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Native vs non-native pathways

• Review Chreighton’s viewpoint: Sec 7.5.4 of 
his book Proteins

• Review P. Kim & JW viewpoint: Science 
1991, 253,1386

• Review CJC & DT theory: PNAS 1995, 92, 
1277

• Gray et al exp. on intrachain diffusion times.
• Role of denaturants on unf. & folding kinetic



Creighton’s view: Non-native 
intermediates

Adv. in Biophysics, 1984, 18, 1; Proteins book Page 319



Creighton’s method

Adv. in Biophysics, 1984, 18, 1; Proteins book Page 319



Kim’s view: Native intermediates

J Weissman and P.S. Kim, Science 1991, 253, 1386

• “The striking and counter-intuitive result 
was that three of the well populated 
species contain disulfide bonds not 
present in the native protein”



Kim’s view: Native intermediates

J Weissman and P.S. Kim, Science 1991, 253, 1386



Kim’s method

J Weissman and P.S. Kim, Science 1991, 253, 1386
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Rearrangement of non-native intermediates

J Weissman and P.S. Kim, PNAS 1992

While non-native intermediates 
decrease in concentration, 
N’ [30-51; 14-38] 80% 
and
NSH [30-51; 5-55] 10%
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Probability of loop formation



Model disulfide bond formation based 
on P(l)

• Assume for simplicity P(l1,l2) = P(l1)P(l2) 
• Kinetics:

Non-native

Semi-native

Native



Rearrangement of non-native intermediates

While non-native intermediates decrease in 
concentration, 
N’ [30-51; 14-38] 80%   (WK 80%)
and
NSH [30-51; 5-55] 16%   (WK 10%)

CJC & D. Thirumalai, PNAS 1995



Predictions of the concentration of 
intermediates in BPTI refolding

[30-51]/[5-55] = 7; WK = 6; Creighton 20.
These are not early fast-folding events!

N’ 71%   (same as WK)
N*     7%
NSH 21%

Question:
How do you go from N’ to NSH ?

CJC & D. Thirumalai, PNAS 1995
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Predicted folding pathways of BPTI
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Predicted folding pathways of BPTI



Experimental verification of P(l)

Chang, Lee, Winkler & Gray, PNAS 2003. Electron transfer rates in Cyt-C



Effects of denaturant on unfolding and 
folding kinetics

• ln kufold = ln k0 + m[denaturant]
• ln kfold = ln k0 - m[denaturant] 

• Chevron plot
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Effects of denaturant on unfolding and 
folding kinetics

Rearrangement rate of Native 
intermediate [30-51; 14-38] NSH

increases the folding rate
WK, Science 1991



Effects of denaturant on unfolding and 
folding kinetics

Chevron plot

fast

Rate

slow

x

x

x
xx

x
x

x

[denaturant]

Rearrangement rate of Native 
intermediate [30-51; 14-38] NSH

increases the folding rate
WK, Science 1991

What is wrong with this figure?

folding                        unfolding



Role of denaturants

• Urea or Guanidinium hydrochloride

• It is likely that denaturants associate 
preferably with hydrophobes, acting as 
bumpers effectively screening the 
hydrophobic interactions



Kinetics

CJC & DT, Protein Science, 1996, 5, 1826



Kinetics



Free energy landscape

CJC & DT, Protein Science, 1996, 5, 1826
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