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The proteasome: Eukaryotes and archaea use a large protein complex called the proteasome to 
degrade selected proteins, thus helping to maintain cellular function. Proteolysis occurs in a 
barrel-shaped 20S core particle which, in T. acidophilum (a microbe that lives in an environment 
similar in temperature and acidity to hot vinegar!) is built from four stacked rings of   and  
subunits, arranged as 7777. These rings form three interconnected cavities, including a pair 
of antechambers formed by 77, through which substrates are passed before degradation, and 
a catalytic chamber (77) where hydrolysis of peptide-bonds occurs. This paper sets out to 
explore the structural and dynamical properties of proteins inside the proteasome 
antechambers. The folding, stability and dynamics of three small proteins were studied using a 
version of TROSY NMR (book Chapter 6.1). It is shown that the protein substrates interact with 
the chamber walls in a way that maintains them in an unstructured state thus making them 
accessible for hydrolysis. 
 
Question: Briefly describe the NMR experiments that illustrate the properties of protein 
substrates in the proteasome antechamber.  
 

Answer: Stable substrate–proteasome complexes (approximately 1 substrate per antechamber) 
were produced by tethering substrate molecules to the proteasome via a 15Å hetero-
bifunctional cross-linking reagent that joined the substrate amino terminus to a cysteine on the 
surface of the α-subunit. Three protein substrates were investigated; these were chosen to 
provide different secondary structures and charge states at the pH studied (pH 6.8). The chosen 
proteins were EnHD (an α-helical protein with isoelectric point, pI =11.7), Pin1WW (a β-sheet 
protein, pI=11.3) and FynSH3 (a β-sheet domain, pI=4.3). All three of these proteins were 
readily degraded when they were incubated with the core particle. Initial studies used a two-
ring antechamber model system, α7α7. The small size of this particle (360 kDa) relative to the 
full proteasome (670 kDa) gave better NMR spectra but similar results were obtained with the 
full α7β7β7α7 assembly. To assess the conformation and dynamics of each substrate, 13C methyl-
labeled proteins (specifically the methyl groups on the residues Ile, Leu and Val - see book , Fig. 
6.1.48) were tethered to deuterated α7α7 (deuteration reduces the background 1H signals as 
well as dipolar relaxation processes).  At 50oC, for example, the spectrum of encapsulated EnHD 
contained clusters of broad peaks from each type of methyl group (Fig. 1c, red). Similar to what 
is observed for the temperature-denatured state of EnHD free in solution at 80oC (Fig. 1c, black), 
the spectrum lacks dispersion compared to the well-resolved spectrum of the folded 7.7-kDa 
protein (Fig. 1c, purple). EnHD attached to different positions in the α7α7 chamber gave 
essentially identical spectra showing that the tether position does not bias the conformational 
states sampled by EnHD.  These results showed that EnHD in the antechamber is unfolded over 
the entire temperature range examined; this range extended down to 10 oC although EnHD in 
the ‘free’ state has a melting temperature of 64 oC. The antechamber was also found to promote 
unfolding of the other model substrates, Pin1WW and FynSH3.  
 

The effects of substrate encapsulation on the chemical shifts and relaxation properties of 
labeled proteasome -subunits were also studied. Only very small shift changes were observed, 
suggesting that encapsulation has little effect on the conformation or dynamics of the -
subunits. Nitroxide spin labels attenuate peak intensities in NMR spectra in a distance-
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dependent manner (book Chapter 6.2) because of the strong paramagnetic effect of the free 
electron in the radical. Attachment of a spin label at positions 24 and 58 of EnHD in an EnHD– 
α7α7, complex produced nearly identical decreases in intensities of 13C methyl probes of α7α7, 
thus establishing that EnHD is located exclusively inside α7α7 and does not sample regions 
outside the antechamber. 
 
 


