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Towards the Structure of Yeast Prions 
 

Clement SM Chu 
 

Abstract 
 

 
The yeast prion [PSI+] is caused by the self-propagation of beta-sheet rich aggregates of 

the translation termination factor Sup35.  Studies in this system have shown some of the 

most definitive proof of the protein-only nature of prions and have explained the strain 

phenomenon by showing that heritable information can be encoded by the conformation 

of a protein.  The structural basis of how these various protein conformations lead to 

phenotypic differences has been difficult to discern primarily due to the technical 

difficulties of working with an aggregating protein.  The use of non-perturbative stable 

isotopic labels and solid-state NMR (SSNMR) has been successful in characterizing 

some semi-ordered protein aggregates.  However, the Gln/Asn-rich nature and low 

sequence complexity of Sup35’s prion domain has prevented sequence specific 

information from being generated by SSNMR rendering this technique less useful.  The 

work presented here was primarily aimed at generating a tool to allow for site-specific 

isotopic labeling of SupNM.  I describe a general strategy for the semisynthesis of 

Gln/Asn-rich proteins utilizing optimized chemical synthesis, recombinant protein 

production, and native chemical ligation.  I show that semisynthetic SupNM is capable of 

forming amyloid fibers that are competent to infect yeast.  Utilizing this method will 

allow for precise placement of isotopic labels and enable residue-specific chemical shift 

assignments in SSNMR with the goal of generating high-resolution molecular models of 

the [PSI+] prion. 
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 Extending the prion hypothesis to fungal systems was first proposed in 1994 by 

Reed Wickner to describe the non-Mendelian cytoplasmically inherited traits in S. 

cerevisiae (Wickner, 1994) [URE3] and [PSI+].  The notion that these phenomena were 

mediated by protein was based on several observations:  The expression of a gene was 

necessary but the phenotype was that of a loss-of-function of that gene.  There needed to 

be reversible curing without genetic change which could be accomplished in yeast by 

growth on guanidine containing media.  The phenomena should, and does, occur more 

frequently with the overexpression of the associated gene.   

 

 [PSI+] is caused by self-propagating protein aggregates of the translation 

termination factor Sup35 (eRF3).  In the prion positive state, Sup35 aggregates cause loss 

of function (to varying degrees) which manifests itself as a diminished control over 

translation termination.  [PSI+] can be monitored by a very simple but effective color-

based readout based on the ade1 nonsense reporter gene.  Inactivation of Sup35 in the 

[PSI+] state leads to read-through of the nonsense mutation and production of a functional 

gene product which facilitates adenine production.  In the [psi-] state, soluble/functional 

Sup35 causes translation termination at the nonsense mutation producing a non-

functional truncated ade1 product leaving adenine biosynthesis stalled.  Buildup of a red 

metabolic intermediate is indicative of the level of translational termination of a 

particular yeast strain (Figure 1.1).  [PSI+] strains display a range of shades of color 

between white and red.  Strains that are the most white are denoted as “strong” in 

reference to the relatively high Sup35 inactivation and darker pink being “weak” for the  
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Figure 1.1 [PSI+] Is caused by aggregation of the translation termination factor 
Sup35.   
In a [psi-] cell, Sup35p (in green) is available for translation termination which causes 
truncation in the ADE1 gene product needed for adenine biosynthesis due to placement 
of a nonsense mutation in the middle of the gene.   A red intermediate in the biosynthesis 
of adenine builds up on low adenine media.  These cells cannot grow on media lacking 
adenine.  In [PSI+] cells, Sup35p is largely aggregated which decreases the ability for 
translation termination (nonsense suppression).   A functional ADE1 gene product is 
produced which allows for completed biosynthesis of adenine.  These cells lack the red 
intermediate giving a white color phenotype and can grow on media lacking adenine.  
Varying levels of nonsense suppression give varying levels of red intermediate build up 
producing a pink color phenotype. 
 

 3



converse reason.  These color phenotypes remain stably heritable (Derkatch et al., 1996) 

in isogenic yeast. 

 

 In vitro analysis of Sup35 has shown that purified protein is able to spontaneously 

form beta-sheet-rich amyloid fibers and that these fibers are able to seed polymerization 

of additional protein.  Spontaneously generated SupNM fibers display varying 

morphologies and kinetic properties (DePace and Weissman, 2002; Glover et al., 1997) 

and once formed; those varying fiber types are self-perpetuating.  This drew an intriguing 

parallel with varying yet heritable phenotypes displayed by [PSI+] yeast.  The 

relationship between this in vitro behavior of amyloid fibers and the in vivo phenotypes 

displayed by [PSI+] yeast was elusive until methodological breakthroughs allowed for 

direct demonstration (King and Diaz-Avalos, 2004; Tanaka et al., 2004a).  Bacterially 

produced SupNM was allowed to polymerize in vitro at two different temperatures: 4°C 

and 37°C.  Amyloid fibers produced from these two conditions showed markedly 

different physical properties.  Amyloid fibers formed at 4°C displayed greater 

susceptibility to both thermal denaturation in the presence of SDS as well protease 

treatments than amyloid fibers formed at 37°C.  Site-directed spin-labeling of protein 

followed by EPR spectroscopy also showed the mobility of specific side-chain attached 

probes varied between the two conformations of fibers.  Techniques to introduce these in 

vitro generated fibers directly into yeast showed that distinct phenotypes arose depending 

on which fiber type was used.  Infection with 4°C fibers generated strains with very white 

or strong color phenotypes (Sc4) whereas 37°C fibers generated strains with pink or weak 

color phenotypes (Sc37).  Further studies set out to explain the how the physical 
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properties of the fibers could dictate the [PSI+] phenotype (Tanaka et al., 2006).  The 

differences in phenotype are attributed to the difference in soluble Sup35 in the cell.  

Basic physical properties of the fibers that could affect recruitment of soluble protein in 

the cell into aggregated form included the fiber division rate as well as the fiber 

polymerization rate.  The faster polymerization rate of individual Sc37 fibers might have 

lead one to conclude that it should recruit more Sup35 and subsequently lead to a 

stronger phenotype but this was known not to be the case.  The slower polymerization 

rate of individual Sc4 fibers was shown to be compensated for (and more) by a 

substantially higher ability to be fragmented or divided.       

   

 The aforementioned studies have gone far in showing that physical and 

conformation properties of prion protein aggregates are responsible for encoding strain 

variation but the structural basis of strains and how structural differences relate to 

biological consequences remains largely unknown.  Various biophysical techniques have 

been used to try to obtain structural information on SupNM fibers.  FTIR spectroscopy 

has been used to quantify the amount of secondary structure present in SupNM fibers, 

showing that Sc37 fibers have higher beta-sheet content than Sc4 fibers (Tanaka et al., 

2005).  In the same study spin-labels attached to cysteine mutants in combination with 

EPR spectroscopy has been used to map presence of structure (via spin-label mobility) in 

a region of SupNM spanning residues 8-136 (sampling roughly one in ten residues) and 

shows a structured region between residues 8-108 with the largest difference between Sc4 

and Sc37 fibers occurring at residue 46.  Another study used cysteine mutants to attach 

fluorophores as a way to measure solvent accessibility as well as localized environment 
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and proximity to other labeled residues (Krishnan and Lindquist, 2005).  This study 

determined that the major structured region within SupNM fibers was between residues 

21-121.  Their usage of fluorophores as a way to map proximity of labeled residues to 

other labeled residues had them finding two sub-regions within their structured stretch 

termed the “head” (residues 25-38) and “tail” (residues 91-106).  Based on evidence of 

intermolecular probe proximity and crosslinking data that showed that amyloid formation 

was accelerated when “head” regions were placed in close proximity to each other, the 

authors suggest that SupNM amyloid fibers form in a “head to head” and “tail to tail” 

fashion (Figure 1.2A).  Fluorescently labeled protein utilized in denaturation curves also 

had this study concluding that Sc4 fibers possess a smaller, less stable amyloid core 

region. 

 

  Attempts to obtain higher resolution information have also been attempted 

several different means.  The amyloid forming nature of SupNM has been a barrier to the 

crystallization of such proteins.  One approach taken has been to seek out short peptide 

sequences from amyloid forming proteins and to crystallize these peptides in order to 

solve their structure (Nelson and Eisenberg, 2006; Nelson et al., 2005; Sawaya et al., 

2007; Wiltzius et al., 2009).  The very provocative observation from this strategy was 

that the peptides crystallized in a fashion that closely resembled amyloid fibers.  In their 

various crystallization conditions they often found both fibers and crystals in the same 

sample and even observed fibers growing from the tips of their microcrystals.  The first 

structures solved using this methodology were of peptides derived from the extreme N-

terminus of Sup35 (GNNQQNY – corresponding to residues 7-13).  The peptides in the 
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crystal structure were arranged in parallel, in-register beta-sheets with the mating sheet 

running antiparallel.  The side chains at the interface of the two sheets were packed 

exceptionally tightly in an arrangement that they call a “steric zipper.” (Figure 1.2B)  

This arrangement did not allow for any solvent in the interface or for any hydrogen 

bonding between the polar residues which made up the interface.  Instead the residues 

were using shape-complementarity to associate with each other using van der Waals 

interactions.  The authors postulate that due to the nonspecific nature of the van der 

Waals forces that a given amino acid sequence could form multiple different steric 

zippers.        

 

 Another approach to obtaining higher resolution information involved the use of 

solution NMR (Toyama et al., 2007).  In order to obtain sequence-specific chemical shift 

assignments, more than 20 three-dimensional heteronuclear NMR experiments were 

performed on numerous different uniformly and specificly labeled samples.  With 

chemical shift assignments made for 163 of the 215 visible peaks, the authors proceeded 

to measure quenched hydrogen/deuterium exchange on both Sc4 and Sc37 conformations 

of SupNM fibers.  The methods they used allowed for H/D exchange to be made on 

polymerized fibers while the NMR was performed on DMSO solubilized material which 

allowed for the exchange state to be preserved.  What was found is that Sc4 amyloid 

fibers have a stable amyloid core encompassing roughly the first 40 amino acids whereas 

in Sc37 amyloid fibers, this stable core is expanded to approximately the first 70 amino 

acids.  This expanded amyloid core of Sc37 fibers helps to explain their stronger physical 

properties.  The ordering of oligopeptide repeats in Sc37 fibers may also block potential  
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Figure 1.2  Proposed models of Sup35 amyloid formation. 
A.  A low resolution model of Sup35 amyloid structure based on site-specific 
mutagenesis and biophysical probe labeling.  The arrangement reflects “head to head” 
and “tail to tail” region interactions observed by proximity of fluorescent probes. 
B.  A high resolution depiction of the interaction seen between Sup35 peptides 
“GNNQQNY” in opposing beta-sheets of crystal structure.  The arrangement of the side-
chains in the interface forms a dry “steric-zipper” mediated by van der Waals 
interactions. 
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chaperone interaction sites which could be needed for active fiber division which would 

also help explain the weaker Sc37 phenotype.    

 

 The H/D exchange study allowed a high resolution look at a large portion of 

SupNM that was not generally feasible using mutagenesis/probe-labeling strategies.  In 

addition, by using stable isotopic labeling, this approach circumvented the possibility of a 

relatively large probe causing a structural disruption.  Use of the entire SupNM protein 

also provides information on the protein in its actual full size context which cannot 

necessarily be said with short peptide sequences.  The use of protection from exchange as 

a measure of structural stability allows for the inference of where beta-sheet structures 

are but does not directly provide information on secondary structural elements or give 

geometric information.  A well suited technique for studying amyloid fibers appears to be 

solid-state NMR.  SSNMR (like solution H/D exchange NMR) allows the use of 

minimally perturbing stable-isotopic labels which would be ideal in potentially close 

packing structures such as those shown by the crystallographic studies on SupNM 

peptides.  Moreover, the real power of the approach is its ability to generate information 

on what residues are involved in secondary structure, measure torsional angles, and to 

measure intra and intermolecular distance constraints.  The ability to generate a high 

resolution molecular model is dependent on this type of information but it has been 

scarce primarily due to the inability to obtain sequence-specific chemical shift 

assignments due to the Q/N-rich low sequence complexity of SupNM (Figure 1.3).  

Studies on SupNM using SSNMR have been performed using amino acid-specific 

labeling (Shewmaker et al., 2009; Shewmaker et al., 2006).  By labeling the carbonyl  
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Figure 1.3  Sequence of SupNM 
SupNM consists of 253 amino acid residues.  Glutamines are color-coded blue and 
asparagines are color-coded red.  The division between the N-domain and M-domain is 
shown.   
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sites of tyrosine, leucine, and phenylalanine as well as the methyl groups of alanine the 

authors were able to use secondary shift information to determine that most of those 

residues were a part of beta-sheet structures.  In addition they were able to measure 

intermolecular distances of ~0.5 nm which would be consistent with a parallel in-register 

model, however since they did not make sequence specific chemical shift assignments, 

they could not determine which pairs of residues contributed to those distances nor could 

they tell specifically which residues did not fall into beta-sheets. 

 

 The ability to generate sequence-specific chemical shift assignments will be 

extremely important in obtaining higher resolution structural information on SupNM.  

What has been lacking are the means to label a protein sample with stable isotopes more 

specifically that can be achieved using amino acid specific biosynthetic incorporation.  

Shorter sequences are amenable to chemical synthesis which has been performed with 

beta-amyloid for use in SSNMR (Petkova et al., 2005) but to date larger, aggregation-

prone proteins have not been explored.  In this I work describe a general strategy for the 

chemical semi-synthesis of SupNM.  By utilizing the tools of chemistry and recombinant 

protein production it is now possible to precisely place isotopic labels within the N-

terminus of SupNM.  The long-term goal is the high-resolution structural characterization 

of SupNM amyloid fibers by SSNMR and I believe that the strategy and techniques 

described here will be important towards that end.                  
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 A major surprise from protein misfolding studies has been the discovery that a 

polypeptide can often misfold into more than one self-propagating, beta-sheet rich 

(amyloid) conformation with the specific conformation dictating its physiological impact 

(Kodali and Wetzel, 2007).  The yeast prion protein Sup35p provides a striking example 

of this phenomenon.  Polymerization of the Sup35p prion domain (SupNM, residues1-

254) at 4°C and 37°C leads to different amyloid forms (termed Sc4 and Sc37) which 

when introduced into yeast result in distinct, robustly inherited [PSI+] prion strain 

phenotypes (King and Diaz-Avalos, 2004; Tanaka et al., 2004a). Analyses of Sc4 and 

Sc37 forms using amide hydrogen exchange protection studies (Toyama et al., 2007) as 

well site specific introduction of biophysical probes and mutational studies (King and 

Diaz-Avalos, 2004; Tanaka et al., 2004a; Toyama et al., 2007) reveal that the two 

conformations have an overlapping amyloid core spanning most of the Gln/Asn-rich first 

35 amino acids but there is a dramatic expansion of this stable structure in Sc37 to 

encompass the first 70 amino acids.  The ability to create different infectious 

conformations of SupNM in vitro from pure protein and introduce these forms into yeast 

makes the [PSI+] system uniquely well suited to determine how the specific structure of 

an amyloid determines its physiological impact. 

 

 Despite success in obtaining high-resolution information from amyloid-like 

crystals of short Sup35 derived peptides (Nelson et al., 2005), further structural analysis 

of the full length, infectious forms has been limited by their aggregation-prone nature.  

Solid-state NMR (SSNMR) is well-suited to characterize prion structures (Heise, 2008) 

and has yielded an atomic model of the Het-s prion (Wasmer et al., 2008). SSNMR 
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spectra have been obtained for Sup35NM as well (Shewmaker et al., 2009).  The low 

complexity and long length of Sup35NM sequence, however, prevented the 

determination of any residue-specific chemical shift assignments even with the use of 

amino acid-specific labeling. Thus efforts to obtain high resolution structural information 

of Sup35p by SSNMR require specific labeling through chemical synthesis. 

 

 While SupNM’s length precludes complete synthesis, native chemical ligation 

(NCL) (Dawson et al., 1994) in principle could allow the introduction of labeled amino 

acids at defined positions. NCL of SupNM, however, poses a number of challenges: (1) 

Peptide synthesis of Q/N-rich sequences is highly inefficient using standard approaches.  

(2) The intermediate and final NCL products are aggregation prone. (3) It is critical to 

separate the final product from the intermediates as they may interfere with proper 

polymerization.  

 

 We have developed a general four step semi-synthetic approach that addresses 

these issues (Figure 2.1):  (A) Efficient synthesis of a peptide bearing a C-terminal 

thioester and a cleavable N-terminal affinity tag allowing for precise isotopic labeling.  

(B) Biosynthetic generation of a protein fragment in which the N-terminal cysteine is 

generated by cyanogen bromide (CNBr) cleavage.  (C) Use of NCL to join the two 

pieces.  (D) Purification of the semi-synthetic protein prior to and then following CNBR-

mediated removal of the affinity tag to yield only the final ligated product. To 

demonstrate the feasibility of this strategy, we synthesized a peptide spanning the first 33 

amino acids of SupNM which would allow synthetic access to the majority of the  
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Figure 2.1  Schematic overview of semi-synthetic strategy. 
(A) Microwave synthesis of peptide along with thioester generation.  (B) Recombinant 
protein production with CNBr cleavage to reveal an N-terminal cysteine.  (C)  Native 
chemical ligation (D)  Purification of ligated species and removal of N-terminal His-tag 
by CNBr. 
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amyloid core.  Alanine-34 provides a convenient junction as the cysteine introduced at 

the ligation point can be readily desulfurized thus allowing a traceless ligation (Yan and 

Dawson, 2001). 

 

 Repeated attempts to synthesize the N-terminus of SupNM by various Fmoc 

strategies yielded unacceptable results.  By contrast, microwave-assisted peptide 

synthesis yielded high-purity peptides with single coupling and rapid synthesis times 

(Figure 2.4).   Generation of a thioester peptide with Fmoc synthesis using a safety-catch 

linker strategy (Backes et al., 1996) was not robust in our hands.   We obtained excellent 

yields by direct conversion the C-terminal carboxyl group of a fully protected peptide 

into a thioester (von Eggelkraut-Gottanka et al., 2003) but activation of the protected 

peptide by PyBOP and conversion to thioester form yielded two HPLC peaks of identical 

mass following deprotection.  Modification of the reaction conditions to the use of 

DIC/HOBt activation of the protected peptide enabled efficient conversion to thioester 

form and yielded a single major species of the correct mass (Figure 2.4).  Final purified 

yields of thioester peptide 1 ranged from 15-30 mg from a 100 μM scale synthesis which 

was sufficient for our needs. 

 
 The C-terminal fragment of SupNM (34-253) was produced by overexpression in 

E. coli.  We utilized CNBr cleavage to produce protein fragments with an N-terminal 

cysteine due to the robustness of this reaction, even in strongly denaturing conditions 

(Macmillan and Arham, 2004).  SupNM contains a single internal methionine that was 

mutated to leucine (M124L).  Protein was expressed with an N-terminal 9xHis tag to 

facilitate purification followed by a methionine residue to allow for CNBr cleavage.  The 
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9xHis-tagged protein was readily purified under denaturing conditions and cleaved with 

CNBr to yield 2.   Ni2+ chromatography before and after cleavage allowed purified 2 to 

be recovered at yields of ~4 mg per liter of E. coli culture. 

 

 NCL was performed on 1 and 2 in strongly denaturing conditions (8 M guanidine 

hydrochloride) to obtain 3 (typical ligation efficiency of ~50%) resulting in a mixture of 

1, 2, and 3 (Figure 2.6).  Species 2 and 3 do not separate easily by chromatographic 

means; we therefore synthesized 1 with an N-terminal 6xHis tag allowing separation of 3 

from 2 after NCL.  The 6xHis tag was then removed by CNBR cleavage to obtain 4.   

The cleavage step was facilitated by the insertion of a glycine residue between 

methionine-1 and serine-2.  Uncleaved protein still bearing 6xHis tags was then removed 

by Ni2+ chromatography and 4 was purified by ion-exchange chromatography in 8M 

urea, concentrated, and filtered to remove any pre-formed aggregates.  The final yield of 

4 (3-4 mg from 6 liters of culture) represented ~30% of successfully ligated material.  

With additional optimization of the steps following NCL, we expect that higher yields 

will be attained. 

 

 We confirmed the integrity of 4 by monitoring its ability to adopt an infectious 

(prion) state.  4 formed self-seeding amyloid fibers as measured by a continuous 

thioflavin T polymerization assay and AFM imaging confirmed the presence of 

characteristic SupNM amyloid fibers (Figure 2.2).  Fibers generated from 4 were used to 

infect yeast using an established protocol3 which led to the conversion of [psi-] yeast to  
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Figure 2.2 Semisynthetic SupNM forms amyloid fibers 
(A)  Polymerization of 4 monitored by a continuous thioflavin-T fluorescence assay with 
or without 5% pre-formed fibers. (B) AFM image of fibers formed by seeded 
polymerization. 
 

 

 

 20



the [PSI+] state characterized by an enhanced propensity to read-through nonsense 

mutations. Phenotypes were visualized using an ade1 translational read-through reporter 

where [psi-] yeast appear red and [PSI+] yeast appear white or pink depending on the 

strain conformation. We confirmed two hallmarks of the resulting [PSI+] state: robust 

propagation and rapid curing by the transient treatment with the Hsp104 chaperone 

inhibitor guanidine hydrochloride (Figure 3). 

 

 In summary, we present a semi-synthetic approach to generate SupNM protein 

that both forms amyloid fibers in vitro and is competent to infect yeast cells converting 

them to the [PSI+] state. We believe this is the first demonstration of an infectious protein 

generated by semi-synthetic means. The approach allows for isotopic labels to be inserted 

into SupNM with complete synthetic control over the central amyloid core (residues 1-

34) and can be applied to other regions of the prion domain utilizing other traceless 

ligation points (e.g. Ala37, 39, or 42) or multi-step ligations.   Insertion of one or more 

isotopically labeled residues in the context of a wild-type protein will enable 

unambiguous assignment in SSNMR experiments circumventing spectral overlap due to 

low sequence complexity. This approach thus provides a plausible route for the 

generation of atomic level models of Sup35 prion strains and should be adaptable to the 

study of the wide range of other Q/N-rich prion proteins (Fowler and Kelly, 2009) as well 

as polyglutamine proteins associated with human diseases such as Huntington’s disease. 
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Figure 2.3 Semisynthetic SupNM amyloid fibers are able to infect yeast 
Example of strains generated by infection of yeast with amyloid fibers produced with 4.  
Strains were streaked 1/4 YEPD before and after guanidine curing. Note: [PSI+] strains 
generated by infection with semisynthetic SupNM displayed a range of pink or “weak” 
strain phenotypes which matches the strain phenotypes seen when yeast are infected with 
biosynthetically produced SupNM polymerized under similar conditions (e.g. room 
temperature) (Tanaka et al., 2004a). 
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Materials and methods 

All general chemicals were purchased from major commercial suppliers (Sigma, Acros 

Organics, EMD Chemicals).  NMP was purchased from Applied Biosystems.  Peptide 

synthesis reagents including protected amino acids, resins, and coupling reagents were 

purchased from Novabiochem, Peptides International, Anaspec, or Sigma.  Ni-NTA resin 

was purchased from Qiagen.  Microwave steps were performed on a SmithCreator 

(Personal Chemistry/Biotage).  HPLC was performed using a Waters 600S 

Controller/626 Pump with a Waters 490E Programmable Multiwavelength Detector.  

Analytical HPLC was performed using a Vydac 218TP54 C18 column (4.6 mm x 25 cm) 

using a gradient of 9-31.5% acetonitrile with 0.1% TFA over 24 minutes (2.5 mL/min).  

Semi-preparative HPLC was performed using either a Vydac 218TP510 C18 column (1 

cm x 25 cm) or Aglient Zorbax 300 SB-C18 column (9.4 mm x 25 cm) using a gradient 

of 9-27% acetonitrile with 0.1% TFA over 54 minutes (8 mL/min).  MALDI mass spectra 

were acquired on a Perkin Elmer prOTOF 2000.  AFM was performed using a Digital 

Instruments MultiMode AFM, equipped with a Nanoscope IIIa controller in tapping 

mode.  Fluorescence assays were performed using a Molecular Devices SPECTRAmax 

GEMINI XS Microplate Spectrofluorometer.    

 

General procedure for peptide synthesis 

Peptide synthesis was generally performed manually at 0.1 mM scale.   2-Chlorotrityl 

resin preloaded with Fmoc-Gln(Trt)-OH was swelled in DCM for 1 hour prior to use.  

Protected amino acid (5 eq.), DIC (5 eq.), HOBt (5 eq.) were dissolved in NMP and 

allowed to preactivate for 3-5 minutes prior to addition to resin.  Coupling was carried 
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out under microwave conditions (utilizing automated temperature feedback with a 90 

watt maximum) at 77°C for 10 minutes under magnetic stirring.  Deprotections were 

performed with 20% piperidine and 0.1M HOBt in NMP under microwave conditions 

(same as coupling) at 77°C (2 x 2 min) under magnetic stirring.  Due to the potential for 

racemization under microwave conditions, histidines were double-coupled manually at 

room temperature using 5 eq. Fmoc-His(Trt)-OH, 4.5 eq. HATU, and 10 eq. DIEA.  The 

final (N-terminal) histidine was coupled as Boc-His(Trt)-OH to allow for protection of 

the N-terminus that could be removed later by global deprotection.  A small aliquot of 

resin was removed, deprotected (see below) and analyzed by analytical C18 RP-HPLC 

and MALDI mass spectrometry (Figure 2.4) to verify that the desired product was 

obtained. 

 

Generation of peptide thioester 

Resin with assembled peptide attached was washed with DCM.  Fully protected peptide 

was then cleaved off of resin using acetic acid/trifluoroethanol/DCM (1:1:8), 2 x 5mL for 

30 min. each.  The resin was then washed with 10 mL of trifluoroethanol/DCM (2:8).  

Cleavage and wash fractions were combined and volume was reduced under a stream of 

argon or under vacuum.  When total volume was less than 5 mL, acetic acid was removed 

by precipitating protected peptide into cold ether.  Precipitated product was then washed 

twice with cold ether and recovered by centrifugation.  Residual ether after decanting was 

removed under vacuum.  Protected peptide was then dissolved in 3-5 mL of NMP along 

with DIC and HOBt (both at 1 eq. relative to resin loading).  Pre-activation was allowed 

to proceed for 15-20 min. before addition of acetamidothiophenol (1.5 eq. relative to 
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resin loading).  The reaction was blanketed with argon and agitated gently for 24 hours.  

A small aliquot was removed, precipitated in cold ether, deprotected (see below), and 

subjected to analytical C18 RP-HPLC and MALDI-MS to check for thioester formation 

(Fgure 2.4).  When thioester formation was deemed complete (usually within 16 hours) 

the reaction was precipitated into cold ether.  The protected thioester peptide was then 

collected by centrifugation and washed with cold ether twice and then dried under 

vacuum.   Deprotection was then performed with modified Reagent H for 4 hours (see 

below).   The deprotected peptide was then precipitated with cold ether, collected by 

centrifugation, washed twice with cold ether and then dried under vacuum.  The crude 

thioester peptide was then dissolved in 6M guanidine hydrochloride and purified by semi-

preperative C18 RP-HPLC. 

 

Deprotection cocktail 

The methionine was found to be oxidized after deprotection with most common 

deprotection cocktails; thus, deprotection of all peptides was performed using a modified 

Reagent H: 82.5% TFA; 2.5% EDT; 5% thioanisole; 5% H2O; 5% dimethyl sulfide 

(Me2S); with additional phenol (75 mg/mL), NH4I (50 mg/mL) and triisopropylsilane 

(TIS, 100 µL per mL)(Hackenberger, 2006).  Use of this deprotection cocktail afforded 

peptides with methionine in reduced form.   

 

Recombinant Protein Generation 

 Using the T7 bacterial expression vector pAED4(Doering and Matsudaira, 1996), 

an expression construct was created that featured an N-terminal histidine tag (9xHis) 
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followed by a gly-gly-ser linker and then a methionine preceeding the A34C initial 

residue of the C-terminal prion fragment under the IPTG inducible T7 promoter (pAED4 

SupNM A34C-253 M124L).  The naturally occurring Met124 was mutated to leucine 

using Quickchange Site-Directed Mutagenesis (Stratagene).  

pAED4 SupNM A34C-253 M124L was transformed into the E. coli BL21 (DE3) 

RIL strain.  Freshly transformed cells were diluted into warmed LB or 2xYT media 

supplemented with 34 μg/L chloramphenicol and 100 μg/L of carbenicillin in 1L volumes 

in 2.8L Fernbach flasks.  Flasks were shaken at 37°C until they reached a density of 

OD600=0.6-0.9.  IPTG was then added to a final concentration of 400-500 μM to induce 

protein expression and temperature was lowered to 30°C.  After 5 hours cells were 

collected by centrifugation and frozen until use.   

 Frozen cell pellets were thawed and resuspended in a buffer consisting of 8 M 

urea, 20 mM Tris pH 8.0, 0.5 M NaCl, and 2 mM β-mercaptoethanol.  Cells were 

agitated by nutation at room temperature for 1 hour and then lysed by sonication.  Lysates 

were clarified by centrifugation at 45000 x g in a Sorvall high speed centrifuge with a SS-

34 rotor followed by filtration through a syringe filter (pre-filter followed by 0.45 μm 

filter).  Clarified lysates were then loaded onto a gravity flow chromatography column 

containing Ni-NTA (Qiagen) resin (approximately 2 mL of bed volume per liter of 

bacterial culture) which had been equilibrated with the same buffer that the cells were 

lysed in.  The column was washed with 10 column volumes of the same buffer followed 

by 10 column volumes of buffer with no salt (8 M urea, 20 mM Tris pH 8.0, 2 mM β-

mercaptoethanol).  Protein bound to the Ni-NTA column was then eluted with a buffer 

consisting of 8 M urea, 20 mM Tris pH 8.0, 2 mM β-mercaptoethanol and 200 mM 
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imidazole over 4-5 column volumes.  The Ni-NTA elution was then loaded on an anion 

exchange column (Resource Q – GE Life Sciences).  Ion exchange chromatography was 

run on a linear gradient from 100% Buffer A (8 M urea, 20 mM Tris pH 8.0, 2 mM β-

mercaptoethanol) to 100% Buffer B (8 M urea, 20 mM Tris pH 8.0, 2 mM β-

mercaptoethanol and 0.5 M NaCl ).  Peak fractions from ion exchange were then pooled 

and concentrated using a centrifugal filtration device (Amicon Ultra 10,000 MWCO – 

Millipore) in preparation for cyanogen bromide cleavage.  The concentrated protein was 

buffer exchanged with one that contained 6 M guanidine hydrochloride and 200 mM HCl 

(this can also be performed in 8 M urea buffer).  Cyanogen bromide was added to ~100-

fold molar excess and the reaction was subjected to end-over-end rotation with the 

exclusion of light at room temperature for 24 hours.  Cyanogen bromide was then 

removed by a desalting column (PD-10 - GE Life Sciences) or by repeated 

concentration/buffer exchange cycles (Amicon Ultra 10,000 MWCO - Millipore).  The 

final buffer the protein was exchanged into was 6 M guanidine hydrochloride, 20 mM 

Tris 8.0, 5 mM TCEP.  The protein was then passed over a Ni-NTA column to deplete 

His-tags and any uncleaved protein remaining.  

 

Ligation and purification  

Protein that has been cyanogen bromide cleaved was buffer exchanged/concentrated to 

approximately 1 mM in 8 M guanidine hydrochloride, 100 mM Tris 7.5, and 20 mM 

TCEP.  Lyophilized thioester peptide was then added directly to protein to an equimolar 

amount or in slight excess.  The reaction was then blanketed with argon and agitated at 

25°C for 48 hours in a Thermomixer (Eppendorf) at 1400 rpm.  After 48 hours the 
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ligation reaction was buffer exchanged into 6 M guanidine hydrochloride, 20 mM Tris 

pH 8.0, 5 mM TCEP and passed back over Ni-NTA resin to isolate 6xHis-tagged species.  

The column was washed with 10 column volumes of the same buffer.  Bound species 

were eluted in 6 M guanidine hydrochloride with 200 mM imidazole.  The elution was 

buffer exchanged into 6 M guanidine hydrochloride and 200 mM HCl and cyanogen 

bromide was added to ~100-fold M excess.  This cleavage reaction was rotated end-over-

end for 24 hours with the exclusion of light, buffer exchanged into 6 M guanidine 

hydrochloride, 20 mM Tris pH 8.0, 5 mM TCEP and passed back through Ni-NTA.  

Flow through was buffer exchanged into 8 M urea, 20 mM MES pH 6.0, 5 mM TCEP 

and loaded on to a cation exchange column (Resource S – GE Life Sciences).  Cation 

exchange chromatography was run on a linear gradient from 100% Buffer A (8 M urea, 

20 mM MES pH 6.0, and 5 mM TCEP) to 50% Buffer B (8 M urea, 20 mM MES pH 6.0, 

0.5 M NaCl, and 5 mM TCEP).  Peak fractions were then buffer exchanged into 6 M 

guanidine, 20 mM Tris pH 8.0, 5 mM TCEP, concentrated, and then passed through a 

100 kDa filter (Microcon, Millipore).  The resulting protein was then frozen in 5 μL 

aliquots and stored at -80°C.  

 

Amyloid fiber polymerization 

Protein was diluted ~ 200-fold out of denaturant (Tanaka and Weissman, 2006) to a 

concentration of 2.5 μM in a buffer consisting of 5 mM potassium phosphate pH 7.4, 150 

mM NaCl, and 2 mM TCEP and allowed to rotate end-over-end overnight at room 

temperature.  Seeded reactions included 5% v/v spontaneously polymerized material.  
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Continuous thioflavin T polymerization reactions were carried out as described (Chien et 

al., 2003) with the addition of TCEP to a final concentration of 2 mM.   

 

Protein infection 

Protein infections were performed as described (Tanaka et al., 2004a; Tanaka and 

Weissman, 2006) utilizing the yeast strain 74D-694 [MATa, his3, leu2, trp1, ura3; 

suppressible marker ade1-14(UGA)](Santoso et al., 2000). 

 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 29



 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.4 Monitoring peptide thioester formation 
Analytical RP-HPLC of conversion of peptide A ([MH+]calc=4765.78) to thioester form 
B ([MH+]calc=4915.01).  Inset is MADLI-MS of corresponding peaks.  
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Figure 2.5 MALDI-MS spectra of semisynthetic SupNM  
MALDI-MS spectrum of 4 (CNBr cleaved semi-synthetic protein).  
[MH+]calc=28459.34 
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Figure 2.6  Ligation monitoring 
Coomassie stained protein gels of ligation and final product.  Ligation at 48 hours was 
estimated to be ~50% efficient. 
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Biosynthetic Protein Generation 

 

 Native chemical ligation requires an N-terminal peptide/protein fragment that 

contains a C-terminal thioester and a C-terminal peptide/protein fragment that requires an 

N-terminal cysteine.  In the particular scheme being developed for SupNM there was 

need for a component that allows for chemical control and another component that is 

simply there to maintain the context of a naturally synthesized protein.  Initial attempts 

are directed at giving synthetic access to the N-domain of Sup35 due to that domain 

being the main mediator of aggregation of Sup35.  In structural studies performed to this 

point it appears as if the N-terminus of the protein is a common core component of 

amyloid fibers formed by SupNM (Krishnan and Lindquist, 2005; Tanaka et al., 2005; 

Toyama et al., 2007).  This leads to the need to generate the N-terminus of the protein by 

peptide synthesis methods but the remainder of the protein should be generated by the 

simplest and most robust method possible.  

 

  Previous studies featuring native chemical ligation generally focus on joining two 

(or more) short peptides that can both easily be made synthetically with little trouble.  

Given that the C-terminal portion of SupNM that will be needed here will be on the order 

of 200 amino acids in length there were two major options.  The first option involved 

using synthetic methods.  The advantage of this approach is that one could easily obtain a 

polypeptide with the N-terminal cysteine needed for native chemical ligation.  The 

drawback is that with current technologies it is not possible to synthesize a 200 amino 

acid stretch as a single stepwise elongated polymer.  There would most likely need to be 
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synthesis of several peptides of a more manageable size followed by assembly.  The 

assembly could be performed by more NCL reactions or by chemical fragment 

condensation.  By using multiple rounds of NCL one would have to introduce several 

cysteines at the ligation sites in order to complete the assembly.  This would certainly be 

a potential route but is relatively labor intensive and could potentially suffer from issues 

like poor synthetic yield of any of the given peptide fragments as well as the necessity to 

purify ligated products at each step and the associated loss that comes with such 

purification processes.  Chemical fragment condensation methods used to join 

polypeptides have the drawback of potentially inefficient chemical coupling which 

necessitates using a large excess of reacting components.  Another drawback of fragment 

condensation by chemical coupling is that there is potential for racemization at the 

activated C-terminal residue of a peptide used for condensation.  The other major avenue 

to pursue to obtain the C-terminal polypeptide is to produce it by biosynthetic means.  It 

would most likely be relatively straightforward to produce the protein recombinantly in 

bacteria as this is the method utilized to obtain SupNM that has been used in in vitro 

assays in the Weissman Lab and elsewhere.  Since the protein overexpressed in bacteria 

most likely forms inclusion bodies (like SupNM) it could be a fairly simple purification 

under denaturing conditions.  In this route the challenge would not be obtaining a product 

of roughly 200 amino acids as there would not have to be any assembly but rather in 

obtaining a product with an N-terminal cysteine.  With a synthetic method an N-terminal 

cysteine is easily achieved but biosynthesis requires methionine start codons and 

potential in vivo processing.  Despite this challenge it seemed like the more appropriate 

route to take. 
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 The very first attempt to achieve an NM A34C-253 polypeptide was done by 

simply cloning a construct with the A34C mutation flush against the ATG start codon.  

The rationale here was that in bacteria the initiating codon encodes for a formyl-

methionine that is often deformylated by peptide deformylase followed by removal of the 

methionine by methionine aminopeptidase.  This removal by methionine aminopeptidase 

is generally very sequence context dependent.  The overexpressed product from this 

construct did not seem to have the N-terminal methionine removed as judged by a 

preliminary MALDI mass spectrometry analysis.  This was unfortunate as the standard 

construct used to produce SupNM in the Weissman Lab was seen by mass spec to have 

the N-terminal methionine removed. 

 

 The second strategy attempted in order to obtain NM A34C-253 involved the idea 

of engineering a protease cleavage site into the protein such that a free N-terminal 

cysteine would be revealed after cleavage by the protease.  The protease chosen for this 

endeavor was the nuclear inclusion protease from tobacco etch virus (TEV protease).  It 

was chosen for the ability to generate large amounts of the protease recombinantly but 

more importantly due to the properties of its cleavage site.  The canonical recognition site 

of TEV protease is ENLYFQ G/S.  Relevant to note about the cleavage site is that the 

protease cleaves leaving only a single amino acid C-terminal to the cleavage.  Glycine 

and serine are considered the standard amino acids in this P1’ position and cleavage 

leaves either that glycine or serine at the N-terminus of the processed polypeptide.  

Extensive studies on TEV protease by David Waugh’s lab have shown a great amount of 

flexibility in terms of what amino acids can be accommodated at the P1’ position of the 
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cleavage site.  Amino acids with small sidechains are optimal but TEV protease can 

tolerate a large range of amino acid substitutions in the P1’ position with very little effect 

on the efficiency of cleavage.  Cysteine substituted for glycine or serine shows nearly 

identical processing efficiency by TEV protease (Kapust et al., 2002).  This made TEV 

protease ideally suited for generating a polypeptide with an N-terminal cysteine.  A 

construct was cloned with an N-terminal His-tag to facilitate purification followed by a 

TEV protease cleavage site with the P1’ site altered to cysteine.  After cleavage, 

uncleaved polypeptides could be removed by Ni-NTA resin.  This was a promising 

approach which suffered from a potential drawback in that it was reliant upon the 

accessibility of the cleavage site.  SupNM (and the construct used here) are purified 

under denaturing conditions to prevent undesired aggregation from occurring.  As such 

when a TEV proteolytic cleavage was undertaken it became necessary to dilute the 

protein into a buffer than contained little to no denaturant in it.  In this condition the 

cleavage site maintains accessibility for a certain period of time but inevitably begins to 

aggregate which decreases the efficiency of cleavage substantially.  The protease 

cleavage methodology produced mixed results.  There was a recoverable amount of TEV 

protease processed material but the cleavage reaction was never highly efficient.  Using 

higher amounts of protease did help to increase yield somewhat but this method did not 

seem well-suited to give the quantity of NM A34C that was needed for downstream 

experiments. 

 

 A more efficient means of exposing an N-terminal cysteine was needed.  It was at 

this time that chemical methods were explored for higher efficiency cleavage.  A long 
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used method for fragmentation of proteins (often for protein identification by mass spec 

or N-terminal sequencing) employs cyanogen bromide.  Cyanogen bromide cleaves 

peptide bonds C-terminal to methionine residues and has been shown to produce protein 

fragments that are competent to be used in native chemical ligation/expressed protein 

ligation reactions (Macmillan and Arham, 2004).  There were some considerations to be 

made in the use of cyanogen bromide (besides the inherent cautions needed when 

working with a highly toxic material).  The first was that within the NM domains of 

Sup35 there was a naturally occurring methionine at position 124.  It was decided that a 

relatively conservative substitution at position 124 would probably have little effect on 

the aggregation/polymerization of SupNM as it is relatively well accepted that the 

aggregation is most likely mediated by the very N-terminus of the protein.  Thus, 

methionine 124 was mutated to leucine in order to eliminate the ability of cyanogen 

bromide to cleave the NM domain in half.  Using the pAED4 backbone an expression 

construct was created that featured an N-terminal histidine tag (9xHis) followed by a gly-

gly-ser linker and then a methionine abutting A34C under the IPTG inducible T7 

promoter.  Cleavage of the polypeptide encoded by this construct with cyanogen bromide 

should yield a free N-terminal cysteine.  The advantage of this approach is that a very 

large excess of cyanogen bromide can be added to drive the cleavage reaction and that 

the reaction can be performed in conditions that are denaturing to proteins allowing for a 

high concentration of accessible cleavage sites.   

 

 pAED4 SupNM A34C-253 M124L was transformed into the e. coli BL21 (DE3) 

RIL strain.  Selection markers were ampicillin/carbenicillin for the expression plasmid 
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and chloramphenicol for the rare codon plasmid.  Cells were grown on agar plates 

overnight at which point cells were physically scraped off of the plates and resuspended 

in liquid media.  It is anecdotally known in the Weissman Lab that overnight liquid 

cultures of bacterial expression strains harboring SupNM overexpression plasmids have a 

high overexpression failure rate.  Cells from freshly scraped plates were diluted into 

warmed LB or 2xYT media supplemented with 34 μg/L chloramphenicol and 100 μg/L 

of carbenicillin in 1 L volumes in 2.8 L Fernbach flasks.  Flasks were shaken at 37°C 

until they reached a density of OD600=0.6-0.9.  IPTG was then added to a final 

concentration of 400-500 μM to induce protein expression.  The temperature was reduced 

to 30°C and cultures were shaken for 5-7 hours.  The construct overexpressed at 37°C as 

well (SupNM is generally overexpressed at 37°C) but 30°C overexpression gave higher 

yields.  Cells were collected by centrifugation and frozen until use.   

 

 Frozen cell pellets were thawed and resuspended in a buffer consisting of 8M 

urea, 20 mM Tris pH 8.0, 0.5 M NaCl, and 2 mM β-mercaptoethanol.  Cells were 

agitated by nutation at room temperature for 1 hour and then sonicated to enhance 

efficiency of cell lysis and also to decrease viscosity.  Lysates were clarified by 

centrifugation at 45000 x g in a Sorvall high speed centrifuge with SS-34 rotor followed 

by filtration through a syringe filter (pre-filter followed by 0.45 μm filter).  Clarified 

lysates were then loaded onto a gravity flow chromatography column containing Ni-NTA 

resin (approximately 2 mL of bed volume per liter of bacterial culture) which had been 

equilibrated with the same buffer that the cells were lysed in.  The column was washed 

with 10 column volumes of the same buffer followed by 10 column volumes of buffer 
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with no salt (8 M urea, 20 mM Tris pH 8.0, 2 mM β-mercaptoethanol).  Protein bound to 

the Ni-NTA column was then eluted with a buffer consisting of 8 M urea, 20 mM Tris pH 

8.0, 2 mM β-mercaptoethanol and 200 mM imidazole over 4-5 column volumes.  The Ni-

NTA elution was then loaded on an anion exchange column (Resource Q or Source 15Q 

depending on quantity of protein loaded).  Ion exchange chromatography was run on a 

linear gradient from 0-100% Buffer B (where Buffer A is 8 M urea, 20 mM Tris pH 8.0, 

2 mM β-mercaptoethanol and Buffer B is 8 M urea, 20 mM Tris pH 8.0, 2 mM β-

mercaptoethanol and 0.5 M NaCl).  Most contaminating proteins did not bind the column 

and are eliminated in the flow-through.  The initial solubilization of the cell pellets and 

Ni-NTA chromatography have also been successfully performed using 6 M guanidine 

HCl so long as the buffer composition is switched to urea with no salt during the final 

wash and elution.  The yield was found to be slightly higher using guanidine but more 

contaminating proteins were found in the elution fraction most likely due to the stronger 

chaotropic properties of guanidine.  Peak fractions from ion exchange were then pooled 

and concentrated using an Amicon Ultra centrifugal filtration device.  From this point 

protein could be subjected to cyanogen bromide cleavage.  The most common reaction 

buffer for cyanogen bromide cleavage is in formic acid.  The potential drawback of this 

buffer is that there can be formylation of the protein.  The advantage is that most proteins 

are well solubilized in formic acid.  By performing the cleavage in a chaotropic buffer the 

same effect could be achieved.  The concentrated protein was buffer exchanged with one 

that contained 6 M guanidine and 200 mM HCl (this can also be performed in 8 M urea 

buffer).  Cyanogen bromide was added (several large crystals) to approximately 100-fold 

molar excess and the tube was covered in aluminum foil and subjected to end-over-end 
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rotation at room temperature for 24 hours.  After 24 hours the cleavage reaction was 

buffer exchanged usually by one of two methods.  The reaction could be concentrated in 

a centrifugal filtration unit to low volume and then diluted and the procedure could be 

repeated several times until a several thousand fold dilution was achieved or the cleavage 

reaction could be run over a (or several) PD-10 G25 desalting columns.  Even after 

desalting through a PD10 column the protein was often concentrated and buffer 

exchanged on a centrifugal filtration device to try to remove as much residual cyanogen 

bromide as possible.  Cyanogen bromide waste products produced during these 

procedures were disposed of after treatment with sodium hydroxide and bleach.  A third 

methodology for the removal of cyanogen bromide was to separate the protein from 

buffer components via solid-phase extraction (SPE) using C4, C8, or C18 reverse phase 

resin.  Proteins were eluted from columns with acetonitrile with 0.1% TFA, frozen, and 

lyophilized.  The drawback of the SPE methodology was that it required an extra 

day/night for lyophilization to occur.  The buffer used for exchange consisted of 6M 

guanidine, 20 mM Tris 8.0, and 5 mM TCEP HCl which allowed it to be immediately 

passed back over a Ni-NTA column which would serve to remove cleaved His-tags as 

well as any protein that was not cleaved by cyanogen bromide.  The resulting protein was 

found to possess the correct mass (Figure 3.1).  The protein was then concentrated so that 

it could be used directly in a native chemical ligation reaction.  The use of HPLC to 

purify this protein fragment was considered however in a previous study (Macmillan and 

Arham, 2004) the authors utilized cyanogen bromide-cleaved protein fragments directly 

after removing cyanogen bromide by dialysis and found that the efficiency of subsequent 

ligations did not suffer if no HPLC purification was utilized.   
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Figure 3.1  MADLI-MS spectra of CNBr cleaved SupNM A34C M124L 
SupNM A34C M124L was subjected to CNBr cleavage to remove His-tag and expose N-
terminal cysteine.  [MH+]calc=24666.61  
 

 

 

 

 

 44



Peptide Synthesis 

 

 The basic process of solid-phase peptide synthesis was pioneered by Bruce 

Merrifield at Rockefeller University in 1963 (Merrifield, 1963) and involves stepwise 

elongation of the amino acid chain usually by a single amino acid residue at a time.  The 

amino acid chain grows from C to N which is the reverse of how proteins/peptides are 

produced biologically by the ribosome.  The amino acid derivatives used are protected by 

the Fmoc group on the N-terminus.  This allows for is the addition of only one residue at 

a time.  Any given single growing peptide chain anchored to the resin has ideally one 

exposed primary amine (the amino terminus) which can form a peptide bond with the 

chemically activated carboxyl group of the incoming protected amino acid.  After this 

coupling step is achieved the growing chain is effectively capped by the Fmoc group of 

the newly coupled protected amino acid.  The N-terminal Fmoc protecting group is then 

removed under relatively mild basic conditions with piperidine.  The side chains of the 

Fmoc-protected amino acids are also often protected with various protecting groups in 

order to shield potentially chemically reactive groups from involvement in side-reactions 

during the synthetic steps.  However, due to the repeated use of the piperidine during 

each Fmoc deprotection, the side chains must have protection chemistry that is not 

susceptible to removal by an organic base.  Most side-chain protection in the Fmoc SPPS 

scheme is thus has an orthogonal deprotection chemistry using acid.  This allows for the 

repeated deprotection steps using base while leaving the side-chain protection intact.  

Cleavage of the side-chain protecting groups can then be affected at the same time (if 

desired) as the cleavage of the peptide from the solid support.   
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 Initial peptide synthesis advice was obtained from the Shokat Lab.  Synthesizing 

manually on solid-phase was recommended at first as a simple and cost-effective solution 

allowing a good amount of flexibility when it came to tailoring the chemistry.  Fmoc (9-

fluorenylmethyl carbamate) protection chemistry was chosen over t-Boc (Di-tert-butyl 

dicarbonate) mainly due to ease of cleavage chemistry.  Boc-based peptide chemistry 

utilizes hydrofluoric acid for cleavage and deprotectiong which require specialized 

equipment and safety precautions which are not readily available for most labs.  Cleavage 

chemistry in Fmoc schemes mostly utilize trifluoroacetic acid which is much more 

readily available and more easily used.  The resin chosen was 2-chlorotrityl resin.  The 

benefits of using this resin include eliminating racemization of the anchoring (C-

terminal) amino acid by not directly activating the incoming amino acid and that the resin 

is highly acid-sensitive allowing for low acid cleavages which yield a peptide with all of 

the protecting groups intact. 

  

 It soon became clear that an automated form of peptide synthesis might be useful 

for generating a relatively long peptide: ~40 residues in this case.  An ABI 433A peptide 

synthesizer was available in the Frankel Lab.  It was a rarely used instrument and so 

needed some cleaning and maintenance work.  The major chemistry used on the 

instrument was Fastmoc (HBTU/HOBt/DIEA) and utilized ~22% piperidine for Fmoc 

deprotections.  NMP was the solvent used for all coupling, deprotection, and washes.  

The N-terminal SupNM peptide did not seem overly-amenable to synthesis on this 

particular system.  Utilizing 10-fold excess of the acylating species along with 

conductivity monitoring on the instrument produced crude peptides that contained a 
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major species but also several other species most likely corresponding to sequence 

deletions of glutamine or asparagines.  Similarly, when manual synthesis was undertaken 

for SupNM 1-33, crude peptide products usually appeared to be a mixture of species 

(based on HPLC chromatograms).  Manual synthesis was performed using polypropylene 

reaction vessels and all incubation steps for coupling and deprotection were performed on 

an orbital shaker.  A theory for increasing efficiency of manual steps was to introduce 

more vigorous agitation as automated systems (such as the ABI 433A) utilize argon 

bubbling but also vortexing of the reaction vessel.  A ringstand was placed above a 

tabletop vortexer to allow the rection vessel to be held in a vortexing position.  While this 

worked, the motor of the vortexer burned out after several long coupling steps.         

  

 In an effort to obtain this peptide, David King was contacted (HHMI/UC 

Berkeley) to attempt synthesis.  David King is well known for his peptide synthesis and 

mass spec prowess and agreed to attempt synthesis.  He utilized automated synthesis 

using an ABI 431 using DCC/HOBt activation/coupling.  For peptides he routinely uses 

10-fold molar excess of reagents and will escalate to 20-fold for difficult or long 

peptides.  In addition he utilizes 2-4 hour coupling times and 30 minute deprotections.  

After a very long synthesis, I was provided with a product that proved to be of higher 

quality than anything that I had been able to produce on my own.  HPLC of crude peptide 

showed far fewer contaminating peaks than I had seen before.  However, the main 

product peak still showed signs of some inhomogeneity and I was told by David King 

that there were deletion products corresponding to loss of glutamines, asparagines, and 

even aspartate (only one aspartate present in sequence). 

 47



 The main difficulty of having a peptide with deletions in glutamines and 

asparagines is that they constitute the majority (accounting for 19 of the first 33 residues) 

of the peptide.  This presents a case where a particular mass corresponding to a loss of a 

single glutamine (or asparagine) could represent a loss at any number of different 

positions (as opposed to the loss of aspartate which can only happen at one position).  

This likely implies that the population of peptides is more structurally complex than the 

mass spectra indicates.  Given that glutamines and asparagines are heavily implicated in 

the formation of the beta-sheet interface in Sup35 amyloid structure (Nelson et al., 2005), 

this was not totally ideal. 

 

 In an effort to produce higher quality peptides other avenues were researched.  

The most promising approach seemed to be the usage of microwave radiation (Yu et al., 

1992) to accelerated reaction rates and disaggregate growing peptide chains.  The main 

barrier to this method is the need for a specially designed chemistry microwave.  While 

early experiments were done in consumer microwave ovens, the lack of control over 

heating conditions lead to the need for single-mode microwave instruments that allowed 

control over power output and temperature.  While there exists an automated microwave-

assisted peptide synthesized produced by CEM, one was not available in the vicinity.  A 

general chemistry microwave was found to be available through an online auction of the 

laboratory assets of Kosan Biosciences.  Acquisition of this instrument (SmithCreator – 

Personal Chemistry/Biotage) would allow for the testing of microwave-assisted peptide 

synthesis to determine if it would be an appropriate solution for the problems 

encountered with synthesis of peptides derived from SupNM. 
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 The SmithCreator was designed with a microwave cavity that becomes 

mechanically enclosed upon starting microwave irradiation as a safety precaution and 

utilizes glass reaction vials which are designed to be sealed by crimping a metal/rubber 

seal over the opening.  This posed a major logistical problem for peptide synthesis where 

multiple reactions are run serially on the same solid-phase/resin.  With this system, a user 

would have to place peptide-resin into a glass vial, seal it, perform an individual reaction, 

unseal the vial, take the resin out of the vial, wash it, and then repeat the same procedure 

over again with a new sealable vial.  As this was not at all an efficient means to perform 

peptide synthesis an adaptation needed to be made to facilitate more efficient transitions 

between the different steps used in solid-phase peptide synthesis.  A fritted reaction 

vessel was ideal in that it would allow washes to take place within the vessel.  Two 

problems existed: (1) none of the normal manual synthesis vessels used would fit in the 

slot where the glass vial was normally inserted.  (2) There was a sensor in the mechanical 

arm that seals the cavity which could sense when an object did not fit correctly in the slot 

(or when the glass vial did not have a crimped top on).  Numerous potential reaction 

vessels were altered and tested with a success finally coming in the form of a 5 mL 

Qiagen disposable chromatography column (Cat. No. 34964).  The chromatography 

column is polypropylene, possesses a frit, an appropriate diameter to fit in the slot 

without falling through, and a cap which cold be extended to fool the sensor.  In addition 

to this, the column could accommodate a small stir bar which could be used to agitate 

reactions during microwave irradiation as the instrument has built-in magnetic stirring 

capabilities.  This new reaction vessel could be easily taken from the instrument to 

undergo washes utilizing a vacuum manifold.   
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 The pertinent software parameters for the instrument included temperature, power 

(wattage), and duration.  The instrument had a peak power output of 300 watts and this 

was quickly found to be far too high for this particular application.  Automatic feedback 

based on reaction temperature was used to modulate the power output.  A 90 watt 

maximum was found to be totally sufficient when using the polar solvent NMP and to 

prevent the temperature from overshooting the maximum power output was occasionally 

lowered to as little as 30 watts.  Cooling was provided by compressed air fed directly into 

the instrument.   

 

 Syntheses were performed using symmetric anhydride chemistry (DIC/HOBt) 

using five-fold molar excess in reagents.  Other potential coupling chemistries 

(aminium/phosphonium) generally have the advantage of faster reaction rates, but usage 

of microwave energy diminished this as a concern.  Usage of microwave energy not only 

accelerates the desired reactions but also side-reactions so symmetric anhydride coupling 

chemistry was chosen in order to avoid potential base-catalyzed side-reactions that might 

occur with other coupling chemistries.  This has seemingly not been a widely 

encountered problem in microwave peptide synthesis so more extensive testing of 

coupling chemistries for SupNM peptide syntheses will be undertaken in the future.  

Initial syntheses were performed at 65°C.  Subsequent syntheses were performed with 

each successive synthesis utilizing a slightly higher temperature.  Remarkable 

improvement was already seen using 65°C as compared to room temperature however 

when reactions were performed at 75-78°C crude peptides basically only show a single 

HPLC peak (Figure 3.2).  Deprotections were carried out using 20% piperidine and 0.1 M 
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HOBt (HOBt is primarily needed to help prevent aspartimide formation during Fmoc 

deprotection of aspartate) in NMP and two deprotections for two minutes each were 

found to be sufficient.  5% piperazine and 0.1 M HOBt in NMP has been utilized in 

Fmoc peptide synthesis (Palasek et al., 2007) due to the ease of obtaining and handling of 

piperazine however syntheses using it as the deprotecting base provided lower purity of 

peptide probably due to less efficient Fmoc deprotection.    

 

 When generating the N-terminal 6xHis-tag on the SupNM peptide an alteration 

had to be made to the coupling procedure.  Histidine is very racemization-prone under 

high temperature microwave conditions (Palasek et al., 2007) so coupling was performed 

at room temperature which is unfortunate since coupling efficiency is already diminished 

this far into the sequence.  This study was able to show that microwave coupling at 50°C 

minimized histidine racemization however the SmithCreator instrument does not allow 

for temperature settings less than 60°C.  Each histidine was double coupled using a five-

fold molar excess of acylating species using HATU as the coupling agent since higher 

reactivity was needed in this case.  Each coupling reaction was carried out for 30 

minutes.  Deprotections were still performed using microwave energy at 77°C (2x2 min)  

as racemization is not an issue once the residue is coupled.  Even with this procedure it 

was common to see a minority species in the mass spectra of the finished peptide which 

corresponds to a deletion peptide missing one histidine.  This was not a huge concern 

because the His-tag would be removed by cyanogen bromide cleavage after ligation and a 

5xHis tag may still retain the ability to be purified by Ni-NTA chromatography.    
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Figure 3.2 C18 HPLC chromatogram and MALDI-MS spectra of microwave 
synthesized peptide 
A.  Analytical C18 RP HPLC of 6xHis SupNM 1-33 crude peptide using a gradient of 9-
31.5% acetonitrile with 0.1% TFA over 24 minutes (2.5 mL/min). 
B.  MALDI-MS spectra of major peak collected from Figure 3.2A.  [MH+]calc=4765.78 
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Thioesterification of Peptide 

 

 Since the first demonstration of native chemical ligation, the most common 

methods to synthesize a peptide thioester were by using Boc-protection based schemes.  

This was generally due to the inherent instability of the thioester group to nucleophilic 

base which is repeatedly used as a deprotecting agent (piperidine) in Fmoc-based 

schemes.  Linkers generated for Boc (Canne et al., 1995) synthesis allowed recovery of 

thioester peptides directly from hydrofluoric acid cleavage of peptide-resin and required 

no further chemical steps.  The advantages to this approach were the ease of obtaining the 

thioester as well as good yields from robust cleavage.  Another potential advantage would 

be that deprotections of each protected amino acid by TFA would potentially help 

solubilize or de-aggregate the growing peptide chain.  Since Boc-based peptide synthesis 

chemistry was not enacted without specialized equipment, an Fmoc-based method was 

needed.  The most promising Fmoc-based synthesis for generating peptide thioesters 

revolved around Kenner’s “safety-catch” linker (Backes et al., 1996; Kenner et al., 1971).  

The safety-catch linker is totally stable to strong nucleophilic and basic conditions 

allowing for the repetitive organic base deprotections employed in Fmoc synthesis.  

Following chain assembly on the resin, the linker can be activated by alkylation by either 

iodoacetonitrile or trimethylsilyldiazomethane which would then render the linker 

susceptible to nucleophilic attack.  Usage of a thiol nucleophile to cleave the peptide off 

of the activated resin furnishes the thioester form.  One of the advantages of this approach 

is that resin bearing the safety-catch linker is commercially available.  Sulfamylbutyrl-

AM resin was purchased from Novabiochem.  Loading of resin was accomplished using 
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DIC and N-methylimidazole.  Automated synthesis was performed on the ABI 433A 

using Fastmoc chemistry (HBTU/HOBt/DIEA).  Upon the completion of synthesis, the 

resin was washed with THF.  Activation of the safety-catch linker was performed using 

1M trimethylsilyldiazomethane in hexane/THF (1:1).  After 2 hours the resin was washed 

with THF.  Cleavage from the activated resin was performed using an excess of ethyl-3-

mercaptopropionate (50 eq.) and a catalytic amount of sodium thiophenoxide (0.5 eq.) in 

2 M LiBr/THF (Quaderer and Hilvert, 2001).  The resin was washed with 2 M LiBr/THF 

and the combined filtrates were evaporated and then deprotected.  Very little of any 

product was isolated, correct or otherwise.  The entire procedure was repeated with 

similar results.  It was unclear at what point this procedure was encountering problems.  

There could be fundamental problems with the peptide elongation itself, the activation of 

the safety-catch linker, or the thiol-mediated cleavage from resin.  Much work went into 

the optimization of this protocol without any substantial success.  It was then discovered 

that others seeking to use this approach had encountered similar difficulties (Marcaurelle 

et al., 2001) (David S. King – personal communication).   A search was begun for another 

Fmoc-compatible approach for thioester generation.  A very attractive approach involved 

the direct conversion of the carboxyl group of a fully-protected peptide into the 

corresponding thioester (von Eggelkraut-Gottanka et al., 2003).  The greatest advantage 

of this method is that one can synthesize the peptide with otherwise conventional Fmoc 

means.  Generation of fully-protected peptides is not an uncommon or overly difficult 

process.  2-chlorotrityl resin can be used to generate protected peptides and was already 

being used as a base resin for test peptide syntheses.  The need for a linker activation step 

and a nucleophilic cleavage to liberate the peptide also complicated the troubleshooting 
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process in the safety-catch scheme as it was difficult to discern which step was 

problematic. 

 

 The peptide was assembled using Fmoc-protected amino acids using symmetric 

anhydride coupling (DIC/HOBt).  The final amino acid was coupled as a Boc-protected 

amino acid to protect the N-terminus during the subsequent thioesterification reaction.  

This scheme allows for the global deprotection to remove the Boc protecting group 

leaving a native N-terminus.  By synthesizing the peptide on 2-chlorotrityl resin the 

product can be obtained in fully protected form by cleavage with dilute acid.  Initially 

cleavage was affected by use of 0.5-1% TFA in DCM after washing the resin in DCM 

(residual NMP or DMF is difficult to remove and can interfere with deprotection).  

TFA/DCM solution was added to resin and agitated for 1 minute and then removed by 

filtration.  This process was repeated 5-10 times.  Resin was then washed with 10 

volumes of DCM and the wash was added to the filtered cleavage solution.  Pyridine was 

added to the solution to neutralize the TFA to avoid spurious cleavage of protecting 

groups during subsequent solvent removal.  The solvent was removed by rotary 

evaporation leaving a viscous oil-like product.   

 

 The isolated product was then resuspended in 20 mL of DCM for attachment of 

the thioester via phosphonium salt coupling.  To the peptide solution was added 1 eq. 

(relative to loading) of PyBOP, 2 eq. of DIEA and 1 eq. of acetamidothiophenol.  The 

choice of both coupling agent as well as thiol were made due to evidence in literature that 

showed that PyBOP allowed for both very quick and efficient conversion of the peptide 
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to the thioester form.  Using acetamidothiophenol as the thiol was also shown to have 

very high rates of conversion, higher than that of thiophenol.  One of the benefits of using 

a thiol like acetamidothiophenol (or thiophenol) is that aryl-thiols generate thioesters with 

greater reactivity than alkyl-thiols do for use in native chemical ligation.  Although aryl-

thiols like thiophenol were originally used to directly generate thioesters it seemed as 

though those thioesters were not particularly stable during storage.  Strategies moved 

towards initially generating alkyl-thioesters and then performing in-situ conversion to an 

aryl-thioester during the actual native chemical ligation reaction by including an excess 

of aryl-thiols such as thiophenol and allowing for in situ thiol exchange.  

Acetamidothiophenol seems to give the high reactivity characteristic of aryl-thiols but the 

thioesters produced with it did not seem to suffer from instability.  Acetamidothiophenol 

also happens to be a chemical with very convenient handling properties and is far less 

malodorous than many of the other common thiols used in this type of chemistry.   

 

 Generally the thioesterification reactions were allowed to proceed for 16-24 hours 

at which point a small aliquot was removed for analysis.  Solvent was removed under 

reduced pressure and the product deprotected.  After 2 hours the cleavage was 

precipitated into diethyl ether and washed twice with diethyl ether (product isolated by 

centrifugation).  The crude product was then dried and then dissolved in guanidine HCl 

for analysis by reverse phase HPLC.  During most syntheses there was predominant 

conversion of the peptide to the thioester form.  On the occasions where there was not 

complete conversion, more coupling reagents as well as acetamidothiophenol were added 

to the thioesterification reaction and was allowed to react for a further 8-12 hours.  In 
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early attempts the thioesterification reaction was extremely inefficient.  This was 

eventually traced back to residual TFA that was not totally removed after cleavage from 

resin.  This probably caused neutralization of the catalytic base (DIEA) during the 

thioesterification reaction which effectively hindered the reaction.  This observation was 

what spurred the inclusion of a neutralizing base (pyridine or DIEA) after cleavage.  

However, much like with TFA, it was difficult to completely remove the organic base 

through rotary evaporation.  The excess base carried over is hypothesized to be one of 

potential problems with resulting products in early attempts.  It was noticed that the 

thioesterification reaction often resulted in 2 different peaks in the HPLC chromatogram 

which when subjected to MALDI mass spectrometry each gave the same dominant mass.  

Excess organic base has been known to cause racemization in base-catalyzed peptide 

synthesis procedures.  The two peaks seen in the HPLC chromatogram could be 

explained by having a racemic mixture of the peptide thioester.   

 

 In order to avoid the inclusion of excess organic base a different strategy was 

employed during cleavage of the fully protected peptide off of the solid support.  

Cleavage was performed using a more mild acid: in this case acetic acid was used.  10 

mL of a cleavage solution of 7:2:1, DCM:trifluroethanol (TFE):acetic acid was prepared.  

5 mL of the cleavage solution was added to the DCM washed resin and allowed to 

incubate for 30-60 minutes under agitation (either by rocking or stir bar).  After this 

initial time period the cleavage solution was separated from the resin by filtration and the 

remaining 5 mL of cleavage solution was added to the resin.  The mixture was allowed to 

incubate for a further 15-30 minutes under agitation.  The cleavage solution was again 
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removed from the resin by filtration and added to the filtrate from the first cleavage.  The 

resin was then washed with 10-15 mL of a wash solution of 8:2 DCM:TFE to recover as 

much of the cleaved protected peptide product as possible.  The washes were then 

combined with the cleavage solution.  The initial attempts to neutralize the acetic acid 

were done by extraction with a half-saturated NaHCO3 solution.  The aqueous phase was 

removed and more NaHCO3 solution was added and agitated until no more effervescence 

was seen.  At this point the organic phase containing the protected peptide was 

considered neutralized.  The organic phase was then dried with a solid drying agent such 

as anhydrous sodium or magnesium sulfate and then the solvent was removed using 

rotary evaporation.  From here the dried protected peptide was resuspended in DCM and 

thioesterification was performed as described before with PyBOP and AMTP.  The 

solvent was then removed by rotary evaporation and the peptide was deprotected, 

precipitated, and washed with diethyl ether.  Peptide was resuspended in 8 M GuHCl and 

analyzed by reverse phase HPLC.  Fractions were subjected to MALDI mass 

spectrometry.  The mass analysis showed that the dominant HPLC peak showed the 

correct mass but also showed spurious masses in varying degrees from preparation to 

preparation of the peptide.  Since the major change in this protocol involved the use of 

water and NaHCO3, those two reagents were seen as the most obvious suspects in a 

potential side reaction occurring.  Instead of trying to track down the specific explanation 

for the side reactions occurring it was decided to simply avoid the use of water/NaHCO3 

in this process and find another methodology for either the neutralization or removal of 

acetic acid from the cleaved protected peptide.   
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 The next technique tried for the removal of acetic acid was to dilute the cleavage 

solution into n-hexane (von Eggelkraut-Gottanka et al., 2003).  After the addition of n-

hexane the mixed solvent system could be evaporated and the acetic acid would be 

removed as an azeotrope with the n-hexane.  While this technique would allow for the 

removal of acetic acid without introduction of other side-reaction inducing chemicals it 

suffered from a couple of inefficiencies.  For one the quantity of n-hexane that one has to 

dilute into is very large leading to a long evaporation time.  The second issue to be aware 

of is that if not enough n-hexane is used there would still be residual acid left behind.  

This technique was used but ultimately it was decided that the time it took to execute was 

inconvenient as was the potential for residual acid. 

 

 The settled upon technique for the removal/neutralization of acid from the 

protected peptide cleavage product was to perform a precipitation of the protected peptide 

from the cleavage solution.  The organics used in the cleavage are miscible with diethyl 

ether and so determination of the protected peptide solubility in diethyl ether was needed.  

A small volume of the cleavage solution was added dropwise to a >10-fold excess of cold 

diethyl ether.  A white precipitate quickly appeared which was verified as the peptide by 

downstream HPLC and mass spec analysis.  On the preparative scale, the volume of the 

cleavage solution was quite high so the volume was first reduced either by vacuum or by 

flowing a stream of argon over the solution.  Once the volume was reduced from roughly 

20 mL to <5 mL, it was slowly added dropwise to a 10-fold volume (~50 mL) of cold 

diethyl ether.  The mixture was then agitated and then centrifuged to isolate the 

precipitate.  The liquid was then decanted and then the pellet was washed with 50 mL of 
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cold diethyl ether and centrifuged again.  This wash procedure was performed 3 times to 

remove as much residual acetic acid as possible.  The thorough washing was quite 

important as residual acetic acid could cause problems downstream such as the 

neutralization of catalytic base during the thioesterification reaction.    

 

        The crude protected peptide was then resuspended in 20 mL of DCM in 

preparation for thioesterification.  Once again, 1eq. (relative to loading) PyBOP, 2 eq. 

DIEA, and 1 eq. acetamidothiophenol were added and the reaction was allowed to 

proceed overnight.  The solvent was removed by either rotary evaporation or argon 

stream and then the peptide was deprotected.  Deprotected peptide was precipitated in 

cold diethyl ether, washed with cold diethyl ether twice and recovered by centrifugation.  

The white solid was allowed to dry and was then re-suspended in 6-8 M guanidine 

hydrochloride and analyzed by C18 reverse phase HPLC.  Initially results looked quite 

good.  The retention time of the major peak of the HPLC chromatogram shifted from 

around 8.5-9.0 min for the peptide without C-terminal thioester modification to 12.3-12.8 

mL min after the thioesterification reaction.  Generally the reaction seemed to go to near 

completion.  Sometimes at this point in order to drive the reaction to completion 

additional coupling reagents were added:  0.5 eq. (relative to loading) of PyBOP, 1 eq. 

DIEA, and 0.5 eq. acetamidothiophenol were added and the reaction was allowed to 

proceed for an additional 12 hours.  This second step almost always converted the 

remaining peptide to the thioester form.  
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 Another problem was noticed that was similar in phenotype to one encountered 

earlier.  Even after switching to this optimized protocol that eliminated the carryover of 

excess base it was noticed that after synthesis, thioesterification, and deprotection that 

there was the appearance of  two major peaks in the HPLC (Figure 3.3A) that when 

subjected to mass spec, gave the same dominant mass species.  This phenotype was not 

new but it seemed to be caused by something other than the carryover of organic base 

from an earlier reaction.  Repeated attempts at synthesizing the 40-mer peptide were 

made in order to weed out the cause of what looked like racemization.  After obtaining 

the double peaks on multiple syntheses in a row it was decided that there needed to be a 

more significant change in methodology in order to root out the problem.  Since the 

double peak phenomena was not seen until after thioesterification it seemed likely the 

problem also still resided in that step.  Excess organic base in the reaction was still a 

prime suspect.  Since it was difficult to determine yield of the crude fully protected 

peptide, calculations for coupling reagents were always based on theoretical loading 

capacity of the synthesis resin as reported by the manufacturer.  When performing the 

thioesterification reaction with reagents at only 1 equivalent, it was likely that this was a 

large excess relative to the actual yield of peptide at that point.  This suggested that there 

might be an excess amount of organic base (DIEA) being added directly to the reaction.  

Although PyBOP was not seen to give excessive racemization in thioesterification 

reactions (von Eggelkraut-Gottanka et al., 2003) it was higher than use of a symmetric 

anhydride coupling approach.  The usage of DIC with HOBt seemed to cause the least 

amount of racemization in model studies.  This coupling method is not known to have 

stereochemistry problems when working with large excesses of reagents.  The hypothesis 
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was that this method of generating a thioester might have the best enforcement of 

stereochemistry of general available options.  A new round of peptide synthesis was 

performed and protected peptide was isolated.    A relative high excess of coupling 

reagents was not as much of a concern using DIC/HOBt so once again 1 eq. relative to 

theoretical resin loading was used.  DIC/HOBt coupling generally requires pre-activation 

due to the slower reactivity so the reagents were added to the protected peptide (dissolved 

in NMP) and allowed to activate the peptide for 15-20 minutes prior to adding 

acetamidothiophenol.  In contrast, the usage of PyBOP does not generally require an 

activation step.  The reaction was flushed with argon and sealed and rotated end-over-end 

for 16-24 hours.  Analytical HPLC after deprotections showed that there was very high 

conversion of the peptide to the thioester form (nearing quantitative).  More coupling 

reagents could be added (0.5 eq. relative to loading) to drive the reaction further but it 

was not generally needed.  The most encouraging result of this change was that there was 

only one major peak present (Figure 3.3B).  This modification in the thioesterification 

reaction seemed to solve the apparent racemization problem.   

 

 The two major peaks from the HPLC chromatograms of PyBOP-generated 

peptide thioester were basically a doublet (there was not substantial separation between 

them).  One possibility was that the double peak phenomenon was simply an artifact of 

the HPLC.  In order to rule out this possibility a mixing experiment was attempted.  First, 

samples from batches of peptides which exhibited a doublet peak in HPLC (PyBOP 

coupled) and a single peak in HPLC (DIC/HOBt coupled) were re-run to confirm that 

they exhibited consistent peak morphology.  PyBOP thioesterified peptide consistently 
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displayed a doublet peak and DIC/HOBt thioesterified peptide showed a single peak.  A 

doublet sample was then mixed with a single peak sample and then run on the HPLC.  

The mixing caused one of the two peaks (the peak with the longer retention time) to 

increase in intensity (Figure 3.3C).  This seemed established that the doublet peak was 

not an artifact and that the DIC/HOBt thioesterification seemed to only generate one of 

the two species that were being generated by the PyBOP reaction.  The presence of a 

second species most likely indicated that racemization was occurring.  Another 

possibility for the second species is that it is another type of isomerized form of the 

peptide.  There is the possibility that the thiobenzyl group may have migrated from the C-

terminus to another location where a carboxyl group is located.  In the case of the 

synthesized SupNM peptide, the only other carboxyl moiety would be the side-chain of 

aspartic acid (residue D3).  This would generate a mass that would be the same as the 

proper thioester but would potentially migrate differently during HPLC.  Aspartic acid is 

protected in the synthesis scheme but spurious loss of protecting group could be at fault.  

Another possibility is that the isomerization occurs during high acid deprotection where 

the D3 sidechain is exposed.  Regardless of which product the extra species was, the most 

important consideration was that a single correct species was produced in sufficient 

purity and yield.    

 

 After analytical cleavage showed correct thioester product formation, a reaction 

sat at room temperature for several days as the peptide was not needed immediately (a 

previous prep was still in use) and there were more immediate experimental 

considerations at the time.  This particular batch of peptide was deprotected and  
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Figure 3.3 C18 HPLC chromatograms of thioesterification reactions 
A.  Chromatogram of crude thioester peptide produced by PyBOP activation 
B.  Chromatogram of crude thioester peptide produced by DIC/HOBt activation 
C.  Chromatogram when products from Figure 3.3A and B are mixed.  The second of the 
two peaks sees an increase in absorbance 
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processed on the order of a week later.  When HPLC was run on this bulk preparation, 

the second peak appeared again.  Given that this was the same reaction that had given 

only a single major peak before and that this was a thioester produced using DIC/HOBt, 

this raised the possibility that the problem was not simply the type of coupling agent used 

in the reaction.  It seems that it is a combination of the reactivity of the coupling agents as 

well as the duration of the reaction.  PyBOP is known to be a more reactive coupling 

agent than DIC/HOBt and couplings are usually considered complete on a much quicker 

timescale.  There is the possibility that extended coupling reactions to attach the thioester 

resulted in a loss of chiral integrity regardless of what types of reagents were used.  The 

difference being that the PyBOP-mediated reaction reached this point much more quickly 

than the DIC/HOBt reaction.  PyBOP reactions may need to be monitored more closely 

during early timepoints to determine what the longest reaction time should be.  

DIC/HOBt reactions likely have a much larger window of time before this problem 

occurs.  For this reason alone it might make for an easier methodology to utilize.       

 
 
Native Chemical Ligation  

 

 The strategy to produce SupNM relied upon the use of native chemical ligation 

(NCL) which was first demonstrated by the lab of Stephen Kent in 1994 (Dawson et al., 

1994).  The procedure basically allows for the joining of two (or more) peptide segments 

leaving a native peptide bond at the ligation point.  The ability to perform NCL relies on 

two things: (1) the N-terminal peptide requires a C-terminal thioester group and (2) the 

C-terminal peptide requires an N-terminal cysteine.  In a chemoselective reaction, the 
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peptide containing the thioester undergoes nucleophilic attack by the side chain of the 

cysteine of the C-terminal fragment giving a thioester linked covalent intermediate.  This 

product then undergoes a rapid irreversible rearrangement (S to N acyl shift) which 

leaves a native peptide bond at the ligation site (Figure 3.4). 

 

 The actual native chemical ligation reaction is relative simple to perform.  In the 

case of SupNM the reagents are combined under denaturing conditions to prevent 

aggregation and to increase the concentration of the reacting species. 6 M guanidine 

hydrochloride is quite commonly used in ligation reactions.  A relative high 

concentration (0.1 M) of a neutral to slightly basic buffer is utilized as lyophilized 

peptide or protein products often exist as TFA salts owing to their purification by HPLC.  

Initial attempts at NCL were performed with both thioester peptide (6xHis NM1-33) and 

biosynthetic fragment (SupNM A34C M124L) in lyophilized form.  When attempting to 

achieve high concentrations (>1 mM) of each species it was often found that they would 

not fully dissolve or that they were precipitating in the reaction.  In order to solve this 

problem a stronger chaotrope was tried in order to achieve better solubilization of the 

reactants.  The ligation buffer was made with 6 M guanidine thiocyanate instead of 

guanidine hydrochloride.  This did seem to allow for enhanced solubilization of the 

components.  The observation that dissolving the reactant peptide/proteins from 

lyophilized form was an issue spurred a second line of optimization.  Since initial 

dissolution seemed to be a problem, perhaps this could be alleviated if one of the 

components was already dissolved in a ligation buffer.  The expressed protein component  

 

 66



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.4 Mechanism of native chemical ligation 
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(SupNM A34C M124L) had been purified under denaturing conditions and was 

subsequently purified by HPLC and lyophilized to obtain the dried product.  The usage of 

this protein directly after removal of cyanogen bromide by desalting or buffer exchange 

could be a way to bypass lyophilization.  The protein could be concentrated directly in a 

ligation-compatible buffer to facilitate native chemical ligation.  This procedure would 

eliminate the need to dissolve one of the components.  HPLC purification of cyanogen 

bromide cleaved protein fragments (that are to be used in ligation reactions) was found in 

a study to be unnecessary (Macmillan and Arham, 2004).  The authors found that protein 

that had been directly dialyzed after cyanogen bromide cleavage could be used for 

ligation and that HPLC purification of this protein did not affect yield of the ligation 

reaction.  The buffer exchange/desalting step utilized in the preparation of NM A34C 

M124L seemed to be equivalent to their dialysis step and so could be directly used in a 

ligation reaction. 

  

 The conditions used for SupNM ligation reactions consisted of concentrating 

SupNM A34C M124L to ≥ 1 mM in ligation buffer (8 M guanidine hydrochloride, 100 

mM Tris pH 7.5, and 20 mM TCEP.  Once this concentration was achieved, 6xHis NM1-

33 thioester peptide in lyophilized form was added directly to the ligation reaction.  The 

tube was then blanketed with argon and sealed.  The thioester peptide seemed to dissolve 

reasonably well although not always completely right away.  The usage of aggressive 

agitation (1400 rpm in the Thermomixer) seemed to allow for complete dissolution over 

time.  Ligations were allowed to proceed for 48 hours.  Although not a strictly 

quantitative method, MALDI-MS was used to monitor formation of the ligation product 

 68



(Figure 3.5).  HPLC Retention times of NM A34C M124L and the ligated product are 

extremely similar (they overlap) so SDS-PAGE was used to estimate the ligation 

efficiency.  

 

 The use of thiol additives to enhance the rate of the ligation reaction was not 

pursued heavily.  It has been shown that usage of thiol additives such as thiophenol can 

accelerate the rate of the reaction through the in situ generation of more reactive 

thioesters through thiol exchange (Dawson et al., 1997).  This, however, was primarily 

performed because early thioester peptides were generated by Boc synthesis schemes that 

produced alkyl thioesters although this also applies to Fmoc schemes using safety-catch 

linkers.  A mechanistic study has gone on to show that phenyl thiols are superior ligation 

catalysts compared to alkane thiols (Johnson and Kent, 2006).  By showing the lack of an 

accumulation of intermediates with aryl thiols, the authors conclude that the thiol-

thioester exchange in these reactions is the rate-limiting step.  This would mean that 

peptide-aryl thioesters would be very rapidly consumed upon formation.  The peptide 

being produced for SupNM ligation has the advantage that it is being preformed as a 

peptide-aryl thioester by direct attachment of acetamidothiophenol.  This allows bypass 

of the rate-limiting step and should theoretically lead to an efficient ligation reaction.  4-

(carboxymethyl)thiophenol (MPAA) was shown (Johnson and Kent, 2006) to be an 

especially effective aryl-thiol additive with the advantage that it is very soluble in water.  

Early ligation reactions for SupNM utilized this compound in the ligation buffer, but it 

did not produce a noticeable effect on ligation efficiency.  These tests were performed 
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when reactant (peptide/protein) solubility was still an issue so it may warrant revisiting to 

determine if efficiency can be increased through the use of thiol additives. 
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Figure 3.5  MALDI-MS spectra of NCL reaction 
A.  Sample taken directly from NCL reaction 
B.  Sample taken from elution after ligation reaction is purified by Ni-NTA 
chromatography 
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Introduction 

 

 The propagation of the yeast prion protein [PSI+] is dependent upon the 

presence/action of the molecular chaperone Hsp104.  Hsp104 belongs to the 

ClpB/Hsp100 class of molecular chaperones that are found in many lower order 

organisms but its presence does not extend to animals.  Hsp104 also falls under the 

broader classification of AAA+ ATPases (White and Lauring, 2007) and contains two 

nucleotide binding motifs per protein monomer.  Like other AAA+ ATPases, 

Hsp104/ClpB forms a symmetrical hexamer with an axial pore in the presence of 

nucleotide (Lee et al., 2003; Zolkiewski et al., 1999).  Although the primary function of 

most molecular chaperones is to aid in the folding of proteins, the primary function of 

Hsp104 is to deal with denatured protein aggregates usually as a result of heat shock or 

some other form of intense cellular stress.  It has been shown that cellular survival is 

enhanced in such cases of stress by several orders of magnitude by the presence of 

Hsp104 (Parsell et al., 1991; Sanchez and Lindquist, 1990) although it does not seem that 

it is absolutely necessary for growth when stress is not involved.  This vital process is a 

cooperation between several chaperones including those from Hsp70 and Hsp40 classes 

in addition to Hsp104 (Glover and Lindquist, 1998) and serves to rescue misfolded 

proteins by disaggregating them and then allowing for refolding processes to occur.         

 

 As a protein aggregation phenomena it is not completely surprising that cellular 

chaperones play some sort of role in the life cycle of [PSI+].  Although Hsp104 is 

absolutely necessary for the propagation of [PSI+], it is still unclear what role Hsp104 
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plays in the underlying mechanism of propagation.  The necessity of Hsp104 in [PSI+] 

propagation can be shown by a genetic deletion but also by chemical inactivation by the 

introduction of guanidine hydrochloride in concentrations that are too low for the 

phenomena to be explained by protein unfolding (Ferreira et al., 2001; Jung and Masison, 

2001).  In a seemingly paradoxical twist the overexpression of Hsp104 also leads to a loss 

of the [PSI+] prion state (Chernoff et al., 1995).  The dominant theories regarding the 

involvement of Hsp104 in [PSI+] are that it is required for the replication/division of the 

protein aggregates of Sup35 that cause [PSI+], through its disaggregase activity.  Without 

proper division the aggregates are not spread to budding daughter cells and are eventually 

diluted out of a population.  However overexpression of Hsp104 seems to cause such a 

high amount of disaggregation that the prion particles are seemingly completely 

solubilized.  It should also be noted that unlike Hsp104’s action upon heat or chemically 

denatured protein aggregates, the fragmentation/disassembly of Sup35 amyloid fibers 

does not seem to require the involvement of Hsp70/40 chaperones (Shorter and 

Lindquist, 2004) although those chaperones do see to play some sort of role the in [PSI+] 

life cycle (Rikhvanov et al., 2007). 

 

 Hsp104/ClpB is organized into four major domains:  The N-terminal domain, the 

first AAA domain (AAA1), a coiled-coil middle domain, a second AAA domain 

(AAA2).  Hsp104 also has a short 38 amino acid C-terminal domain not found in ClpB or 

other Hsp100 class proteins.  The C-terminal domain has been shown to have a role in 

both substrate recognition and oligomerization (Mackay et al., 2008; Tkach and Glover, 

2004).  The AAA domains bind and hydrolyze nucleotides and seem to be responsible for 
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the oligomerization of the protein into a hexamer (Parsell et al., 1994) as well as the large 

conformational changes which may provide the mechanical force needed for Hsp104 to 

perform its protein disaggregation function.  The coiled-coil middle domain seems to be 

important for Hsp104 function as mutations in this domain can cause diminished 

thermotolerance (Schirmer et al., 2004).  This domain may serve to couple the action of 

the two AAA domains (Cashikar et al., 2002).  Finally there is the N-terminal domain 

which (at the time this work was done) did not seem to serve a well defined-function.  

The ClpB NTD seemed to be dispensable for thermotolerance in bacteria (Mogk et al., 

2003) but has still been shown to interact with protein aggregates (Tanaka et al., 2004b) 

and even enhance the chaperone function both in vitro and in vivo (Chow et al., 2005).   

 

 Work in the Weissman Lab by Kim Tipton showed that the NTD of Hsp104 was 

dispensable for thermotolerance when yeast was transiently exposed to 50°C.  ΔNTD 

also was able to reactivate heat-denatured luciferase expressed from a strong constituitive 

promoter when yeast was transiently exposed to 42°C.  Both these pieces of evidence 

seemed to suggest that the NTD may play a role in something other than basic 

thermotolerance.  This was confirmed when it was seen that the NTD was necessary for 

the curing of [PSI+] by overexpression of Hsp104 and that the NTD seems to alter the 

phenotype of certain prion strains (Tipton – personal communication, dissertation).  

Given that the NTD was playing some sort of role in the [PSI+] phenomena, Kim and 

Erin Quan (Toyama) proceeded to do a random mutagenesis screen of the NTD to look 

for specific residues that may play a role in what appeared to be a very [PSI+] specific 
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phenomenon.  In order to gain a more molecular explanation to what may come out of 

that screen; the idea came to attempt to solve the structure of the NTD. 

 

Methods 

 

 The NTD of the ClpB had been recently solved (Li and Sha, 2003) in Bingdong 

Sha’s Lab and gave a good starting point.  The NTD of ClpB was crystllized using a 

construct that appeared to span residues 1-148.  Utilizing sequence alignments of several 

Hsp100-class proteins (Lee et al., 2003) and a multiple sequence alignment of various 

yeast Hsp104 proteins (Tipton, Dissertation), I looked for an obvious break in homology 

which seemed to occur around residue 160 of S. cerevisiae’s Hsp104.  Residue 159 was 

chosen as the endpoint although other constructs were made (1-146 for example).  The 

Hsp104 NTD was cloned into the pAED4 expression vector which is utilizes a T7 

promoter for expression.  In order to facilitate purification, an N-terminal 6xHis tag was 

encoded on the 5’ cloning primer as was a TEV protease cleavage site if removal of the 

tag was decided to be necessary.  

 

 The successfully cloned expression plasmid was then transformed into BL21 

(DE3) RIL (codon plus for rare tRNAs) and selected for using ampicillin/carbenecillin as 

well as chloramphenicol (rare codon plasmid) on plate form.  A single colony from a 

fresh transformation was inoculated into a liquid overnight culture and allowed to grow at 

30°C (instead of 37°C) to prevent cells from going into stationary phase.  Overnight 

culture was then used to inoculate 1 L cultures of pre-warmed LB or 2xYT in 2.8 L 

 78



flasks.  1 L cultures were shaken at 37°C for until OD600 reached ~0.6.  IPTG was then 

added to a final concentration of 400 μM to induce overexpression.  Cultures were then 

shaken for 4-5 hours after which cells were collected by centrifugation and frozed until 

used.    

  

 Cells were thawed in a buffer containing 20 mM Tris pH 8.0, 300 mM NaCl, and 

5-10% glycerol.  Once thawed, cells were lysed by sonication (leupeptin was added to 10 

μM and PMSF was added to 1 mM just before sonication).  All purification steps from 

this point were performed at 4°C.  Lysates were clarified by high speed centrifugation 

(40,000 x rcf for 30 min. in a Sorval Evolution RC with SS-34 rotor).  Supernatant was 

applied to Ni-NTA resin in a gravity flow chromatography column equilibrated in the 

same buffer that cells were lysed in.  The column was then washed with the same buffer 

(10-20 column volumes).  Elution was performed with a buffer containing 20 mM Tris 

pH 8.0, 300 mM NaCl, 200 mM imiadazole, and 5-10% glycerol.  Salt concentration was 

lowered either by dilution or by buffer exchange cycles (concentration/dilution).  

Alternatively the protein was eluted from Ni-NTA using a buffer containing <50 mM 

NaCl.  The protein was then purified over an anion exchange column (Resource Q) 

utilizing a linear gradient from 0-100% Buffer B (where Buffer A is 20 mM Tris pH 8.0, 

5-10% glycerol and Buffer B is 20 mM Tris pH 8.0, 0.5 M NaCl, 5-10% glycerol).  The 

protein eluted early in the gradient with contaminants mostly eluting at higher ionic 

strength.  Peak fractions were collected and concentrated (Vivaspin 10,000 MWCO) 

before loading onto a gel filtration column (Superose 6).  Gel filtration was performed in 

a buffer containing 20 mM Tris pH 8.0, 300 mM NaCl, and 5-10% glycerol.  Protein 
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eluted in one peak at a retention time that suggested that it was monomeric.  The peak 

fractions were collected and concentrated. 

 For crystallization trials the protein was dialyzed into a buffer containing 20 mM 

Tris pH 8.0.  Glycerol and salt were removed by dialysis to give the greatest possible 

chemical space for crystallization screening.  No precipitation was observed during 

dialysis indicating that the protein was at least moderately stable in the absence of salt 

and glycerol.  Initial crystallization screens were done using commercially available 

sparse matrix screens from Hampton Research (Crystal Screen, Crystal Screen2, 

PEG/Ion) and Emerald Biostructures/deCode genetics (Wizard 1 and Wizard 2).  

Dialyzed protein was mixed 1:1 with crystallization buffers at room temperature in 

MicroBatch plates (Hampton Research) under a layer of ~20 μl of Al’s Oil.  Al’s oil is a 

1:1 mixture of paraffin oil and silicon oil which allows for vapor diffusion of water and 

consequently an increase in concentration of reagents in the drop.  Initial screening was 

performed using protein at ~19 mg/mL however very little precipitation or phase 

separation was seen in any of the sparse matrix conditions.  This indicated that perhaps 

the protein concentration was too low.  The protein was then concentrated and re-

screened at a concentration of ~60 mg/mL. 

 

 Crystals formed in one of the screened conditions found in the Wizard 1 screen.  

Condition 45 consisted of 20% PEG-3000 and 0.1 M acetate pH 4.5.  The two 

components of the crystallization buffer were purchased directly from the company 

(Emerald Biostructures) and optimization was attempted in similar conditions but even 

the identical composition, when prepared in my hands, did not yield results as well as 
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were obtained when using their pre-mixed buffer.  Instead of fine optimization of the 

conditions, the approach taken was one of brute force.  Several dozen of the exact same 

condition was set up using the Wizard 1 condition 45 tube supplied in the original screen 

kit.  Since the format was MicroBatch and not hanging or sitting-drop, very little volume 

was needed.  Crystals were allowed to grow and the morphologically best ones were 

eventually selected for diffraction tests.   

  

 Wells where the best appearing crystals were located had a majority of their 

remaining buffer/protein removed by pipette (still under oil).  This was replaced with the 

buffer composition supplemented with ethylene glycol (or glycerol) as a cryoprotectant.  

Crystals were allowed to equilibrate for several minutes and procedure was repeated 

again with a buffer composition with a slightly higher cryoprotectant content.  This 

stepwise procedure was repeated until cryoprotectant levels reached ~20% (increments of 

5% were utilized).  Crystals were then flash-frozen within a nylon loop using liquid 

nitrogen and stored in liquid nitrogen. 

  

 Crystals were screened at Beamline 8.3.1 at the Advanced Light Source at 

Lawrence Berkeley National Laboratory.  Crystals diffracted to < 2.5 Å which was quite 

promising.  A quick molecular replacement solution could not be found (attempts 

courtesy of Dr. James Holton).  De novo phasing by MAD was the next course of action.  

The NTD only naturally contains a single methionine (the start ATG) which would not 

necessarily be in a structured region of the protein so selenomethionine substitution 

would most likely not yield a productive protein for MAD phasing.  In light of this 
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problem I decided to introduce two conservative (leucine to methionine) mutations: 

L15M and L96M.  Site-directed mutagenesis was performed on the existing pAED4 

expression construct using QuickChange (Stratagene).  Selenomethionine substituted 

protein was expressed as described (Fusinita van den Ent & Jan Löwe, Web posting) and 

purified in the same manner as was native protein except that 2 mM 2-mercaptoethanol 

was used in each step preceding final dialysis.  Crystallization and crystal freezing 

conditions were carried out as described above. 

  

 A three-wavelength MAD dataset was acquired at Beamline 8.3.1 at the ALS.  

For structure determination, the dataset was processed using the automated structure 

determination system ELVES (Holton and Alber, 2004).  SOLVE (Terwilliger and 

Berendzen, 1999) was used to find 8 selenium sites in the asymmetric unit.  A first pass 

of automatic model building was performed with ARP/wARP (Perrakis et al., 1999) 

which generated a very good preliminary model which seemed to trace the backbone 

quite well.  The rest of the model was built and modified manually using electron density 

maps and utilizing the program O (Jones et al., 1991).  The structure was refined using 

REFMAC (Murshudov et al., 1997) by utilizing scripts written by ELVES for 

ARP/wARP.   

 

Results and Discussion 

  

 Insertion of two methionines into the NTD seemed to give just enough phasing 

power so that the selenium sites could be found.  Eight sites were well matched to the 
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four molecules of the NTD that were found in the asymmetric unit.  Residues 6-158 were 

able to be traced with a few breakages where density was not totally clear.  The NTD 

molecules were apparently present as monomers.  The Hsp104 NTD structure looks very 

similar to the ClpB NTD (Li and Sha, 2003) (Figure 4.1).  It contains eight alpha helices 

as well as segments that may be beta strands.  There was breakage in two of the alpha 

helices (due to lack of clear density) splitting them each into two segments but it seems 

fairly clear that in each case that the two smaller helices are most likely parts of a larger 

single helix.  Residues between Ile76 and Pro88 were not initially modeled although this 

looks to be the same loop/strand segment that connects helix 4 to helix 5 in the ClpB 

NTD.  There is a reasonable chance that many of the missing residues could be modeled 

if more extensive refinement was undertaken, however this region may simply have been 

disordered in the crystal form solved here. 

 

 Results from the random mutagenesis screen performed by Kim and Erin showed 

that several hits (mutants which conferred a sectoring phenotype in yeast colonies 

indicating [PSI+] instability) were mutations occurring in residues highly conserved in the 

NTDs of various yeast species and were most likely structural destabilizing.  An example 

of this would be A37P which would serve to disrupt helix 2.  Of the hits found by the 

mutagenesis screen, one of the most interesting was Q52L.  This mutation lies in a region 

between two highly conserved regions (among budding yeast but not conserved in the 

fission yeast S. pombe which possesses an Hsp104 that is can propagate [PSI+] in S. 

cerevisiae but not cure by overexpression) which appears as loops in the crystal structure.  

The “DGS” loop spans residues 45-47 which fall in-between helix 2 and 3 while the 
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“RYDY” loop spans residues 59-62 and falls in-between helix 3 and 4.  We rationed that 

this could be a surface that the NTD uses for interaction with prion aggregates (Figure 

4.2).         

  

 The studies of the ClpB full-length structure revealed that the NTD was linked to 

the AAA1 domain by a highly flexible linker.  In fact the authors saw that the NTD had 

differing orientations in each of the three monomers found in the asymmetric unit and 

that rotation of ~120° could be seen indicating that the NTD is highly mobile and not 

structurally coupled with the AAA1 domain (Lee et al., 2003).  Given this structural 

mobility, it is quite feasible that the surface that was found through mutagenesis could be 

either a region that lines the pore of a formed hexamer (Figure 4.3) or that it could be a 

surface that allows for inter-subunit communication between adjacent NTDs in a 

hexamer. 

  

 With a potential surface for some sort of intermolecular interaction, Kim 

proceeded to specifically mutagenize this region to look for mutations that compromised 

[PSI+] propagation.  In addition to Q52L in this region, Q52A, Y60A/Y62A, and R59A 

all caused sectoring phenotypes when introduced into yeast.  Alanine scanning did not 

produce noticeable phenotypes in the DGS loop.  The mutation conferring the strongest 

phenotype was R59A.  The R59A mutation phenocopied the ΔNTD mutant in that it 

showed no defect in the ability of Hsp104 to reactivate heat-denatured luciferase.  Given 

this it appears that the R59A mutation was specific for [PSI+].   
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 The structural study of the Hsp104 NTD proved useful in gaining a physical 

perspective on how mutations were affecting function.  It allowed us to determine which 

mutations were most likely nonspecific (secondary structural disruption) and allowed 

structure-based design of mutagenesis experiments.  Utilizing the structural information, 

Kim was able to isolate a mutation, R59A, which showed [PSI+] specific effects. The 

NTD residues found through our work may have some effect in terms of direct 

recruitment of prion aggregates into the central pore of Hsp104 for fragmentation.  

Alternatively the residues could be working to augment the activity of other domains or 

subunits through physical communication, thus altering an overall motor mechanism 

needed for prion processing.  
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Table 4.1: Data collection, phasing, and refinement statistics 
 
Data Set:                    F3             F1             F2  
Wavelength, Å           1.0199        0.9798         0.9796  
Resolution, Å              2              2              2  
Rsym                0.046(0.22)    0.049(0.25)    0.049(0.25)  
Completeness, %       100.0(99.9)      100.0(99.9)     100.0(100.0)  
Multiplicity           3.6(3.4)       3.6(3.5)       3.6(3.5)  
I/SD                  13.9(5.1)      12.8(4.8)      12.7(4.6)  
Phasing Power         0.09/0.02      0.14/0.24         0/0.26  
Mean figure of merit (2.0-77.8 Å resolution): 0.148 (0.733 after solvent flattening) 
 
 
Resolution Range: 20-2 Å 
Reflections used: 48570 (5.12% observed reflections used for Free R) 
Rcryst:   0.211 
Rfree:   0.282 
rms delta-bonds: 0.004 Å 
rms delta-angles: 0.652°. 
 
 
Rsym = sum(|I-<I>|)/sum(I); I, intensity. 
I, intensity; SD, standard deviation. Parentheses denote I/SD for highest resolution bin. 
Phasing power, (dis/ano) = [sum(|FH|^2)/sum(|E|^2)]^(1/2);  
FH, calculated heavy-atom scattering factor; E, lack-of-closure error. 
Mean figure of merit = <|| sum(P(alpha)e^i*alpha)/sum(P(alpha)) ||>; alpha, phase; 
P(alpha), phase probability distribution. 
Rcryst = sum(|Fobs - Fcalc|)/sum(Fobs);  
Fobs, observed structure-factor amplitude; Fcalc,  calculated structure-factor amplitude. 
rms deviations from ideal values. 
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Figure 4.1 Ribbons Representation of the Structure of the Hsp104 N-Terminal 
Domain 
Alpha-helices are colored green and labeled Helix 1-8.  N and C termini are indicated.  
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Figure 4.2  Closeup View of NTD Region Identified by Mutagnensis 
The DGS loop lies in-between helix 2 and 3 while the RYDY loop lies in-between helix 3 
and 4.  Q52 lies on the same face as the loops. 
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Figure 4.3  Schematic Representation of NTD Domains Arranged in Hexamer Form 
This is a visualization of how NTD domains might possibly be arranged when Hsp104 is 
in hexamer form with potential interaction surface facing the central cavity/pore.  Given 
the high mobility of the NTD with respect to the rest of Hsp104, individual NTD domains 
of a hexamer may adopt a range of different orientations. 
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