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The basic chain smoothing algorithm. 
Protein chains are drawn as lines 
connecting Ca atoms. Beginning at the 
second residue, for each residue point 
(i), the average coordinate of i-1, i and  
i+1 was taken as the new position i’ This 
procedure was then repeated, and the 
results of this are progressively 
smoother chains, shown as a series of 
fainter lines. With each move, it was 
checked that the chains did not pass 
through each other. 
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Class II ketol-acid 
reductoisomerase  

YbeA methyltransferase UCH-L3 



A new “stevedore” knot has recently been 
identified 

Dehl: dehalogenase 
61 knotting topology 

A Stevedore’s Protein Knot. 
Bolinger, Sulkowska, Hsu, Mirny, 
Kardar, Onuchic & Virnau (2010) Plos 
Comput. Biol. 6(4) e10000731 
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Experimental folding studies on 
knotted methyltransferases 



Knotted methyltransferases 

   

  
 

 

  

T. Thermophilus RNA 
2’O-ribose methyltransferase 
(RrmA) 

23S rRNA methyltransferase 
E. coli (RlmB) 

Methanobacterium 
thermoautotrophicum 
MT1 

Haemophilus 
Influenzae yggJ 

Haemophilus 
Influenzae YibK E. Coli YbeA 

Thermus thermphilus  
tRNA methyltransferase (TrmH) 

E. coli  tRNA  
methyltransferase (TrmD) 

Haemophilus influenzae   
tRNA methyltransferase (TrmD) 



Folding studies of two knotted 
methyltranferases: YibK & YbeA 



•Unfolding and refolding kinetics of YibK are 
complex with multiple phases (four) 
 
• Two parallel pathways on each of which is an 
early monomeric intermediate which folds to the 
native state via a common late intermediate. 
 
•Simulations suggest that the intermediate 
states are on-pathway.  
 
•I3 is the stable intermediate state seen in the 
equilibrium studies 
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Summary of the results of equilibrium and 
kinetic studies on wild-type YibK 

N2 2I 2D 

• Three-state model with a 
monomeric intermediate 
 
•Intermediate has considerable 
stability and structure 
 
•Intermediate has lost some 
structure compared with a 
monomer in the native state 
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Creating the most deeply knotted proteins 
known  

 

stable domain 
ThiS 

stable domain 
ThiS 
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N- and C-terminal fusions of YibK & YbeA: 
Native-like dimers? SAXS & ITC 

Surprisingly, it is possible to add a large structured domain to both N & C 
termini of YibK and YbeA to generate stable folded fusion proteins which 
bind cofactor and have structures similar to those expected. 
 
These fusions have the deepest knots known. 

ITC of the fusion proteins show they all bind to the cofactor with wild-
type like affinities.  



Unfolding and 
refolding kinetics 
of fusion proteins 

There is very little effect 
on the folding kinetics 
suggesting that 
knotting/threading occurs 
very early on the folding 
pathway in a denatured-like 
or very unstructured state.  



Proposed mechanism of knotting and 
folding for YibK 

Threading of the polypeptide chain to form a loosely-knotted structure 
appears to be fast and occurs in a rather unstructured state (the 
denatured state?). 
 Development of the interactions that help to maintain the tightly knotted 
structure occur late in folding. 
Parallel folding pathways are not due to proline isomerisation and may 
relate to threading/knotting  events. 



Is the knot present in the denatured 
ensemble? 

Mallam, Rogers, & Jackson (2010) Proc Natl Acad Sci, 107, 8189-8194  



Comparison of the oligomeric state, secondary 
structure and ligand binding properties of circularised 

forms 

WT 

Reduced 
linear 
mutant 
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A knotted denatured state 
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no ligand plus ligand Pulse proteolysis 
experiments for YibK  
and YbeA: stability 
measurements 
 
 
  

Expressed in E. coli and 
purified to homogeneity 

In-vitro translated YibK 
and YbeA 



Time course for the formation of i) full-length YibK or 
YbeA or ii) stable, folded YibK or YbeA 

full-length YibK 
full-length YbeA 

stable, 
 folded YibK 

stable, folded YbeA 

+GroEL/ES Folding of the nascent chain (unknotted) is on a timescale of minutes which is 
considerably slower than from a chemically denatured, unstructured but knotted 
state suggesting knotting is rate limiting. 



Protein folding in vivo 

Representation of the crowded 
environment inside a cell 

Protein folding, misfolding and 
aggregation  pathways: 



Protein folding in vivo: molecular 
chaperones 

GroEL/GroES: A 
major molecular 
chaperone in bacteria 



Time course for the formation of i) full-length YibK or 
YbeA or ii) stable, folded YibK or YbeA in the presence of 
GroEL/GroES (+ATP) 

full-length 
YibK 

full-length 
YbeA 

stable, 
 folded YibK 

stable, folded 
YbeA 

GroEL/GroES accelerate folding of the nascent chain – promoting knot 
formation in a denatured-like state due to confinement of the chain. 



Conclusions 

YibK and YbeA have been important model systems for 
studying how knotted proteins fold. 

We have shown that unstructured, unfolded polypeptide 
chains can be knotted. 

Knotted methyltransferases and knotted UCHs have 
complex energy landscapes for folding which have 
parallel pathways and multiple intermediate states. 

We have shown that molecular chaperones can play a 
major ACTIVE role in the folding of knotted 
proteins. 



Future Work on Knotted Methyltransferases 

NMR on the chemically denatured knotted state – assignment is ongoing 
 residual structure and dynamics. 

smFRET on Alexa-dye labelled YibK and YbeA (in collaboration with Ben 
Schuler)  structure/dynamics of the denatured ensemble. 

In vitro cell-free translation experiments  folding from the linear, non-
knotted polypeptide chain. Effect of other molecular chaperones, ThiS 
fusions.  

Ribosome-associated folding of YibK and YbeA using NMR (in 
collaboration with John Christodoulou)  what happens to the 
polypeptide chain as it is synthesized – is there any folding? Knotting? Or 
chain collapse? 

Non-knotted YibK construct made by “rewiring” the secondary structure 
elements  assess the differences between the knotted and non-
knotted proteins with very similar structures. 
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Chain smoothing algorithm. For each residue point (i) in the 
starting conformation, the average coordinate of i, i - 1 and i + 1 
was taken as the new position (i') for the residue. This procedure 
was then repeated, and the results of this are progressively 
smoother chains, shown as a series of fainter lines. Note that 
the termini do not move. With each move, it was checked that 
the chains did not pass through each other.  

Applying the smoothing algorithm to protein 
structures produces a series of increasingly 
smoothed chains, coloured from blue to red. 
a, Applied to a protein that has no knots 
(triosephosphate isomerase,) results in a 
straight line (red) joining the termini. To 
reach this stage took 52 smoothing iterations. 
b, Applied to the knotted protein (the 
carboxy-terminal domain of acetohydroxy 
acid isomeroreductase, a straight line is never 
attained and a small knot remains deep in the 
(red) core part of the protein.  



YbeA has simpler folding 
kinetics than YibK 



Alexander cuts the Gordian knot:  Jean-Simon Berthelemy  

Gordian knot: An intractable problem? 
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