Lecture 2/2/11
Protein Folding in Vitro and in Vivo
I. General comments

A. What happens to nascent chain as it comes off the ribosome?

1. for small proteins, proteins will fold spontaneously

2. folding is sometimes co-translational (true for some multi-domain proteins)

3. folding takes place after insertion in membrane

4. folding takes place after targeting to specific compartment 

B. For the latter two cases, and for complex proteins, chaperones are required.  General property of chaperones is to increase efficiency, not rate, of folding.  Exceptions are catalysts as described below.

II.  Intrinsic folding in small, single domain, proteins

A. Christian Anfinsen experiment - 1957 unfolded ribonuclease in urea

B. folding information is intrinsic, not extrinsic, therefore it must be contained in amino acid sequence.

III.  Stochastic or predetermined? Levinthal conundrum posed in 1968

A. 150 residues = 3150 conformations (4x10^71) ( if we assume 3 allowed torsion angles for backbone.

B. if we try 1012 torsion angles per sec, 1052 years!!

C. must be a pathway, not random since most proteins fold in 10-1 - 103 seconds

IV.  Pathway - 50 year history

A. Framework model – (suggested from description of heirarchy of protein structure  by Linderstrom-Lang in the 1900's)

1. follows hierarchy of structure.

2. H-bonds and polar interactions!  Linus Pauling was a proponent of this approach to folding.

3. framework model supported by isolated 2° structure formation - suggested by CD experiments from the '60s (describe types of experiments)

B. Hydrophobic collapse model – 

1. Suggested by workers after Walter Kauzmann (1950’s) described the hydrophobic effect and its role in protein structure and stability.  Showed by Kunihiro Kuwajima (alpha-lactalbumin) in the 70's.

2. Review of the effects of water ordering around nonpolar groups.
3. Supported by fast collapse of protein structure as measured by hydrodynamic radius, to form “molten globule”.

4. Both form within 1 millisecond.  Evidence suggests highly cooperative (no stable intermediates)!

5. Under some conditions, molten globule intermediate state is revealed

a) reduced radius

b) most secondary structure present but loops largely unfolded

c) highly dynamic sidechains in interior, with some water in interior

d) ensemble of states

e) presence of this state led some to propose a novel approach to thinking about folding mechanism

C. Diffusion/collision model – local microdomains form first (but my be hierarchical for structures such as four-helix bundles) 

D. Nucleation/condensation – based on framework idea but does not require full expression of secondary structural elements

V. Dill model of protein folding – 

A. Based on complexity of pathways revealed from mutational studies, suggested that true model was a hybrid between stochastic (or thermodynamic) model and predetermined (or kinetic) model.

B. Golf course model for stochastic process.

C. Channel model for single pathway.

D. Funnel model as a synthesis of these two approaches. 

E. The funnel is a thermodynamic model 

1. Width of funnel represents entropy of chain.  Narrowing suggests transition from random coil to specific structure.

2. Height of funnel represents energy difference between unfolded and folded state.

3. This model allows us to include concepts associated with the molten globule state.

F. Ruggedness of landscape is a measure of the importance of structural intermediates and kinetic barriers (units of stable secondary structure, molten globule) in the folding pathway. 

1. Hills reflect transition state barriers to folding

2. Valleys represent local energy minima resulting from the formation of stable structural intermediates.

I. Chaperones as Catalysts

A. protein disulfide isomerase (PDI). 

1. Studies of BPTI show that it accelerates disulfide exchange when added (see Branden and Tooze for more).

2. Interestingly, the pro-sequence of BPTI contains an N-terminal cysteine that catalyzes disulfide exchange and may be involved in accelerating the folding of BPTI.

3. Cytosol is normally a reducing environment.  Disulfides are formed in periplasmic space in prokaryotes and in ER in eukaryotes.

B. peptidyl prolyl isomerase-accelerates cis-trans isomerization (normally a slow process).  Helps those rare cases where proline should be in cis (energetically unfavorable)

1. Normal ratio 1:1000 cis:trans.
2. for prolines, ratio is 1:4 when protein is unfolded

3. Due to steric hindrance, isomerization is slow (minutes-hours)
4. enzyme enhances million fold presumably due to enhancing single bond character of amide bond.
VII. Prokaryotic mechanisms

A. Chaperone pathway has largely been worked out in prokaryotes

B. General classes

1. Maintenance of unfolded state (TF=ribosome-associated trigger factor, or DnaK-DnaJ complex).

a) HSP70/HSP40 is name of family of eukaryotic homologs

b) Bind hydrophobic regions to prevent misfolding during translation and translocation.

c) First classified as heat shock proteins that got turned on in response to heat to prevent unfolding of proteins.

d) GrpE mediates release from DnaK, and depending on whether protein is folded, may recycle in interaction with DnaK-DnaJ.

e) Upon release, protein may aggregate, be held for better folding conditions, or sent to chaperonin complex for refolding.
2. Disaggregation

a) ClpB – responsible for disaggregating aggregates
b) IbpA/B – can both bind partially folded proteins and help activate ClpB by intercalating into protein aggregates
c) Hsp33 and Hsp31 are responsive to oxidative stress or acidification, respectively.
3. Prevention of misfolding

a) Large cylindrical complexes involving HSP60 (groEL) and HSP10 (groES).  Structure of this complex (in absence of unfolded protein) solved by Paul Sigler in 1994.

b) models suggest that unfolded protein is segregated into barrel, capped by HSP10, and allowed to refold in an essentially infinitely diluted system.  Requires the turnover of at least 7 ATP's.

c) There is a large dynamic movement of chamber to accommodate proteins of various sizes.
d) Hydrophobic walls allow binding of unfolded/misfolded proteins.  Upon capping, hydrophobic residues are occluded, allowing opportunity for protein to unfold and be released for another chance to refold properly.
