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Abstract 

 Specific small molecule inhibitors can be used as molecular tools to dissect complex 

cellular processes and illuminate basic biological questions, such as protein secretion.  A 

random screen for inhibitors of cell adhesion molecule expression led to the identification 

of HUN-7293, a fungal natural product that potently inhibits the expression of vascular 

cell adhesion molecule 1 (VCAM1) in activated endothelial cells.  The mechanism of 

action and molecular target of HUN-7293 were unknown prior to the work described 

here.  To understand its cellular role, we designed and synthesized a simplified novel 

analogue of HUN-7293, which we named "cotransin".    

 We discovered that cotransin selectively modulates protein translocation into the ER.  

Further, we have shown that cotransin blocks cotranslational translocation by interacting 

directly with the Sec61 translocation channel.  Although cotransin binds to the same 

channel utilized by all secreted and membrane proteins, it is highly selective for a small 

subset of these proteins.  Moreover, we demonstrated sensitivity to cotransin is 

controlled entirely by a protein’s N-terminal signal sequence. This is an unprecedented 

mechanism of action for any biologically active small molecule described to date, and 
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makes cotransin the first tool for probing the interactions between different signal 

sequences and their corresponding binding site(s) within the channel.  Sensitivity to 

cotransin can be modulated by changes in a protein’s N-terminal signal sequence, 

implying that sequence variations among signals from different proteins can be 

selectively exploited to modulate their functional expression.  In this paradigm, secretory 

and membrane protein expression could be selectively down-regulated by small 

molecule inhibitors at their point of entry into the secretory pathway.   Further, cotransin 

is the only chemical tool available to investigate cotranslational translocation in living 

cells. 

 We sought to identify the precise features of the signal sequence that confer 

sensitivity to cotransin.  We synthesized variants of cotransin that contain a purification 

handle and either a photoaffinity label or a site that is amenable to derivatization with a 

radioactive label.  Using these analogs, we found that that cotransin’s inhibitory activity 

is highly sensitive to both compound and signal sequence structures.  To identify the 

precise features in the signal sequence that confer sensitivity (and resistance) to 

cotransin we screened a large portion of the human secreted proteome (~550 proteins) 

for sensitivity to CT8 and CT9, potent cotransin analogs.   

 Thus, it is possible to modulate the translocation, and hence functional expression of 

a subset of secretory proteins, despite utilization of common translocation machinery. 

This implies that sequence variations among signals from different substrates can be 

selectively exploited to modulate their functional expression.  Deciphering the molecular 

details of how cotransin influences the signal sequence interaction with the Sec61 

channel is likely to shed light on the mechanism by which unrelated signal sequences 

gate a communal translocation channel. 
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1.1   Abstract 

Human physiology is mediated by chemical signals that allow cells to share 

information about their environment.  In many cases, these signals take the form of 

secreted proteins that bind to transmembrane receptors on target cells and thereby 

activate intracellular signaling cascades.  This mode of intercellular communication plays 

a dominant role in regulating cellular proliferation, differentiation, metabolism, and 

survival, and for this reason dysregulated protein signaling plays a causal role in most 

human disease1.  Indeed, secreted and membrane proteins represent the majority of 

current drug targets. 

Segregation of secretory and membrane proteins to the mammalian endoplasmic 

reticulum is mediated by remarkably diverse signal sequences that have little or no 

homology with each other.  Despite such sequence diversity, these signals are all 

recognized and interpreted by a highly conserved protein-conducting channel composed 

of the Sec61 complex.  Signal recognition by Sec61 is essential for productive insertion 

of the nascent polypeptide into the translocation site, channel gating, and initiation of 

transport.  Although subtle differences in these steps can be detected among different 

substrates, it is not known whether they can be exploited to selectively modulate protein 

translocation. 

 

1.2   Secreted and membrane proteins as important pharmaceutical targets 

Secreted and cell surface proteins represent approximately 30% of the human 

genome and the majority of current drug targets2,3.  By acting as chemokines, growth 

factors, proteases, receptors and channels, these proteins directly control most 

intercellular communication and thereby orchestrate the balance of human physiology.  

Many of these proteins – including virtually all secreted proteins and many receptors – 

are extremely difficult to target with small-molecule drugs, as they typically lack a small 
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molecule binding site4.  Hence, there is intense interest in developing new strategies for 

pharmacological intervention against such targets. 

Nearly half of all polypeptides synthesized in a cell will perform their functions in 

places other than the cytoplasm.  A major challenge in cell biology is to understand the 

pathways in which these proteins are sorted and trafficked to their final destinations.  

Specific small molecule inhibitors can be used as molecular tools to dissect complex 

cellular processes and illuminate basic biological questions, such as protein sorting. 

 

1.3   Biogenesis of secretory proteins:  Overview of protein translocation 

A common feature of all secretory proteins is that their biosynthesis begins with a 

process called cotranslational translocation (Figure 1-1), in which the growing 

polypeptide is threaded through a channel (termed the Sec61 translocon) in the 

endoplasmic reticulum (ER) membrane while it is being actively translated by a 

ribosome5-7.  Protein targeting to the ER, and hence entry into the secretory pathway, is 

controlled by an N-terminal signal sequence8-10.  This short stretch of 20-30 amino acids 

is sufficient to target the nascent polypeptide chain to the ER, bind to and trigger 

opening of the translocation channel, and initiate translocation7.   Cotranslational 

translocation occurs in four steps.  First, shortly after its emergence from the ribosome, 

the signal sequence binds the signal recognition particle (SRP), which targets the 

ribosome-nascent chain complex (RNC) to the SRP-receptor (SR) at the ER 

membrane11.  The SRP-ribosome-nascent chain complex (SRP-RNC) is targeted to the 

ER membrane through an interaction with the SR, a heterodimeric membrane protein 

that contains both a peripheral (SRα) and a transmembrane (SRβ) subunit.  Second, the 

RNC is transferred to the Sec61 translocon in a GTP-dependent reaction that involves 

the coordinated actions of SRP and SR12; the interaction of SRP-RNC with SR initiates 

binding of the ribosome to the ER membrane, release of the signal sequence from SRP, 
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and release of SR and SRP from the ribosome10.   Third, an interaction between the 

signal sequence and Sec61 promotes insertion of the nascent chain into the 

translocation channel and its subsequent opening towards the ER lumen13.  Finally, the 

nascent polypeptide is transferred across the membrane, where it is processed by 

lumenal enzymes and the signal peptide is cleaved by signal peptidase14.  Until recently, 

cotranslational translocation was considered a constitutive process.  But like other steps 

in the functional expression of genes (e.g., transcription, translation), protein 

translocation may be regulated to meet changing cellular demands.   
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1.4   Signal sequences mediate protein secretion 

Cotranslational translocation involves the carefully orchestrated interplay of cytosolic 

and membrane-bound protein complexes to deliver nascent polypeptide chains to the 

ER lumen (Figure 1-1).  In mammalian cells, the first portion of the nascent polypeptide 

to emerge from the ribosome during translation is an N-terminal targeting sequence 

approximately 20-30 amino acids in length, called the signal sequence.  Remarkably, the 

thousands of signal sequences encoded by the human genome share little or no 

sequence homology15, although all are thought to interact with the same translocation 

machinery.  Historically, sequence diversity among native signals has been considered 

largely inconsequential15,16.  Recent observations suggest that signal sequence diversity 

may instead reflect differing requirements for accessory proteins that increase 

translocation efficiency17.  Indeed, Kang and colleagues have demonstrated that the 

diversity in signal sequences specifically regulates the translocation of different 

substrates in response to changing cellular conditions18.  Whether differences among 

signal sequences can be exploited physiologically to control protein secretion remains 

an intriguing but largely untested idea.   

Signal sequences are completely divergent with respect to their length, charge, and 

overall amino acid sequence within a species; strikingly, however, they are often 

conserved, both structurally and functionally, between species19-21.  While there is no 

concensus sequence that defines secretory signal peptides, they do share a common 

overall design - a central hydrophobic core of 8-12 amino acids, surrounded by positively 

charged amino acids at the N-terminus and uncharged polar amino acids at the C-

terminus 22.  The signal peptide on the emerging nascent chain is recognized by the 

signal recognition particle (SRP), a cytosolic ribonucleoprotein complex made up of one 

RNA and six protein subunits 23,24.  One of the protein subunits, SRP54, binds directly to 
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the signal peptide while two other subunits, SRP9 and SRP14, arrest elongation of the 

nascent chain 25-27.   

 

1.5   Structure and function of the Sec61 translocation channel 

 The primary component of the translocation channel in the ER membrane through 

which the nascent polypeptide passes is the Sec61 protein complex.  The proteins 

essential for translocation include the Sec61p complex, SR, and TRAM (translocating 

chain-associated membrane protein)28-30, although other factors may be necessary for 

the efficient translocation of some substrates 31.  The Sec 61p complex is a heterotrimer 

made up of Sec61α, Sec 61β, and Sec61γ subunits.  It is further organized into two to 

four asymmetric trimers that form oligomers with other channel components in the 

membrane to assemble a complete channel.  While both structural and functional 

studies have clearly demonstrated that Sec61 is essential for cotranslational protein 

translocation28,32, the precise mechanism by which polypeptides pass through the 

translocon is controversial33-35.  Further, little is known about the signal sequence binding 

site on Sec61; nor is there any mechanistic information about how divergent sequences 

can bind to and gate this communal translocation channel. 

Surprisingly, the Sec61 signal sequence-binding site has only been mapped for one 

substrate (yeast pre-pro α-factor)36.  As a result, the mechanism by which the Sec61 

channel can accommodate a myriad of different signal sequences remains a mystery.  

By selectively incorporating a modified lysine into the signal sequence and analyzing 

crosslinking to Sec61, the binding site was mapped to a portion of transmembrane 

domains 2 and 7 of the channel.  Strikingly, when the modified side chain was changed 

to phenylalanine, the position of the signal sequence relative to Sec61p changed36.  

Thus, the signal sequence binding site is not static, but rather must be flexible to 

accommodate a wide range of sequences that vary in structure.  Indeed, the first crystal 
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structure of the SecYEG complex from the archaeon Methanococcus jannaschii in an 

inactive (closed) state shows a groove situated between transmembrane domains 

(TM2b and TM7) that is postulated to be the site of signal sequence binding33 (Figure 1-

2).  This groove lies at the edge of the two SecY halves, a region that the authors 

speculate is flexible and opens laterally towards the lipid phase.  The pore of the 

proposed channel is filled by a short distorted helix (TM2a) extending halfway to the 

center of the membrane. TM2a may act as a plug that must be pushed aside (either 

directly, or via coupled interactions with TM2b) by the incoming signal peptide of the 

nascent polypeptide chain. Data from bacteria containing signal sequence suppressor 

mutations support this model37, but this interpretation of the channel structure is still 

debated.   

  



 9
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1.6   Cotransin, a small molecule inhibitor of translocation 

 HUN-7293 is a fungal natural product discovered in a screen for inhibitors of cell 

adhesion molecule expression by Novartis in 1992 38.  It is a cyclic heptadepsipeptide 

that potently inhibits expression of VCAM1 (vascular cell adhesion molecule 1, IC50 = 1 

nM) on the plasma membrane of activated endothelial cells 39.  Early work on HUN-7293 

focused on its potential use as an anti-inflammatory by virtue of its ability to block 

VCAM1 expression.  Our recent investigation into the mechanism of action of HUN-7293 

using a simplified analog named 'cotransin' has revealed two remarkable features of this 

natural product40.  First, cotransin acts by blocking the cotranslational translocation of 

VCAM1 across the ER membrane.  Due to its importance as a therapeutic target, many 

compounds that inhibit VCAM1 expression have been identified 41,42.  However, no small 

molecule inhibitors of VCAM-1 expression are known that have a similar mechanism of 

action to cotransin.  Secondly, chimera studies show that a short sequence of amino 

acids (the signal peptide) at the N-terminus of VCAM1 alone is sufficient to confer 

sensitivity to cotransin; thus, cotransin will inhibit expression of any protein that is fused 

this N-terminal sequence.  This signal sequence-dependent inhibition is unprecedented, 

and, indeed, cotransin is the only molecule known that blocks cotranslational 

translocation by a specific mechanism.   

 

1.7   Conclusion 

 Specific small molecule inhibitors are valuable molecular tools that can be used to 

dissect complex cellular processes, such as protein translocation, which are difficult to 

study using traditional genetic methods.  My thesis work centered on discovering the 

cellular target and mechanism of action of a small molecule natural product (HUN-7293).  

In the next chapter I will describe how we synthesized analogs of this natural product 

(cotransin and nor-cotransin) and used them to understand the molecular details of how 
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HUN-7293 functions in the cell, including the identification of its protein target as the 

Sec61 protein translocation channel.  Chapter 3 describes the design, synthesis and 

characterization of labeled analogs for detailed binding studies aimed at deciphering the 

biophysical mechanism of signal sequence-specific antagonism.  Chapter 4 describes 

the synthesis and characterization of more potent analogs with different substrate 

specificities which we used to screen a portion of the secreted human proteome to 

define the full set of proteins inhibited by this class of compounds.  These experiments 

provide a picture of the relationship between physical attributes of the signal sequence, 

compound structure, and cotransin-sensitivity, which is essential to obtain a predictive 

understanding of the mechanism(s) that control signal sequence discrimination.  

Ultimately this information will help shed light on the mechanism by which unrelated 

signal sequences gate a communal translocation channel. 
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2.1 Abstract 

 Sub-cellular trafficking is critical for the functional expression of secretory and 

membrane proteins.  Prior to entering the secretory pathway, all secreted and 

membrane proteins must cross a membrane barrier during or shortly after translation.  

Translocation of nascent polypeptides into the endoplasmic reticulum is mediated by the 

Sec61 translocon, a highly conserved protein-conducting channel.  Here we describe 

cotransin, a substrate-specific small molecule inhibitor of protein translocation into the 

endoplasmic reticulum.  Cotransin acts in a signal sequence-discriminatory manner to 

prevent the stable insertion of select nascent chains into the Sec61 translocation 

channel.  Thus, the range of substrates accommodated by the translocon can be 

specifically and reversibly modulated by cell-permeable small molecules that alter the 

interaction between signal sequences and the Sec61 complex. 

 

2.2 Introduction 

 The first step in the functional expression of secretory and membrane proteins 

occurs with their translocation across or integration into a lipid bilayer.  In eukaryotes, 

this takes place at the endoplasmic reticulum (ER), where most proteins are translocated 

or inserted concurrently with their synthesis by membrane-bound ribosomes1. The initial 

segregation of nascent secretory and membrane proteins to the ER is controlled by 

remarkably diverse N-terminal signal sequences that have little or no homology with 

each other2,3.  Despite such sequence diversity, these signals are all recognized by the 

signal recognition particle (SRP), which together with its receptor mediates the targeting 

of signal-containing substrates to the ER membrane4.  

 Once at the membrane, the ribosome-nascent chain (RNC) complex is transferred to 

a translocon whose central, highly conserved protein-conducting channel is composed of 

the Sec61 complex5,6.  As with SRP, the translocon must also recognize the diverse 
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range of signals among various substrates. Signal recognition by Sec61 is essential for 

productive insertion of the nascent polypeptide into the translocation site7, channel 

gating8, and initiation of transport.  Although subtle differences in these steps can be 

detected among different substrates9,10, it is not known whether they can be exploited to 

selectively modulate protein translocation.  

 Historically, sequence diversity among native signals has been considered largely 

inconsequential2,3.  Recent observations suggest that signal sequence diversity may 

instead reflect differing requirements for accessory proteins that increase translocation 

efficiency9. Such functional differences may potentially be exploited, either 

physiologically or pharmacologically, to modulate the translocation of some but not other 

substrates.  In this study, we describe a small molecule that can reversibly block protein 

translocation in a signal sequence-discriminatory manner. 

 

2.3 Cotransin:  an analog that retains the activity of the natural product HUN-7293 

A random screen for inhibitors of cell adhesion molecule expression led to the 

identification of HUN-7293, a fungal cyclodepsipeptide natural product that potently 

inhibits the expression of vascular cell adhesion molecule 1 (VCAM1) in activated 

endothelial cells11,12.  The mechanism of action and molecular target of HUN-7293 were 

unknown prior to the study described here.  HUN-7293 is a cyclic heptadepsipeptide and 

contains several unusual sequence characteristics, including a D-α-hydroxy carboxylic 

acid residue (Figure 2-1a).  Among the other six L-amino acids, three are N-methylated 

and three contain non-proteogenic amino acid side chains:  propyl leucine (2) and 

methoxy tryptophan.   The NMR and crystal structures of HUN-7293 reveal a cup-

shaped molecule with two cis-peptide bonds and two transannular hydrogen bonds that 

stabilize the overall architecture12.  Key structural features of HUN-7293 important for its 
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activity have been defined by Boger and colleagues in an extensive and systematic 

analysis of 40 synthetic analogues13. Based on this study, we designed and synthesized 

a simplified novel analogue of HUN-7293, which we named "cotransin" (Figure 2-1a, 

Scheme 2-1) for cotranslational translocation inhibitor (abbreviated CT in many of the 

figures).   
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 We were aided in our choice of simplified synthetic targets by the Boger group's 

innovative structure-activity-relationship (SAR) analysis of side chain residues, including 

an alanine scan and sequential N-methyl deletions13.  Their findings suggest that the 

most important feature for HUN-7293 activity is overall shape, and small changes that 

abolished the structural ridgidty of the molecule reduced activity.  For example, deletion 

of the N-methyl on residue 5, which would be expected to enforce the trans amide bond 

conformation, completely abolished activity.  Surprisingly, any of the non-proteogenic 

amino acid side chains could be conservatively modified without a substantial decrease 

in potency.   Further, replacement of the unusual N-methyl-N'-methoxy tryptophan with 

N-methyl phenylalanine had almost no effect on potency, whereas larger or more polar 

substituents were not tolerated.  The propyl-leucine residues, which we replaced with 

leucine in cotransin, were shown to be important for high potency (cotransin is ~50 times 

less potent than HUN-7293 in cellular assays).  We also synthesized "nor-cotransin", an 

inactive variant that lacks the critical N-methyl moiety at position 5 (Scheme 2-2)13.  

Cotransin (compound 2.4) and nor-cotransin (compound 2.8) were prepared using a 

solution phase synthesis based on Boger and colleagues' route in which a tripeptide 

containing the hydroxy acid residue at the N-terminus and the corresponding 

tetrapeptide are assembled separately from commercially available or individually 

synthesized amino acid monomers with solution phase coupling reactions14 (Figure 2-

1b; Schemes 2-1 and 2-2). The linear heptapeptide precursor is formed by joining the 

two fragments via the Mitsunobu esterification, which inverts the stereochemistry at the 

hydroxy acid residue to give the correct D stereoisomer at that position.  This allows for 

the use of inexpensive commercially available starting material in the synthesis of the 

hydroxy acid monomer.  In addition, the Mitsunobu reaction avoids stereochemical 

scrambling at the epimerization-prone N-Me-alanine residue.  Lastly, macrocyclization 

yields the cyclic heptadepsipeptide. 
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 To evaluate the activity of cotransin and nor-cotransin, primary human cells 

(endothelial cells, monocytes, T cells, and combinations thereof) were stimulated under 

a variety of conditions and characterized for the expression of 26 cell surface and 

secreted proteins15,16.  Cotransin, but not nor-cotransin, inhibited the stimulated 

expression of only two proteins, VCAM1 and P-selectin, independent of the stimulus 

(Figure 2-2).  Analysis of either total secreted proteins or total cellular glycoproteins 

(Figure 2-3) from pulse-labeled COS-7 cells revealed a similarly selective effect with 

very few proteins affected by cotransin.  Thus, cotransin selectively inhibits the 

expression of a small subset of secretory and membrane proteins, including VCAM1.  
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2.4  Cotransin inhibits protein translocation into the endoplasmic reticulum 

 To investigate the mechanism of cotransin inhibition, we tested its effect on VCAM1 

expressed from the constitutive cytomegalovirus (CMV) promoter in several cell lines.  

Selective, potent, and reversible inhibition of VCAM1 (Figure 2-4), but not other proteins 

(e.g., GFP; data not shown), indicated that the site of cotransin action is likely to be post-

transcriptional and possibly, post-translational.  Indeed, proteasome inhibition during 

cotransin treatment stabilized a non-glycosylated form of VCAM1 (Figure 2-5).  This 

suggested that cotransin causes newly synthesized VCAM1 to be degraded rather than 

productively enter the secretory pathway, a conclusion consistent with a recent patent 

application17.  To identify the step at which VCAM1 is re-routed from a biosynthetic to a 

degradative fate, we analyzed the effect of cotransin in a cell-free system.  
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 Translation and translocation of VCAM1 was reconstituted in rabbit reticulocyte 

lysate containing rough ER microsomes (RM).  Whereas the overall translation efficiency 

of VCAM1 was unaffected by cotransin, its translocation into RM was dramatically 

inhibited (Figure 2-6a).  This is evident by the marked decrease in VCAM1 glycosylation 

(lane 6) and complete digestion of non-glycosylated product by exogenous protease 

(lane 7).  By contrast, translocation reactions containing nor-cotransin (or DMSO) 

resulted in efficient glycosylation and protease protection of VCAM1 (lanes 3, 4, 8, and 

9).  Importantly, both VCAM1 translocation and its efficient inhibition by cotransin were 

observed even when glycosylation was prevented (Figure 2-6b), while addition of 

cotransin after translocation had no effect on either glycosylation or protease protection.  

In striking contrast to VCAM1, the translocation of pre-prolactin (pPrl) was unaffected by 

cotransin (Figure 2-6).  Moreover, analysis of model type I, type II, and multi-spanning 

membrane proteins with cotransin showed no effect on their proper translocation, 

glycosylation, membrane insertion, or topology in vitro (data not shown).  Taken 

together, these data suggest that cotransin inhibits VCAM1 expression in cells by 

selectively preventing its cotranslational translocation into the ER.  This mechanism of 

action readily explains the observed re-routing of VCAM1 to degradation by cytosolic 

proteasomes (Figure 2-5).  
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2.5   Cotransin is substrate-specific and specificity is determined by the signal 

sequence 

 To understand the basis of cotransin's substrate selectivity, we focused on potential 

differences between VCAM1 and pPrl. To investigate whether differences among signal 

sequences underlie the substrate specificity of cotransin, we prepared chimeric 

constructs in which the signals of VCAM1 and pPrl were fused to an otherwise non-

translocated reporter (Gal4-NFκB).  While the VCAM1 and pPrl signals both mediated 

translocation of the reporter, only the VCAM1 fusion construct was inhibited by cotransin 

(Figure 2-7, lane 7).  Identical results were obtained when another reporter (the prion 

protein) was fused to the VCAM1 and pPrl signals (data not shown).  Thus, sensitivity to 

cotransin is primarily determined by the signal sequence.   
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 These results suggested that the VCAM1 signal sequence could be the direct target 

of cotransin.  However, examination of additional cotransin-sensitive and resistant 

substrates indicated that this was improbable (Table 2-1).  To date, we have tested 

cotransin against 60 different proteins in cell-based and in vitro translocation assays and 

have found no simple correlation between molecular features of the signal sequence 

(such as length, charge, hydrophobicity, specific amino acid content) and sensitivity or 

resistance to cotransin.  Different signal sequences show a range of sensitivities to 

cotransin, but comparison of their signal sequences reveals neither a "cotransin-binding 

motif" shared by the sensitive substrates, nor the basis for cotransin resistance.  

Furthermore, it seemed unlikely that cotransin, a cyclic heptapeptide, could stably 

interact with a diverse set of signal sequences consisting of only ~20 amino acids.  We 

therefore focused on the targeting and translocation machinery, components of which 

are known to interact with diverse signal sequences, for their involvement in cotransin-

mediated inhibition of translocation. 
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2.6   Cotransin acts at the Sec61 translocon 

 To determine which step of protein translocation is inhibited by cotransin, we 

prepared translation intermediates of VCAM1 and used chemical crosslinking to analyze 

interactions between the nascent chain and components of the targeting and 

translocation machinery. In the cytosol, 145-residue RNCs of VCAM1 formed crosslinks 

with several proteins, none of which were affected by cotransin (Figure 2-8, lanes 7-9).  

This pattern of crosslinks changed completely when the RNCs were prepared in the 

presence of microsomes, indicating a clear shift in the environment surrounding the 

nascent chain (lanes 10-12).  As expected, a major cytosolic crosslink was identified by 

immunoprecipitation as SRP54 (lanes 7-9), the signal sequence-binding subunit of 

SRP18,19.  This interaction was unaffected by cotransin (lane 8) but was quantitatively 

lost upon addition of microsomes (lanes 10-12).  Thus, the identical crosslinking patterns 

before targeting, equal efficiencies of SRP54 interaction, and equal efficiencies of SRP 

release together argue that cotransin has no effect on the steps preceding the transfer of 

RNCs to the translocation channel.  These results further argue against the VCAM1 

signal sequence itself as the direct target of cotransin, as it is clear that the cotransin 

target resides in the ER membrane.   
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 Instead, the first cotransin-sensitive step occurs at the membrane.  Signal sequence 

cleavage, an indicator of nascent chain access to signal peptidase on the lumenal side 

of the membrane, was not observed in the presence of cotransin (Figure 2-8, lanes 5 

and 11, Figure 2-9, lanes 4-6).  Furthermore, cotransin, but not nor-cotransin, 

significantly altered the pattern of crosslinks between RNCs and ER proteins (Figure 2-

8, lanes 10-12; Figure 2-9, lanes 4-6).  Crosslinking differences were apparent with 

RNCs of several different lengths and with both lysine- and cysteine-reactive 

crosslinkers (Figure 2-8, 2-9, and data not shown).  Immunoprecipitation studies 

identified the primary differences.  RNCs in DMSO and nor-cotransin samples 

crosslinked efficiently to Sec61α and lumenal chaperones (such as protein disulfide 

isomerase; PDI), but not to Sec61β.  By contrast, RNCs synthesized in the presence of 

cotransin showed diminished Sec61α and PDI crosslinks, but enhanced Sec61β 

crosslinks (Figure 2-9, lanes 4-6).  Thus, RNCs are in close proximity to the Sec61 

complex with or without cotransin; however, their orientation with respect to Sec61 

subunits is significantly perturbed by cotransin. 

 

 

 

 

 

 

 

 

 

 



 39

 

 

 

 

 



 40

 Sedimentation, protease protection and transport assays of translocation 

intermediates led to similar conclusions.  In these experiments, RNCs in the cotransin, 

nor-cotransin, and DMSO samples quantitatively achieved salt-resistant binding to 

microsomes, a previously defined indicator of tight ribosome-translocon interaction after 

transfer from SRP7,20,21.  Protease treatment of these salt-resistant translocation 

intermediates showed that cotransin-treated RNCs were accessible to cytosolic 

proteases (Figure 2-10, lane 8), while the control samples were protease-protected in 

the absence, but not presence of detergent (lanes 3, 4, and 12).  The cotransin-treated 

RNCs remained accessible to protease even after release from the ribosome with 

puromycin (lane 10), indicating that although at the translocon, they could not 

translocate into the ER lumen.  Importantly, protease accessibility and inhibition of 

translocation were only observed if cotransin was present during assembly of 

translocation intermediates.   

 Addition of cotransin after translocation intermediate assembly had no effect on 

protease accessibility (Figure 2-11), indicating that once nascent chains have initiated 

translocation, they are no longer influenced by cotransin.  Thus, cotransin acts at a step 

after targeting and transfer of RNCs to the translocon, but before the nascent chains 

have access to the ER lumen. 
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2.7   Cotransin inhibits signal sequence recognition by the Sec61 complex 

 The post-targeting step inhibited by cotransin involves insertion of the nascent chain 

into the translocation channel and opening of the channel towards the lumen.  

Components engaged in these steps are therefore potential molecular targets of 

cotransin.  These include the Sec61 complex7, accessory components of the translocon 

(such as TRAM20,22, TRAP complex23, and in yeast, Sec62 and Sec6324,25), or possibly a 

lumenal chaperone such as BiP, a protein implicated in translocation channel gating26 

and stimulation of polypeptide transport25,27,28.  However, systematic removal of these 

and other components from the membrane had little effect on VCAM1 translocation 

beyond that observed for pPrl (Figure 2-12, 2-13).  Importantly, the translocation of 

VCAM1, but not pPrl, was inhibited efficiently by cotransin in each of these partially 

depleted microsomes and proteoliposome preparations.  Thus, these accessory and ER 

lumenal proteins are largely dispensable for VCAM1 translocation, and are unlikely to be 

targets for cotransin inhibition.  In fact, the only protein whose depletion prevented 

VCAM1 translocation was the Sec61 complex, a component also essential for pPrl 

translocation29.  
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 Since every known accessory protein previously implicated in translocation was 

represented in these depletions, the target for cotransin is likely to include either a novel 

protein or the Sec61 complex itself.  To explore the latter possibility, we prepared 

proteoliposomes containing only the Sec61 complex and SR (Figure 2-14), the absolute 

minimal machinery required for protein translocation29.  VCAM1 and pPrl were both 

translocated into the lumen of these minimal proteoliposomes (albeit at reduced 

efficiency); however, only VCAM1 translocation was inhibited by cotransin (Figure 2-

14c, lane 4).  Given that the steps prior to translocon targeting were unaffected by 

cotransin, these results suggested that cotransin acts to prevent signal sequence-

dependent gating of the Sec61 translocation channel.  

 To test this hypothesis more directly, we examined the interaction between VCAM1 

or pPrl nascent chains and purified, detergent-solubilized Sec61 complex.  Previous 

biochemical studies have shown that a productive interaction between pPrl RNCs and 

Sec61 allows the nascent chain to insert into the translocation channel, at which point it 

becomes sterically protected from protease digestion7,30.  Using this assay, we found 

that purified 145-mer RNCs of either VCAM1 or pPrl, which are readily digested by 

protease, were protected upon addition of the Sec61 complex (Figure 2-15a, lane 7 

versus 8; Figure 2-15b, lane 5 versus 6).  Remarkably, insertion of the VCAM1 nascent 

chain into the Sec61 channel was selectively inhibited by cotransin, but not nor-cotransin 

(Figure 2-15a,  lanes 11 and 12).  Cotransin had no effect on the pPrl nascent chain 

(Figure 2-15b, lanes 6 and 7).  Thus, cotransin acts in a signal sequence-discriminatory 

manner to prevent the nascent chain from interacting productively with the Sec61 

channel.   Importantly, cotransin is active in the absence of both a nascent chain and a 

lipid bilayer. 
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2.8   Cotransin binds the Sec61/ribosome complex 

Because a direct interaction between cotransin and the signal sequence seemed 

unlikely (Table 2-1), the results in Figure 2-15 suggested that cotransin might interact 

with the Sec61/ribosome complex, even in the absence of a nascent chain.  To test this 

hypothesis, we obtained a small amount of radiolabeled cotransin (~100 nmol at ~1 

Ci/mmol) by direct tritium exchange.  Radiolabeled cotransin was indistinguishable from 

unlabeled cotransin in vitro in translocation assays with VCAM1 (data not shown).  Pre-

assembled Sec61/ribosome complexes (containing 0.5 µM Sec61 and 0.3 µM 

ribosomes) were incubated with ~0.5 µM [3H]-cotransin (for technical reasons, this was 

the highest concentration attainable).  To rapidly separate bound from unbound [3H]-

cotransin, we used size exclusion spin columns (micro Bio-Spin 30, nominal exclusion 

limit 40 kDa).  The spin columns retained >99% of 0.5 µM [3H]-cotransin in buffers 

containing 0.2% deoxy Big CHAP, a detergent which forms 7-14 kDa micelles.  As 

expected, Sec61 and ribosomes (either separate or mixed together) were quantitatively 

recovered in the void volume (data not shown).  Incubation of either Sec61 or ribosomes 

with 0.5 µM [3H]-cotransin resulted in low levels of non-specific binding that were not 

competed by excess cold cotransin, as revealed by scintillation counting of the void 

volume.  Upon rapid isolation of the Sec61/ribosome complex by spin-column gel 

filtration, ~10% of the starting [3H]-cotransin was consistently recovered.  Further, 

unlabeled cotransin or HUN-7293, but not nor-cotransin, competed with [3H]-cotransin 

for binding to Sec61/ribosome complexes in a concentration-dependent manner (Figure 

2-16).  Consistent with its increased potency in cellular and in vitro translocation assays, 

HUN-7293 was also a more potent competitor in the binding assay with purified 

Sec61/ribosomes.  At a concentration of 1 µM, HUN-7293 reduced the amount of [3H]-

cotransin recovered in the bound fraction by 85%; the remaining 15% likely represents 
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nonspecific binding, as it was not reduced further by increasing the concentration of 

HUN-7293 to 10 µM.  

 Binding specificity was confirmed by two parallel control experiments. First, inclusion 

of 10 µM unlabeled cotransin or 1 µM HUN-7293 significantly reduced the binding of 

[3H]-cotransin, while the same concentration of nor-cotransin had no effect.  Second, 

omission of the Sec61 complex from this reaction resulted in less than 0.5% binding, 

which remained unchanged in the presence of unlabeled compounds.  These data 

establish that cotransin specifically binds the Sec61/ribosome complex in the absence of 

a membrane or an associated nascent chain.    
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2.9   Model for cotransin-mediated inhibition of protein translocation 

 The low affinity of the cotransin - Sec61/ribosome interaction and the low specific 

activity of [3H]-cotransin precluded determination of an accurate binding constant.  

Nevertheless, the binding, functional, and mechanistic data suggest a model for 

cotransin's effects (Figure 2-17):  the interaction of cotransin with the ribosome-engaged 

translocon prevents recognition of a subset of signal sequences.  This causes a failure in 

channel gating, despite proper targeting of the nascent chain to the translocon.  

ldentification of the precise cotransin binding site represents an important goal for future 

studies that will require photoaffinity crosslinking experiments and ultimately, a high 

resolution crystal structure. 
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2.10   Discussion 

 In this study, we have characterized cotransin, the first small-molecule modulator of 

protein translocation into the ER31.  Remarkably, cotransin inhibits translocation in a 

signal sequence-dependent manner, despite targeting a translocation channel utilized by 

all secretory and membrane proteins.  This is an unprecedented mechanism of action for 

any biologically active small molecule described to date.  Identification of the precise 

features in the signal that confer sensitivity (and resistance) to cotransin will help 

elucidate the mechanism by which divergent signal sequences can bind to and gate a 

shared translocation channel.  However, it is already apparent that differences among 

natural signal sequences markedly influence sensitivity to cotransin (Table 2-1).  This 

implies that sequence variations among signals from different substrates can be 

selectively exploited to modulate their functional expression.  Thus, select secretory and 

membrane proteins may be downregulated at their point of entry into the secretory 

pathway.  Like other steps in the functional expression of genes (e.g., transcription), 

protein translocation may be regulated to meet changing cellular demands.  Our 

discovery that translocation can be selectively and reversibly modulated by a small 

molecule illuminates one mechanism for regulated protein translocation.  

 The precise molecular mechanism by which cotransin inhibits nascent chain insertion 

and gating of the Sec61 channel by select substrates is not known.  One possibility is 

that cotransin stabilizes the channel in a closed conformation such that gating by low 

affinity signal sequences is inefficient.  This would imply that VCAM1 contains a low 

affinity signal sequence, a conclusion difficult to reconcile with its high functional activity 

in the absence of cotransin.  Alternatively, cotransin may directly or allosterically alter the 

topography of a signal sequence binding site, postulated to involve transmembrane 

helices 2 and 7 of Sec61α32,33.  In this model, the altered binding site would be less 
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accommodating or flexible, resulting in increased substrate selectivity.  Deciphering the 

molecular details of how cotransin influences the signal sequence interaction with the 

Sec61 channel is likely to shed light on the mechanism by which unrelated signal 

sequences gate a communal translocation channel.  Cotransin thus provides a powerful 

new probe to investigate the molecular function of a protein-conducting channel as well 

as a selective, reversible method of inhibiting cotranslational translocation in living cells. 
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2.11   Experimental Procedures 

 

Constructs 

The coding region for human VCAM1 (Gene bank ID: NM_080682) was amplified by RT-

PCR from total RNA isolated from TNF-α stimulated A549 cells (gift from H. Luecke) and 

cloned into the pcDNA3.1 vector (Invitrogen).  Bovine pPrl in the SP64 vector (Promega) 

has been described previously23.  The Gal4-NFκB coding region [from plasmid pBD-

NFκB (Stratagene)] containing a C-terminal KDEL sequence was amplified by PCR and 

subcloned into signal sequence cassettes10 containing the designated signal sequence 

to generate the signal-Gal4-NFκB constructs.  The full-length bovine rhodopsin open 

reading frame34 was subcloned into a plasmid containing the T7 promoter for in vitro 

expression.  The ASGR and SA-I plasmids29 were a gift from T. Rapoport (Harvard 

Medical School, Boston, MA).  All constructs were verified by sequencing. 

 

Antibodies, proteins, and reagents 

Antibodies to VCAM1, PDI, actin, and SRP54 were purchased from Santa Cruz, 

Stressgen, Sigma, and BD Biosciences, respectively.  Recombinant human IFN-γ, TNF-

α, IL-1β, TGF-β, and IL-4 were from R&D Systems.  Recombinant murine IFN-γ, TNF-α, 

IL-1β were from Peprotech.  Staphylococcal enterotoxin B (SEB), toxic shock syndrome 

toxin-1 (TSST; Staphylococcal enterotoxin F) from S. aureus (collectively called 

superantigen; SAg), lipopolysaccharide from Salmonella enteritidis, histamine, bovine 

serum albumin (BSA) and propidium iodide were obtained from Sigma.  Antibodies were 

purchased from commercial sources:  anti-human VEGFR2 (Sigma), anti-human CD142, 

PAI-1 (Calbiochem), anti-human ICAM-1 (Beckman Coulter), anti-human E-selectin 

(HyCult Biotechnology), anti-human VCAM1, HLA-DR, CD40, CD69, MIG, MCP-1, 
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CD14, IL-1α, P-selectin, CD55, CD90, CD87, CD38 (BD Biosciences), anti-human 

eotaxin-3, IL-8 and M-CSF (R&D Systems), anti-human collagen 1 (Biodesign), anti-

murine VCAM1 (Cedarlane Laboratories), anti-murine E-selectin, P-selectin (BD 

Biosciences), anti-murine IP-10 (R&D Systems), anti-murine ICAM-1 (Southern 

Biotechnology Associates), and anti-murine JE and KC (Peprotech).  Antibodies to 

Sec61β, TRAM, SRα, and TRAPα were described previously23.  Antibodies to Sec61α, 

Ribophorin I, and the 12-kD subunit of the signal peptidase complex were gifts from K. 

Kellaris and R. Gilmore (University of Massachusetts School of Medicine, Worcester, 

MA), and T. Rapoport (Harvard Medical School, Boston, MA).  Antibodies to rhodopsin 

were a gift from F. Davidson (National Cancer Institute, NIH, Bethesda, MD).  Peptide-

specific antibodies against human Sec62 (C-terminus, CENDGETPKSSHEKS) and 

human Sec63 (N-terminus, AGQQFQYDDSGNTC) were raised in rabbits (Lampire 

Biological Laboratories).  Mammalian Sec61 complex and SRP receptor (SR) were 

purified from canine RM as previously described29.  Immunoblotting relative to a titration 

of starting RM at a defined concentration of 1 equivalent (eq) per µl was used to 

determine the concentration of purified proteins.  Abundances of ~2 pmol/eq and ~0.2 

pmol/eq for the Sec61 complex and SR, respectively, have been established in previous 

studies29.   

 

Mammalian cell culture and transient VCAM1 expression 

Human umbilical vein endothelial cells (HUVEC) were cultured as described16.  Human 

neonatal fibroblasts (HDFn), purchased from Cascade Biologics (Portland, OR), were 

cultured in 50% DMEM/50% F12 media (Mediatech, Herndon, VA) according to the 

manufacturer’s instructions.  bEnd.3 cells were from the ATCC (Manassas, VA) and 

cultured according to their instructions.  Peripheral blood mononuclear cells (PBMC) 

were prepared from buffy coats (Stanford Blood Bank, Stanford, CA) by centrifugation 
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over Lymphocyte Separation Medium (Mediatech).  Compounds were added 1 h before 

stimulation and were present during the entire 24 h stimulation period. Cell-based 

ELISAs were carried out as described16.  COS-7 cells were maintained according to 

standard procedures.  Pulse-labeling of secreted proteins was performed on cells pre-

incubated for 60 minutes at 37 °C with cotransin or nor-cotransin (5 µM) in media lacking 

methionine, cysteine, and serum.  After labeling with 400 µCi/ml [35S]-

methionine/cysteine (Tran-S-Label, MP Biomed) for 30 minutes, proteins in the media 

were collected by precipitation with 15% trichloroacetic acid, washed in acetone, 

dissolved in 1% SDS, 0.1 M Tris (pH 8), and analyzed by SDS-PAGE and 

autoradiography.  For glycoprotein-labeling, cytoplasmic proteins were extracted with 

buffer C (50 mM HEPES, pH 8.0, 100 mM KOAc, 5 mM MgCl2, 100 µg/mL digitonin, 

protease inhibitor tablet [Roche]) for 10 min on ice.  Cells were then rinsed with 

equilibration buffer (50 mM HEPES, pH 8.0, 100 mM KOAc, 5 mM MgCl2, protease 

inhibitor tablet [Roche]), and membrane proteins were extracted with buffer M (50 mM 

HEPES, pH 8.0, 100 mM KAc, 5 mM MgCl2, 1% Triton X-100, protease inhibitor tablet 

[Roche]), cleared of insoluble material, and incubated with immobilized Concanavalin A 

agarose (Amersham) to capture cellular glycoproteins.  Total newly synthesized 

glycoproteins were eluted with 0.5 M methyl-α-D-mannopyranoside and analyzed by 

SDS-PAGE/autoradiography.  VCAM1 expression analysis was performed 24 h after 

transfection with Lipofectamine 2000 (Invitrogen).  Where indicated, cotransin, nor-

cotransin, or MG-132 (5 µM; Calbiochem) were added 5 h post-transfection.  Cells were 

harvested in 1% SDS, 0.1 M Tris (pH 8) and analyzed by SDS-PAGE and 

immunoblotting.   
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Data analysis 

Mean OD values for each parameter measured by ELISA were calculated from triplicate 

samples. Within each experiment, mean OD values were used to generate ratios 

between treated (e.g. cotransin or nor-cotransin) and DMSO control parameter values. 

 

Cell-free translocation assays 

In vitro transcription, translation, translocation, and protease protection assays were 

performed as described previously10,23.  Truncated transcripts lacking a stop codon were 

synthesized from PCR-generated templates7.  Translations were at 32 °C for 60 minutes 

(full length constructs) or 20 minutes (truncated constructs).  Nascent chains were 

isolated at 4 °C by sedimentation in a TLA 100.3 rotor [75,000 rpm for 45 minutes (for 

RNCs) or 70,000 rpm for 10 minutes (for membrane-bound RNCs)] through a 200 µL 0.5 

M sucrose cushion in PSB (50 mM HEPES [pH 7.4], 150 mM potassium acetate, 5 mM 

magnesium acetate).  Translation reactions to measure salt-resistant binding were 

adjusted to 0.5 M potassium acetate and sedimented through a 0.5 M sucrose cushion 

containing 0.5 M potassium acetate in PSB.  Isolated nascent chains were resuspended 

in PSB containing 0.25 M sucrose prior to further manipulations.  Treatment with 

puromycin (1 mM; Calbiochem) was for 15 minutes at 25 °C.  In Figure 2-11, nascent 

chains were isolated in the absence of compound, then resuspended in the presence of 

cotransin or nor-cotransin (25 µM) prior to PK treatment.  Inhibition of glycosylation was 

with a competitive peptide inhibitor (NH2-Asp-Tyr-Thr-COOH; California Peptide 

Research) at 100 µM.  Quantitative analysis of translocation experiments used a 

Typhoon 9400 phosphorimager (Amersham) with accompanying software. 
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Crosslinking assays 

Crosslinking with 145-mers was with 0.5 mM disuccinimidyl suberate (DSS; Pierce) at 23 

°C for 30 minutes; the reaction was quenched with 0.1 M Tris (pH 8.0), 1% saponin 

(Sigma), 10 mM EDTA, and 50 µg/ml RNAse A (Sigma), then added to 1% SDS, 0.1 M 

Tris (pH 8) and heated to 37 °C.  Crosslinking with 180-mers (isolated in the presence of 

high salt) was with 50 µM bismaleimidohexane (BMH; Pierce) at 23 °C for 15 minutes; 

the reaction was quenched with 100 mM 2-mercaptoethanol, then added to 1% SDS, 0.1 

M Tris (pH 8) and heated to 37 °C.  Immunoprecipitation with the indicated antibodies 

was carried out after dilution of samples 10-fold with 1% Triton X-100, 50 mM HEPES 

(pH 7.4), 100 mM sodium chloride.   

 

Lumenal protein-depleted microsomes and reconstituted proteoliposomes  

For LD-RM preparation, rough ER microsomal membranes (RM) in buffer 1 (50 mM 

HEPES pH 7.4, 125 mM KOAc, 2 mM MgCl2, 250 mM sucrose) were permeabilized with 

0.075% deoxyBigCHAP (DBC) on ice for 10 minutes and isolated by centrifugation for 

15 minutes at 75,000 rpm in a TLA 100.3 rotor.  The membrane pellet was rinsed twice 

and resuspended in buffer 1 before sedimenting again through a 0.5 M sucrose cushion 

(50 mM HEPES pH 7.4, 150 mM potassium acetate, 2 mM magnesium acetate). The 

final LD-RM membrane pellet was resuspended in the original volume of buffer 1. 

Glycoprotein- and Q-depleted proteoliposomes were prepared as previously described23.  

Sec61-depleted proteoliposomes and proteoliposomes containing purified Sec61 and 

SR were prepared as described29. 

 

Assays with RNCs and purified Sec61 complex in detergent solution 

145-mer nascent chains translated in the absence of compound and isolated in the 

presence of high salt were resuspended (in half the original volume) in 50 mM HEPES 
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(pH 7.4), 25 mM potassium acetate, 2 mM magnesium acetate, 0.3 % DeoxyBigCHAP 

(DBC; Calbiochem) and 25 µM cotransin or nor-cotransin where indicated.  Purified 

Sec61 complex was added to a final concentration of ~500 nM and the samples 

incubated at 32 °C for 20 minutes before transfer to ice for protease protection assays.  

Proteolysis reactions were with 0.5 mg/ml PK for 60 min on ice as described10.  

 

Radioligand binding assays 

Purified Sec61 complex (12.5 pmol) and ribosomes (8 pmol) were pre-incubated for 30 

minutes at room temperature before addition of ~0.5 µM  3H-labeled cotransin and either 

DMSO, 10 µM unlabeled cotransin, 10 µM unlabeled nor-cotransin, or 1 µM unlabeled 

HUN-7293.  Binding reactions were incubated for 2 h at room temperature, and free 

compound was separated from bound using MicroBiospin 35 columns (Biorad).  

Disintegrations per minute (dpm) were counted for each sample using a Beckman 

Coulter LS6500 scintillation counter.  Data are normalized to DMSO controls.   

 

Chemical Synthesis 

General.  1H spectra were recorded on a Varian 400 spectrometer at 400 MHz.  Low-

resolution electrospray ionization mass spectra (EI+-MS) were recorded on a Waters 

Micromass ZQ 4000 spectrometer.  LC/MS (LC-ESI-MS+) was performed on a Waters 

AllianceHT LC/MS with a flow rate of 0.2 mL/min (monitored at 215 nm and 245 nm) 

using an Xterra MS C18 column (Waters).  High-resolution electron impact mass spectra 

(HRMS) were recorded on a Micromass VG70E spectrometer by Yuequan Sun at the 

University of California-San Francisco Biomedical Mass Spectrometry Center.  For air- 

and water-sensitive reactions, glassware was oven- or flame-dried prior to use and 

reactions were performed under argon.  Dichloromethane (DCM), dimethylformamide 
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(DMF), methanol (MeOH), toluene, and diisopropylamine were dried using the solvent 

purification system manufactured by Glass Contour, Inc. (Laguna Beach, CA).  All other 

solvents were of ACS chemical grade (Fisher) and used without further purification 

unless otherwise indicated.  Commercially available amino acids were purchased from 

Novabiochem.  EDC, HOAt, 2,6-lutidine, diphenylphosphorylazide, triphenylphosphine, 

and diisopropylazodicarboxylate were from Aldrich.  Commercially available starting 

reagents were used without further purification.  Analytical thin layer chromatography 

was performed with silica gel 60 F254 glass plates (EM Science).  Flash chromatography 

was conducted with 230-400 mesh silica gel (Selecto Scientific).  High performance 

liquid chromatography (HPLC) was performed on a Prostar 210 (Varian) with a flow rate 

of 10 mL/min (monitored at 215 nm and 245 nm) using a COMBI-A C18 preparatory 

column (Peeke Scientific). 

 

Synthesis of tetrapeptide 2.1:  N-[N-tert-Butoxycarbonyl)-L-leucinyl]-N-methyl-L-

alanine methyl ester (dipeptide 29D in ref. 13) (104.9 mg, 318 µmol) was dissolved in 

1mL 4 N HCl-dioxane at 0 ºC and stirred for 30 min.  The solvent was removed with a 

stream of argon, and the residue dried under vacuum for 30 min.  N-[N-tert-

Butoxycarbonyl)-L-leucinyl]-N-methyl-L-phenylalanine (dipeptide 23D in ref. 13; free acid 

from saponification of methyl ester) (83.0 mg, 219.3 µmol) was added in 2.4 mL DCM-

DMF (5:1) and the mixture was cooled to -30 ºC.  EDC (84.3 mg, 440 µmol), HOAt (33.0 

mg, 242 µmol), and 2,6-lutidine (26.0 mg, 242 µmol, 28.0 µL) were added and the 

reaction was stirred for  3 h at -30 ºC.  The reaction was diluted with aqueous 1 N HCl 

until the pH was between 1 and 2, and 10 mL EtOAc was added.  The organic layer was 

separated and washed with 8 mL 1 N aqueous HCl, saturated aqueous NaHCO3 (2 x 8 

mL), and brine (2 x 8 mL), then dried over anhydrous Na2SO4, filtered, and the solvent 
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was removed in vacuo.  The crude product was purified by flash chromatography (1:1 

EtOAc/hexanes) to give 110  mg (85% yield) of 2.1 as a light yellow solid:  Rf  0.3 (1:1 

EtOAc/hexanes, ninhydrin stain).  LC-ESI-MS [MH]+ m/z calcd for C32H52N4O7, 605.38; 

found, 605.4. 

 

Synthesis of tripeptide 2.2:  A solution of N-[N-tert-Butoxycarbonyl)-L-leucinyl]-N-

methyl-L-leucine tert-butyl ester (dipeptide 12D in ref. 13) (230.0 mg, 557 µmol) in 6 mL 

of HCO2H was stirred for 3 h at room temperature.  The solvent was removed with a 

stream of argon, and the residue was dissolved in saturated aqueous NaHCO3, then 

extracted with EtOAc (3X).  The organic layers were combined, dried over Na2SO4, 

filtered, and the solvent was removed in vacuo.  The residue was cooled to 0 ºC and 

dissolved in 3 mL 4.0M HCl-dioxane to make the HCl salt.  The solvent was removed 

with a stream of argon, and the residue was dried on the high vac for 30 minutes.  A 

sample of L-(+)-lactic acid (50.2 mg, 557 µmol) in 1.75 mL DCM-DMF (5:1) was added, 

and mixture was cooled to 0 ˚C.  EDC (213.7 mg, 1.11 mmol), HOAt (83.4 mg, 613 

µmol), and 2,6-lutidine (65.7 mg, 613 µmol, 71.4 µL) were added at 0 ºC.  The reaction 

was stirred for 3 h at 0 ºC, then diluted with 2 mL aqueous 1 N HCl.  The mixture was 

extracted with EtOAc (3 x 10 mL), and the combined organic phase was washed with 3 

mL H2O and dried over anhydrous Na2SO4, filtered, and the solvent was removed in 

vacuo.  The crude product was purified by preparative HPLC (30–100% MeOH gradient 

over 20 min; 10 mL/min; retention time, 16.9 min) to give 137.6 mg (64% yield) of 2.2 as 

a white foam:  Rf  0.6 (10:1 DCM/MeOH).  LC-ESI-MS [MH]+ m/z calcd for C20H38N2O5, 

387.53; found, 387.4. 
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Synthesis of heptapeptide 2.3:  Tetrapeptide 2.1 (112.5 mg, 186.2 µmol) was 

dissolved in 1.83 mL of t-BuOH-H2O (2:1) and treated with LiOH (15.6 mg, 372.4 µmol) 

at 0 ºC.  The reaction was stirred at 0 ºC for 1.5 h, then diluted with aqueous 1 N HCl (5 

mL) and extracted with EtOAc (3 x 20 mL).  The combined organic phase was dried over 

anhydrous Na2SO4, filtered, and the solvent was removed in vacuo.  The deprotected 

tetrapeptide was transferred to a flame-dried round bottom flask, and tripeptide 2.2 was 

added (79 mg, 204 µmol) in 10 mL of toluene.  The solvent was removed in vacuo and 

the residue was dried on the high vac for 30 min.  This azeotroping was repeated two 

more times (dissolve in 10 mL toluene, remove solvent in vacuo, dry on high vac for 30 

min).  After the last azeotrope, the residue was further dried on the high vac for 12 h.  

Ph3P (244.0 mg, 931 µmol) and 3.7 mL toluene (0.05 M) were added and the mixture 

was cooled to 0 ºC.  Diisopropylazodicarboxylate (188.2 mg, 931 µmol, 183.3 µL) was 

added via gastight syringe and the reaction was stirred at 0 ºC for 16h at room temp.  

The solvent was removed in vacuo, and the crude product was purified by preparative 

HPLC (50-100% MeCN gradient over 15 min; 10 mL/min; retention time, 13 min) to give 

118 mg (66% yield) of 2.3 as an off-white solid:  Rf 0.7 (10:1 DCM/MeOH, ninhydrin 

stain).  LC-ESI-MS [MH]+ m/z calcd for C51H86N6O11, 960.26; found, 960.14 

 

Synthesis of cotransin (CT) 2.4:  Heptapeptide 2.3 (118 mg, 123 µmol) was dissolved 

in 200 µL anisole at 0 ºC, then 1 mL trifluoroacetic acid was added and reaction was 

stirred at room temp for 20 min.  The solvent was removed with a stream of argon, and 

the residue was dissolved in 500 µL 4 N HCl-dioxane at 0 ºC.  The solvent was removed 

with a stream of argon, and the residue was further dried on the high vac for 3 h.  The 

residue was dissolved in 100 mL DMF and cooled to 0 ºC.  Diphenylphosphorylazide 

(67.7 mg, 246 µmol, 53.0 µL) and diisopropylethylamine (31.8 mg, 246 µmol, 43 µL) 
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were added over 2 min via gastight syringe.  The reaction was stirred at 0 ºC for 3 days, 

then the solvent was removed in vacuo.  The crude product was purified by preparative 

HPLC (60-100% MeCN gradient over 15 min; 10 mL/min; retention time, 6.5 min) to give 

51.9 mg of 2.4 (45% yield) as an off-white solid:  Rf  0.5 (1:1 EtOAc/hexanes, ninhydrin 

stain).  LC-ESI-MS [MH]+ m/z calcd for C42H68N6O8, 785.51; found, 785.81. 

 

Synthesis of dipeptide 2.5:  N-tert-Butoxycarbonyl)-L-leucine (658 mg, 2.84 mmol) and 

L-phenylalanine methyl ester (462.3 mg, 2.58 mmol) were dissolved in 5 mL DCM-DMF 

(5:1) at 0 ˚C.  EDC (702.0 mg, 5.16 mmol) and HOAt (545 mg, 2.84 mmol) were added 

at 0 ºC.  The reaction was allowed to warm to room temperature, and was stirred for 22 

h, then diluted with 10 mL aqueous 1 N HCl and 15 mL EtOAc.  The organic layer was 

separated and washed with 20 mL 1 N aqueous HCl, saturated aqueous NaHCO3 (2 x 

20 mL), and brine (2 x 20 mL), then dried over anhydrous Na2SO4, filtered, and the 

solvent was removed in vacuo.  The crude product was purified by flash chromatography 

(1:1 EtOAc/hexanes) to give 1.11 g (82% yield) of 2.5 as a light yellow solid:  Rf  0.45 

(1:1 EtOAc/hexanes, ninhydrin stain).  LC-ESI-MS [MH]+ m/z calcd for C21H32N2O5, 

393.49; found, 393.7. 

 

Synthesis of tetrapeptide 2.6:  N-[N-tert-Butoxycarbonyl)-L-leucinyl]-N-methyl-L-

alanine methyl ester (dipeptide 29D in ref. 13) (104.9 mg, 318 µmol) was dissolved in 

1mL 4 N HCl-dioxane at 0 ºC and stirred for 30 min.  The solvent was removed with a 

stream of argon, and the residue dried under vacuum for 30 min.  Dipeptide 2.5 (free 

acid from saponification of methyl ester) (82.9 mg, 219.3 µmol) was added in 2.4 mL 

DCM-DMF (5:1) and the mixture was cooled to -30 ºC.  EDC (84.3 mg, 440 µmol), HOAt 

(33.0 mg, 242 µmol), and 2,6-lutidine (26.0 mg, 242 µmol, 28.0 µL) were added and the 
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reaction was stirred for  3 h at -30 ºC.  The reaction was diluted with aqueous 1 N HCl 

until the pH was between 1 and 2, and 10 mL EtOAc was added.  The organic layer was 

separated and washed with 8 mL 1 N aqueous HCl, saturated aqueous NaHCO3 (2 x 8 

mL), and brine (2 x 8 mL), then dried over anhydrous Na2SO4, filtered, and the solvent 

was removed in vacuo.  The crude product was purified by flash chromatography (1:1 

EtOAc/hexanes) to give 86.8 mg (67% yield) of 2.6 as a light yellow solid:  Rf  0.3 (1:1 

EtOAc/hexanes, ninhydrin stain).  LC-ESI-MS [MH]+ m/z calcd for C31H50N4O7, 591.75; 

found, 591.87. 

 

Synthesis of heptapeptide 2.7:  Tetrapeptide 2.6 (57.0 mg, 95.5 µmol) was dissolved 

in 1mL of t-BuOH-H2O (2:1) and treated with LiOH (8.0 mg, 191 µmol) at 0 ºC.  The 

reaction was stirred at 0 ºC for 1.5 h, then diluted with aqueous 1 N HCl (1 mL) and 

extracted with EtOAc (3 x 10 mL).  The combined organic phase was dried over 

anhydrous Na2SO4, filtered, and the solvent was removed in vacuo.  The deprotected 

tetrapeptide was transferred to a flame-dried round bottom flask, and tripeptide 2.2 was 

added (36.0 mg, 96.6 µmol) in 10 mL of toluene.  The solvent was removed in vacuo and 

the residue was dried on the high vac for 30 min.  This azeotroping was repeated two 

more times (dissolve in 10 mL toluene, remove solvent in vacuo, dry on high vac for 30 

min).  After the last azeotrope, the residue was further dried on the high vac for 12 h.  

Ph3P (126.5 mg, 482.4 µmol) and 2.0 mL toluene (0.05 M) were added and the mixture 

was cooled to 0 ºC.  Diisopropylazodicarboxylate (97.5 mg, 482.4µmol, 95.0 µL) was 

added via gastight syringe and the reaction was stirred at 0 ºC for 20h at room temp.  

The solvent was removed in vacuo, and the crude product was purified by preparative 

HPLC (50-100% MeCN gradient over 15 min; 10 mL/min; retention time, 11.5 min) to 
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give 43 mg (47% yield) of 2.7 as an off-white solid:  Rf 0.7 (10:1 DCM/MeOH, ninhydrin 

stain).  LC-ESI-MS [MH]+ m/z calcd for C50H84N6O11, 946.24; found, 946.1. 

 

Synthesis of nor-cotransin n(CT) 2.8:  Heptapeptide 2.7 (28 mg, 29.6 µmol) was 

dissolved in 200 µL anisole at 0 ºC, then 1 mL trifluoroacetic acid was added and 

reaction was stirred at room temp for 30 min.  The solvent was removed with a stream of 

argon, and the residue was dissolved in 500 µL 4 N HCl-dioxane at 0 ºC.  The solvent 

was removed with a stream of argon, and the residue was further dried on the high vac 

for 3 h.  The residue was dissolved in 23 mL DMF and cooled to 0 ºC.  

Diphenylphosphorylazide (16.0 mg, 58.0 µmol, 12.5 µL) and diisopropylethylamine (7.5 

mg, 58.0 µmol, 10.1 µL) were added over 2 min via gastight syringe.  The reaction was 

stirred at 0 ºC for 3 days, then the solvent was removed in vacuo.  The crude product 

was purified by preparative HPLC (50-100% MeCN, 0.05% trifluoroacetic acid gradient 

over 15 min; 10 mL/min; retention time, 13.0 min) to give 12.9 mg of 2.8 (57% yield) as 

an off-white solid:  Rf  0.5 (1:1 EtOAc/hexanes, ninhydrin stain).  LC-ESI-MS [MH]+ m/z 

calcd for C41H66N6O8, 772.1; found, 772. 

 

[3H]-cotransin (~ 1 Ci/mmol) was prepared by tritium-proton exchange (SibTech, 

Newington, CT) and purified by reverse phase HPLC. 

 

HUN-7293 was a generous gift from D. Boger (Scripps Research Institute, La Jolla, CA). 
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3.1   Abstract 

 This chapter describes efforts to identify more potent inhibitors of protein 

translocation based on the natural product HUN-7293.  We synthesized variants of our 

previously described inhibitor, cotransin, that contain a purification handle and either a 

photoaffinity label or a site that is amenable to derivatization with a radioactive label.   

Replacement of the two leucine side chains (cotransin) with propyl leucine (HUN-7293) 

led to improved potency in both cellular and in vitro assays.   By contrast, extension of 

the cyanobutyric acid side chain (HUN-7293) with Cbz-isoserine or N-Ac-isoserine 

essentially abolished activity, while substitution at the same site with propargyl glycine 

did not affect potency.  In addition, we synthesized an analog that changes the leucine at 

position 4 (HUN-7293) to a larger, aromatic residue.  The structure-activity relationship 

(SAR) data generated from these cotransin analogs will inform the design of future 

compounds. 

 

3.2   Introduction 

 We have identified the first small molecule (cotransin) that selectively modulates 

protein translocation into the endoplasmic reticulum (ER)1.  Further, we have shown that 

cotransin blocks cotranslational translocation by interacting directly with the Sec61 

translocation channel (translocon).  Although cotransin binds to the same channel 

utilized by all secreted and membrane proteins, it is highly selective for a small subset of 

these proteins.  Moreover, sensitivity to cotransin is controlled by a protein’s N-terminal 

signal sequence.  This unusual mode of action makes cotransin the first tool for probing 

the interactions between different signal sequences and their corresponding binding 

site(s) within the translocon. A detailed molecular understanding of how cotransin 

inhibits protein translocation into the ER will inform the design of cotransin analogs and 

the questions that such compounds will be used to answer. The first step in dissecting 
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the cotransin-Sec61 interaction requires labeled probes to detect direct binding 

interactions.   

Our preliminary data revealed that [3H]-cotransin binds specifically to 

Sec61/ribosome complexes.  Specificity was evident on two levels:  (1) [3H]-cotransin 

binding was competitively inhibited by excess cold cotransin and, with much greater 

potency, HUN-7293, and (2) [3H]-cotransin bound to Sec61/ribosome complexes, but not 

to either component alone (a surprising and exciting result, as we had predicted binding 

to Sec61 alone).  The most likely explanation for this unexpected result is that ribosome 

binding induces a conformational change in Sec61 that facilitates cotransin binding.  In 

the absence of ribosomes, cotransin binding to Sec61 may be promoted by other tightly 

associated membrane proteins that play critical roles in translocation (e.g., the TRAP2  

and Sec62/63 complexes3,4).  However, due to the low specific activity and affinity of 

[3H]-cotransin, the assay requires high concentrations of both ligand and receptor, 

precluding quantification of the binding affinity (Kd) from saturation binding curves.  A 

radioligand with higher affinity and specific activity will allow us to quantify binding to 

Sec61 complexes containing empty ribosomes as well as ribosome-associated nascent 

chains. 

 Crosslinking is a useful method to obtain structural information on dynamic and 

complex systems, especially in cases when crystallization of the protein complex is 

difficult to achieve.  In order to map the precise cotransin binding site on the Sec61 

complex, we generated derivatives containing photo-crosslinkable side chains.    The 

crosslinked residues in the Sec61 complex will be mapped onto the crystal structure of 

an archaebacterial Sec61 homolog to generate a tentative model of the cotransin 

binding site5.   
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3.3   Synthesis and evaluation of radiolabeled cotransin derivatives 

 Despite its low specific activity (0.5 Ci/mmol) and low potency (~400-fold less potent 

than HUN-7293 in cellular assays), [3H]-cotransin was sufficient for preliminary binding 

experiments.  Our goal was to develop a robust binding assay with cotransin and pure 

Sec61 complex in detergent solution.  In its original form, the [3H]-cotransin binding 

assay was not ideal, as it required high concentrations of both [3H]-cotransin and 

Sec61/ribosomes and was not amenable to quantification of binding affinities.  The 

assay would be greatly improved by the synthesis of a radiolabeled probe with higher 

potency and specific activity.  Our preliminary data nevertheless provided strong 

evidence that cotransin and the more potent translocation inhibitor, HUN-7293, bind 

directly to the Sec61/ribosome complex, but not to Sec61 or ribosomes alone.  In our 

second attempt to prepare a radiolabeled derivative of cotransin, we synthesized CT3 

(compound 3.4), in which the cyanobutyric acid residue (HUN-7293) was replaced by 

Cbz-isoserine (Scheme 3-1).   Cbz-isoserine was easily prepared by diazotization of N6-

Cbz-diaminopropionic acid.  Hydrogenolysis of the Cbz protecting group in the presence 

of acetic anhydride produced the N-acetyl cotransin analog CT4 (compound 3.5, 

Scheme 3-2).  Our goal was to use [3H]-acetic anhydride to prepare [3H]-CT4; however, 

both CT3 and unlabeled CT4 were completely inactive in both cellular VCAM expression 

assays and in vitro translocation assays (Figure 3-1).  Previous work suggested that 

long alkyl substituents are tolerated at this position, but clearly the introduction of a 

secondary amine has a deleterious effect on compound activity.    
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3.4   Efficient new synthesis of propyl leucine 

 Radioligand binding and photo-crosslinking studies to accurately assess binding 

constants and explore the biophysical mechanism of cotransin-mediated inhibition 

require probes with much higher potency than cotransin (IC50 ~5 µM vs. ~100 nM for 

HUN-7293, in vitro translocation assays). We therefore sought to incorporate (2S,4R)-

propyl-leucine (PrLeu) at positions 2 and 6 of all cotransin analogs, as are found in the 

natural product HUN-7293.  The first published synthesis of PrLeu was deemed too 

lengthy for our purposes6.  To prepare multigram quantities of Boc-PrLeu (compound 

3.10), we developed a new and significantly improved synthetic route (Scheme 3-3).  

Boc-protected dehydro amino acid 3.9 was prepared in three steps and 40% overall 

yield from commercially available propionamide 3.6 via the diasteroselective alkylation 

procedure developed by Myers and colleagues7.   The main loss occurred during the 

preparation of volatile aldehyde 3.8.  Catalytic asymmetric hydrogenation, followed by 

ester hydrolysis, furnished Boc-PrLeu (91% e.e.) in a total of 5 steps and 37% overall 

yield (starting with 10 g of 3.6).   
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By comparison, the original propyl-leucine synthesis required 8 steps and produced 

an 8.6:1 mixture of diastereomers (separable by column chromatography) 6.  A second 

published route is only 5 steps long, but the key step requires photolysis of a thin film of 

neat material for 5.5 days at –196 ˚C, and only 8 mg of PrLeu was synthesized 8.  Our 

more efficient route (4 days, 2 chromatography steps) will allow synthesis of a large 

number of PrLeu-containing probes. 

 

3.5   Cotransin photoaffinity derivatives 

 We designed and synthesized the alkyne-tagged photoaffinity probe CT5 as our first 

cotransin analog to incorporate PrLeu (compound 3.15, Scheme 3-5).  We chose p-

azido-phenylalanine as a potential photo-crosslinker because SAR defined by the Boger 

laboratory indicated that the side chain at position 5 (N-Me-Phe in cotransin) must be 

aromatic or heteroaromatic 9; this substituent likely makes direct hydrophobic or pi 

stacking interactions with the target.  Further, the diminutive size of the azide functional 

group is predicted to cause minimal steric interference and the starting material is 

commercially available.  There are drawbacks to using azido-Phe as a photo-crosslinker, 

as rapid rearrangement of the nitrene produces a relatively long-lived dehydroazepine 

that can react with nucleophiles outside the binding site 10.  However, phenyl azides 

have been employed in several photo-crosslinking studies with great success 11,12, 

including the recent identification of a new point of contact between insulin and its 

receptor 13.  The most effective photo-crosslinker (highest yield and specificity) is 

impossible to predict a priori and depends critically on the chemical microenvironment of 

the binding site and the precise location of the photo-crosslinker on the ligand.  Thus, 

future photo-cotransin analogs will incorporate a variety of different photo-activatable 

moieties at different positions around the macrocycle.   
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 To facilitate purification of cotransin-crosslinked proteins from complex mixtures, we 

synthesized all cotransin analogs with a propargyl-substituted hydroxy acid residue 

(prepared in high yield via diazotization of commercially available (S)-propargyl glycine, 

Scheme 3-4), at position 1.  This "clickable" alkyne moiety allows purification with a 

biotin or similar affinity tag via copper-catalyzed [3 + 2] cycloaddition (called 'click' 

chemistry), after the photo-crosslinking step (Figure 3-2)14,15.  This is a critical advance, 

as many small-molecule inhibitors, including cotransin, have significantly decreased 

potency after conjugation to long flexible linkers (Figure 3-1).  Once a covalent linkage is 

formed between a photo-cotransin and its target under native conditions, click 

conjugation with azidoalkyl-biotin can be performed under denaturing conditions (e.g., 

1% SDS) for maximum exposure of the protein-attached alkyne, followed by dilution into 

nonionic detergent (e.g., 1% Triton X-100) and affinity purification with avidin beads.  

Cravatt and colleagues have used this strategy to identify protein targets of numerous 

small-molecule inhibitors 16, and our lab has used click chemistry in crude cell  

lysates to selectively biotinylate and purify a protein kinase targeted by an alkyne-tagged 

inhibitor 17.  The alkyne tag also provides a site for derivatization with a radiolabel via a 

simple reduction of the triple bond with tritium gas. 
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 Our route to CT5 was based on the published synthesis of HUN-7293 (Scheme 3-

5)6.  Strikingly, CT5 inhibited VCAM cotranslational translocation in vitro with only 10-fold 

reduced potency compared to HUN-7293 (Figure 3-3).  Thus, neither the azide nor the 

alkyne tag significantly interferes with biological activity.  The second photoaffinity probe 

we synthesized is CT6 (compound 3.21, Scheme 3-6), which retains both the alkyne tag 

and the p-azido-Phe and shifts the photoaffinity label to position 4 (HUN-7293).        
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3.6   Discussion 

 The cotransin analogs described here (CT3, CT4, CT5, and CT6) contain a 

purification handle and either a photoaffinity label or a site that is amenable to 

derivatization with a radioactive label.  Detailed binding studies using these and other 

labeled analogs to detect direct binding interactions with the translocon will help to 

define the precise molecular mechanism by which cotransin inhibits signal sequence 

recognition by the Sec61 channel.  We found that replacement of the two leucine side 

chains (cotransin) with propyl leucine (HUN-7293) led to improved potency in both 

cellular and in vitro assays.   By contrast, extension of the cyanobutyric acid side chain 

(HUN-7293) with Cbz-isoserine or N-Ac-isoserine essentially abolished activity, while 

substitution at the same site with propargyl glycine did not affect potency.  The structure-

activity relationship (SAR) data generated from these cotransin analogs will inform the 

design of future compounds. 
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3.7   Experimental Procedures 

 

Constructs 

The coding region for human VCAM1 (Gene bank ID: NM_080682) was amplified by RT-

PCR from total RNA isolated from TNF-α stimulated A549 cells (gift from H. Luecke) and 

cloned into the pcDNA3.1 vector (Invitrogen).  Bovine pPrl in the SP64 vector (Promega) 

has been described previously2.  All constructs were verified by sequencing. 

 

Antibodies, proteins, and reagents 

Antibodies to human VCAM1 and actin were purchased from Santa Cruz Biotechnology.  

 

Mammalian cell culture and transient VCAM1 expression 

COS-7 cells were maintained according to standard procedures.  VCAM1 expression 

analysis was performed 24 h after transfection with Lipofectamine 2000 (Invitrogen).  

Where indicated, HUN-7293, CT3, or CT4 were added 5 h post-transfection.  Cells were 

harvested in 1% SDS, 0.1 M Tris (pH 8) and analyzed by SDS-PAGE and 

immunoblotting.   

 

Cell-free translocation assays 

In vitro transcription, translation, translocation, and protease protection assays were 

performed as described previously2,18.  Translations were at 32 °C for 60 minutes.    

Quantitative analysis of translocation experiments used a Typhoon 9400 

phosphorimager (Amersham) with accompanying software. 
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Chemical Synthesis 

General.  1H spectra were recorded on a Varian 400 spectrometer at 400 MHz.  Low-

resolution electrospray ionization mass spectra (EI+-MS) were recorded on a Waters 

Micromass ZQ 4000 spectrometer.  LC/MS (LC-ESI-MS+) was performed on a Waters 

AllianceHT LC/MS with a flow rate of 0.2 mL/min (monitored at 215 nm and 245 nm) 

using an Xterra MS C18 column (Waters).  High-resolution electron impact mass spectra 

(HRMS) were recorded on a Micromass VG70E spectrometer by Yuequan Sun at the 

University of California-San Francisco Biomedical Mass Spectrometry Center.  For air- 

and water-sensitive reactions, glassware was oven- or flame-dried prior to use and 

reactions were performed under argon.  Dichloromethane (DCM), dimethylformamide 

(DMF), methanol (MeOH), toluene, and diisopropylamine were dried using the solvent 

purification system manufactured by Glass Contour, Inc. (Laguna Beach, CA).  All other 

solvents were of ACS chemical grade (Fisher) and used without further purification 

unless otherwise indicated.  Commercially available amino acids were purchased from 

Novabiochem unless otherwise noted.  Commercially available starting reagents were 

used without further purification.  Analytical thin layer chromatography was performed 

with silica gel 60 F254 glass plates (EM Science).  Flash chromatography was conducted 

with 230-400 mesh silica gel (Selecto Scientific).  High performance liquid 

chromatography (HPLC) was performed on a Prostar 210 (Varian) with a flow rate of 10 

mL/min (monitored at 215 nm and 245 nm) using a COMBI-A C18 preparatory column 

(Peeke Scientific). 

 

Synthesis of hydroxy acid 3.1:  N-α-CBZ-L-ornithine (5.0 g, 18.78 mmol) was 

dissolved in 350 mL aqueous 50% HOAc and cooled to 0 ºC in 1L round bottom flask.  

Sodium nitrite (10.18 g, 147.57 mmol) was dissolved in 40 mL H2O, then added 

dropwise via syringe pump to the flask over 20 minutes.  Care was taken to vent the 



 91

reaction as gas evolved vigorously.  The reaction was stirred at 0 ºC until the dark yellow 

color subsided to a light yellow and gas evolution stopped completely (about 1 h).  The 

mixture was extracted with diethyl ether (3 x 250 mL), and the organic layers were 

combined and dried over Na2SO4, filtered, and the solvent was removed in vacuo.   The 

product was further dried on the high vacuum for 24 h to give 4.45 g of 3.1 as a thick 

yellow oil.  Rf  0.6 (10:1 DCM/MeOH).  LC-ESI-MS [MH]+ m/z calcd for C12H15NO5, 

254.25; found, 254.4. 

 

Synthesis of tripeptide 3.2:  A solution of N-[N-tert-Butoxycarbonyl)-L-leucinyl]-N-

methyl-L-leucine tert-butyl ester (dipeptide 12D in ref. 13) (99.5 mg, 240 µmol) in 5 mL of 

HCO2H was stirred for 1.5 h at room temperature.  The solvent was removed with a 

stream of argon, and the residue was dissolved in saturated aqueous NaHCO3, then 

extracted with EtOAc (3X).  The organic layers were combined, dried over Na2SO4, 

filtered, and the solvent was removed in vacuo.  The residue was cooled to 0 ºC and 

dissolved in 3 mL 4.0M HCl-dioxane to make the HCl salt.  The solvent was removed 

with a stream of argon, and the residue was dried on the high vac for 30 minutes.  A 

sample of hydroxy acid 3.1 (61.0 mg, 240 µmol) in 2.4 mL DCM-DMF (5:1) was added, 

and mixture was cooled to -30 ˚C.  EDC (92.2 mg, 481 µmol), HOAt (35.9 mg, 264 

µmol), and 2,6-lutidine (28.0 mg, 264 µmol, 31.0 µL) were added at -30 ºC.  The reaction 

was stirred for 12 h at -30 ºC, then diluted with 5 mL aqueous 1 N HCl and 10 mL 

EtOAc.  The organic layer was separated and washed with 10 mL 1 N aqueous HCl, 

saturated aqueous NaHCO3 (2 x 10 mL), and brine (2 x 10 mL), then dried over 

anhydrous Na2SO4, filtered, and the solvent was removed in vacuo. The crude product 

was purified by preparative HPLC (50–75% MeOH gradient over 3 min, 75-100% MeOH 

gradient over 17 min; 10 mL/min; retention time, 6.5 min) to give 84.0 mg (64% yield) of 
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3.2 as a yellow foam:  Rf  0.7 (10:1 DCM/MeOH).  LC-ESI-MS [MH]+ m/z calcd for 

C29H47N3O7, 550.7; found, 550.33 

 

Synthesis of heptapeptide 3.3:  Tetrapeptide 2.1 (400 mg, 662 µmol) was dissolved in 

6.6 mL of t-BuOH-H2O (2:1) and treated with LiOH (55.5 mg, 1.32 mmol) at 0 ºC.  The 

reaction was stirred at 0 ºC for 1.5 h, then diluted with aqueous 1 N HCl (1 mL) and 

extracted with EtOAc (3 x 10 mL).  The combined organic phase was dried over 

anhydrous Na2SO4, filtered, and the solvent was removed in vacuo.  The deprotected 

tetrapeptide (19.5 mg, 33 µmol) was transferred to a flame-dried round bottom flask, and 

tripeptide 3.2 was added (36.0 mg, 96.6 µmol) in 10 mL of toluene.  The solvent was 

removed in vacuo and the residue was dried on the high vac for 30 min.  This 

azeotroping was repeated two more times (dissolve in 10 mL toluene, remove solvent in 

vacuo, dry on high vac for 30 min).  After the last azeotrope, the residue was further 

dried on the high vac for 12 h.  Ph3P (48.0 mg, 182 µmol) and 660 µL toluene (0.05 M) 

were added and the mixture was cooled to 0 ºC.  Diisopropylazodicarboxylate (36.8 mg, 

182.0 µmol, 36.0 µL) was added via gastight syringe and the reaction was stirred at 0 ºC 

for 24h at room temp.  The solvent was removed in vacuo, and the crude product was 

purified by preparative HPLC (50-100% MeOH gradient over 15 min; 10 mL/min; 

retention time, 14.3 min) to give 13.4 mg 36% yield) of 3.3 as an off-white solid:  Rf 0.5 

(1:1 EtOAc/hexanes, UV).  LC-ESI-MS [MH]+ m/z calcd for C60H95N7O13, 1123.44; found, 

1123.29. 

 

Synthesis of CT3, compound 3.4:  Heptapeptide 3.3 (13.0 mg, 11.5 µmol) was 

dissolved in 20 µL anisole at 0 ºC, then 100 µL trifluoroacetic acid was added and 

reaction was stirred at room temp for 20 min.  The solvent was removed with a stream of 
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argon, and the residue was dissolved in 200 µL 4 N HCl-dioxane at 0 ºC.  The solvent 

was removed with a stream of argon, and the residue was further dried on the high vac 

for 3 h.  The residue was dissolved in 10 mL DMF and cooled to 0 ºC.  

Diphenylphosphorylazide (6.6 mg, 24.0 µmol, 5.0 µL) and diisopropylethylamine (3.1 

mg, 24 µmol, 4.1 µL) were added over 2 min via gastight syringe.  The reaction was 

stirred at 0 ºC for 3 days, then the solvent was removed in vacuo.  The crude product 

was purified by preparative HPLC (50-75% MeOH gradient over 3 min, 75-100% 

gradient over 17 min; 10 mL/min; retention time, 10.8 min) to give 3.8 mg of 3.4 (35% 

yield) as an off-white solid:  LC-ESI-MS [MH]+ m/z calcd for C51H77N7O10, 949.2; found, 

948.98. 

 

Synthesis of CT4, compound 3.5:  Compound 3.4 (1.0 mg, 1.06 µmol) was dissolved 

in 10 µL THF, then 10% Pd-C (0.1 mg) was added and reaction was put under inert 

(argon) atmosphere.   Acetic anhydride (1.23 µL, 1:9 THF) was added via gastight 

syringe.  The reaction was stirred at room temperature under H2 (g) for 18 h, then 

filtered.  The solids were rinsed with THF, the organic phases were combined and the 

solvent was removed in vacuo to give 0.9 mg of 3.5 (99% yield) as a white residue: LC-

ESI-MS [MH]+ m/z calcd for C45H73N7O9, 856.55; found, 856.94. 

 

Synthesis of compound 3.7:  Lithium chloride (11.5 g, 271.1 mmol) was placed in a 

500 mL 2-neck round bottom flask and dried under vacuum by heating at 150 ºC for 12 

h, then allowed to cool to room temperature and placed under argon.  THF (86 mL) and 

diisopropylamine (10.29 g, 101.7 mmol, 14.25 mL) were added to the flask via cannula, 

then the reaction was cooled to -78 ºC.  n-butyllithium (2.5 M solution in hexanes, 6.02 g, 

94.0 mmol, 37.6 mL) was added via cannula over 10 min.  The reaction was warmed to 
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0 ºC and stirred at 0 ºC for 5 min, then cooled to -78 ºC.  (1S,2S)-

pseudoephedrinepropionamide 3.6 was dissolved in THF (210 mL) in a sealed flask 

under argon and cooled to 0 ºC, then transferred to the reaction via cannula over 20 min.  

The reaction was stirred at -78 ºC for 1 h, then at 0 ºC for 15 min, then at room 

temperature for 5 min, and then cooled to 0 ºC.  1-iodobutane (24.95 g, 135.6 mmol, 

15.43 mL) was dried by passing over a 2 inch column of basic alumina, then added to 

the reaction via gastight syringe over 3 min.  The reaction was stirred at 0 ºC for 1 h, 

then diluted with 25 mL saturated aqueous ammonium chloride and stirred for 5 min at 

room temperature.  The reaction mixture was poured into a 2-L separatory funnel 

containing 400 mL saturated aqueous ammonium chloride and 400 mL EtOAc.  The 

aqueous layer was separated and extracted further with two 300 mL portions of EtOAc.  

The organic layers were combined, dried over anhydrous Na2SO4, filtered, and the 

solvent was removed in vacuo.  The crude product was purified by flash chromatography 

(1:1 EtOAc/hexanes) to give 10.02 g (80% yield) of 3.7 as a yellow oil:  Rf  0.6 (1:1 

EtOAc/hexanes).  LC-ESI-MS [MH]+ m/z calcd for C17H27NO2, 278.4; found, 278.29. 

 

Synthesis of compound 3.8:  Compound 3.7 (3.0 g, 10.814 mmol) was dissolved in 50 

mL toluene, then the solvent was removed in vacuo and the residue was dried on the 

high vac for 30 min.  This azeotroping was repeated two more times (dissolve in 50 mL 

toluene, remove solvent in vacuo, dry on high vac for 30 min).  After the last azeotrope, 

the residue was further dried on the high vac for 12 h.  Anhydrous lithium aluminum 

hydride pellets were crushed with a mortar and pestle (944.0 mg, 27.874 mmol) and 

added to a 500 mL round bottom flask with 23 mL hexanes and placed under argon at 0 

ºC.  Ethyl acetate (3.287 g, 37.71 mmol, 3.675 mL) from a sure seal bottle was added to 

the reaction via gastight syringe over 1.5 h at 0 ºC.  The reaction was cooled to -78 ºC 

and compound 3.7 (3.0 g, 10.814 mmol) was dissolved in 11.4 mL THF and cooled to 0 
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ºC under argon, then transferred to the reaction flask via cannula over 5 min.  The 

reaction was warmed to 0 ºC and stirred for 1 h.  The reaction was vented often as gas 

evolved vigorously.  After 1 h, the reaction was quickly transferred via wide bore cannula 

to a round bottom flask that contained vigorously stirring 133 mL aqueous 1 N HCl and 

8.3 mL trifluoroacetic acid.  The mixture was stirred for 10 min at room temperature, then 

diluted with 230 mL aqueous 1 N HCl and transferred to a separatory funnel.  The 

mixture was extracted with 2 x 50 mL DCM.  The organic layers were combined and 

washed with 50 mL saturated aqueous NaHCO3, then dried over Mg2SO4 for 20 min and 

passed over a 1.5 inch SiO2 plug pre-equilibrated in DCM.  The solvent was removed in 

vacuo from an ice bath, and great care was taken to prevent loss of the volatile aldehyde 

intermediate (compound 3.8).  The product was taken directly to the next reaction 

without further purification. 

 

Synthesis of compound 3.9:  (+/-)-Boc-α-phosphonoglycine trimethyl ester (Chem 

Impex, 2.98 g, 10.0 mmol) was dissolved in 3 mL DCM and tetramethylguanidine (1.42 

g, 12.35 mmol, 1.55 mL) was added over 5 min.  The reaction was stirred for 30 min at 

room temperature, then compound 3.8 (20 mL, freshly isolated) was quickly added and 

the reaction was placed under argon and stirred for 4 h.  The reaction was diluted with 

20 mL DCM, the organic layer was separated and washed washed with 2 x 15 mL 10% 

citric acid, 15 mL saturated aqueous NaHCO3, and 15 mL brine.  The organic layer was 

dried over anhydrous Na2SO4, filtered, and the solvent was removed in vacuo.  The 

crude product was purified by flash chromatography (1:3 EtOAc/hexanes) to give 1.18 g 

(44% yield over 2 steps) of 3.9 as a clear oil:  Rf  0.4 (1:10 EtOAc/hexanes).  LC-ESI-MS 

[MH]+ m/z calcd for C15H27NO4, 286.38; found, 286.5. 
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Synthesis of compound 3.10:  Compound 3.9 (3.1 g, 10.86 mmol) was dissolved in 

15.5 mL MeOH (degassed for 30 min with argon) in a 500 mL Parr shaker bottle, which 

was sealed and purged with argon.  Inside a glove bag under argon atmosphere, the 

parr bottle was opened and (+)-1,2-Bis((2S,5S)-2,5-

diethylphospholano)benzene(cyclooctadiene)rhodium (I) trifluoromethanesulfonate 

[Strem chemicals, (S,S)-EtDUPHOS] (157.0 mg, 217.0 µmol, 2 mol%) was added.  The 

vessel was sealed, removed from the glove bag, then transferred to a Parr shaker and 

placed under vacuum.  The reaction was purged with 50 psi H2 (g), then placed under 

vacuum.  After 5 purge/vacuum cycles, the vessel was filled with H2 (g), and shaken at 

55 psi for 3 days.  At the end of 3 days, the reaction retained its clear yellow/orange 

color.  The reaction was transferred to a round bottom flask and the solvent was 

removed in vacuo.  The residue was dissolved in 10 mL DCM and passed over a 2 inch 

silica plug pre-equilibrated in DCM.  The plug was further washed with 10 mL DCM.  The 

organic layers were combined, and the solvent was removed in vacuo to yield 2.25 g of 

a mixture of 3.9 and 3.10.  This mixture of starting material and product were re-

subjected to the hydrogenation conditions described above using 100 mg (S,S)-

EtDUPHOS.  After 3 days at 55 psi H2 (g), the reaction was transferred to a round 

bottom flask and the solvent was removed in vacuo.  The residue was dissolved in 10 

mL DCM and passed over a 2 inch silica plug pre-equilibrated in DCM.  The plug was 

further washed with 10 mL DCM.  The organic layers were combined, and the solvent 

was removed in vacuo to yield 2.1 g of 3.10 as a clear oil:  Rf  0.4 (1:10 

EtOAc/hexanes).  LC-ESI-MS [MH]+ m/z calcd for C15H29NO4, 288.4; found, 288.67. 

 

Synthesis of hydroxy acid 3.11:  L-propargylglycine (Chem Impex, 1.0 g, 8.84 mmol) 

was dissolved in 8.84 mL H2O in a 100 mL round bottom flask.  Sodium nitrite (1.22 g, 

17.68 mmol) was dissolved in 17.7 mL H2O, then added dropwise via syringe pump to 
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the flask over 1 h.  At the same time, 17.7 mL aqueous 1 M H2SO4 was also added via 

syringe pump to the flask over 1 h.  Care was taken to vent the reaction as gas evolved 

vigorously.  The reaction was stirred at room temperature overnight (12 h).   The solvent 

was removed in vacuo, and the crude product was purified by flash chromatography 

(100:10:1 CHCl3/MeOH/AcOH) to give 655 mg 3.11 (65% yield):  Rf  0.1 (100:10:1 

CHCl3/MeOH/AcOH).  LC-ESI-MS [MH]+ m/z calcd for C5H6O3, 115.1; found, 115.32. 

 

Synthesis of tripeptide 3.12:  A solution of N-[(2S,4R)-2-[N-tert-

Butoxycarbonyl)amino]-4-methyloctanoyl]-N-methyl-L-leucine tert-butyl ester (dipeptide 

37 in ref. 13) (554.0 mg, 1.21 mmol) in 10 mL of HCO2H was stirred for 2 h at room 

temperature.  The solvent was removed with a stream of argon, and the residue was 

dissolved in saturated aqueous NaHCO3, then extracted with EtOAc (3X).  The organic 

layers were combined, dried over Na2SO4, filtered, and the solvent was removed in 

vacuo.  The residue was cooled to 0 ºC and dissolved in 5 mL 4.0M HCl-dioxane to 

make the HCl salt.  The solvent was removed with a stream of argon, and the residue 

was dried on the high vac for 30 minutes.  A sample of hydroxy acid 3.11 (207.0 mg, 

1.81 mmol) in 12.0 mL DCM-DMF (5:1) was added, and mixture was cooled to -30 ˚C.  

EDC (478.5 mg, 2.42 mmol), HOAt (197.7 mg, 1.45 mmol), and 2,6-lutidine (283.0 mg, 

2.42 mmol, 307.0 µL) were added at -30 ºC.  The reaction was stirred for 3 h at -30 ºC, 

then diluted with 10 mL aqueous 1 N HCl and 20 mL EtOAc.  The organic layer was 

separated and washed with 10 mL 1 N aqueous HCl, saturated aqueous NaHCO3 (2 x 

10 mL), and brine (2 x 10 mL), then dried over anhydrous Na2SO4, filtered, and the 

solvent was removed in vacuo.  The crude product was purified by preparative HPLC 

(50–75% MeOH gradient over 3 min, 75-100% MeOH gradient over 17 min; 10 mL/min; 

retention time, 7.6 min) to give 394.0 mg (72% yield) of 3.12 as a yellow foam:  Rf  0.7 

(10:1 DCM/MeOH).  LC-ESI-MS [MH]+ m/z calcd for C25H44N2O5, 453.63; found, 453.6. 
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Synthesis of N-methyl-N-Boc-4-azido-L-phenylalanine 3.13:  Boc-4-azido-L-

phenylalanine (Chem Impex, 200 mg, 653 µmol) was dissolved in 3.5 mL THF and 

cooled to 0 ºC.  Sodium hydride (91.4 mg, 2.29 mmol, 60% dispersion in mineral oil) and 

methyl iodide (741.5 mg, 5.22 mmol, 326.0 µL) were added, and the reaction was stirred 

at 0 ºC for 15 h.  The reaction was diluted with 5 mL H2O, and extracted with 10 mL 

diethyl ether.  The aqueous layer was separated and acidified to pH 3.0 with aqueous 1 

N HCl, then extracted 3 x 15 mL EtOAc.  The organic layers were combined, anhydrous 

Na2SO4, filtered, and the solvent was removed in vacuo.  The crude residue was 

dissolved in 2 mL benzene/MeOH (5:1), and trimethysilyldiazomethane (2 M solution in 

hexanes) was added dropwise until a yellow color persisted and gas ceased to evolve.  

The reaction was quenched with 100 µL HOAc, and the solvent was removed in vacuo.  

The residue was dissolved in 5 mL 4.0 M HCl-dioxane at 0 ºC, then warmed to room 

temperature and stirred for 3 h.  The solvent was removed with a stream of argon, and 

the crude product was purified by flash chromatography (1:1 EtOAc/hexanes)  to give 

152.0 mg (73% yield over 3 steps) of 3.13 as a yellow foam:  Rf  0.55 (10:1 

DCM/MeOH).  LC-ESI-MS [MH]+ m/z calcd for C11H14N4O2, 235.25; found, 235.6. 

 

Synthesis of dipeptide 3.14:  N-(tert-Butoxycarbonyl)-L-leucine (155.5 mg, 672 µmol) 

and 3.13 (114.0 mg, 448 µmol) were dissolved in 6.8 mL DCM-DMF (5:1) at 0 ºC.  EDC 

(177.0 mg, 896 µmol) and HOAt (121.9 mg, 896 µmol) were added at 0 ºC.  The reaction 

was allowed to warm to room temperature, and was stirred for 5 h, then diluted with 10 

mL aqueous 1 N HCl and 15 mL EtOAc.  The organic layer was separated and washed 

with 20 mL 1 N aqueous HCl, saturated aqueous NaHCO3 (2 x 20 mL), and brine (2 x 20 

mL), then dried over anhydrous Na2SO4, filtered, and the solvent was removed in vacuo.  

The crude product was purified by flash chromatography (1:5 EtOAc/hexanes) to give 
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130 mg (65% yield) of 3.14 as a light yellow foam:  Rf  0.4 (1:1 EtOAc/hexanes, 

ninhydrin stain).  LC-ESI-MS [MH]+ m/z calcd for C22H33N5O5, 448.5; found, 448.9. 

 

Synthesis of tetrapeptide 3.15:  N-[(2S,4R)-2-[N-(tert-Butoxycarbonyl)amino-4-

methyloctanoyl]-N-methyl-L-alanine methyl ester (dipeptide 45 in ref. 13) (30.0 mg, 110.1 

µmol) was dissolved in 1mL 4 N HCl-dioxane at 0 ºC and stirred for 30 min.  The solvent 

was removed with a stream of argon, and the residue dried under vacuum for 30 min.  

Dipeptide 3.14 (free acid from saponification of methyl ester) (44.0 mg, 100 µmol) was 

added in 1.5 mL DCM-DMF (5:1) and the mixture was cooled to -30 ºC.  HATU (76.0 mg, 

200.0 µmol) and NaHCO3 (14.0 mg, 165.0 µmol), were added and the reaction was 

stirred for  3 h at -30 ºC, then for 1 h at 0 ºC.  The reaction was diluted with aqueous 1 N 

HCl until the pH was between 1 and 2, and 10 mL EtOAc was added.  The organic layer 

was separated and washed with 8 mL 1 N aqueous HCl, saturated aqueous NaHCO3 (2 

x 8 mL), and brine (2 x 8 mL), then dried over anhydrous Na2SO4, filtered, and the 

solvent was removed in vacuo.  The crude product was purified by flash chromatography 

(1:1 EtOAc/hexanes) to give 35.0 mg (51% yield) of 3.15 as a light yellow solid:  Rf  0.3 

(1:1 EtOAc/hexanes, ninhydrin stain).  LC-ESI-MS [MH]+ m/z calcd for C35H57N7O7, 

688.87; found, 688.9. 

 

Synthesis of heptapeptide 3.16:  Tetrapeptide 3.15 (35.0 mg, 42.4 µmol) was 

dissolved in 1 mL of t-BuOH-H2O (2:1) and treated with LiOH (4.3 mg, 102 µmol) at 0 ºC.  

The reaction was stirred at 0 ºC for 2 h, then diluted with aqueous 1 N HCl (1 mL) and 

extracted with EtOAc (3 x 10 mL).  The combined organic phase was dried over 

anhydrous Na2SO4, filtered, and the solvent was removed in vacuo.  The deprotected 

tetrapeptide (30.0 mg, 42.4 µmol) was transferred to a flame-dried round bottom flask, 
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and tripeptide 3.2 was added (21.1 mg, 46.6 µmol) in 10 mL of toluene.  The solvent was 

removed in vacuo and the residue was dried on the high vac for 30 min.  This 

azeotroping was repeated two more times (dissolve in 10 mL toluene, remove solvent in 

vacuo, dry on high vac for 30 min).  After the last azeotrope, the residue was further 

dried on the high vac for 12 h.  Ph3P (55.6 mg, 212.0 µmol) and 420 µL toluene (0.05 M) 

were added and the mixture was cooled to 0 ºC.  Diisopropylazodicarboxylate (42.9 mg, 

212.0 µmol, 42.0 µL) was added via gastight syringe and the reaction was stirred at 0 ºC 

for 24h at room temp.  The solvent was removed in vacuo, and the crude product was 

purified by preparative HPLC (50-100% MeOH gradient over 15 min; 10 mL/min; 

retention time, 12.1 min) to give 10.0 mg 21% yield) of 3.16 as an off-white solid:  Rf 0.5 

(1:1 EtOAc/hexanes, UV).  LC-ESI-MS [MH]+ m/z calcd for C60H99N9O11, 1123.98; found, 

1124.4. 

 

. Synthesis of CT5, compound 3.17:  Heptapeptide 3.16 (10.0 mg, 9.0 µmol) was 

dissolved in 100 µL anisole at 0 ºC, then 400 µL trifluoroacetic acid was added and 

reaction was stirred at room temp for 20 min.  The solvent was removed with a stream of 

argon, and the residue was dissolved in 500 µL 4 N HCl-dioxane at 0 ºC.  The solvent 

was removed with a stream of argon, and the residue was further dried on the high 

vacuum for 3 h.  The residue was dissolved in 8.6 mL DMF and cooled to 0 ºC.  

Diphenylphosphorylazide (5.0 mg, 18.0 µmol, 3.87 µL) and diisopropylethylamine (2.32 

mg, 18.0 µmol, 3.1 µL) were added over 2 min via gastight syringe.  The reaction was 

stirred at 0 ºC for 3 days, then the solvent was removed in vacuo.  The crude product 

was purified by preparative HPLC (50-100% MeOH gradient over 15 min; 10 mL/min; 

retention time, 13.4 min) to give 3.1 mg of 3.17 (36% yield) as an off-white solid:  LC-

ESI-MS [MH]+ m/z calcd for C50H79N9O8, 935.22; found, 935. 
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Synthesis of dipeptide 3.18:  N-methyl-L-phenylalanine methyl ester (173.0 mg, 754.0 

µmol) and N-(tert-Butoxycarbonyl)-4-azido-L-phenylalanine (Chem Impex, 300.0 mg, 979 

µmol) were dissolved in 9.6 mL DCM-DMF (5:1) at 0 ˚C.  EDC (387.5 mg, 1.96 mmol) 

and HOAt (267.0 mg, 1.96 mmol) were added at 0 ºC.  The reaction was allowed to 

warm to room temperature, and was stirred for 5 h, then diluted with 10 mL aqueous 1 N 

HCl and 15 mL EtOAc.  The organic layer was separated and washed with 20 mL 1 N 

aqueous HCl, saturated aqueous NaHCO3 (2 x 20 mL), and brine (2 x 20 mL), then dried 

over anhydrous Na2SO4, filtered, and the solvent was removed in vacuo.  The crude 

product was purified by flash chromatography (1:3 EtOAc/hexanes) to give 152.0 mg 

(42% yield) of 3.18 as a yellow oil:  Rf  0.3 (1:3 EtOAc/hexanes, ninhydrin stain).  LC-

ESI-MS [MH]+ m/z calcd for C25H31N5O5, 482.54; found, 482.97. 

 

Synthesis of tetrapeptide 3.19:  N-[(2S,4R)-2-[N-(tert-Butoxycarbonyl)amino-4-

methyloctanoyl]-N-methyl-L-alanine methyl ester (dipeptide 45 in ref. 13) (127.0 mg, 

341.0 µmol) was dissolved in 5mL 4 N HCl-dioxane at 0 ºC and stirred for 30 min.  The 

solvent was removed with a stream of argon, and the residue dried under vacuum for 30 

min.  Dipeptide 3.18 (free acid from saponification of methyl ester) (146.0 mg, 310.0 

µmol) was added in 3.0 mL DCM-DMF (5:1) and the mixture was cooled to -30 ºC.  EDC 

(123.0 mg, 620 µmol), HOAt (50.6 mg, 372 µmol), and 2,6-lutidine (40.0 mg, 341 µmol, 

43.2 µL), were added and the reaction was stirred for  5 h at -30 ºC.  The reaction was 

diluted with aqueous 1 N HCl until the pH was between 1 and 2, and 10 mL EtOAc was 

added.  The organic layer was separated and washed with 8 mL 1 N aqueous HCl, 

saturated aqueous NaHCO3 (2 x 8 mL), and brine (2 x 8 mL), then dried over anhydrous 

Na2SO4, filtered, and the solvent was removed in vacuo.  The crude product was purified 

by flash chromatography (1:2 EtOAc/hexanes) to give 165.0 mg (74% yield) of 3.19 as a 
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light yellow solid:  Rf  0.25 (1:2 EtOAc/hexanes, ninhydrin stain).  LC-ESI-MS [MH]+ m/z 

calcd for C38H55N7O7, 722.89; found, 722.3. 

 

Synthesis of heptapeptide 3.20:  Resin-bound Ph2P (Fluka, 100 mg, 3 mmol/g, 200-

400 mesh) was transferred to a flame-dried round bottom flask and kept under argon.  

Beads were washed with 2 mL MeOH, then 5 x 2 mL THF, with solvent removed after 

each wash via syringe.  The beads were dried on high vacuum for 15 h. Tetrapeptide 

3.19 (165.0 mg, 228.5 µmol) was dissolved in 2.3 mL of t-BuOH-H2O (2:1) and treated 

with LiOH (19.2 mg, 457 µmol) at 0 ºC.  The reaction was stirred at 0 ºC for 2.5 h, then 

diluted with aqueous 1 N HCl (1 mL) and extracted with EtOAc (3 x 10 mL).  The 

combined organic phase was dried over anhydrous Na2SO4, filtered, and the solvent 

was removed in vacuo.  The deprotected tetrapeptide (26.5 mg, 37.5 µmol) was 

transferred to a flame-dried round bottom flask, and tripeptide 3.2 was added (17.0 mg, 

37.5 µmol) in 10 mL of toluene.  The solvent was removed in vacuo and the residue was 

dried on the high vac for 30 min.  This azeotroping was repeated two more times 

(dissolve in 10 mL toluene, remove solvent in vacuo, dry on high vac for 30 min).  After 

the last azeotrope, the residue was further dried on the high vac for 12 h.  Previously 

dried resin-bound Ph2P (87.5 mg, 262.5 µmol) and 750 µL toluene (0.05 M) were added 

and the mixture was cooled to 0 ºC.  Diisopropylazodicarboxylate (53.1 mg, 262.5 µmol, 

51.7 µL) was added via gastight syringe and the reaction was stirred at 0 ºC for 72h at 

room temp.  The reaction was filtered, solvent was removed in vacuo, and the crude 

product was purified by preparative HPLC (50-85% MeOH gradient over 5 min, 85-100% 

MeOH gradient over 20 min; 10 mL/min; retention time, 18.8 min) to give 10.0 mg 24% 

yield) of 3.20 as an off-white solid:  Rf 0.6 (1:1 EtOAc/hexanes, UV).  LC-ESI-MS [MH]+ 

m/z calcd for C62H95N9O11, 1143.47; found, 1143. 
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Synthesis of CT6, compound 3.21:  Heptapeptide 3.20 (10.0 mg, 8.76 µmol) was 

dissolved in 1.75 mL trifluoroacetic acid/DCM (1:5) containing 2 drops of anisole at 0 ºC, 

and reaction was stirred at room temp for 5 h.  The solvent was removed with a stream 

of argon, and the residue was dissolved in 500 µL 4 N HCl-dioxane at 0 ºC.  The solvent 

was removed with a stream of argon, and the residue was further dried on the high 

vacuum for 3 h.  The residue was dissolved in 8.7 mL DMF and cooled to 0 ºC.  

Diphenylphosphorylazide (7.23 mg, 26.28 µmol, 5.65 µL) and diisopropylethylamine 

(6.79 mg, 52.56 µmol, 9.15 µL) were added over 2 min via gastight syringe.  The 

reaction was stirred at 0 ºC for 4 days, then the solvent was removed in vacuo.  The 

crude product was purified by preparative HPLC (50-100% MeOH gradient over 15 min; 

10 mL/min; retention time, 13.6 min) to give 3.56 mg of 3.21 (42% yield) as an off-white 

solid:  LC-ESI-MS [MH]+ m/z calcd for C53H77N9O8, 969.23; found, 969. 

 

HUN-7293 was a generous gift from D. Boger (Scripps Research Institute, La Jolla, CA).   
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4.1   Abstract 

 The most amazing feature of cotransin is its exquisite substrate specificity.  We have 

established that sensitivity to cotransin can be modulated by changes in a protein’s N-

terminal signal sequence, implying that sequence variations among signals from 

different proteins might be selectively exploited to modulate their functional expression.  

In this paradigm, secretory and membrane protein expression could be selectively down-

regulated by small molecule inhibitors at their point of entry into the secretory pathway.  

To fully explore this possibility, we sought to identify the precise features of the signal 

sequence that confer sensitivity to cotransin by screening two analogs against a subset 

of the human secretome.  Having multiple translocation inhibitors with varying degrees of 

selectivity, along with the knowledge of the signal sequences that are sensitive and 

resistant to each inhibitor will facilitate dissection of the biochemical mechanism of signal 

sequence discrimination.  

 

4.2   Introduction 

In an initial screen of 43 human secretory/membrane proteins relevant to immunity 

and inflammation, the expression of only one protein, VCAM, was abolished by 2 µM 

cotransin1.  These ELISA-based experiments monitored the production of endogenous 

levels of proteins from primary human cells and relied on the existence of specific 

antibodies against each protein2.  Such an approach cannot possibly reveal the full set of 

human proteins whose secretion is blocked by cotransin and its structural variants.  

Further, based on experiments that examined total secreted proteins and total 

glycoproteins (Chapter 2) we know there are other cellular targets of cotransin.  To begin 

to define this set at a genome-wide scale, we initiated a collaboration with Five Prime 

Therapeutics, a biotechnology company dedicated to the discovery of new protein-based 

therapeutics.  They granted us access to a library of cloned, epitope-tagged cDNAs 



 109

encoding approximately one third of the human secreted proteome (~1,000 secreted and 

single-spanning membrane proteins)3.  We screened a subset of this epitope-tagged 

library for sensitivity to two cotransin analogs as the first step in defining the salient 

features of the signal sequence that render it sensitive or resistant to this class of 

compounds. 

 In addition to providing an inventory of the cotransin-sensitive proteome, these 

experiments will ultimately provide a clearer picture of the relationships between physical 

attributes of the signal sequence (length, charge, hydrophobicity, specific amino acid 

motifs, etc.) and cotransin-sensitivity.  

 

4.3   Synthesis and evaluation of potent cotransin analogs with differential 

selectivity 

 We first synthesized CT8, a more potent analog of cotransin which incorporates both 

the alkyne affinity tag and the propyl leucine side chains, to screen against the Five 

Prime secreted protein library.  Our route to CT8 was based on the published synthesis 

of HUN-72934 (Scheme 4-1).  Importantly, CT8 inhibited VCAM expression in cells and 

VCAM cotranslational translocation in vitro with only 5-fold reduced potency compared to 

HUN-7293 (Figure 4-1).  The alkyne tag on CT8 serves a dual purpose; in addition to its 

utility as a purification handle, it also provides a site for radiolabeling via a simple 

reduction of the triple bond with tritium gas.  This reaction should introduce 4 tritiums per 

CT8 molecule, yielding a radiolabeled analog that is both more potent and higher 

specific activity than [3H]-cotransin for future binding studies.    
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 Based on limited expression profiling of different cotransin analogs against a handful 

of proteins, we hypothesized that subtle changes to the structure of cotransin itself will 

modulate its signal-sequence selectivity.  Most cotransin variants tested thus far appear 

to only inhibit translocation of a small subset of secretory proteins, especially VCAM.  A 

striking exception to this trend is the N'-benzyl Trp variant originally reported by Boger 

and coworkers 4, which was shown to inhibit the secretion of both VCAM and ICAM (the 

only other protein tested) with equal potency.  By contrast, HUN-7293 exhibited 24-fold 

selectivity for VCAM over ICAM in the same assay.  We therefore completed a total 

synthesis and preliminary biological evaluation of an N'-benzyl Trp variant of cotransin; 

this compound (CT9) is the most potent and least selective translocation inhibitor 

reported to date (Figure 4-1). 
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 While CT8 behaved as predicted, CT9 was far less potent against VCAM1 in the in 

vitro translocation assay than expected.  Strikingly, however, CT9 inhibited pre-prolactin 

translocation to nearly the same extent as VCAM, which is consistent with it being an 

'unselective' translocation inhibitor.  To further evaluate its activity, we compared CT9 to 

the simpler variant, CT8, in cell-based secretion assays of more than 50 human 

proteins2. The ELISA-based assays were described in our original characterization of 

cotransin1 (Chapter 2), and a subset of the data is shown in Figure 4-2.   Although CT8 

and CT9 were similarly effective against VCAM and TNFα (Figure 4-2, a, c, and e), CT9 

was approximately 20-fold more potent against most proteins tested.  Importantly, CT8 

retained high potency against VCAM but did not block ICAM expression at any 

concentration tested (up to 30 µM).  Neither compound blocked the secretion of keratin 

8/18 or collagen IV, demonstrating that CT9 does not exert a total block on protein 

translocation.  However, unlike CT8, CT9 is cytotoxic at micromolar concentrations.   
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4.4   Discovery of new cotransin targets by profiling the human secreted proteome   

Our current understanding of the relationship between the signal sequence and 

sensitivity to cotransin is limited by the small number of proteins that have been tested 

(~60).  Therefore, we set out to systematically enumerate cotransin targets by screening 

a large portion of the human secreted proteome (~550 proteins) for sensitivity to CT8 

and CT9, potent cotransin analogs that exhibit different substrate specificities.  To cast 

the widest possible net for cotransin-sensitive proteins, we initially screened CT8 at two 

concentrations (50 nM and 500 nM; IC50 ~ 50 nM for VCAM secretion) and CT9 at one 

concentration (50 nM; CT9 is cytotoxic at higher concentrations) against 550 members 

of the Five Prime epitope-tagged library.  Genome analysis predicts that this library 

comprises ~20% of the human secreted proteome.  Assays were performed in 96-well 

microtiter plates using a robust, fully automated robotic screening system developed at 

Five Prime3. 

 A preliminary experiment with a test set of 8 cDNAs screened with the natural 

product HUN-7293 is depicted in Table 4-1.  In the presence of HUN-7293, we found 

that the secretion of one protein was inhibited, while seven others are completely 

resistant.  Importantly, at the high concentration of HUN-7293 tested (200-fold higher 

than the EC50 for VCAM secretion) there was no toxicity to the cultured cells.  Using the 

optimized protocol from this initial small-scale experiment, we screened 550 cDNAs from 

the Five Prime library for cotransin-sensitive proteins using CT8 and CT9.   
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 Within the initial large-scale screen with CT8 and CT9 there was a wide range of 

sensitivity to and selectivity between the compounds.  Of the 550 proteins tested, 

approximately 20% of the constructs did not express at levels high enough to measure.  

Among those that expressed well and within the linear range of the ELISA, the 

expression of 25% were potently inhibited by one or both compounds.  Another 25% 

were affected only at very high concentrations of CT8 (500 nM), possibly due to 

secondary (off target) effects.  Importantly, half of the proteins in this dataset were 

completely resistant to both CT9 and CT8 even at the high dose.  Comparison of the 

signal sequences from those proteins not affected ('negatives') will help to exclude 

specific hypotheses about the features of the signal sequence that confer cotransin 

sensitivity.  A subset of 'negative' hits and their corresponding signal sequences are 

listed in Table 4-2. 
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 There is a large dynamic range of sensitivities among the proteins whose expression 

was inhibited by the compounds (Table 4-3).  In general, most proteins were sensitive to 

both CT8 and CT9, and were more potently inhibited by CT9.  This is consistent with our 

characterization of CT9 in primary human cells, where CT9 appeared to be ~20-fold 

more potent than CT8 against nearly all of the proteins that were sensitive.  There are 

many notable exceptions to this trend:  a subset of the proteins tested were more 

potently inhibited by CT8 (e.g. platelet factor 4), others were sensitive to only CT8 (e.g. 

delta-like 1), while others were only inhibited by CT9 (e.g. kallikrein 11).  Further, CT8 

and CT9 were equipotent against a few substrates (e.g. interleukin 17B).  Many proteins 

were affected only at the highest dose of CT8, including TRAPβ, an accessory factor 

required for the efficient translocation of some proteins5.   This suggests that the global 

attenuation of translocation observed at very high concentrations of cotransin (50 µM) 

may be a secondary effect from inhibiting the expression of accessory proteins that 

associate with the translocation channel.     
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 To test whether the selectivity differences between proteins and their sensitivity to 

cotransin truly reside in the signal sequence, we included 19 constructs in the screen 

that contain a common N-terminal signal sequence appended to different protein mature 

domains (Table 4-4).  This signal sequence was previously shown to be sensitive to CT8 

(data not shown).  While all of the constructs were inhibited by CT8 and CT9, there was 

a striking difference in the levels of sensitivity to and the selectivity between compounds.  

This data indicates that while the signal sequence is the primary determinant of 

cotransin sensitivity, the mature domain of the protein may play a role in cotransin-

mediated inhibition of translocation.   
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 To independently confirm the results obtained from the Five Prime high-throughput 

ELISA screen, we initially chose a random set of 42 cDNAs that included 38 'positive' 

and 4 'negative' hits to verify.  We used freshly prepared, clonally isolated plasmid DNA 

to transfect COS-7 cells and test sensitivity to CT8 with a full dose response curve.  Of 

the 20 constructs which expressed at levels high enough to detect, 19 were confirmed 

as positive hits and 1 was confirmed as a negative hit (Table 4-5).  In future 

experiments, the total collection of positives will be validated with full dose-response 

curves and the true positives subsequently screened against all cotransin analogs. 
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4.5   Discussion 

 As a first step in identifying the precise features in the signal sequence that confer 

sensitivity (and resistance) to cotransin we screened a large portion of the human 

secreted proteome for sensitivity to two potent cotransin analogs, CT8 and CT9.  In 

addition to providing an inventory of the cotransin-sensitive proteome, these experiments 

will ultimately provide a clearer picture of the relationships between physical attributes of 

the signal sequence (length, charge, hydrophobicity, specific amino acid motifs, etc.) and 

cotransin-sensitivity.  This information is essential to obtain a predictive understanding of 

the mechanism(s) that control signal sequence discrimination.  Ultimately, the results 

from this large data set will be integrated into a set of guidelines that describe how 

translocation inhibition is determined by (1) the chemical structure of a cotransin analog 

and (2) the primary sequence of its target.  Having multiple translocation inhibitors with 

varying degrees of selectivity, along with the knowledge of the signal sequences that are 

sensitive and resistant to each inhibitor will facilitate dissection of the biochemical 

mechanism of signal sequence discrimination. 
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4.6   Experimental Procedures 

 

Constructs 

The coding region for human VCAM1 (Gene bank ID: NM_080682) was amplified by RT-

PCR from total RNA isolated from TNF-α stimulated A549 cells (gift from H. Luecke) and 

cloned into the pcDNA3.1 vector (Invitrogen).  Bovine pPrl in the SP64 vector (Promega) 

has been described previously5.  These constructs were verified by sequencing.  The 

Five Prime epitope-tagged cDNA library has been described previously3 

 

Antibodies, proteins, and reagents 

Antibodies to human VCAM1 were purchased from Santa Cruz Biotechnology.  Penta-

His antibody (BSA-free) was purchased from Qiagen.  V5-HRP antibody was from 

Invitrogen.  Recombinant human IFN-γ, TNF-α, IL-1β, TGF-β, and IL-4 were from R&D 

Systems.  Recombinant murine IFN-γ, TNF-α, IL-1β were from Peprotech.  

Staphylococcal enterotoxin B (SEB) from S. aureus, lipopolysaccharide from Salmonella 

enteritidis, histamine, bovine serum albumin (BSA) and propidium iodide were obtained 

from Sigma.  Antibodies were purchased from commercial sources:  anti-human 

VEGFR2 (Sigma), anti-human CD142, PAI-1 (Calbiochem), anti-human ICAM-1 

(Beckman Coulter), anti-human E-selectin (HyCult Biotechnology), anti-human VCAM1, 

HLA-DR, CD40, CD69, MIG, MCP-1, CD14, IL-1α, P-selectin, CD55, CD90, CD87, 

CD38 (BD Biosciences), anti-human eotaxin-3, IL-8 and M-CSF (R&D Systems), anti-

human collagen 1 (Biodesign), P-selectin (BD Biosciences).  ImmunoPure TMB 

substrate kit was from Pierce. 
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Mammalian cell culture and transient VCAM1 expression 

COS-7 cells were maintained according to standard procedures.  VCAM1 expression 

analysis was performed 24 h after transfection with Lipofectamine 2000 (Invitrogen).  

Where indicated, HUN-7293, CT8, or CT9 were added 5 h post-transfection.  Cells were 

harvested in 1% SDS, 0.1 M Tris (pH 8) and analyzed by SDS-PAGE and 

immunoblotting.  Human umbilical vein endothelial cells (HUVEC) were cultured as 

described2.  Human neonatal fibroblasts (HDFn), purchased from Cascade Biologics 

(Portland, OR), were cultured in 50% DMEM/50% F12 media (Mediatech, Herndon, VA) 

according to the manufacturer’s instructions.  Peripheral blood mononuclear cells 

(PBMC) were prepared from buffy coats (Stanford Blood Bank, Stanford, CA) by 

centrifugation over Lymphocyte Separation Medium (Mediatech).  Compounds were 

added 1 h before stimulation and were present during the entire 24 h stimulation period. 

Cell-based ELISAs with primary human cells were carried out as described2.  For Five 

Prime screening, NIH-3T3 cells were purchased from the ATCC (Manassas, VA) and 

cultured according to their instructions.  Cells were grown and transfected in 96 well 

plates using FuGENE (Roche).  48 h post-transfection, the media was changed to 

include either DMSO, CT8 (50 and 500 nM), or CT9 (50 nM).  Cell supernatants were 

harvested after 24 h.  Sandwich ELISAs were performed on the supernatants using 96 

half-well plates (Costar) with a penta-His capture antibody and a V5-HRP detection 

antibody 3.   

 

Cell-free translocation assays 

In vitro transcription, translation, translocation, and protease protection assays were 

performed as described previously5,6.  Translations were at 32 °C for 60 minutes.    
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Quantitative analysis of translocation experiments used a Typhoon 9400 

phosphorimager (Amersham) with accompanying software. 

 

Data analysis 

Mean OD values for each parameter measured by ELISA in Figure 4-2 were calculated 

from triplicate samples. Within each experiment, mean OD values were used to generate 

ratios between treated (e.g. cotransin or nor-cotransin) and DMSO control parameter 

values. 

 

Chemical Synthesis 

General.  1H spectra were recorded on a Varian 400 spectrometer at 400 MHz.  Low-

resolution electrospray ionization mass spectra (EI+-MS) were recorded on a Waters 

Micromass ZQ 4000 spectrometer.  LC/MS (LC-ESI-MS+) was performed on a Waters 

AllianceHT LC/MS with a flow rate of 0.2 mL/min (monitored at 215 nm and 245 nm) 

using an Xterra MS C18 column (Waters).  High-resolution electron impact mass spectra 

(HRMS) were recorded on a Micromass VG70E spectrometer by Yuequan Sun at the 

University of California-San Francisco Biomedical Mass Spectrometry Center.  For air- 

and water-sensitive reactions, glassware was oven- or flame-dried prior to use and 

reactions were performed under argon.  Dichloromethane (DCM), dimethylformamide 

(DMF), methanol (MeOH), toluene, and diisopropylamine were dried using the solvent 

purification system manufactured by Glass Contour, Inc. (Laguna Beach, CA).  All other 

solvents were of ACS chemical grade (Fisher) and used without further purification 

unless otherwise indicated.  Commercially available amino acids were purchased from 

Novabiochem unless otherwise noted.  Commercially available starting reagents were 

used without further purification.  Analytical thin layer chromatography was performed 

with silica gel 60 F254 glass plates (EM Science).  Flash chromatography was conducted 
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with 230-400 mesh silica gel (Selecto Scientific).  High performance liquid 

chromatography (HPLC) was performed on a Prostar 210 (Varian) with a flow rate of 10 

mL/min (monitored at 215 nm and 245 nm) using a COMBI-A C18 preparatory column 

(Peeke Scientific). 

 

Synthesis of tetrapeptide 4.1:  N-[(2S,4R)-2-[N-(tert-Butoxycarbonyl)amino-4-

methyloctanoyl]-N-methyl-L-alanine methyl ester (dipeptide 45 in ref. 13) (102.5 mg, 

275.3 µmol) was dissolved in 5mL 4 N HCl-dioxane at 0 ºC and stirred for 2 h.  The 

solvent was removed with a stream of argon, and the residue dried under vacuum for 30 

min.  N-[N-(tert-Butoxycarbonyl)-L-leucinyl]-N-methyl-L-phenylalanine (dipeptide 23D in 

ref. 13; free acid from saponification of methyl ester) (100.0 mg, 250.3 µmol) was added 

in 2.5 mL DCM-DMF (5:1) and the mixture was cooled to -30 ºC.  EDC (99.0 mg, 500.6 

µmol), HOAt (41.0 mg, 300.4 µmol), and 2,6-lutidine (32.2 mg, 275.3 µmol, 35.0 µL), 

were added and the reaction was stirred for  5 h at -30 ºC.  The reaction was diluted with 

aqueous 1 N HCl until the pH was between 1 and 2, and 10 mL EtOAc was added.  The 

organic layer was separated and washed with 8 mL 1 N aqueous HCl, saturated 

aqueous NaHCO3 (2 x 8 mL), and brine (2 x 8 mL), then dried over anhydrous Na2SO4, 

filtered, and the solvent was removed in vacuo.  The crude product was purified by flash 

chromatography (1:3 EtOAc/hexanes) to give 137.4 mg (85% yield) of 4.1 as an off-

white  solid:  Rf  0.25 (1:2 EtOAc/hexanes, ninhydrin stain).  LC-ESI-MS [MH]+ m/z calcd 

for C35H58N4O7, 647.86; found, 648. 

 

Synthesis of heptapeptide 4.2:  Resin-bound Ph2P (Fluka, 400 mg, 3 mmol/g, 200-400 

mesh) was transferred to a flame-dried round bottom flask and kept under argon.  Beads 

were washed with 2 mL MeOH, then 5 x 3 mL THF, with solvent removed after each 



 131

wash via syringe.  The beads were dried on high vacuum for 24 h.  Tetrapeptide 4.1 

(106.0 mg, 164.0 µmol) was dissolved in 1.7 mL of t-BuOH-H2O (2:1) and treated with 

LiOH (14.0 mg, 328 µmol) at 0 ºC.  The reaction was stirred at 0 ºC for 2 h, then diluted 

with aqueous 1 N HCl (1 mL) and extracted with EtOAc (3 x 10 mL).  The combined 

organic phase was dried over anhydrous Na2SO4, filtered, and the solvent was removed 

in vacuo.  The deprotected tetrapeptide (95 mg, 150 µmol) was transferred to a flame-

dried round bottom flask, and tripeptide 3.2 was added (68.0 mg, 150.0 µmol) in 10 mL 

of toluene.  The solvent was removed in vacuo and the residue was dried on the high 

vac for 30 min.  This azeotroping was repeated two more times (dissolve in 10 mL 

toluene, remove solvent in vacuo, dry on high vac for 30 min).  After the last azeotrope, 

the residue was further dried on the high vac for 12 h.  Previously dried resin-bound 

Ph2P (350.0 mg, 1.05 mmol) and 3 mL toluene (0.05 M) were added and the mixture 

was cooled to 0 ºC.  Diisopropylazodicarboxylate (212.3 mg, 1.05 mmol, 207.0 µL) was 

added via gastight syringe and the reaction was stirred at 0 ºC for 18 h at room temp.  

The solvent was removed in vacuo, and the crude product was purified by preparative 

HPLC (60-100% MeOH gradient over 23min; 10 mL/min; retention time, 18.5 min) to 

give 69.0 mg 43% yield) of 4.2 as an off-white solid:  Rf 0.7 (1:1 EtOAc/hexanes, UV).  

LC-ESI-MS [MH]+ m/z calcd for C59H98N6O11, 1067.73; found, 1067.7. 

 

. Synthesis of CT8, compound 4.3:  Heptapeptide 4.2 (28.8 mg, 27.0 µmol) was 

dissolved in 5 mL trifluoroacetic acid/DCM (5:1) containing 2 drops of anisole at 0 ºC, 

and reaction was stirred at room temp for 2 h.  The solvent was removed with a stream 

of argon, and the residue was dissolved in 500 µL 4 N HCl-dioxane at 0 ºC.  The solvent 

was removed with a stream of argon, and the residue was further dried on the high 

vacuum for 12 h.  The residue was dissolved in 25 mL DMF and cooled to 0 ºC.  
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Diphenylphosphorylazide (22.3 mg, 81.0 µmol, 17.4 µL) and diisopropylethylamine 

(20.9mg, 162.0 µmol, 28.2 µL) were added over 2 min via gastight syringe.  The reaction 

was stirred at 0 ºC for 4 days, then the solvent was removed in vacuo.  The crude 

product was purified by preparative HPLC (50-100% MeOH gradient over 30 min; 10 

mL/min; retention time, 20.4 min) to give 8.9 mg of 4.3 (37% yield) as an off-white solid:  

LC-ESI-MS [MH]+ m/z calcd for C50H80N6O8, 893.6; found, 893.5. 

 

CT9  was a generous gift from Dr. Sarah V. Maifeld (University of California, San 

Francisco, CA).   

 

HUN-7293 was a generous gift from D. Boger (Scripps Research Institute, La Jolla, CA).   
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5.1   Perspectives and future directions 

 The mechanism of action and cellular target of the natural product HUN-7293 were 

unknown prior to the work described in this thesis.  To understand its cellular role, we 

designed and synthesized an analog named cotransin.  We discovered that cotransin 

selectively modulates protein translocation into the ER.  Further, we have shown that 

cotransin blocks cotranslational translocation by interacting directly with the Sec61 

translocation channel.  Although cotransin binds to the same channel utilized by all 

secreted and membrane proteins, it is highly selective for a small subset of these 

proteins.  Moreover, we demonstrated sensitivity to cotransin is controlled entirely by a 

protein’s N-terminal signal sequence. This is an unprecedented mechanism of action for 

any biologically active small molecule described to date, and makes cotransin the first 

tool for probing the interactions between different signal sequences and their 

corresponding binding site(s) within the channel.  Further, cotransin is the only chemical 

tool available to investigate cotranslational translocation in living cells. 

 The central mystery surrounding cotransin's molecular mechanism of action is its 

exquisite specificity.  How does cotransin inhibit the secretion of a small subset of 

proteins, given that it targets the Sec61/ribosome complex, a cellular machine required 

for the biogenesis of essentially all secretory and membrane proteins?  We have 

established that sensitivity to cotransin can be modulated by changes in a protein’s N-

terminal signal sequence, implying that sequence variations among signals from 

different proteins can be selectively exploited to modulate their functional expression.  

To address these questions it will be necessary to elucidate the molecular basis of 

cotransin’s signal sequence discrimination.   

 Future experiments will explore the molecular mechanism underlying cotransin's 

remarkable substrate specificity using a variety of approaches.  Further analysis and 

follow up experiments using the signal sequence data generated from Five Prime will 
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likely reveal key features of the signal sequence necessary for cotransin sensitivity.  

Systematic mutagenesis of two model signal sequences, such as VCAM1 (sensitive) 

and pPrl (resistant) should provide insights into how cotransin inhibits VCAM1, but not 

pPrl translocation and may also help pinpoint the physical attributes of the signal 

sequence that are required for sensitivity to cotransin.   The use of labeled cotransin 

analogs to explore the interactions between cotransin, the Sec61 complex, and the 

Sec61-bound signal sequence, along with the synthesis of new analogs that have 

different substrate specificities will help decipher the molecular mechanism of signal 

sequence determination.   
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