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Enzyme catalysis (AFM) has been traditionally studied using kinetic biochemical experiments 
and structural methods like X-ray crystallography. Recently, single-molecule methods, using 
atomic force microscopy, have been applied to study enzyme catalytic properties. A mechanical 
force of up to hundreds of piconewtons (pN) can be applied to the substrate to alter the energy 
of the substrate-enzyme interactions. The force dependence of an enzymatic reaction can be 
determined from these measurements, thus providing valuable new information about the 
dynamics of enzyme catalysis with resolution of 0.1nm. This kind of single molecule force 
method has been applied to study the reduction of disulfide bonds by enzymes in the 
thioredoxin family. This mini-review gives a description of this approach.  
 
Question:  Describe how disulfide bond reduction has been studied by single-molecule force 
spectroscopy. 
 

Answer: A ‘polyprotein’ composed of several copies of a compact protein domain was held 
between the tip of an AFM cantilever and a gold surface on top of a piezoelectric positioner (see 
Fig. 1A here and book Fig. 7.2.5). For the thioredoxin catalysis studies, polyproteins composed 
of eight domains, each with an engineered disulfide bond (SS) between residues 32 and 75, 
were used. The behavior of the polyprotein with and without the disulfide was first examined 
by AFM. Because of the presence of the disulfide bond, only part of the protein unfolds when 
force is applied.  As long as the domains remain folded, the disulfide bond in each domain 
cannot be reduced by thioredoxin because access is restricted. If force is applied to cause 
domain unfolding, however, thioredoxin does have access to the disulfide bond. Reduction of 
the S-S bond can be then detected by an additional extension in the AFM cantilever as the S-S 
bond breaks. A double-pulse protocol was employed to detect disulfide bond reduction. When 
the S-S form is pulled at 165 pN, a series of 10.8-nm steps is detected, reflecting the rapid 
unfolding of the modules up to the disulfide bond (Fig. 2). If a reducing agent, such as 
thioredoxin, is present in solution a second series of 13.2-nm steps is detected. This series of 
unfolding steps gives information about catalysis. Generally, 15–50 traces, as shown in Fig. 2A, 
are accumulated. These traces are averaged and fitted to a single exponential with time constant 
 (Fig. 2B). From this fit, it is possible to obtain the reduction rate (r = 1/) for a given applied 
force.   
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