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Chapter Outline

· Protein folding: Chaperones

· TF (Trigger factor in E. coli), NAC (in eukaryotes) bind to nascent chain on ribosome

· Hsp70 (DnaK): Binds to nascent polypeptide chain

· DnaJ (Hsp40): Binds to unfolded proteins and passes them to Hsp70 (DnaK)

· GrpE: ADP/ATP exchange on DnaK

· Hsp60: Chaperonins

· Group I in eubacteria

· GroES-GroEL

· Group II in archaea and eukaryotes

· CCT (triC) a GroEL analog

· Prefoldin (GimC)

· Hsp90: foldosome

· Post-translational processing

· Proteolytic cleavage of pro-enzymes

· Protein translocation

· Characteristics of translocation systems

· Proteins made as preproteins with signal peptides

· Specific protein receptors exist on target membrane

· Movement catalyzed by complex structures: Translocons: ATP (or GTP) driven

· Proteins generally maintained in loosely folded conformations for translocation competence

· Prokaryotic translocation

· N-terminal leader sequence

· N-terminus of leader sequence: Basic amino acids

· Central domain hydrophobic

· C-terminus: Nonhelical structure

· Leader peptidase: Removes leader sequence

· Eukaryotic translocation and protein sorting

· Secreted and membrane proteins synthesized on ER-localized ribosomes

· Cytoplasmic ribosome initiates translation

· N-terminal signal sequence detected by signal recognition particle (SRP)

· SRP/ribosome complex binds to docking protein: ER membrane protein

· Ribosome delivers peptide to translocon

· Signal peptidase cleaves leader sequence

· Membrane proteins carry 20-residue stop transfer sequence

· Retrograde transport : Sec61p: Moves protein from ER back to cytosol

·  Mitochondrial protein import

· N-terminal sequence 10 to 70 residues long

· Form amphiphilic -helix

· Binds to TOM (mitochondria outer membrane translocase)

· Outer membrane protein

· SAM (sorting and assembly complex) passes to TOM

· Inner membrane protein

· TOM to TIM22

· Matrix protein

· TOM to TIM23

· Chloroplasts

· TOCs and TICs

· Protein degradation: Ubiquitination most common pathway in eukaryotes

· Ubiquitin: Conserved 76-residue protein

· E1:  Ubiquitin-activation protein: Attaches to C-terminal Gly of ubiquitin

· E2:  Ubiquitin-carrier protein: Accepts ubiquitin from activator protein: Carried on cysteine residue

· E3:  Ubiquitin-protein ligase: Binds target protein: Protein ubiquitinated on amino groups

· Proteins with acidic N-termini

· N-termini altered by Arg-tRNA

· PEST sequences: Target proteins for degradation

· Proteasomes

· 20S proteasomes

· 26S proteasomes 

· HtrA protease

· Functions as chaperone at low temperature (20°C)

· Switch from chaperone to protease function as temperature increases

· DegP

Chapter Objectives

Protein Folding

Protein folding starts before the polypeptide is released from the ribosome.  In many cases, folding is assisted by molecular chaperones.  You should be familiar with the names, order of action and mechanism of a few of the:  TF, NAC, HSP70, HSP60, GroES-GroEL, CCT (or TriC) and Hsp90.  Chaperones act via cycles of binding and hydrolysis of ATP.  If hydrophobic patches are exposed and not buried within the protein structure on their surface, they have the potential for incorrect associations with other like patches, ultimately leading to precipitation.  Hsp70s recognize these exposed hydrophobic regions as signals that the protein is not folded correctly, and bind to them, thereby blocking damaging associations.  Both GroES-GroEL and CCT are large structures into which proteins are sequestered for ATP-dependent folding.  Hsp90s are chaperones that act in concert with Hsp70 to assist in the folding of proteins operating in signal transduction pathways.

Post-Translational Processing
     The most common form of protein modification is proteolytic cleavage to activate a protein, or to release mature protein products from a larger primary translational product.  Proteins are also targeted to specific locations within the cell or are destined for transport out of the cell.  In prokaryotes, a signal sequence, located on the N-terminus of a protein, or at a more internal location, may direct the protein to be exported from the cell or to become a membrane-bound protein.  Signal recognition particles play a role in halting protein synthesis shortly after a signal peptide is produced and, in conjunction with docking protein, directs the nascent protein to the endoplasmic reticulum membrane where protein synthesis resumes.  Proteins cross into the endoplasmic reticulum lumen, or become integrated into the membrane, via an aqueous tunnel called a translocon.  The translocon is aligned with the exit tunnel from the 50S ribosomal subunit, and together they form a continuous channel from the ribosome through the membrane.  Once the N-terminus reaches the endoplasmic reticulum lumen, the signal sequence is proteolytically removed by leader peptidase.

     Most mitochondrial proteins are encoded in the nucleus and are post-translationally imported from the cytoplasm.  Proteins are directed to the mitochondria by N-terminal targeting presequences that have the ability to form amphipathic (-helices.  Proteins enter the mitochondria through the TOM and TIM translocons, located in the outer and inner mitochondrial membranes, respectively.  

Protein Degradation
     Ubiquitin plays a role in degradation of proteins in eukaryotes.  This pathway is specific and efficient in removing defective proteins from the cell by attaching multiple copies of ubiquitin to the protein to be degraded, which in turn targets to the protein for destruction in the proteosome.  Proteins having Arg, Lys, His, Phe, Tyr, Trp, Leu, Asn, Gln, Asp or Glu at their N-termini are particularly susceptible to ubiquitination and proteosome-mediated degradation.  These proteins have half-lives of between 2 and 30 minutes.  In contrast, proteins with Met, Ser, Ala, Thr, Val, Gly or Cys at their N-termini are resistant to ubiquitin-mediated degradation.

     Proteins marked for destruction are degraded by one of two related proteosomes, differentiated on the basis of their size.  These are large oligomeric structures enclosing a central cavity wherein degradation takes place.  HtrA proteases have a dual function in prokaryotic cells.  At low temperatures HtrA acts as a chaperone, preventing aggregation and promoting folding.  At high temperatures, however, HtrA develops protease activity, and instead of correcting a misfolded protein, destroys it.  

Problems and Solutions

1.  Human rhodanese (33kD) consists of 296 amino acid residues.  Approximately how many ATP equivalents are consumed in the synthesis of the rhodanese polypeptide chain from its constituent amino acids and the folding of this chain into an active tertiary structure?

Answer:  The energetics of protein synthesis requires at least 4 ATP equivalents per amino acid residue incorporated into protein.  During elongation, the A-site is filled at the expense of GTP that occurs during recycling of EF-1, a eukaryotic elongation factor.  A second GTP hydrolysis drives translocation catalyzed by EF-2, the eukaryotic translocation factor.  Peptide bond formation is driven by the high-energy aminoacyl bond on the aminoacyl-tRNA substrate.  Formation of aminoacyl-tRNAs is catalyzed by aminoacyl-tRNA synthetases, enzymes that consume ATP and produce AMP and PPi.  Pyrophosphatase hydrolysis of PPi accounts for an additional high-energy phosphate bond.  For synthesis of human rhodanese with 296 amino acid residues, the A-site will have to be filled 295 times, accounting for (295  4 =) 1,180 ATP equivalents.  Met-tRNAi formation consumes two ATPs.  Initiation requires two ATP equivalents, one in the form of GTP during eIF-2 mediated Met-tRNAi binding to form the 40S pre-initiation complex, and one in the form of ATP during 40S initiation complex formation.  Peptide chain termination in eukaryotes requires GTP hydrolysis thus accounting for an additional ATP equivalent.  Thus, 1,180 + 2 + 1 = 1,183 ATP equivalents are consumed to synthesize rhodanese.  In order to properly fold the polypeptide chain, an additional 130 equivalents of ATP are consumed during the folding cycle catalyzed by molecular chaperones.  Active rhodanese production requires approximately 1,313 equivalents of ATP.

2.  A single proteolytic break in a polypeptide chain of a native protein is often sufficient to initiate its total degradation.  What does this fact suggest to you regarding the structural consequences of proteolytic nicks in proteins?

Answer:  Although peptide bonds in proteins are quite stable, proteins are not made to last forever.  During their lifetime they are subjected to a number of insults including oxidation of side chains, chemical modifications, and cleavage of peptide bonds.  The consequences of these events may be inactivation of a protein or alteration of its activity to a new, undesirable form.  To avoid accumulating inactive protein, cells must either correct the defect or degrade the protein and replace it through gene expression.  In the case of peptide bond breakage, cells have evolved the ability to recognize and degrade nicked protein.  In eukaryotic cells this process involves the protein ubiquitin, a highly conserved, 76 amino acid polypeptide.  Ubiquitin is ligated to free amino groups on proteins and serves as a molecular tag, directing the protein's degradation by proteolysis.  The ubiquitin pathway is apparently rapid and efficient and, because of this, cells never accumulate breakdown products of protein degradation.

3.  Protein molecules, like all molecules, can be characterized in terms of general properties such as size, shape, charge, solubility/hydrophobicity.  Consider the influence of each of these general features on the likelihood of whether folding of a particular protein will require chaperone assistance or not.  Be specific regarding Hsp70 chaperones or Hsp70 chaperones and Hsp60 chaperonins.

Answer:  Hsp70 alone

Hsp70 binds to exposed hydrophobic portions of target polypeptides via an 18 kDa domain residing in the central portion of its sequence.  Since hydrophobic patches are not exposed in proteins that have attained their final conformation, Hsp70s interact only with polypeptides that have not yet folded.  It would be expected that since the occurrence of charged residues within a sequence decreases its overall hydrophobicity, charge would negatively impact the binding of the chaperones.  Size, on the other hand, would not be expected to play a role in Hsp70 binding, as multiple chaperones could bind to larger polypeptides, or to multiple hydrophobic regions on a single polypeptide.  
Hsp70 and Hsp60 chaperonins

The Hsp60 chaperonin acts in concert with Hsp70 to achieve the final folded conformation of certain proteins.  Unlike the Hsp70, however, Hsp60 action requires that the polypeptide fit inside the chaperonin cavity.  This sets an upper limit on the size of the polypeptide that can be folded by Hsp60.  Since the cavity has a diameter of 5 nm, we can calculate the molecular weight of a protein that can be folded as follows:  The volume of a protein with a radius of 2.5 nm is 

V = 
[image: image1.wmf] nm3.

Using 1.25 g/ml as the density of a typical protein, we calculate the molecular weight of a protein with a radius of 2.5 nm as  

MW (kDa) = V (nm3) (
[image: image2.wmf]    



= V (nm3) ( 
[image: image3.wmf] = 65.4 nm3 ( 
[image: image4.wmf] = 49.2 kDa.

Thus, a protein larger than approximately 50 kDa will be too large to fit into the Hsp60 cavity and cannot be folded by this chaperonin.

4.  Many multidomain proteins apparently do not require chaperones to attain the fully folded conformations.  Suggest a rational scenario for chaperone-independent folding of such proteins.

Answer:  While many proteins renature under certain conditions after experimental denaturing, the question asks us to specifically consider multidomain proteins.  Many such proteins contain structural domains residing in regions of contiguous sequence that fold independently, and which are often linked by flexible hinge regions.  It is likely that the domains fold as they emerge from the ribosome, and that the polypeptide never exposes large regions of unfolded sequence that could then be bound by chaperones.  Once such a protein is released from the ribosome, its pre-folded domains would adopt a spatial arrangement resulting in the protein’s final tertiary structure. 

5.  The GroEL ring has a 5-nm central cavity.  Calculate the maximum molecular weight for a spherical protein that can just fit into this cavity, assuming the density of the protein is 1.25 g/mL.

Answer:  This calculation was made for problem 3 above.  In that problem, the following relationship was developed between the volume of a spherical protein and its molecular weight:
MW (kDa) = V (nm3) ( 
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This can be further modified to give the relationship between molecular weight and a protein’s radius: 
MW (kDa) = V (nm3) (
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= 
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Accordingly, a spherical protein with a radius of 2.5 nm has a molecular weight of approximately 50 kDa.

6.  Acetyl-CoA carboxylase has at least seven possible phosphorylation sites (residues 23, 25, 29, 76, 77, 95 and 1200) in its 2345-residue polypeptide (see Figure 24.4).  How many different covalently modified forms of acetyl-CoA carboxylase protein are possible if there are seven phosphorylation sites?

Answer:  Each phosphorlyation site had two possibilities for covalent modification; it either is or it isn’t phosphorylated.  Combinatorial statistics dictates that the number of unique combinations that can be formed from seven amino acids, each of which can exist in one of two states is 27 = 128.  One of these configurations is the state in which none of the potential sites is phosphorylated.  So, the number of covalently modified forms of acetyl-CoA carboxylase is 27 – 1 = 127.

7.  In what ways are the mechanisms of action of EF-Tu/EF-Ts and DnaK/GrpE similar?  What mechanistic functions do the ribosome A-site and DnaJ have in common?

Answer:  GrpE and EF-Ts are nucleotide exchange factors working on DnaK and EF-Tu, respectively.  Their reaction mechanisms can be summarized as follows:

GrpE:  

GrpE catalyzes replacement of ADP with ATP on DnaK  DnaK converted to form having low affinity for substrate  Causes release of substrate  DnaK changes conformation to a form having a high affinity for a DnaJ/unfolded protein substrate  DnaJ stimulates ATPase activity of DnaK  DnaK:ATP is converted to DnaK:ADP, and the reaction cycle starts again.

EF-Ts:

EF-Ts catalyzes replacement of GDP with GTP in EF-Tu  EF-Tu converted to a form having high affinity for aminoacyl-t-RNA  Binding of aminoacyl-t-RNA:EF-Tu to the A site of the ribosome stimulates ET-Tu GTPase activity  EF-Tu:GTP is converted to EF-Tu:GDP  aminoacyl-t-RNA:EF-Tu adjusts conformationally to the A site, allowing codon:anticodon recognition, and the reaction cycle starts again.

DnaJ and the A site of the ribosome have similar functions in that they both stimulate the NTP hydrolysis activity of their respective partner NTPases, thereby causing in them stabilizing conformational changes.

8.  The amino acid sequence deduced from the nucleotide sequence of a newly discovered human gene begins: MRSLLILVLCFLPAALGK….  Is this a signal sequence?  If so, where does the signal peptidase act on it?  What can you surmise about the intended destination of this protein?

Answer:  A signal sequence is an amino-terminal extension of amino acids that contains the information necessary for the attached protein to be targeted to and transported into the lumen of the ER.  Signal peptides are characterized by a sequence consisting of one or more basic residues followed by a stretch of 6 to 12 hydrophobic amino acids.  Leader peptidase within the ER lumen removes the signal peptide at a position immediately following the motif A-X-A, with X representing any amino acid and allowing conservative substitutions of the alanine.  In the sequence MRSLLILVLCFLPAALGK…, a basic amino acid is found at position 2, which is followed immediately by a hydrophobic sequence of the length appropriate for a signal peptide.  Thus, this sequence could function as a signal peptide, causing the passenger protein to be translocated into the ER lumen.  The motif A-X-A is roughly met in the sequence A-L-G in this peptide, and so leader peptidase would be expected to cleave the signal sequence between the G and K.  This protein may pass through the endomembrane system and ultimately be secreted.

9.  Not only is the Sec61p translocon complex essential for essential for translocation of proteins into the ER lumen, it also mediates the incorporation of integral membrane proteins into the ER membrane.  The mechanism for integration is triggered by stop-transfer signals that cause a pause in translocation.  Figure 31.5 shows the translocon as a closed cylinder spanning the membrane.   Suggest a mechanism for lateral transfer of an integral membrane protein from the protein-conducting channel of the translocon into the hydrophobic phase of the ER membrane.

Answer:  Translocation of the nascent polypeptide continues through the Sec61p translocon until a transmembrane-spanning region of hydrophobic amino acids is encountered.  This stop-transfer sequence causes translocation to pause and a conformational change takes place within the translocon that opens the channel to the core of the membrane bilayer.  The transmembrane region then slips laterally out of the translocon into the membrane, and translation at the ribosome continues.

10.  The Sec61p core complex of the translocon has a highly dynamic pore whose internal diameter varies from 0.6 to 6 nm.  In post-translational translocation, folded proteins can move across the ER membrane through this pore.  What is the molecular weight of a spherical protein that would just fit through a 6-nm pore?  (Adopt the same assumptions used in problem 5.)

Answer:  From the equations developed in problems 1 and 5, we have 


MW (kDa) = 3.15
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with r being the radius of the spherical protein in units of nm.  Using r = 3 nm for a spherical protein with a 6 nm diameter,


MW = 3.15
[image: image11.wmf] ( 33 = 85.1 kDa

Thus the Sec61p translocon channel can accommodate a protein of about 85 kDa.

11.  During co-translational translocation, the peptide tunnel running from the peptidyl transferase center of the large ribosomal subunit and the protein conducting-channel are aligned.  If the tunnel through the ribosomal subunit is 10 nm and the translocon channel has the same length as the thickness of a phospholipid bilayer, what is the minimum number of amino acid residues sequestered in this common conduit? 

Answer:  The thickness of a bilayer is approximately 5 nm, so the combined channel through the Sec61p translocon and the ribosome is 15 nm.  In the most extended (-sheet-like conformation, each residue spans a distance of 0.347 nm.  In this conformation the overall channel would contain:


[image: image12.wmf]
By using the distance values for the most extended (-sheet-like conformation, this represents the minimum number of residues that can be sequestered in the ribosome/translocon channel.  In fact, the experimentally determined number is 70 residues, indicating that the nascent polypeptide is in a less extended conformation with an average distance per residue of approximately 0.21 nm. 

12.  Draw the structure of the isopeptide bond formed between Gly76 of one ubiquitin molecule and Lys48 of another ubiquitin molecule.
Answer:  As with a true peptide bond, the isopeptide bond is formed between a carboxylic acid and an amine with the removal of water.  In ubiquitin, the C-terminal Gly76 contributes the carboxylic group, and the amine is contributed by the side chain group ((-amine) of Lys48.  The isopeptide bond can then be represented as

[image: image13.wmf]
13.  Assign the 20 amino acids to either of two groups based on their susceptibility to ubiquitin ligation by E3 ubiquitin protein ligase.  Can you discern any common attributes among the amino acids in the less susceptible versus the more susceptible group?

Answer:  E3 ubiquitin protein ligase selects proteins by the nature of the N-terminal amino acid.  Since susceptible proteins must have a free (-amino terminus to be susceptible to degradation, proteins with Pro at their N-terminus are not degraded through the ubiquitin pathway.  Proteins with Met, Ser, Ala, Thr, Val, Gly or Cys at the amino terminus are resistant to selection by E3 ubiquitin protein ligase, whereas those having Arg, Lys, His, Phe, Tyr, Trp, Leu, Ile, Asn, Gln, Asp or Glu at their N-terminus are susceptible.  

     It is difficult to recognize common chemical attributes for that apply to all amino acids residing in one group or another.  For instance, while the charged amino acids are in the susceptible group, other hydrophilic amino acids, i.e., Ser and Thr, are resistant.  Similarly, both groups contain hydrophobic amino acids.

14.  Lactacystin is a Streptomyces natural product that acts as an irreversible inhibitor of 26S proteosome (-subunit catalytic activity by covalent attachment to N-terminal threonine  ​–OH groups.  Predict the effects of lactacystin on cell cycle progression.

Answer:  Progression through the cell cycle requires the cyclic accumulation and degradation of various cellular proteins.  This requires the continuous operation of both the protein synthesis and degradation machineries.  Inhibition of either one of these pathways would be expected to disrupt numerous cellular functions, among which would be progression through the cell cycle.  

15.  HtrA proteases are dual-function chaperone-protease protein quality control systems.  The protease activity of HtrA proteases depends on a proper spatial relationship between the Asp-His-Ser catalytic triad.  Propose a mechanism for the temperature-induced switch of HtrA proteases from chaperone function to protease function.

Answer:  A temperature-induced change in protein function implies that the protein undergoes a change from one conformation at low temperature to another conformation at the higher temperature.  In the case of HtrA, it is likely that the high-temperature conformation brings the Asp-His-Ser triad into a spatial configuration that allows them to act catalytically.  

16.  A common post-translational modification is the removal of the universal N-terminal methionine in many proteins by Met-aminopeptidase.  How might Met removal affect the half-life of the protein?

Answer:  Whether or not Met removal form the N-terminus of a protein affects its half-life depends on the penultimate amino acid, since this will become the new N-terminal residue.  In problem 13 above the amino acids that render a protein susceptible to ubiquitination and degradation when found in the N-terminal position are listed.  From this list it can be seen that if the penultimate amino acid is Arg, Lys, His, Phe, Tyr, Trp, Leu, Ile, Asn, Gln, Asp or Glu, the protein resulting after Met-aminopeptidase action will be expected to have a shortened half-life.  No change in the protein’s half-life would be expected after removal of the N-terminal Met if the penultimate residue is Met, Ser, Ala, Thr, Val, Gly or Cys.  

17.  Figure 31.6 shows the generalized structure of an amphipathic (-helix found as an N-terminal presequence on a nuclear-encoded mitochondrial protein.  Write out a 20-residue-long amino acid sequence that would give rise to such an amphipathic (-helical secondary structure.

Answer:  An amphipathic (-helix is one in which hydrophobic amino acids are predominantly arrayed on one side of the helical axis and hydrophilic resides are arrayed on the other.  In addition, mitochondrial targeting sequences are generally devoid of acidic residues.  Thus, a 20-residue mitochondrial targeting sequence might contain basic amino acids at positions 1, 4, 7, 11, 14 and 18, and hydrophobic residues at the remaining positions.
Questions for Self Study

1.  What is the dominant driving force for protein folding?

2.  How does an Hsp70 chaperone recognize a protein as unfolded?

3.  Answer True or False.

a.   All chaperones bind and release from their target proteins via cycles of ATP binding and hydrolysis.      .
b.  All chaperons contain central cavities in which proteins are sequestered to allow them to fold.       .
c.  All proteins follow the same pathway through the various chaperones during their folding.

     .

d.  Hsp90 and Hsp70 act in conjunction to fold proteins involved in signal transduction.      ..
e.  Chaperones operate independently and never use “helper” proteins or “co-chaperones” to mediate protein folding.       .
4.  Fill in the blanks.  The endoplasmic reticulum is an internal compartment typically composed of two regions, the smooth ER and the      .  The later region is so named because
      stud its surface.  These macromolecular complexes are translating proteins destined to be processed in the endoplasmic reticulum.  Translation of these proteins actually starts in the cytosol.  When a short N-terminal sequence of the nascent polypeptide, termed the      , emerges from the ribosome it is recognized by the      .  This ribonucleoprotein complex binds to the ribosome and blocks further protein synthesis until the ribosome is escorted to the cytosolic surface of the endoplasmic reticulum.  The       is responsible for docking the ribosome to the membrane.  Protein synthesis then continues with the newly synthesized proteins being deposited into the lumen of the endoplasmic reticulum.  There the N-terminal sequence is cleaved by      .

5.  What are the roles of ubiquitin and the large 26S ATP-dependent protease complex in degrading proteins?

Answers

1.  The burial of hydrophobic residues away from the aqueous solvent.

2.  Hsp70s bind to exposed hydrophobic patches on proteins.  Because the protein’s structure would never tolerate the placement of a significant number of hydrophobic amino acids on the exposed surface, the fact that hydrophobic patches are exposed at all signals that the protein is  not in its native conformation, and may be in need of a chaperone to assist in folding.  

3.  a. T; b. F; c. F; d. T; e. F.

4.  Rough endoplasmic reticulum or RER; ribosomes; signal sequence; signal recognition particle; docking protein or SRP receptor; signal peptidase.

5.  Proteins destined for degradation are covalently modified by conjugation to ubiquitin.  Ubiquitinated proteins are degraded by the protease complex.

Additional Problems
1.  The textbook tells us that Christian Anfinsen pointed out 40 years ago that all the information necessary for a protein to fold is contained within its primary structure.  What made him say this?

2.  Describe the mechanism of action of chaperonins in protein folding.

3.  What does retrograde transport from the ER mean?

4.  Describe the routes followed by proteins that reside in different mitochondrial compartments.

5.  It is known from experiments that mature mitochondria and chloroplast will still actively import proteins.  Speculate as to why this might be the case. 

Abbreviated Answers

1.  Anfinsen knew that the amino acid sequence contained the information required for proper folding because some proteins could be denatured and subsequently renatured all on their own.  This generally required the protein to be in a very dilute solution, conditions never encountered in the living cell.  Accordingly, many proteins fold with the assistance of molecular chaperones. 

 2.  Chaperonins are members of the Hsp60 family.  An unfolded protein with surface-exposed hydrophobic regions binds to hydrophobic patches present on the apical domain of the interior surface of the GroEL cavity.  Upon binding ATP, GroES is recruited to cover the apical domain and conformational changes occur within GroEL that bury the hydrophobic patches.  This causes the release of the unfolded or partially folded polypeptide, where is exists in the central cavity essentially free from other similarly partially folded polypeptides with which it could potentially form aggregates.  After a short time the bound ATP is hydrolyzed, causing release of GroES and re-ppositioning of the GroEL apical domain hydrophobic patches.  If the polypeptide has folded successfully, it will escape from the GroEL cavity.  If not, it can be re-captured by GroEL for another round of ATP-induced folding reactions.

3.  If a protein is translocated into the ER lumen, but fails to fold correctly or assemble as a subunit of a multimeric protein, it can be transported back out of the ER through the Sec61p translocon.  Upon reaching the cytoplasm, the offending protein can then be destroyed by the proteosome.  The movement of a protein out of the ER through the Sec61p translocon is called retrograde transport.

4.  Mitochondrial precursors all start their journey into the organelle by interacting with the TOM complex, a series of receptors and translocons in the outer membrane.  A protein destined to integrate into the outer membrane is transferred from the TOM complex to a SAM complex, also in the outer membrane, from which it is inserted across the hydrophobic core of the membrane.  Proteins that will take up residence in the inner membrane pass through the TOM complex and engage the TIM22 complex.  The TIM22 complex mediates the insert in of the protein into the membrane.  Proteins residing in the mitochondria matrix pass from the TOM complex to a different inner membrane complex, TIM23.  The TIM23 complex mediates the passage of the precursor protein across the inner mitochondria membrane into the matrix, where it is acted upon by the matrix processing protease to remove the targeting peptide.

5.  Although the organelles are mature, they must still import proteins to replace those lost to normal turnover.  Many active proteolytic enzymes are present in these organelles, and proteins can have a short half-life here as well as in the cytoplasm. 

Summary

     A great variety of modifications are introduced post-translationally into proteins, proteolytic cleavage being a particularly prevalent change.  Proteolytic cleavage can serve a number of ends:  Generating diversity in the protein, activating its biological function, or facilitating the sorting and dispatching of proteins to their proper destina​tions in the cell.  In the latter role, a leader peptide located at the N-terminus of the pro​tein acts as a signal sequence, which tags the protein as belonging in a particular com​partment or organelle.  These signals are recognized by protein translocation systems.

     Some of these systems identify the protein before its synthesis is complete.  For ex​ample, the eukaryotic “signal recognition particle” (SRP) binds to the leader sequence of proteins destined for processing in the endoplasmic reticulum, just as this signal emerges from the ribosome.  The SRP then chauffeurs the ribosome to the cytosolic face of the ER and docks it there so that the growing polypeptide chain is threaded through the ER membrane into the ER lumen.  Within the lumen, the leader sequence is removed by signal peptidase.  Additional modifications (such as glycosylation) may be intro​duced before the nascent polypeptide becomes a mature protein and gains its final des​tination.

     Other protein translocation systems, such as those serving in mitochondrial protein import or prokaryotic protein export, employ molecular chaperones to keep the com​pleted polypeptide in a partially unfolded state as it is shepherded through the cyto​plasm from the ribosome to the membrane-embedded translocation apparatus.  Once there, this apparatus catalyzes the energy-dependent translocation of the protein across the membrane.  Typically, signal sequences are “cleavable presequences” clipped from the polypeptide once they have reached the other side of the membrane.

     Proteins are in a dynamic state of turnover, with protein degradation serving an im​portant role in determining the half-life of a protein in the cell.  Protein degradation may be non-selective, as in lysosomal degradation, or selective, as in the ubiquitin-me​diated pathway.  The​ 

-carboxyl to free -NH2 groups in the protein.  Ubiquitinylation of a protein is determined by the nature of the amino acid residue at the protein’s N-terminus.
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