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Probing the chemistry of thioredoxin catalysis
with force
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Thioredoxins are enzymes that catalyse disulphide bond reduction
in all living organisms1. Although catalysis is thought to proceed
through a substitution nucleophilic bimolecular (SN2) reaction1,2,
the role of the enzyme in modulating this chemical reaction is
unknown. Here, using single-molecule force-clamp spectro-
scopy3,4, we investigate the catalytic mechanism of Escherichia coli
thioredoxin (Trx). We applied mechanical force in the range of
25–600 pN to a disulphide bond substrate and monitored the
reduction of these bonds by individual enzymes. We detected
two alternative forms of the catalytic reaction, the first requiring
a reorientation of the substrate disulphide bond, causing a short-
ening of the substrate polypeptide by 0.79 6 0.09 Å (6 s.e.m.),
and the second elongating the substrate disulphide bond by
0.17 6 0.02 Å (6 s.e.m.). These results support the view that the
Trx active site regulates the geometry of the participating sulphur
atoms with sub-ångström precision to achieve efficient catalysis.
Our results indicate that substrate conformational changes may be
important in the regulation of Trx activity under conditions of
oxidative stress and mechanical injury, such as those experienced
in cardiovascular disease5,6. Furthermore, single-molecule atomic
force microscopy techniques, as shown here, can probe dynamic
rearrangements within an enzyme’s active site during catalysis
that cannot be resolved with any other current structural bio-
logical technique.

One of the principal challenges of understanding enzyme catalysis, a
central problem in biology, is resolving the dynamics of enzyme–
substrate interactions with sub-ångström resolution—the length scale
at which chemistry occurs7. Although nuclear magnetic resonance
(NMR) and X-ray crystallography determinations of protein struc-
tures can reach down to the sub-ångström level, they cannot yet pro-
vide dynamic information about enzyme catalysis at this length scale8.
Here we demonstrate the ability of single-molecule techniques in
probing the dynamics of enzyme catalysis at the sub-ångström scale.

We used a polyprotein made of eight repeats of the I27 domain of
human cardiac titin9 with engineered cysteines, (I27SS)8, as a sub-
strate protein to monitor the Trx-catalysed reduction of individual
disulphide bonds (SS) placed under a stretching force. In our experi-
ments, we used atomic force microscopy in force-clamp mode3 to
extend single (I27SS)8 polyproteins (Fig. 1a, far left). The constant
applied force caused individual domains to unfold, resulting in a
stepwise increase in the length of the molecule after each unfolding
event. This is illustrated in Fig. 1b, in which a single (I27SS)8 poly-
protein was first mechanically unfolded at 165 pN for 400 ms. A series
of 10.8-nm steps was rapidly observed (Fig. 1b, inset); each step
corresponds to the partial unfolding of a single I27SS domain up to
the disulphide bond (red, Fig. 1a). The disulphide bond is buried in

the folded protein4 and is exposed to the bathing solution only after
partial unfolding. The unfolding force pulse was followed by a test
pulse (100 pN in this case). No further steps were observed during
the test pulse because the disulphide bond could not be broken by
the applied force alone10 in the absence of Trx. After unfolding, the
stretching force was applied directly to the disulphide bond and, if Trx
is present in solution, the bond can be chemically reduced by the
enzyme. Such a result is shown in Fig. 1c, with a similar experiment
in the presence of 8mM Trx. Now, during the test pulse, seven steps of
,13.2 nm were observed as individual disulphide bonds were reduced
by single Trx enzymes, allowing for the immediate extension of the
residues previously trapped behind the disulphide bond (blue, Fig. 1a).
The size of the increases in step length observed during these force-
clamp experiments corresponds to the number of amino acids released,
serving as a precise fingerprint to identify the reduction events4,11.

We used an ensemble of single-molecule recordings to measure the
kinetics of disulphide bond reduction by Trx. At each force and Trx
concentration, we averaged (Supplementary Fig. 1) 10–30 test-pulse
recordings of the type shown in Fig. 1c. Averaged traces at various
forces are shown in Fig. 2a. The averaged traces were fitted by a single
exponential with a time constant t (see Supplementary Figs 2 and 3).
We define the observed rate constant of disulphide reduction as r 5 1/t.

Figure 2b shows a plot of r as a function of the applied (test pulse)
force. The figure shows that the rate of reduction decreases fourfold
between 25 and 250 pN, and then increases approximately threefold
when the force is increased up to 600 pN, demonstrating a biphasic
force dependency. This result is in contrast with the uniform accel-
eration of dithiothreitol (DTT) reduction rate with increasing force4,
underlining a much more complex chemical reaction catalysed by
Trx. Furthermore, the rate of reduction becomes saturated as the
concentration of Trx is increased (Fig. 2c).

To explain our data, we tested different kinetic models of force-
dependent Trx catalysis (Supplementary Figs 4–6, and Supplemen-
tary Tables 2 and 3). We found that the model that could best describe
our data incorporates an intermediate state as well as two different
force-dependent rate constants (Fig. 2d). Path I (red, Fig. 2d) is similar
to a Michaelis–Menten mechanism, with a catalytic step inhibited by
force. Path II (blue, Fig. 2d) is governed solely by the rate constant k02

(where subscripts refer to steps in Fig. 2d), which is accelerated by
force. Our model can be globally fitted to the data of Fig. 2b and c (solid
lines), obtaining values for the model parameters (Supplementary
Table 1). The goodness of fit for this model was measured using
statistical methods12 (see Methods and Supplementary Table 3;
x2

n 5 0.835, and v 5 26, six free parameters; P(x2
n) 5 0.705). An extra-

polation to zero force predicts a second-order rate constant for Trx
reduction of 2.2 3 105 M21 s21. This is ,30,000 times faster than that
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found for I27SS disulphide reduction by DTT (6.5 M21 s21, ref. 4).
This result is consistent with bulk biochemical experiments, in which
Trx has been found to reduce insulin disulphide bonds ,20,000 times
faster than DTT (1 3 105 M21 s21 for Trx versus 5 M21 s21 for DTT at
pH 7 (ref. 13)).

The experimental data shown in Fig. 2b suggest that there are two
separate pathways for disulphide bond reduction by Trx. Further
support for this hypothesis was gained by probing the force-depend-
ent reduction kinetics of an active site mutant, Trx(P34H) (Fig. 3). In
our single-molecule experiments, the extrapolated zero-force rate of
reduction for Trx(P34H) is less than one-half of that for the wild-type
enzyme (8.8 3 104 M21 s21 versus 2.2 3 105 M21 s21), showing a sim-
ilar relationship to bulk biochemical experiments (3 3 103 M21 s21

for Trx(P34H) versus 2 3 104 M21 s21 for wild-type Trx at pH 8
and 15 uC (ref. 14)). In Trx(P34H), the rate of Trx binding to the
substrate (k01) decreased significantly, whereas the other kinetic para-
meters remain mostly unchanged (Supplementary Table 1). By fitting

this data with two alternate kinetic models, we found that the
Trx(P34H) mutant supports the view that Trx has two distinct forms
of catalysis, without a common intermediate (see Supplementary Figs
5–7 and Supplementary Table 3).

In the kinetic model shown in Fig. 2d, the catalytic rate constants
are described by a straightforward Arrhenius term. For example,
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Figure 1 | Identification of single Trx catalytic events. a, Single (I27SS)8

molecules were stretched using an atomic force microscope in force-clamp
mode (left). After unfolding of the red residues, the disulphide bond is
exposed to the solution. On disulphide reduction by Trx, the blue residues
previously trapped behind the disulphide bond are immediately extended.
b, A single (I27SS)8 molecule is stretched in the absence of Trx. At least six
individual domains are unfolded up to the disulphide bond during the
unfolding pulse to 165 pN (inset). No further steps are noted during the test
pulse to 100 pN. c, In the presence of 8mM Trx, seven steps of ,13.2 nm are
observed during the test pulse, corresponding to the extension of the trapped
residues in each module after the reduction of individual disulphide bonds
by single Trx enzymes.
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Figure 2 | Force-dependent Trx catalysis. a, Multiple single-molecule
recordings of the test pulse only (n 5 10–30) were averaged to monitor the
kinetics of disulphide bond reduction under force F. A single exponential is
fitted to each averaged trace (smooth line), and the rate constant of
reduction r 5 1/t. b, r as a function of force at [Trx] 5 8mM. c, r as a function
of [Trx] at various forces. Error bars in b and c represent the s.e.m. obtained
from bootstrapping (see Methods). Solid lines in b and c are fits using the
kinetic model shown in d. This model describes two modes of Trx catalysis
(path I in red, path II in blue), where the catalytic rate constants are
exponentially dependent on the applied force. The dashed green line in
b represents model fits in the absence of path II, with k02 5 0.
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k12 5 b0exp(FDx12/kBT), where b0 is the rate constant at zero force, kB

is Boltzmann’s constant, T is the temperature andDx12 is the distance
to the transition state along the length coordinate15. Fits of the kinetic
model (Fig. 2d) to the data of Fig. 2b and c gave values
of Dx12 5 20.79 6 0.09 Å for the catalytic step of path I and
Dx02 5 0.17 6 0.02 Å for the catalytic step of path II (6 s.e.m.
obtained by downhill simplex procedure for model fitting, see
Methods). Similar parameters were also found for the Trx(P34H)
mutant (Supplementary Table 1). Thus, the two catalytic pathways
are very different: the transition state of reduction by way of path I
requires a shortening of the substrate polypeptide by ,0.8 Å, whereas
path II requires an elongation by ,0.2 Å.

Our experiments show that sub-ångström-level distortions of the
substrate disulphide bond take place dynamically during Trx cata-
lysis. A glimpse of the transition state for Trx catalysis can be obtained
from the NMR structure of human TRX (also known as TXN) a
homologue of the E. coli enzyme16,17, in a complex with a substrate
peptide from the signalling protein NF-kB (Fig. 4a, PDB accession
number 1MDI). In this structure (ref. 18), as well as in the structure
of human TRX bound to REF-1 (also known as APEX1) (ref. 19), a
peptide-binding groove is identified on the surface of TRX in the
vicinity of the catalytic Cys 32. The sulphur atom in Cys 32 (sulphur
atom A) of the active site of TRX forms a disulphide bond with the
sulphur atom of the NF-kB peptide (sulphur atom B).

We used the orientation of the disulphide bond within the Trx
active site in an attempt to predict the structure of the catalytic
transition state in our experiments. It is known that disulphide bond
reduction proceeds by means of an SN2 mechanism. This reaction is
highly directional, proceeding via a transition state in which the three
involved sulphur atoms form an ,180u angle20–22. Thus, the relative
positions of these sulphur atoms must be important for efficient Trx
catalysis. We found that the disulphide bond in 1MDI forms an angle
of ,70u with respect to the axis of the peptide-binding groove.
Assuming that this orientation applies to the SN2 reaction that
reduces the I27SS bond of our experiments, and that the stretched
polypeptide is bound to the groove, it is apparent that the target
disulphide bond must rotate with respect to the pulling axis to
acquire the correct SN2 geometry (Fig. 4b). Given that the disulphide
bond in the stretched polypeptide is aligned within ,20u of the pull-
ing force (Supplementary Fig. 8), a further rotation by an angle
h 5 50u would be required for catalysis (Fig. 4b), causing a contrac-
tion of the target polypeptide by ,1.2 Å, close to the measured value
of Dx12 < 20.8 Å. However, molecular dynamics simulations have
previously identified multiple conformations of the catalytic thiol in
glutaredoxin, a member of the thioredoxin superfamily23.

Similarly, we have performed molecular dynamics simulations of
the 1MDI structure to examine the conformational diversity of the

NF-kB to Cys 32 disulphide bond. Our simulations show that the
disulphide bond samples a range of conformations with h 5 50u280u
in either the clockwise or the counterclockwise direction (shaded
area in the inset of Fig. 4a, and Supplementary Figs 9 and 10). We
then combined the results of these molecular dynamics simulations
with a theoretical model that treats the substrate backbone as a
freely jointed chain24. This model predicts the likelihood of the sub-
strate disulphide achieving the correct geometry for the reaction
transition state under a pulling force (see Supplementary Infor-
mation and Supplementary Fig. 10). We found that, in the cases of
NF-kB, REF-1 and the apo TRX, an average bond rotation on the
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Figure 4 | Structural model for force-dependent Trx catalysis. a, TRX
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position of the disulphide bond between TRX Cys 32 (sulphur atom A) and
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bond, as required by the SN2 chemical reaction. b, Cartoon representation of
the reduction by Trx of a disulphide bond in a stretched polypeptide. On
binding, the substrate disulphide bond (between sulphur atoms B and C) has
to rotate by an angle h to acquire the correct SN2 geometry at the transition
state (TS) of the reaction, causing a contraction of the substrate polypeptide
by an amount Dx12. This rotation is opposed by the pulling force. c, Force-
dependent reduction by human TRX compared to E. coli Trx. Error bars
represent the s.e.m. obtained from bootstrapping (see Methods).
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sub-ångström scale (resulting in Dx12 values of 20.77, 20.45 and
20.19 Å, respectively) must take place to allow SN2 chemistry in the
TRX active site (Supplementary Table 4).

To probe this model of catalysis, which is based on the structure of
human TRX complexes, we also tested the force-dependent mech-
anism of disulphide bond reduction by human TRX (Fig. 4c). At low
forces, it is clear that human TRX catalyses disulphide bond reduc-
tion in I27SS much more rapidly than Trx from E. coli. However, at
high forces it appears that path II is quite diminished in the human
TRX variant. Thus, the data for human TRX resemble a simple
Michaelis–Menten model (dashed green line in Fig. 2b), indicating
that the two thioredoxin variants differ in their catalytic mechanisms
at high force. Our three-state kinetic model also describes the human
TRX data well with a fixed Dx12 5 20.79 Å (Fig. 4c and Supple-
mentary Tables 1 and 3). Thus, it is clear that the mechanism that
governs the force-dependence of path I is conserved between these
homologues, and the results for human TRX at low forces can also be
explained by our structural model.

The origin of the Dx02 ,0.2 Å elongation at the transition state of
catalysis for E. coli Trx, measured from the force-dependency of
path II, is less clear. However, as demonstrated in the theoretical
calculations of thiol/disulphide exchange in ref. 22, other reaction
geometries are possible, even if they are typically unfavourable ener-
getically. Thus, Dx02 may correspond to the lengthening of the I27SS

disulphide bond at a transition state4 other than the standard SN2
form.

Our results show that a mechanical force can alter the chemistry of
the catalytic site in thioredoxin significantly. This is a novel concept
in biology, that mechanical stresses applied to tissues may completely
change the enzymatic chemistry from that observed in solution bio-
chemistry. These effects may be particularly significant in tissues
exposed to pathological force levels such as those that occur during
mechanical injury. For example, it is well known that the increased
mechanical stress during hypertension triggers an oxidative stress
response in vascular endothelium and smooth muscle5 that is com-
pensated by an increase in the activity of thioredoxin6,25. In this
context, we predict that the increased mechanical forces applied to
target disulphide bonds would inhibit the activity of thioredoxin,
diminishing the effectiveness of the antioxidant properties of the
enzyme. The capability of single-molecule atomic force microscopy
techniques directly to probe the dynamic sub-ångström molecular
rearrangements during catalysis may prove to be an important tool in
understanding the fundamental mechanisms underlying enzymatic
chemistry.

METHODS SUMMARY

The expression and purification of I27SS, wild-type Trx and Trx(P34H) are

described in the Methods. Our custom-built atomic force microscope controlled

by an analogue proportional-integral-derivative (PID) feedback system has been

described previously3. The buffer used in the experiments contained 10 mM

HEPES, 150 mM NaCl, 1 mM EDTA, 2 mM NADPH, 50 nM thioredoxin reduc-

tase (from E. coli for Trx and from rat liver for TRX) and the indicated concen-

tration of Trx or TRX, and was controlled to pH 7.2. Single (I27SS)8 protein

molecules were stretched by first pressing the cantilever on the coverslide at a

constant force of 800 pN for 3 s, then retracting to a constant force of 165 pN for

400 ms during the unfolding pulse. The indicated test-pulse force was applied for

,5 s. For further details, see Methods. All data were obtained and analysed using

custom software written for use in Igor 5.0 (Wavemetrics). We summed and

normalized the test-pulse portions of numerous (n 5 10–30) recordings that

contained only disulphide reduction events and no unsequestered unfolding

events to obtain the experimental value r. The differential rate equations were

solved using matrix analysis methods, and error analysis was performed using

the nonparametric bootstrap method in combination with the downhill simplex

method (see Methods for details). All error bars shown represent standard

error. See Methods for description of molecular dynamics simulations, and

Supplementary Information for theoretical modelling of the transition state

for Trx catalysis.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS
Protein engineering, expression and purification. The expression and puri-

fication of (I27SS)8 has been described previously4. In brief, we used the

QuikChange site-directed mutagenesis method (Stratagene) to introduce

Gly 32 Cys and Ala 75 Cys mutations into the I27 module from human cardiac

titin. We used multiple rounds of successive cloning9 to create an amino-carboxy

linked, eight-domain polyprotein gene, (I27G32C–A75C)8. In this work, we call this

construct (I27SS)8. This gene was encoded in vector pQE30 and expressed in E.

coli strain BL21(DE3). Pelleted cells were lysed by sonication, and the

His 6-tagged protein was first purified using an immobilized Talon-Co21 col-

umn (Clontech) and then further purified by gel filtration on a Superdex 200

column (GE Healthcare). The purified protein was verified by SDS–PAGE and

stored at 4 uC in a buffer of 10 mM HEPES, 150 mM NaCl, 1 mM EDTA and

0.02% NaN3 (w/v), pH 7.2.

Both wild-type Trx and Trx(P34H) were expressed and purified by the same

method described previously26. Briefly, the E. coli Trx gene encoded in plasmid

pTK100, was expressed in E. coli strain JF521. Cell pellets were lysed using a French

press and stirred with streptomycin sulphate (10% w/v) at 4 uC for 16 h. The

filtered supernatant was then loaded onto a 2-l Sephacryl S-100 High

Resolution (GE Healthcare) gel filtration column. Trx fractions were pooled

and applied to a 250-ml Fractogel EMD DEAE(M) (Merck) ion exchange column

equilibrated in a buffer containing 1 mM EDTA and 30 mM TRIZMA, pH 8.3.

The protein was eluted by a linear gradient between 0 and 0.5 M NaCl. The

proteins were pure, as measured by SDS–PAGE gel densitometry. The molecular

weight of pure proteins was confirmed by mass spectrometry. Trx fractions were

dialysed into a buffer of 10 mM HEPES, 150 mM NaCl and 1 mM EDTA, pH 7.2.

Trx concentration was determined spectrophotometrically at 280 nm using a

molar absorption coefficient e280 of 13,700 M21 cm21 (ref. 27). The bulk activity

of Trx and Trx(P34H) was confirmed by monitoring spectrophotometrically at

412 nm the reduction of 5,59-dithiobis(2-nitrobenzoic acid) (DTNB, Sigma) as

described28.

TRX was purified as previously described29. Briefly, the pACA/TRX plasmid

was expressed in BL21(DE3) cells. Cell pellets were lysed using a French press and

stirred with 7% w/v streptomycin sulphate. Protein was then precipitated by

adding ammonium sulphate to 85% saturation. The crude extracts were applied

to a DEAE 52 column equilibrated with 50 mM Tris-HCl, pH 7.5, 1 mM EDTA

and 0.1 mM DTT. Protein was eluted with an NaCl gradient, pooled and con-

centrated, and then applied to a Sephadex G-50 column equilibrated with 50 mM

Tris-HCl, pH 7.5, 1 mM EDTA and 0.1 mM DTT. Fractions were pooled, con-

centrated and further purified using E. coli Trx antibody affinity chromato-

graphy. Protein concentration was determined spectrophotometrically at

280 nm using an e280 of 8,050 M21 cm21.

Single-molecule force-clamp spectroscopy. Our custom-built atomic force

microscope has been described previously30. Typical resolution in extension

was ,0.5 nm and typical analogue feedback lag in the force-clamp following

unfolding was ,5 ms. The spring constant of silicon nitride cantilevers (Veeco),

typically ,20 pN nm21, was calibrated as described previously31. The buffer used

for all experiments contained 10 mM HEPES, 150 mM NaCl, 1 mM EDTA and

2 mM NADPH, and was controlled to pH 7.2. Before beginning the experiment,

thioredoxin reductase (Sigma; from E. coli for E. coli Trx experiments, or from rat

liver for human TRX experiments) was added to the experimental buffer to a

final concentration of 50 nM. Thioredoxin was then added to the experimental

buffer to the indicated concentration. An excess of NADPH and a catalytic

amount of thioredoxin reductase are both necessary to maintain ,98% of Trx

in the active, reduced form during the experiment1. In the Trx system, reducing

equivalents are donated from NADPH to the FAD domain of thioredoxin reduc-

tase, and these electrons subsequently reduce a catalytic disulphide bond in

thioredoxin reductase. Reduced E. coli thioredoxin reductase is very specific

for reducing the disulphide bond in oxidized Trx1 and does not non-specifically

reduce other disulphides. This is demonstrated by recordings shown in Fig. 1b

and Supplementary Fig. 1b; when Trx was not included in the solution, no

disulphide reduction in I27SS was observed even in the presence of thioredoxin

reductase and NADPH.

In the experiment, ,5 ml (I27SS)8 solution was added to a ,100ml droplet of

Trx-containing experimental buffer deposited on a substrate coverslide. Single

(I27SS)8 protein molecules were stretched by first pressing the cantilever on the

coverslide at a constant force of 800 pN for 3 s, then retracting to a constant force

of 165 pN for 400 ms during the unfolding pulse. The indicated test-pulse force

was applied for ,5 s. In our experiments we did not control the precise point of

attachment between the (I27SS)8 molecule and the cantilever; thus, varying

numbers of disulphide reduction events may be observed in a given single-

molecule recording.

Data analysis. All data were recorded and analysed using custom software writ-

ten in Igor Pro 5.0 (Wavemetrics). We analysed only recordings that exhibited
disulphide reduction events of the expected step size in the test pulse. (For a

discussion of expected disulphide reduction step size as a function of force, see

the Supporting Online Material of ref. 4.) We summated and normalized the

test-pulse portions of numerous (n 5 10–30) recordings that contained only

disulphide reduction events and no unsequestered unfolding events. We fitted

these averaged traces with a single exponential to obtain the observed rate con-

stant of reduction, r. This type of summation procedure is standard in the ion

channel literature and has been used in many contexts to obtain macroscopic

kinetics from single-molecule recordings32,33. We assume that disulphide reduc-

tion in (I27SS)8 is markovian (that is, that each reduction event is independent of

all others); thus, averaging traces with different numbers of reduction steps will

result in invariant exponential kinetics4. To estimate the error on our experi-

mentally obtained rate constant, we carried out the nonparametric bootstrap

method34. At a given value of force and [Trx], n staircases were randomly drawn

with replacement from our original data set. These were summed and fitted to

obtain a rate constant. This procedure was repeated 1,000 times for each data set,

resulting in a distribution that provided the standard error of the mean for the

reduction rate constant, shown as the error bars in Figs 2b and c, 3 and 4c.

Kinetic model. In the kinetic model shown in Fig. 2d (and Supplementary Fig.

4a), three states are used to describe our experimental system. The rate equations

for the concentrations of states 0, 1 and 2 as a function of time t are:

d[0]/dt 5 2k01[0] 2 k02[0] 1 k10[1] (1)

d[1]/dt 5 k01[0] 2 k10[1] 2 k12[1] (2)

d[2]/dt 5 k02[0] 1 k12[1] (3)

Where each rate constant is defined by the following parameters (a0, b0, c0 and d0

are coefficients used to calculate each rate constant as a function of force and

[Trx]):

k01 5 a0[Trx] (4)

k12 5 b0 exp(FDx12/kBT) (5)

k02 5 c0[Trx] exp(FDx02/kBT) (6)

k10 5 d0 (7)

As shown in the kinetic model scheme in Supplementary Fig. 4a (also shown in

Fig. 2d), rate constants k01 and k02 are linearly dependent on the concentration of

Trx and have units of mM21 s21. k10 is a constant with units of s21. k12 is in units

of s21 and is modelled to be exponentially dependent on the applied force,

following the Bell equation15. k02 also demonstrates an exponential dependence

on the applied force. There are no reverse rate constants for the 0R2 and 1R2

transitions (that is, k20 5 0 and k21 5 0). Immediately after disulphide bond

reduction in an I27SS module by Trx, the two thiol groups in I27SS are pulled

more than 10 nm apart by the applied force. This prevents any reoxidation of the

disulphide bond in I27SS, so the formation of state 2 is irreversible in our experi-

ment. We assume that the concentration of Trx remains constant throughout the

experiment because the rare oxidation of single enzymes will not significantly
affect the overall solution concentration of active Trx. The [Trx] term is input as

a constant from the experimental conditions. The I27SS concentration is not a

factor in the rate equations because only single molecules are monitored at any

given time and all results are unaffected by the bulk concentration of I27SS.

To describe the obtained experimental data, we solved this kinetic model using

matrix analysis. By determining the eigenvalues and eigenvectors of the kinetic

matrix (see equation (8)) it is possible to calculate the probability of a single I27SS

module being in a given state as a function of time.

A~

{(k01zk02) k10 0

k01 {(k10zk12) 0

k02 k12 0

2
64

3
75 ð8Þ

If we input values for the parameters a0, b0, c0, d0, Dx12 and Dx02 as well as the

experimental [Trx], we can solve the matrix for a discrete set of forces in the

range of 0–600 pN. The output of the analysis shows the probability of a single

disulphide bond existing in state 0 (Supplementary Fig. 4b), state 1

(Supplementary Fig. 4c) or state 2 (Supplementary Fig. 4d) as a function of time.

We note that the model is solved with the initial condition of P(0) 5 1 at
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time 5 0. State 2, where disulphide reduction by Trx has occurred, is the only

state that we can directly monitor using our experimental technique. Thus, the

calculated probability of being in state 2 as a function of time directly corre-

sponds to the observed single-molecule recordings shown in Fig. 2a. By fitting

these calculated probabilities with a single exponential (Supplementary Fig. 4d),

we can obtain the observed rate constant of reduction (r 5 1/t from the expo-

nential fit to the model plot) in the same manner that we determined r for the

experimental data.

To find the optimal kinetic parameters to describe the experimental data,

we first solved the kinetic model for several, widely ranging values for each

parameter (typically over three orders of magnitude). We then compared

the model r values to those obtained experimentally (see Fig. 2c, d for wild-

type Trx, and Fig. 3b for Trx(P34H)) and calculated the goodness of the fit x2,

where x2 5
PN

1

yi{f (xi )
s

� �2

; here, N is the number of data points, yi is the experi-

mentally observed rate, f (xi) is the calculated rate from the kinetic model, and s

is the magnitude of the error of the observed rate35. The combination of para-

meter values with the lowest x2 then served as the starting point for the downhill

simplex method36 to optimize further the global fit of the model to the data.

Errors for each parameter were again obtained with the bootstrap method in

combination with the downhill simplex method. At each given value of force and

[Trx], a value for the rate constant from the distribution obtained with the

bootstrap method (see the ‘Data Analysis’ section above) was picked at random.

By using different values for the rate at each force, extracted from the bootstrap

analysis, the experimental error in each rate constant is accounted for when

performing fits to the model. The downhill simplex method was then applied

to these rate constants, giving the best fitting values for each parameter for that

particular combination of rates. The downhill simplex simultaneously varied all

six fitting parameters to globally fit the 32 data points for wild-type Trx (14 at

8 mM Trx; 18 at other concentrations). This procedure was repeated 200 times,

resulting in distributions, and thereby standard errors, for each model para-

meter. The values that provided the best fit to the data as well as their standard

errors for wild-type Trx, Trx(P34H) and TRX are shown in Supplementary

Table 1.

To determine the goodness of fit of the various kinetic models shown in

Supplementary Fig. 5, we first used the above methods to globally fit each model

to the force-dependent and concentration-dependent data for wild-type Trx

(Supplementary Fig. 6). We measured an overall x2 value for the best fit to each

model (best-fitting parameters shown in Supplementary Table 2). We then

obtained a reduced chi-squared value, x2
n 5 x2/n, where n is the number of

degrees of freedom in the fit (n 5 N – c, where N is the number of data points

and c is the number of free fitting parameters). To determine the statistical

goodness of fit, we calculated P(x2
n), the likelihood of obtaining the observed

x2
n if the experimental data are truly represented by the proposed kinetic

model35. This method has been used previously to determine the goodness of

fits of various kinetic models to single-molecule data12. P(x2
n) was calculated

using the web-based program available at http://www.fourmilab.ch/rpkp/

experiments/analysis/chiCalc.html. Parameters relating to the analysis of various

kinetic models are shown in Supplementary Table 3.

Force-probe molecular dynamics and structural modelling. Simulations were

carried out with the Gromacs 3.3.1 simulation suite (http://www.gromacs.org)37.

The simulations were started from the NMR structure of human TRX in an

intermediate complex with a disulphide bond to a substrate, the NF-kB peptide

(PDB accession number 1MDI, ref. 18). Protonation states of the standard

amino acids were adopted from the solution structure.

The OPLS (optimized potentials in liquid simulations) force field38 was

applied. The protein was solvated in a 7.3 3 7.3 3 7.4 nm3 box of TIP4P water

molecules. Twenty-two sodium and 18 chloride ions were added to the simu-

lation system to compensate for the overall positive charge of the protein and to

mimic physiological conditions. This yielded a total system size of 49,220 atoms.

Simulations were carried out with periodic boundary conditions. Application of

the Lincs39 and Settle40 methods allowed for an integration time step of 2 fs.

Electrostatic and Lennard–Jones interactions were calculated within a cut-off

of 1 nm, and the neighbour list was updated every ten steps. For the long-range

electrostatic interactions, the Particle-Mesh-Ewald (PME) method41 with a grid

spacing of 0.12 nm was used. An N, p, T ensemble, where N is the number of

atoms, p is the pressure and T is the temperature, was simulated, with separate

coupling of the protein, solvent and ions to a 300 K heat bath (t 5 0.1, ref. 42).

The system was isotropically coupled to a 1 bar pressure bath (t 5 1.0, ref. 42).

Initially, the system was energy-minimized (steepest descent, 1,000 steps), before

equilibrating the solvent for 700 ps with positional restraints on protein heavy

atoms. Then, the whole system was equilibrated (300 K). Input coordinate files

and system parameters are also included in the Supplementary Information.

(Owing to the large size of the output file it is not practical to include it in the

Supplementary Information. Therefore, we will send the output file of our

simulations to any researcher, on request.)

To model an approximate transition state geometry for the SN2 reaction in the

active site of Trx, in a subsequent simulation the Trx–NF-kB disulphide bond

was elongated from 2.05 Å to 2.60 Å (the length of the extended bond found for

the transition state in an SN2 reaction22) within 160 ps using the free-energy

perturbation code in Gromacs and starting from the equilibrated system.

Next, the third sulphur atom taking part in the SN2 reaction was placed along

the resulting vector of the extended disulphide bond between Trx and the NF-kB

peptide in a distance of 2.40 Å, as found for the SN2 transition state22. The

cysteine residue to which the third sulphur atom is bound was placed into the

location defined by the sulphur atom, and was oriented such that it did not clash
with Trx or peptide residues. Using 20 different starting structures of equili-

brated Trx for the modelling of the reduction transition state resulted in some-

what different active-site geometries. The angle between the peptide-binding

groove and the axis of the sulphur atoms varies and exists in the range between

50u and 130u. The average conformation of the disulphide bond was observed to

fall into two populations (Supplementary Fig. 10). The resulting structures were

plotted with Pymol43.

In another set of simulations, titin I27 with residues 32 and 75 mutated to

cysteines was unfolded to monitor the disulphide bond orientation in the
unfolded state with respect to the pulling direction. The OPLS force field was

applied for I27. The wild-type protein (PDB accession number 1TIT, ref. 44) was

solvated in TIP4P water in a 6.8 3 5.7 3 5.0 nm3 box. Sixteen sodium and ten

chloride atoms were added to neutralize the protein charges and to give physio-

logical ion strength. The resulting system size was 23,524 atoms. I27 was mini-

mized, the solvent initially equilibrated with restraints on the protein heavy

atoms (500 ps), and then the entire system subsequently equilibrated for a fur-

ther 8 ns. The simulation software and parameters as described above were

applied. Residues 32 and 75 of the equilibrated structure were mutated to

cysteine residues using the program WHATIF (ref. 45). The mutant I27SS was

re-solvated in a larger box (19.2 3 5.5 3 5.0 nm3), allowing sufficient space to

completely unfold the protein, yielding a system size of 112,156 atoms. The

system was minimized, resulting in a shortening of the S–S bond to the value

typical for an S–S bond (2.05 Å). The solvent was equilibrated with restraints on

the protein heavy atoms (2 ns), followed by the equilibration of side chains with

restraints on the protein backbone atoms (2 ns), and finally by the equilibration

of the whole system (11 ns). No distortion of the structure adjacent to the point

mutations was observed. Force-probe molecular dynamics simulations46 of the
equilibrated I27SS mutant were performed. The Ca-atoms of the terminal resi-

dues were subjected to harmonic pulling potentials with a spring constant of

500 kJ mol21 nm22, and were moved away from each other with a constant

velocity of 0.4 nm ns21. As expected, the unfolded structure (Supplementary

Fig. 8), obtained after ,14 ns of the force-probe molecular dynamics simulation

time, showed alignment of the disulphide bond within ,20u of the pulling

direction, with a projection of the S–S bond length on the pulling axis of ,1.9 Å.

For comparison of the active-site geometry, additional standard equilibrium
molecular dynamics simulations have been performed for the reduced state of

Trx in the absence of a peptide, and for the other available Trx intermediate, the

Trx–Ref-1 complex. For the simulation of the reduced state, the NF-kB peptide

in the 1MDI structure was deleted. The apo structure with an unprotonated

Cys 32 was solvated in water. After addition of ions to yield physiological ion

strength, the system comprised 33,606 atoms. The Trx–Ref-1 complex (PDB

accession number 1CQH, ref. 19) was solvated in water with physiological ion

strength, resulting in a system size of 38,760 atoms. Both systems were mini-

mized and equilibrated as described above and results are shown in

Supplementary Fig. 10.
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