFM (Fig. 3G). This 

supports that the mechanism of interaction between Srx and 

Tsa1 can be studied in solution at the level of the decamer.  

 

C-terminus flexibility affects Tsa1/Srx two-step binding.  The 

importance of Prx C-terminal tail in the backside interface with 

Srx shown previously
18

 prompted us to investigate the role of 

this region in the dynamics of interaction of the Tsa1 decamer 

with Srx. We prepared the P182L and Δ190-196 Tsa1 mutants 

(Table S1), that exist as decamers (with hydrodynamic radii of 

12.6 ± 0.5 and 13.7 ± 0.5 nm, respectively, similar to wild-type 

Tsa1). These mutants adopt primarily the LU conformation, as 

shown by their near-UV circular dichroism spectra similar to 

Tsa1SS which is locked in the LU conformation
7

, suggesting 

increased C-terminus flexibility (Fig. S6). For this reason these 

mutants are not susceptible to hyperoxidation and were used 

in the reduced form.
7,39–41

 The binding properties with Srx 

were thus compared in solution with reduced wild-type Tsa1SH. 

Srx bound to both P182L and Δ190-196 Tsa1SH with increased 

affinity, as shown by KD values of 5.9 ± 1.2 and 5.0 ± 1.7 µM, 

respectively, compared to 10.8 ± 3.0 µM measured for the 

wild-type by fluorescence anisotropy titration (Fig. 4A). To 

correlate these properties with the dynamics of interaction in 

solution, we measured the dissociation kinetics of the Tsa1/Srx 

complex by monitoring Tsa1 Trp intrinsic fluorescence upon 

rapid dilution of Tsa1/Srx mixtures in solution using a stopped 

flow apparatus. Srx has no Trp residues while Tsa1 contains 3 

Trp, one located close to the active site (W83), another in helix 

α4 preceding the C-terminal tail (W161), and the last in the C-

terminal tail (W173) that are likely to be sensitive to the 

changes in molecular environment induced by Srx binding (Fig. 

1A, Fig. S2). Indeed, using this probe to monitor dilution-

induced dissociation, we observed that wild-type Tsa1SH 

dissociates from Srx by following biphasic kinetics. The data set 

was analyzed globally according to a two-step model, 

consisting of a first order step reflecting a conformational 

Figure. 4. Impact of Tsa1 C-terminal region flexibility on Srx interaction mechanism. (A,C) Fluorescence anisotropy titration of (A) AlexaFluor labelled Srx by wild-type, P182L and 

Δ190-196 mutants Tsa1SH and (C) wild-type Srx and SrxL77R N-terminally labelled with AlexaFluor by Tsa1SO2.. Data representative of n = 2 or 3 independent experiments using 

different proteins batches are fitted using a single site model equation (solid line). (B) Representative dilution-induced dissociation kinetics of the non-covalent Tsa1SH/Srx 

complexes in solution for wild-type, P182L and Δ190-196 Tsa1 monitored by Trp intrinsic fluorescence in a stopped flow apparatus. Tsa1 (subunits) and Srx concentrations are 2.5 

and 20 µM, respectively. The curves are fitted as described in Suppl. information. Data are representative of n = 3 independent experiments using different proteins samples. (D) 

For AFM single-molecule force spectroscopy, Srx is covalently bound to the tip using an acetal-PEG linker. The tip is approached and retracted from Tsa1 covalently attached to a 

gold surface. (E) Adhesion force histograms of Srx binding to Tsa1SO2 with 250 ms contact time. (F,G) Specificity of the Srx/Tsa1SO2 interaction confirmed by a significant reduction 

of the adhesion frequency in presence of free competing Srx (F) or using L77R Srx mutant (G). Each histogram has been plotted from 3072 force curves obtained from 3 

independent experiments with different functionalized tips. Black lines correspond to Gaussian fits and the values are the centre ± standard deviation. (H,I) Representative force-

distance signatures (H) with their frequency (I) for wild type Tsa1SH, Tsa1SO2, P182L and Δ190-196 mutants, obtained from 3072 force curves from 3 independent measurements for 

each form of Tsa1 and calculated relative to the total of assigned curves, excluding the non-adhesive and hybrid profiles. 
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event occurring within the complex, modelized by equilibrium 

between two conformers Tsa1•Srx and Tsa1•Srx* forms, and a 

second order step reflecting dissociation (Fig. S7 A,B). Using 

the same scheme to analyze the mirror association experiment 

performed in similar conditions by rapid mixing of Tsa1 et Srx 

solutions, gave satisfactory fits and overall consistent rate 

constants values (Fig. S7C, Table S2), confirming that Trp 

fluorescence probe is suitable for the study of Tsa1/Srx 

interactions. These results suggested that wild-type Tsa1SH 

dissociates from Srx with a k-1 rate constant of 18.8 ± 2.8 s
-1

, 

which was reduced to 11.8 ± 3.0 s
-1 

and 7.5 ± 2.2 s
-1 

for the 

P182L and Δ190-196 Tsa1 mutants respectively (Fig. 4B, Table 

S2). The same trends were obtained from the association 

experiment, supporting that a slower bimolecular dissociation 

kinetics likely afforded by more flexible C-terminal Tsa1 region 

contributes to the higher affinity of Srx for these mutants.  

To understand how these binding features translate at the 

level of the decamer, we addressed Srx interactions on Tsa1 

single decamers by AFM in force spectroscopy mode. Purified 

Tsa1 was bound to gold surface modified with COOH-

terminated thiols using NHS-EDC chemistry whereas Srx was 

covalently attached on AFM tips with a ~6 nm long PEG-

benzaldehyde linker (Fig. 4D). The grafting procedure to the tip 

was carried out under conditions which favor deprotonation of 

N-terminal amine (pH 8.5), thus leading to an oriented binding 

of the protein to the tip.
18,42

 Adhesion was then assessed with 

the Srx substrate, the hyperoxidized Tsa1SO2. Fig. 4E displays 

the adhesion force histograms extracted from 3072 force-

distances curves each, obtained using 3 independent tips on 

different 1 x 1 µm
2
 areas of the Tsa1SO2 surfaces with a 

retraction speed of 1000 nm s
-1

. Only the last adhesion peak, 

corresponding to the force at rupture, was considered for the 

force histogram (Fig. S8A). When Srx and Tsa1SO2 are set to 

interact for 250 ms, a substantial proportion of the force 

curves (63 %, Fig. 4E) showed adhesive events between the 

two enzymes, with a mean adhesion force (which is displayed 

at the maximum of the Gaussian fit and corresponds to the 

force which is needed to break the interaction when Srx binds 

to Tsa1) of 60 ± 4 pN. Less frequent events at 95 ± 24 pN were 

also observed, that could reflect the simultaneous rupture of 

two Srx molecules on the tip from two Tsa1SO2 subunits on the 

surface (Fig. 4E). Reducing the contact time between the two 

enzymes from 250 to 0 ms decreases the adhesion frequency 

from 63% (Fig. 4E) to 14% (Fig. S8B) without changing the 

mean adhesion forces, at around 55 ± 8 pN.  

At 250 ms contact time, a major reduction of the adhesion 

frequency was observed upon addition of free Srx in the AFM 

liquid set-up although the general shape of the histogram, 

presenting two maxima, was not drastically modified (Fig. 4F). 

This suggested that a competition occurs between free and 

grafted Srx for binding to a decamer and that the measured 

adhesion events on Fig. 4E correspond to interactions between 

Srx on the tip with the Tsa1SO2 proteins bound to the surface. 

To substantiate this result, we used the Srx
L77R

 mutant 

designed to impact the Srx backside interface with Tsa1 (Fig. 

1A). Mutation of the corresponding residue in human Srx 

(Y92R) (Fig. S2) was shown to severely alter the interaction 

with human hyperoxidized Prx1
18

. Indeed, the dissociation 

constant of S. cerevisiae Srx
L77R

 for Tsa1SO2 measured by 

fluorescence anisotropy titration increased from 12.6 ± 2.5 to 

27.1 ± 1.3 µM (Fig. 4C). The AFM adhesion frequency for 

Tsa1SO2 at 250 ms contact time was reduced from 63 % (Fig. 

4E) to 10 % for the L77R variant (Fig. 4G), whereas the 

maximum adhesion force was not affected. Furthermore, the 

adhesion frequencies of Srx-coated AFM tips to surfaces 

decorated with P182L and Δ190-196 Tsa1SH mutants were 

significantly higher as compared to wild-type Tsa1SH (Fig. S9). 

This suggests that alteration of the native Tsa1/Srx interaction 

on the backside interface is connected to the binding 

propensity, which translated into the adhesion probability as 

measured by AFM force spectroscopy. A very low adhesion 

frequency of 14% was observed in similar conditions for Tsa1SS 

(Fig. S10A), in accordance with the DLS titration (Fig. 3A). 

Given the good correlation between the anisotropy titration 

and AFM results, we propose that the adhesion events 

measured by force spectroscopy on Fig. 4E reflect Srx/Tsa1SO2 

interactions relevant to those occurring between the free 

proteins in solution.   

To get insight into the interaction mechanisms, we further 

analyzed the multiple force-distance curves recorded between 

Srx and Tsa1SO2. Distinct remarkable signatures were identified 

and classified in 5 forces curves families: the non-adhesive 

curves, the multipeaks, the force plateaus, the high linear 

forces (see representative force curves in Fig. 4H), and a last 

category of forces including undefined or hybrids of the 

profiles described above (Fig. S8C). The proportion of the 3 

well-defined profiles (i.e. the multipeaks, the force plateaus 

and the high linear forces) vary for the Tsa1 redox and mutant 

forms (Fig. 4I).  The origin of these events is discussed below.   

 

Peculiar signatures reveal two modes of force-induced Srx 

dissociation from the Tsa1 decamer. A first category of 

signatures consists in force profiles containing well-defined 

multipeaks, most frequently 1 to 4 peaks, and rare events with 

5 peaks, of almost constant adhesion force (< 100 pN; Fig. 5A) 

and spaced by 15.7 ± 6.7 nm (Fig. S8D). The linking chemistry 

used here to covalently attach Srx to the tip
43

 and the nominal 

value of the tip apex radius of 10 nm up to 40 nm radius (as 

given by the provider Bruker), although statistically resulting in 

the grafting of one single molecule at the apex of the tip,
43,44

 

can lead to attachment of up to 13 Srx molecules on the tip 

(considering a half sphere geometry).
43

 Thus, we suggest that 

these events reflect the interaction of several Srx molecules 

decorating the tip with the upper ring of the decameric 

structure, in accordance with AFM imaging that showed that 

decamers lie flat on the mica surface (Fig. 2B). Upon the 

approach phase, the AFM tip might indent within the ring-

shaped decamer structure whose dimensions are in the range 

of the tip diameter, also enabling other Srx molecules grafted 

on the side of the tip to interact with accessible Tsa1 subunits 

(Fig. 5B, case 1), yet we cannot exclude interaction with 

neighboring decamer on the surface (Fig. 5B, case 2). 

Observation of reproducible multipeak patterns upon 

hundreds of force measurements on the adhesion maps (1024 
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force-distances curves recorded with each functionalized tips) 

suggests that the native folding of the tip-grafted Srx molecule 

is preserved and that the protein either does not unfold or 

unfolds and refolds on repeated association/dissociation 

events. Additionally, the force-distance signatures could not be 

adequately fitted using classical protein unfolding models (e.g 

Worm-like-chain model
45

), supporting that the force-induced 

Tsa1/Srx binding and dissociation does not result in the 

unfolding of both enzymes upon pulling. Thus, owing to the N-

terminal oriented Srx grafting on the tip, the observed force-

induced dissociation could proceed via traction of the Tsa1 C-

terminal tail by Srx bound at the backside interface (Fig. 5C) (> 

16 residues-length for Tsa1, ~6 nm, Fig. S2), that adds to 

extension of the Srx N-terminal segment preceding those 

involved in the backside interface (~10 residues, 4 nm, , Fig. 

S2) and the 6 nm-linker, consistent with the ~16 nm spacing 

between rupture events.  

The increasing rupture distances would then reflect successive 

dissociation of Srx molecules from the Prx C-terminus subunits 

(Fig.  5C). Indeed, the relatively high standard deviation (15.7 ± 

6.7 nm) (Fig. S8D) of the interpeak distance is consistent with 

Srx grafted at different heights on the tip and with the intrinsic 

rugosity of gold surfaces used for force spectroscopy 

measurements that may then slightly tilt the orientation of the 

decamers. Accordingly, increasing the contact time from 0 to 

250 ms enhances the frequency of signatures with more than 1 

peak (Fig. 5A), suggesting increased probability to form more 

than one interaction with the accessible Tsa1 subunits of a 

single decamer before being broken upon tip retraction. To 

further support this interpretation, we studied the interaction 

between Srx and a dimeric Tsa1
S79E

 mutant whose A interface 

is destabilized by introduction of two facing Glu residues,
18,38

 

confirmed by its DLS hydrodynamic diameter of 6.3 nm (vs. 

11.8 nm for the Tsa1SO2 decamer), and by native mass 

spectrometry (Fig. S10C). This mutant showed lower adhesion 

of 31% compared to Tsa1SO2 (Fig. S10B) allowing analysis of the 

multiple force-distance curves profiles, which revealed mostly 

one- and two-peaks signatures (Fig. 5A). This behavior is 

consistent with one or two Srx grafted on the tip interacting 

with a dimer. Very rare three- and four-peaks events were 

observed, possibly explained by interaction with neighboring 

dimers.  

 

 A second category of force-distance profiles was observed, 

consisting in well-defined plateaus occurring at near constant 

force of ~50 pN along distances ranging from 20 to 100 nm 

with a majority of curves extending at 40 nm (Fig. 6A,B). 

Strikingly, whereas the frequency of plateaus was low and 

almost similar for Tsa1SO2 and TsaSH (6.2 and 8.7 %, 

respectively), they reached up to 15 and 32 % for the Δ190-196 

and P182L Tsa1 mutants, respectively, whose C-terminus 

flexibility is enhanced (Fig. 4I). If those peculiar signatures 

would reflect some unspecific interactions of no biological 

origin (such as artifactual hydrophobic or electrostatic 

interactions), one would expect that they would be 

encountered with the same frequency for all Tsa1 forms. 

However, because the plateau signatures were correlated with 

Manque le trait axe y Figure 7C 

Figure. 5. Srx interaction with Tsa1 decamer reveals multipeak force-distance 

signatures. (A) Representative force-distances curves (left) obtained when recording 

force spectroscopy measurements between Srx and Tsa1SO2, revealing well-defined 

multipeaks ranging from 1 to 5 peaks. Corresponding frequencies (right) of the 

multipeaks categories over the total number of multipeaks for Tsa1SO2 at 0 and 250 ms 

contact time, and for the dimeric Tsa1S79E mutant at 250 ms contact time, obtained 

from 3072 force measurements for each contact time, from 3 independent 

experiments with different functionalized tips. Error bars correspond to the standard 

deviations between tips. (B) Proposed schematics of the interaction mechanism 

generating the multipeaks signatures, where five Srx bound to the AFM tip interact 

with the upper ring of one (case 1) or two (case 2) Tsa1 ring-shaped structure(s) lying 

on the gold surface. (C) Illustration in cartoon mode of a composite decamer, in which 

the upper ring corresponds to human Prx1-SS-Srx subunits from the model shown in 

Fig. 3E, and the lower ring corresponds to Tsa1SH subunits covalently bound to the 

surface. The human Prx1 subunit are shown in surface mode. The colour code is the 

same as in Fig. 1A. Only the 3 dimers on the front are shown for clarity. The location 

of the last residue of Srx N-terminus defined in the crystal structure is shown as a 

white ball and the arrows represent the traction of the AFM tip imposed by Srx 

grafted to the tip on the Prx C-terminal tail. 

Figure. 6. Srx interaction with Tsa1 decamer shows constant force plateaus force-distance signatures. (A) Representative force-distance curves of the linear plateaus. (B) 

Histogram of the frequency of the plateau length, measured from 128 force curves for wild-type Tsa1SO2. (C) Schematics of the suggested mechanism, where synergic traction of 

multiple Srx bound to the upper half-decamer of the donut would induce unzipping from the bottom half-decamer covalently bound to the gold surface.  
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binding properties to Srx in solution, we speculate that the 

enhanced adhesion between Srx and the upper half-decamer 

(formed by the 5 Tsa1 monomers at the interface with the 

buffer solution; Fig 6C, green subunits) could promote the 

concerted detachment from the 5 monomers covalently 

grafted on the gold surface (Fig 6C, cyan subunits). However, 

the affinity of Srx with individual Tsa1 subunits is moderate (KD 

in the 10 µM range), and the β-strand interaction forming the 

B interface likely is tight. Thus, the synergic traction of several 

Srx on the C-terminal tails of Tsa1 subunits of one decamer, 

favored by mutations providing stronger interaction, would 

make possible the disruption of the B (and consequently the A 

interfaces) by the rupture of the β-strands H-bonds upon 

constant force following an unzipping mechanism, an 

interpretation supported by the following arguments. Such 

plateaus are evocative of the signatures measured for the 

mechanical unzipping in other systems such as β-sheet 

interactions in pathological and functional amyloids.
46,47

 

Although amyloid bonds are responsible for the very strong 

attachment of e.g. yeast to the epithelial layer, pulling on 

amyloid proteins with an AFM tip perpendicularly to the fiber 

axis was reported to allow mechanical unzipping of β-sheets at 

constant low force around 35 pN,
47

 similar to the average 

strength of the plateaus observed here around 50 pN (Fig. 6A). 

Because the force required to rupture β-sheets should be 

strongly dependent on the pulling direction,
48

 depending on 

the positioning of the AFM tip relative to the Tsa1 decamer, 

the upper-half decamer could be lifted up at a constant low 

force as -schematically- would be a yogurt peelable lid. 

Accordingly, the measured average length of the plateaus is 

consistent with an unzipping mechanism occurring along the 

perimeter of a decamer of 6.4 nm radius (perimeter = 2π x 6.4 

nm = 40.2 nm; Fig. 6C). In conclusion, the observation of such 

force-induced plateaus further highlights the critical role of the 

C-terminal tail in the interaction of Srx with the Tsa1 decamer.  

 

Disulfide bond formation between Srx and Tsa1SO2 revealed 

by AFM force spectroscopy. Interestingly, another distinct, 

infrequent and peculiar force-distance profile was observed in 

force-distance experiments, corresponding to high force linear 

(HF) peaks ranging from 100 pN to > 1 nN (Fig. 4I, 7A,B). With 

Tsa1SO2, force distribution showed a maximum at 450 pN 

extending up to 1100 pN (Fig. 7B). Increasing the contact time 

between the tip and the surface from 250 ms to 1 s expanded 

the distribution to higher forces, with a significant number of 

occurrences above 1 nN, up to 1.3 nN (Fig. 7B). Tsa1 and Srx 

are Cys-containing redox sensitive proteins prone to unspecific 

oxidation by reactive oxygen species. We thus hypothesized 

that  the Srx Cys residues involved in catalysis (C84 and C48)
49

 

could oxidize to sulfenic acid or disulfide due to reactive 

oxygen species present in the solution, and react with Tsa1SO2 

residual Cys (CR) to form an intermolecular disulfide, a process 

favored by a longer contact delay to allow conformational 

orientation suitable for the Cys residues to react. Accordingly, 

the P182L and Δ190-196 Tsa1 mutants whose C-terminal 

region likely is more flexible, show increased high force 

signature frequency (Fig 4I).  

We showed that, for 1 s surface delay experiments, increasing 

TCEP (tris(2-carboxyethyl)phosphine) -a reducing agent 

breaking disulfide bonds-  from 0 to 4 mM decreases the 

number of HF peaks by 70 % (Fig. 7C), thus supporting HF 

peaks corresponding to disulfide bond rupture. Based on the 

literature 
50,51

 the formation and breaking of covalent bonds 

between both proteins would be reflected in the highest 

values of forces (above 1 nN).  Although the origin of the linear 

forces ranging from 400 to 1000 pN cannot be precisely 

determined, we believe that they are associated with the 

interactions between the Cys of both Srx and Tsa1, as 

demonstrated by performing a similar experiment using the 

Srx
C48S C84A C106V

 mutant in which all Cys are substituted. The 

global adhesion frequency was similar to the wild-type Srx but 

it did not show any HF peaks above 400 pN, even at 1 s of 

contact time (Fig. 7B). However, these controls do not allow to 

discard that the 400-1000 pN forces could also be due to the 

Srx-cysteine binding to the gold surface as this would result in 

the same range of forces.
52

  

This observation opens significant opportunity to expand the 

use of single-molecule force-based techniques in thiol redox 

enzymology. AFM-based approaches have been used so far 

mostly to study the rupture of disulfide bonds by disulfide 

exchange reactions catalyzed by thioredoxin or related 

enzymes.
53–55

 Our results thus open the possibility to study 

the formation of covalent bonds involved in enzyme-catalyzed 

reaction by AFM-based techniques.  

 

Conclusions 

How decameric Prxs interact with their partner proteins is 

essential to understand the regulation of their multiple 

functions. Indeed, in vivo full hyperoxidation of the Prx 

decamers has been shown,
56,57

 which implies that multiple 

subunits are substrate of Srx. Given the high concentration of 

Figure. 7. Srx interaction with Tsa1 decamer reveals high linear force (HF) signature 

consistent with disulfide bond formation. (A) Representative high linear forces 

obtained when Srx is interacting with Tsa1SO2 for a contact time set to 1 s and 250 

ms (a, inset). (B) Histograms of the adhesion force frequency of high linear forces for 

250 ms (wild-type Srx) and 1 s contact time (SrxC48S C84A C106V and wild-type Srx). 

Histograms have been built from 168 HF curves for 250 ms and 160 HF curves for 1s 

contact time. (C) Impact of the addition of the disulfide bond reducer TCEP in the 

AFM liquid cell on the frequency of appearance of HF signatures. Each point in c 

corresponds to the number of HF over 2048 force curves obtained from 2 

independent experiments with different functionalized tips. 
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cytosolic Prx from the Prx1 family (~20 µM for Tsa1
58

), and 

relatively lower concentration of Srx (~75 folds less than 

Tsa1
58

), interaction of multiple Srx on a single decamer could 

provide a biological advantage to regenerate a decamer to the 

fully reduced form vs. heterogeneous complexes of reduced 

and hyperoxidized subunits, which would have e.g. lower 

peroxidase activity. This could be favored by Srx binding 

cooperatively to the decamer. Although this idea is 

speculative, the present study gives insight into the formation 

of these complexes at the single decamer level, which is 

necessary to further address such questions.  

Tsa1 decamer interaction with Srx have been resolved in 

solution at the decameric level by AFM imaging of a Tsa1(Srx)10 

complex stabilized covalently, using native mass spectrometry 

and DLS, showing that interaction of Srx does not induce 

dissociation of the decamer. Force spectroscopy assessment of 

the interaction between surface-bound Tsa1 decamer and tip-

grafted with multiple Srx appeared to be relevant to the 

interaction between free molecules in solution and allowed to 

resolve the interaction of up to five Srx with Tsa1 subunits.  

Combining with investigation of the dynamics of Tsa1/Srx 

interactions using rapid kinetics revealed a two-step binding 

mechanism and showed the critical role of the Prx C-terminal 

tail in the binding mechanism, in accordance with sequential 

or concerted dissociation of tip-grafted Srx from the decamer 

shown by AFM peculiar force-distance signatures.  

Overall, these highly pertinent correlations between affinity, 

kinetics, and single molecule data strongly support this 

multiscale methodology as a proficient method to further 

understand how protein supramolecular assembly regulates 

multivalent interaction with partners, such as binding 

mechanisms between Srx interaction and newly discovered 

substrates.
59

 Finally, the formation of disulfide bond could 

also be observed from specific rupture signatures, which 

should open avenues for the study of the mechanisms allowing 

Prxs to act as redox relay,
60

 and developing AFM as an new 

platform in thiol redox enzymology. 
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