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Abstract 
Chlamydia trachomatis, an obligate intracellular bacterium, is the most common 

sexually transmitted pathogen in the developed world as well as the leading cause of 

infectious blindness worldwide. The development of comprehensive therapeutics for 

infections is impeded by the fact that relatively little is known about the molecular 

underpinnings of C. trachomatis pathogenesis, as this microorganism has been 

historically refractory to genetic manipulation. Recent studies strongly suggest that the 

survival of C. trachomatis is dependent upon the secretion of a number of effector 

proteins and enzymes that interfere with host signaling. However, the exact role of 

many of these effector molecules in chlamydial pathogenesis remains elusive. Thus, 

there is a need for the discovery and development of chemical biology tools that can be 

used to probe the function of chlamydial effectors, and in turn possibly reveal 

therapeutic targets for antibiotic development. Here we report efforts toward the design, 

synthesis, and evaluation of small molecules as probes for chlamydial effectors. 

Combined with the utilization of bioinformatics and proteomics techniques, we have 

made progress towards investigating the role of chlamydial effector enzymes in 

pathogenesis. 



 

 

v 

Dedication 

I would like to dedicate this dissertation to all of my family and friends, who 

have been an endless source of love, encouragement, inspiration, and support 

throughout this journey. 

 



 

 

vi 

Contents 

Abstract .......................................................................................................................................... iv	

List of Tables ................................................................................................................................. ix	

List of Figures ................................................................................................................................ x	

List of Schemes ........................................................................................................................... xiii	

List of Abbreviations ................................................................................................................. xiv	

Acknowledgements .................................................................................................................. xvii	

1. Introduction ............................................................................................................................... 1	

1.1 Chlamydia trachomatis is a Leading Bacterial Pathogen ........................................... 5	

1.2 The Role of Chlamydial Effectors in Pathogenesis ...................................................... 8	

1.3 Chlamydial Protease-like Activity Factor (CPAF) ....................................................... 9	

1.3.1 Evidence in support of CPAF as a virulence factor .............................................. 11	

1.3.2 Re-examining methods used to elucidate CPAF substrates and functions ...... 13	

1.4 Approaches to Validating the Role of CPAF in Chlamydial Pathogenesis ........... 15	

2. Repurposing Salinosporamide Proteasome Inhibitors as CPAF Inhibitors ................... 17	

2.1 Preliminary Data Indicates that Salinosporamides May Effectively Inhibit CPAF
 ................................................................................................................................................. 20	

2.2 Rational Design of Salinosporamide Derivatives as CPAF-Specific Inhibitors ..... 26	

3. Synthesis and Semi-Synthesis of Salinosporamide Derivatives ....................................... 29	

3.1 Efforts Towards Fermentation and Semi-Synthetic Methods .................................. 31	

3.2 Adapting Established Synthetic Methods to Access Desired Derivatives ............. 32	

3.3 Efforts Towards a Racemic Synthesis .......................................................................... 34	



 

 

vii 

3.4 Efforts Toward an Enantioselective Synthesis ........................................................... 36	

3.5 Experimental Procedures .............................................................................................. 54	

3.5.1 Materials and methods ............................................................................................. 54	

3.5.2 Preparation of intermediates for racemic synthesis ............................................. 55	

3.5.3 Preparation of intermediates for enantioselective synthesis ............................... 56	

4. Bioinformatics Analysis Reveals a PDZ Domain in CPAF ............................................... 78	

4.1 CPAF Contains a PDZ-like Fold ................................................................................... 80	

4.1.1 Structural similarity of CPAF106-212 to canonical PDZ domains ........................... 81	

4.1.2 Identification of CPAF106-212 structural homologs ................................................. 84	

4.1.3 Sequence comparison to identify CPAF106-212 homologs ...................................... 86	

4.2 Assessment of PDZ occurrence in the C. trachomatis genome ............................... 89	

4.3 Implications of a PDZ Domain in CPAF ..................................................................... 90	

4.4 Conclusions & Future Work ......................................................................................... 98	

4.5 Materials & Methods ...................................................................................................... 99	

4.5.1 Structural similarity of CPAF106-212 to canonical PDZ domains ......................... 100	

4.5.2 Identification of structural CPAF106-212 homologs ............................................... 101	

4.5.3 Bioinformatic data mining to investigate CPAF106-212 sequence homology ..... 102	

4.5.4 Assessment of PDZ occurrence in the C. trachomatis genome .......................... 102	

5. Proteomics Analysis of CPAF-Dependent Process in Infected Cells ............................ 103	

5.1 Rationale for a Comparative Proteomics Approach ................................................ 104	

5.2 Proteomics Analysis of CPAF+ and CPAF− Infected Cells at 48 hpi .................... 106	

5.2.1 Protein levels change as a function of infection with C. trachomatis ................ 106	



 

 

viii 

5.2.2 Global changes in protein levels across all three examined conditions .......... 109	

5.2.3 Protein levels change as a function of the presence of CPAF ........................... 112	

5.2.4 Peptide levels change as a function of the presence of CPAF .......................... 116	

5.3 Conclusions and Implications for Future Work ....................................................... 119	

5.4 Materials and Methods ................................................................................................ 120	

5.4.1 Establishment of RST5 and RST17 infection and propagation in vero cells ... 120	

5.4.2 Infection of A2EN epithelial cells and analysis of differential proteolysis ..... 122	

5.4.3 Sample preparation ................................................................................................. 122	

5.4.4 Quantitative LC/LC-MS/MS analysis of A2EN samples ................................... 123	

5.4.5 Data analysis ............................................................................................................ 125	

6. Conclusions ............................................................................................................................ 128	

6.1 Next Steps in the Evaluation of Salinosporamide Derivatives as CPAF Inhibitors
 ............................................................................................................................................... 128	

6.1.1 Accessing derivatives .............................................................................................. 128	

6.1.2 Preliminary studies with branched salinosporamide derivatives ................... 129	

6.2 Validation of CPAF Substrates and Elucidation of the Role CPAF Plays in 
Chlamydial Pathogenesis .................................................................................................. 131	

6.3 Validation of Lead Inhibitors in Cell and Animal Models ..................................... 131	

6.4 Development of Lead Compounds as Anti-chlamydial Therapeutics and 
Chemical Biology Tools ..................................................................................................... 132	

Appendix A ................................................................................................................................ 133	

References ................................................................................................................................... 155	

Biography ................................................................................................................................... 177	



 

 

ix 

List of Tables 
Table 1: Comparison of CPAF106-212 to Canonical and Unclassified PDZ Domains ........... 83	

 

 



 

 

x 

List of Figures 
Figure 1: Chlamydia trachomatis is an obligate intracellular pathogen with a biphasic 
lifecycle. .......................................................................................................................................... 7	

Figure 2: An Anti-CPAF Peptide, Pep2 is a More Effective Inhibitor than Lactacystin, the 
Only Previously Documented CPAF Inhibitor. The anti-CPAF peptide, Pep2, was 
designed based on the sequence of the CPAF inhibitory sequence that is auto-
catalytically cleaved during activation of the zymogen. The addition of a poly-arginine 
tail improved cell permeability without sacrificing inhibitory activity. ............................. 12	

Figure 3: Re-face of omuralide β-lactone is blocked by fused γ-lactam moiety. ................ 18	

Figure 4: Omuralide and Sal A share a β-lactone-γ-lactam bicyclic core, with variations 
of the substituents at the C2 and C5 positions (shown in blue and red respectively). ..... 20	

Figure 5: Inhibitory activities of omuralide and Sal A against CPAF and the 20S 
proteasome respectively. Inhibitory activities of omuralide and Sal A against CPAF and 
the 20S proteasome respectively. IC50 values for inhibitory activity against CPAF (blue) 
and the 20S proteasome (red) are given in nM and shown on a log scale. ......................... 21	

Figure 6: A) Sal A in 20S proteasome active site. B) Omuralide in CPAF active site. 
Hydrophobic residues shown in gold. ..................................................................................... 23	

Figure 7: An increase in steric bulk at the C5 position of salinosporamides results in a 
switch in selectivity for CPAF over the 20S proteasome. Inhibitory activities of 
omuralide, Sal A, and Sal X4 against CPAF and the 20S proteasome respectively. IC50 
values for inhibitory activity against CPAF (blue) and the 20S proteasome (red) are 
given in nM and shown on a log scale. .................................................................................... 25	

Figure 8: New salinosporamide derivatives of interest. ........................................................ 26	

Figure 9: A new class of branched salinosporamide derivatives. ........................................ 27	

Figure 10: Derivatives of interest for which poor 20S proteasome activity has been 
reported. ....................................................................................................................................... 27	

Figure 11: Oxidized salinosporamide derivatives of interest. .............................................. 28	

Figure 12: Salinosporamide derivatives of interest. ............................................................... 31	



 

 

xi 

Figure 13: CPAF106-212 Shares a Permutation of the Common PDZ Fold from Canonical 
PDZ Domains from PSD95-PDZ3 and HtrA2. PDZ domains from PSD95-PDZ3 (Class I, 
PDB ID: 1TQ3) (A), HtrA2 (Class II, PDB ID: 1LCY) (B) and CPAF (PDB ID: 3DOR) (C) 
are depicted with common PDZ elements colored. The typical five-stranded beta sheet is 
shown in dark blue, and two alpha helices in dark purple. The ligand-binding pocket is 
formed by β2 and α2, β1 and α3, and β1 and α2 in PSD95-PDZ3, HtrA2 and CPAF 
respectively. A two-stranded beta sheet is conserved between HtrA2 and CPAF, shown 
in red. Elements not shared between the three domains are shown in gray. Domain 
maps for PSD95-PDZ3 (D), HtrA2 (E), and CPAF (F) show a common domain 
arrangement between the three PDZ domains that only differ in the connectivity of 
disordered loops. ......................................................................................................................... 81	

Figure 14: Sequence Alignment of CPAF106-212 Against Human PDZ Domains Involved in 
Epithelial Tight Junction Maintenance. Dlg (A) MPPx (B) MAGI1 and SCRIB (C) PDZ 
domains were aligned against CPAF106-212 using NCBI BLAST and Clustal Omega. The 
resulting annotations were performed with ESPript 3.0. Similar residues are depicted in 
blue/white while identically conserved residues are in yellow/blue. The canonical GLGF-
loop for PDZ domains is annotated by red stars. ................................................................... 87	

Figure 15: The CPAF Inhibitory Helix Makes Substantial Contact with the PDZ Domain 
in the Inactive Zymogen. (A) Domain organization of the CPAF zymogen (PDB ID: 
3DPN) [40] shows that the inhibitory helix (CPAFi) resides in the active site groove and 
contacts both the protease and PDZ domains. (B) CPAF106-212 (green) is makes multiple 
contacts with CPAFi (blue). (C) Rotation of the zymogen structure allows for shows 
contact between the PDZ domain and CPAFi. (D) PDZ domain residue Arg172 makes 
cation-π and van der Waals interactions with CPAFi residues Phe260 and Leu264 
respectively. (E) PDZ residue Ser176 forms hydrogen-bonding interactions with CPAFi 
residue His267. ............................................................................................................................... 92	

Figure 16: Changes in Protein Levels as a Function of Infection with CPAF+ Strain. 
Statistically significant proteins with p-values less than or equal to 0.5 in RST5 (CPAF+) 
infected cells as compared to uninfected cells were arranged into a heat map using G-
Pro X and grouped by relative protein intensities (A). PANTHER was used to sort these 
proteins by (A) biological process, (B) molecular function, and (C) cellular component. 
Proteins that showed no statistically significant fold change in RST5 (CPAF+) infected 
cells as compared to uninfected cells are shown in grey, the number of proteins that 
were up-regulated in RST5 (CPAF+) infected cells are shown in blue, and the number 
that were down-regulated are shown in red. ........................................................................ 107	



 

 

xii 

Figure 17: Up-Regulated and Down-Regulated Protein Levels as a Function of Infection 
with CPAF+ Strain. Proteins for which there was a statistically significant fold change 
present in RST5 (CPAF+) infected cells as compared to uninfected cells were sorted by 
(A) biological process, (B) molecular function, and (C) cellular component. The number 
of proteins that were up-regulated in RST5 (CPAF+) infected cells are shown in blue, and 
the number that were down-regulated are shown in red. .................................................. 109	

Figure 18: Protein Levels Across All Three Infection Conditions. Statistically significant 
proteins with ANOVA values less than or equal to 0.5 were arranged into a heat map 
using G-Pro X and grouped by relative protein intensities (A). PANTHER was used to 
sort these proteins by (A) biological process, (B) molecular function, and (C) cellular 
component. ................................................................................................................................. 111	

Figure 19: Protein Levels Change as a Function of CPAF. Statistically significant proteins 
with p-values less than or equal to 0.5 in RST5 (CPAF+) infected cells as compared to 
RST17 (CPAF−) infected cells were arranged into a heat map using G-Pro X and grouped 
by relative protein intensities (A). Panther was used to sort these proteins by (A) 
biological process, (B) molecular function, and (C) cellular component. Proteins that 
showed no statistically significant fold change in RST5 (CPAF+) infected cells as 
compared to RST17 (CPAF−) infected cells are shown in grey, the number of proteins 
that were up-regulated in RST5 (CPAF+) infected cells are shown in blue, and the 
number that were down-regulated are shown in red. ......................................................... 113	

Figure 20: Peptide Data Arranged Into a Volcano Plot. Statistically significant peptides 
with p-values less than or equal to 0.5 in RST5 (CPAF+) infected cells as compared to 
RST17 (CPAF−) infected cells are plotted above the dotted line. Peptides corresponding 
to the yeast standard are shown in black. Peptides that showed no statistically 
significant fold change in RST5 (CPAF+) infected cells as compared to RST17 (CPAF−) 
infected cells are shown in grey, the number of peptides that were up regulated in RST5 
(CPAF+) infected cells are shown in blue, and the number that were down regulated are 
shown in red. ............................................................................................................................. 117	

 

 



 

 

xiii 

List of Schemes 
Scheme 1: Acylation of Ser491 of CPAF active site by omuralide. The β-lactone-γ-lactam 
bicyclic core of omuralide (shown in blue) may be essential for covalent inhibition of the 
enzyme. ......................................................................................................................................... 17	

Scheme 2: Acylation of Thr1 of 20S proteasome active site by Sal A. The β-lactone-γ-
lactam bicyclic core of Sal A is shown in blue. ....................................................................... 22	

Scheme 3: Keto derivatives accessible from Sal A and Sal X4. ............................................. 30	

Scheme 4: Retrosynthetic analysis of divergent synthesis adapted from Romo. .............. 33	

Scheme 5: Retrosynthetic analysis of divergent synthesis adapted from Fukuyama. ...... 34	

Scheme 6: Proposed divergent synthesis adapted from Romo. ........................................... 35	

Scheme 7: Preparation of materials for use in linear synthesis. ........................................... 36	

Scheme 8: Synthesis of pyrrolidine intermediate. .................................................................. 37	

Scheme 9: Synthesis of desired late-stage intermediate. ....................................................... 40	

Scheme 10: Proposed divergent synthesis from a late stage aldehyde intermediate. ....... 41	

Scheme 11: Grignard addition results in retro-aldol cleavage product. ............................. 42	

Scheme 12: Cbz protection of lactam. ....................................................................................... 44	

Scheme 13: Addition of aryl zincate in the presence of LiCl. ............................................... 47	

Scheme 14: Yamaguchi esterification of alcohol 19b. ............................................................. 48	

Scheme 15: Addition of zincate to yield Sal A precursor. ..................................................... 50	

Scheme 16: Addition of zincate to yield branched salinosporamide precursor. ............... 51	

Scheme 17: Deprotection and ring opening of branched derivative. .................................. 52	

Scheme 18: Initial attempt at divergent transformations. ..................................................... 53	

Scheme 19: Proposed method for final set of transformations. ............................................ 53	



 

 

xiv 

List of Abbreviations 

Å angstrom 

13C NMR  carbon 13 nuclear magnetic resonance 

1H NMR  proton nuclear magnetic resonance 

Bik BCL2 interacting killer 

Bim BCL2-like protein 11 

Bn benzyl 

Boc tert-Butyloxycarbonyl 

BOPCl Bis(2-oxo-3-oxazolidinyl)phosphinic chloride 

br s broad singlet 

BRSM  based upon recovered starting material 

Cbz Carboxybenzyl 

CD1d Cluster of differentiation 1 protein d 

CPAF Chlamydia protease-like activity factor 

d  doublet 

DCC  dicyclohexylcarbodiimide 

DMAP  4-(N,N-dimethylamino)-pyridine 

DMP Dess-Martin Periodinane 



 

 

xv 

DMSO Dimethylsulfoxide 

DNA  Deoxyribonucleic acid 

EBs Elementary bodies 

EDCI 1-[3-(dimethylamino)propyl]-3-ethylcarbodiimide hydrochloride 

EtOAc Ethyl acetate 

EtOH Ethanol 

HMGB1 High mobility group box 1 protein 

HMPA Hexamethylphosphoramide 

HRMS  high-resolution mass spectrometry 

IC50  inhibitory concentration 50% 

LAP1 Lamina-associated polypeptide 1 

LiHMDS Lithium bis(trimethylsilyl)amide 

m multiplet 

NFkB p65 Nuclear factor kappa B subunit p65 

NMR  nuclear magnetic resonance 

Pep2 Peptide inhibitor of CPAF 

PMB 4-Methoxybenzyl ether 

PUMA p53 upregulated modulator of apoptosis 

RBs Reticulate bodies 



 

 

xvi 

RFX1 Regulatory factor X1 

RNA Ribonucleic acid 

s  singlet 

Sal A Salinosporamide A 

Sal X4 Salinosporamide X4 

SAR Structure and activity relationship 

TFA  trifluoroacetic acid 

THF  tetrahydrofuran 

TLC  thin layer chromatography 

TMS trimethylsilyl 

Troc 2,2,2-Trichlorethoxycarbonyl chloride 

USF1 Upstream transcription factor 1 

δ  chemical shift (ppm) 



 

 

xvii 

Acknowledgements 
I would like to thank my advisor, Professor Dewey McCafferty, for his 

mentorship over the past five years. I have learned and grown so much during my time 

at Duke, and it has truly been a pleasure and an honor to have the opportunity to learn 

from Professor McCafferty. I would also like to thank my committee members, Professor 

Qiu Wang, Professor Katherine Franz, and Professor Raphael Valdivia for their 

invaluable feedback and support. 

I would like to thank the Valdivia lab members for their continued collaboration, 

insight, and resources; Dr. George Dubay for his assistance in mass spectrometry issues; 

the Duke NMR Facility for NMR support; Dr. David Gooden for his synthetic input; and 

the Duke Proteomics Core Facility for their collaboration and services. I am also 

sincerely appreciative of the McCafferty lab members for their collaboration, insight, 

and incredible support and friendship. 

I’d also like to thank my other academic mentors who have continued to show 

unwavering support over the course of my academic career: Professor George Shields, 

Professor Ian Rosenstein, Professor Nicole Snyder, Professor Karen Brewer, and 

Professor Alvin Crumbliss. Additionally, to all of my friends and family, especially my 

parents and my brother, I simply could not have done this without you.



 

 1 

1. Introduction 
There is no uncertainty that infectious diseases caused by pathogenic bacteria are 

a major global health concern. Over the past century, extensive research has led to the 

development and implementation of effective antibiotics that have allowed us to 

overcome many of the epidemic threats posed by bacterial infections. In the process, we 

have learned much about how pathogenic bacteria operate, which has inspired more 

extensive research and the development of more diverse antibacterial therapeutics. 

However, time and experience have revealed that we are continuously at an arms race 

against antibacterial resistance and persistence, in desperate need of vaccines, and that 

we still know very little regarding the intricacies of bacterial pathogenesis. 

Obligate intracellular bacteria such as Chlamydia, Anaplasma, Ehrlichia, and 

Rickettsia pose a significant public health threat, as infections with these types of 

pathogens result in morbidity and mortality worldwide. However, the complexity of 

their lifecycle and intricate infection biology has made understanding the molecular 

underpinnings of the pathogenesis of obligate intracellular bacteria particularly 

challenging, thus impeding the development of comprehensive therapeutics for 

infections [1]. It follows that a number of research efforts have been geared towards 

understanding obligate intracellular infection biology in the interest of revealing novel 

therapeutic targets. 
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These bacteria are thought to have emerged from ancestral non-pathogens via 

pathoadaptive evolution involving substantial genome reduction, resulting in bacteria 

that resemble consummate parasites in that they rely on eukaryotic host cells for growth. 

In the place of a complex genome, these bacteria have evolved intricate mechanisms that 

allow them to sequester host cell resources and co-opt host cell processes to allow for 

bacterial cell growth and proliferation [2]. This dependence on host cells complicates 

several steps in genetic transformation, severely limiting the tools available to 

understand the pathogenesis of obligate intracellular bacteria. 

Regardless, extensive efforts have been made to acquire the limited knowledge 

we have of the mechanisms associated with intracellular parasitism and animal 

pathogenesis. Genome sequencing studies have revealed a number of genes encoding 

potential virulence factors, while heterologous expression in surrogate hosts has allowed 

for preliminary exploration of gene function and regulation [1]. However, the historic 

lack of site-specific gene inactivation and complementation methods have severely 

limited the studies done to date, making the validation of virulence factors incredibly 

difficult, let alone understanding the mechanisms by which they operate. 

Though the barriers to genetic manipulation of obligate intracellular bacteria 

remain significant, a number of major advances have occurred over the past 15 years. 

Several of these bacteria have been successfully transformed, and the research 

community is slowly establishing a foundation for overcoming the aforementioned 
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challenges [1]. That being said, many of the available methods are still rudimentary, and 

the generation of mutant strains remains a strenuous process that does not lend itself to 

high-throughput studies. Furthermore, due in part to the fact that the pathogenic 

mechanisms of obligate intracellular bacteria are intricately intertwined with host cell 

processes, genetic manipulation alone is often not sufficient to establish the molecular 

mechanisms by which the bacteria operate. 

One of the integral ways in which obligate intracellular bacteria are able to 

modulate host cell processes is through the secretion of host-interactive effector proteins. 

More specifically, obligate intracellular bacteria have evolved mechanisms that allow for 

host cell invasion, suppression of host immunity, and sequestration of host resources [3]. 

A number of research efforts have been made to tease apart the roles of these bacterial 

effectors, particularly effectors that impact cytoskeleton dynamics and host vesicular 

trafficking to allow for bacterial uptake, survival, and proliferation [4, 5]. Furthermore, 

known bacterial effectors have been shown to mimic or hijack host targets by a variety of 

different mechanisms [5], including the use of PDZ domains or PDZ-binding motifs [6]. 

As investigating the infection biology of obligate intracellular pathogens is made 

complicated by their complex lifecycle, the targets and functions of these bacterial 

effector proteins remain largely unsolved. A number of different research approaches 

have helped to identify potential effectors as well as potential functions, and in some 

cases validation of these effectors as virulence factors has been possible. However, the 



 

 4 

limitations of current methods available to understand obligate intracellular infection 

biology beg the need for the development of novel approaches. In particular, there is 

currently a need for chemical biology tools that can be used to probe the function of 

effector proteins in obligate intracellular pathogens. 

Such tools could be used in conjunction with the currently available methods to 

elucidate complex infection mechanisms employed by obligate intracellular bacteria. 

Additionally, implementation of these tools would allow for further validation of 

important effector proteins and/or virulence factors as potential targets for the 

development of co-therapies, comprehensive therapies, and vaccines. This approach is 

particularly appealing given that much of the research community has turned away 

from targeting bacterial viability in the development of new therapeutics, in hopes that 

we might gain momentum in the current battle against rapid antibiotic resistance [7].  

In fact, targeting virulence as a way to combat bacterial pathogenesis is an idea 

that has gained quite a bit of traction in the literature within the past decade or so [7-10]. 

There are a number of potential advantages of this approach, including an increased 

repertoire of pharmacological targets as well as the generation of antimicrobials with 

new mechanisms of action [7]. Additionally, targeting virulence instead of bacterial 

viability may reduce the development of resistance due to decreased selective pressure 

on the bacteria [11]. Implementation of co-therapies as well as polypharmacological 
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approaches to drug design have also received attention as appealing alternatives to 

mono-therapies that target bacterial viability [12].  

 

1.1 Chlamydia trachomatis is a Leading Bacterial Pathogen 

Of the known obligate intracellular pathogens, Chlamydia trachomatis has 

received a lot of attention in the literature as it is one of the leading bacterial pathogens 

infecting over 100 million people worldwide annually [13]. Four million people in the 

US alone are affected each year despite the aggressive implementation of antibiotic 

treatment regimens and public health awareness campaigns [14]. C. trachomatis 

infections inflict a broad range of pathogenic outcomes dictated by fifteen different 

serovars, each affecting various mucous membranes in the body. C. trachomatis invades 

epithelial tissues including those in the eyes and reproductive tract, where it affects the 

single outer layer of columnar cells.  

Currently, azithromycin and doxycycline are the antibiotics of choice to combat 

chlamydial infections. However, because infections are asymptomatic in nearly 70 

percent of cases, patients frequently fail to seek treatment [15, 16]. As a result, secondary 

maladies such as scarring, ectopic pregnancy, infertility, and blindness are frequently 

associated with chronic and recurring infection [17]. Based on a high transmission rate 

and antibiotic resistance and persistence, C. trachomatis stands to pose a significant 
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public health threat in the near future, similar to that currently posed by the recent 

emergence of multidrug-resistant Neisseria gonorrhea. 

As is the case with most obligate intracellular bacteria, development of 

comprehensive anti-chlamydial therapeutics or vaccines is hindered by the complex 

lifecycle of the pathogen. More specifically, C. trachomatis has a biphasic developmental 

cycle, in which infectious elementary bodies (EBs) invade host cells. From there, the 

resulting endosomal compartment evades lysosomal degradation pathways and forms 

an intracellular parasitophorous vacuole termed an inclusion. From within this 

inclusion, C. trachomatis is effectively cloaked and protected from host immunological 

defenses. Chlamydial EBs differentiate into metabolically active reticulate bodies (RBs) 

that undergo replication and initiate protein synthesis [18]. During infection, C. 

trachomatis secretes effectors into the host cytoplasm that perform numerous functions to 

maintain the infected cell in a state where the immune defenses are dampened, cell 

viability is enhanced, and pro-apoptotic signaling is inhibited [19-22]. The RBs transition 

back into EBs during late stages of infection and ultimately, the pathogen induces cell 

lysis or extrusion to initiate new infection cycles in neighboring cells (Figure 1). 
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Figure 1: Chlamydia trachomatis is an obligate intracellular pathogen with a biphasic 
lifecycle. 

 

Understanding the intricate dynamics between the bacteria and the host in this 

case has been made difficult by the fact that C. trachomatis has historically been 

refractory to genetic manipulation. There have recently been a number of advances that 

have allowed for modification of the genome of Chlamydia, quite notably the 

development of a stable transformation system with recombinant DNA [23]. However, 

the process of DNA transformation remains inefficient, delivering DNA to RBs is still 

technically challenging, and restrictions on the use of antibiotics as selectable markers 

remains to be a limitation [24]. Despite these limitations, the research community has 

and continues to make progress in understanding chlamydial cellular microbiology. 
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More specifically, there has been a focus on how the bacteria interact with their hosts, 

and thus the identification and characterization of host-interactive effector proteins that 

allow for host cell invasion and co-option [19, 21]. 

 

1.2 The Role of Chlamydial Effectors in Pathogenesis 

Chlamydial effector proteins are translocated into the host cell cytoplasm and 

dynamically remodel the inclusion, interfere with host cell apoptosis, dampen immune 

responses, and inflammation, as well as abrogate or co-opt signal transduction 

pathways. To date, an extensive list of candidate effector proteins have been identified 

via various experimental methods including bioinformatics approaches [25], surrogate 

secretion systems [26, 27], and microscopic localization studies [28]. Additionally, a 

number of potential effectors have been visualized in the host cell cytosol of Chlamydia 

infected cells, implicating that they may play a lead role in dictating pathogen-host 

interactions [29]. 

However many of these effectors are poorly characterized due to the limitations 

of current research methods, making establishment of Molecular Koch’s postulates [30] 

for any given effector difficult at best [19, 21]. Regardless, the research progress made 

thus far has certainly expanded our understanding and established a foundation for 

further investigation of these effectors, and in the process revealed that Chlamydia-host 

interactions are incredibly complex. The intricacy of these interactions underscores the 
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need for novel research approaches that can be used to tease them apart in an effort to 

better understand chlamydial pathogenesis. 

In designing research approaches and chemical biology tools that can be used to 

probe chlamydial effector functions, there are a few important considerations that have 

become apparent. One is that effectors are synthesized and translocated into the host 

temporally in order to modulate cellular functions at different stages of infection [19]. 

Additionally, it appears that one of the ways in which Chlamydia compensate for a 

sparse genome is by generating modular or flexible proteins that can carry out a number 

of different processes [31-33]. Finally, there are biovar-specific and species-specific 

differences in the way the bacteria interact with host cells, so not all effector functions 

will translate from one species or biovar to the next [19]. 

 

1.3 Chlamydial Protease-like Activity Factor (CPAF) 

Of the known chlamydial effectors, the serine protease chlamydial protease-like 

activity factor (CPAF) has received an incredible amount of attention in the literature. 

CPAF quickly captured the attention of the chlamydial research community, as it 

initially appeared to be a cornerstone of chlamydial virulence for its presumed role in 

the degradation of host transcription factors and its high conservation across chlamydial 

strains [34]. Additional studies revealed a number of potential substrates and roles for 

CPAF, strongly implicating the enzyme as a virulence factor in chlamydial pathogenesis 
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[35]. A number of studies were published reporting that CPAF was shown to either 

cleave or degrade quite a few host proteins involved in a range of host cell functions 

ranging from immune functions (RFX4, USF1, NFκB p65, HMBG1, and CD1d) and 

apoptosis (Puma, Bik, and Bim) to cell structure (keratin-8, karatin-18, and vimentin), 

among others [29]. However, recent studies have revealed that some of the previously 

accepted CPAF targets and functions may have been no more than artifacts of the 

experimental methods used, calling into question the role CPAF plays in chlamydial 

pathogenesis [29, 36]. 

This controversy has since inspired an impressive effort by the research 

community to validate and understand the role this effector plays in chlamydial 

pathogenesis. Furthermore, the research techniques available to study CPAF have 

received a lot of scrutiny, as current methods appear to be susceptible to artifactual 

proteolysis. This makes it difficult to conclusively distinguish intracellular proteolysis 

from in vitro proteolysis, and could also potentially affect analysis of host and 

chlamydial proteins from Chlamydia-infected cells. Thus, there has been a tremendous 

focus on developing new strategies that would allow for more robust characterization of 

CPAF substrates and functions in infected cells [37]. 
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1.3.1 Evidence in support of CPAF as a virulence factor 

Initial studies conducted by the Valdivia and McCafferty labs at Duke University 

strongly support the hypothesis that CPAF may be a critical virulence factor for 

Chlamydia, and thus an important antimicrobial target. More specifically, these studies 

implicated that CPAF is likely essential for the maintenance of the structural integrity of 

the inclusion, for bacterial replication and for evasion of caspase-1-dependent cell death 

in epithelial cells. This hypothesis is further supported by the fact that inhibition of 

CPAF leads to inclusion destabilization, a decrease in RB replication, and ultimately 

induction of caspase-1-dependent cell death [38]. 

These findings were facilitated by the development of a robust activity assay for 

CPAF from C. trachomatis [39], as well as the rational design of a novel peptide inhibitor 

for CPAF, Pep2, which is based on an inhibitory sequence of the CPAF zymogen that is 

auto-catalytically cleaved upon activation (Figure 2) [38, 39]. Furthermore, these studies 

validated Pep2 as an inhibitor of CPAF with an IC50 of 50 ± 7 nM, which is still the most 

potent CPAF inhibitor reported in the literature to date. CPAF is not susceptible to 

traditional proteasome inhibitors, and the only previously documented inhibitor of 

CPAF is lactacystin/omuralide, a known 20S proteasome inhibitor that inhibits CPAF at 

an IC50 of 10.2 ± 2.3 µM. 
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Figure 2: An Anti-CPAF Peptide, Pep2 is a More Effective Inhibitor than Lactacystin, 
the Only Previously Documented CPAF Inhibitor. The anti-CPAF peptide, Pep2, was 

designed based on the sequence of the CPAF inhibitory sequence that is auto-
catalytically cleaved during activation of the zymogen. The addition of a poly-arginine 

tail improved cell permeability without sacrificing inhibitory activity. 

 

Both Pep2 and lactacystin/omuralide have been useful tools for preliminary 

studies of CPAF [38, 39]. However, the utility of these compounds in the context of 

CPAF and Chlamydia has essentially been exhausted. Both Pep2 and 

lactacystin/omuralide have limited use as chemical biology tools for the study of CPAF 

and chlamydial pathogenesis, and neither of these compounds are ideal therapeutic 

candidates. Pep2 is inherently problematic due to potential for degradation by proteases. 

Coupled with the fact that there is a rising controversy about potential off-target effects 
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of Pep2 [36], results from in vivo studies are considered suggestive, but not conclusive. 

While lactacystin/omuralide does not have these particular limitations, it is not specific 

for CPAF as it is actually a more potent 20S proteasome inhibitor (IC50 = 49 nM) [40-42]. 

Since 20S proteasome is essential for human cell functions and is also a target for anti-

cancer treatments [43], an inhibitor that has any 20S proteasome activity at all is not an 

acceptable candidate for anti-chlamydial therapeutics. Additionally, 

lactacystin/omuralide is also not a very potent inhibitor of CPAF (IC50 = 10.2 ± 2.3 µM) 

[39], and thus not an effective chemical biology tool for research beyond initial inhibition 

studies. 

 

1.3.2 Re-examining methods used to elucidate CPAF substrates and 
functions 

 The recent publications that have revealed limitations of methods used to 

elucidate CPAF substrates and functions have inspired the research community to re-

examine prior studies. Though it has become apparent that more carefully designed 

methods are required for validation of CPAF substrates and functions, we can still gain 

insight from previous work by considering the now known limitations of the methods 

utilized at the time. There are a number of examples that could be drawn upon, but of 

particular interest is the proposed CPAF substrate NFκB p65, which was initially shown 

to be degraded by CPAF during infection [44, 45]. This finding was called into question 
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when Tan and Sutterlin reported that cleavage of a number of CPAF substrates, 

including NF-κB p65, were not proteolyzed if CPAF is inhibited during cell processing 

[36].  

Though this painted many previously accepted CPAF substrates as mere artifacts 

of experimentation, recent developments in chemical biology tools have allowed for 

further investigation. One of the biggest strides made in CPAF research was the recent 

production of a CPAF− mutant strain of C. trachomatis as well as an isogenic CPAF+ 

strain by the Valdivia lab [24, 46]. This strain has already been utilized in a number of 

studies, allowing for significant progress to be made in our understanding of CPAF-

related chlamydial biology [47]. In particular, a proteomics study conducted with these 

strains recently indicated that the CPAF cooperates with chlamydial type III secreted 

effectors in inhibiting NF-κB p65 translocation, thus suppressing host innate immunity 

[48]. Though there was no evidence of direct cleavage of NF-κB p65, this study verified 

that CPAF does indirect block nuclear translocation. 

Additionally, vimentin is another substrate that was initially shown to be 

partially cleaved by CPAF, and potentially sequestered in a CPAF-dependent manner to 

build a vimentin cage surrounding the intracellular vacuole [39]. However, when cells 

were processed under more stringent conditions, no cleavage of vimentin was detected, 

calling into question the authenticity of vimentin as a CPAF substrate [36]. Once again, 

utilization of the CPAF− strain allowed for verification of vimentin as a CPAF substrate 
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at late stages of infection, and additionally allowed for the identification of a new CPAF 

substrate, lamina-associated polypeptide 1 (LAP1) [46]. 

It is difficult to draw conclusions one way or another at this point in time, but it 

seems possible that even the CPAF substrates that have been flagged as artifacts may 

still provide insight into more intricate and cooperative CPAF functions, as was the case 

with NFκB p65. Alternatively, given that CPAF function seems to be both temporal and 

cooperative, it is possible that seemingly artefactual substrates are in fact authentic, as 

was the case with vimentin, and that more extensive analysis is required for validation 

one way or another. In either case, the extensive amount of research done to elucidate 

CPAF substrates and functions thus far serves as a strong basis for future studies. Each 

piece of evidence, considering the limitations of the available methods, serves as a piece 

to a very intricate puzzle. 

 

1.4 Approaches to Validating the Role of CPAF in Chlamydial 
Pathogenesis 

In the light of recent controversy, there is no doubt that more carefully designed 

methods are required for validation of CPAF substrates and functions moving forward. 

The addition of new chemical biology tools, such as methods for genetic manipulation of 

the bacteria, has allowed for great strides to be made that have greatly improved our 

understanding of CPAF-mediated chlamydial pathogenesis. Though it has become 
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increasingly apparent that CPAF is an important effector that is intricately involved in a 

number of processes during infection, we are still in need of comprehensive methods 

that would allow for validation and characterization of its authentic substrates and 

functions. 

Given the aforementioned intricacies of chlamydial biology, we have chosen to 

use a multi-faceted approach to probe the function of CPAF in infected cells. We 

hypothesize that robust and selective CPAF inhibitors can be designed and utilized as 

chemical biology tools that can be used in conjunction with other methods. Here we 

report efforts toward the design, synthesis, and evaluation of small molecules as probes 

for CPAF. Combined with the utilization of bioinformatics and proteomics techniques, 

we have made progress towards investigating the role of CPAF and potentially other 

chlamydial effector enzymes in pathogenesis. 
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2. Repurposing Salinosporamide Proteasome Inhibitors 
as CPAF Inhibitors 

CPAF is a unique serine protease in that it is not susceptible to typical serine 

protease inhibitors. Of the two known inhibitors, Pep2 and lactacystin, the scaffold of 

the latter lends itself to directed modifications that could be utilized to optimize 

specificity for CPAF. Co-crystallization of CPAF with omuralide (the active form of 

lactacystin) suggests that omuralide covalently inhibits CPAF, specifically via acylation 

of the Ser491 residue in the Ser491-His97-Glu550 catalytic triad of the enzyme (Scheme 

1) [40]. Using an in vitro CPAF assay developed by our group, omuralide was shown to 

inhibit CPAF with micromolar affinity (IC50 = 10.2 ± 2.3 µM) [39]. 

 

Scheme 1: Acylation of Ser491 of CPAF active site by omuralide. The β-lactone-γ-
lactam bicyclic core of omuralide (shown in blue) may be essential for covalent 

inhibition of the enzyme. 

 

 

Though omuralide is not a potent inhibitor of CPAF, the proposed mechanism 

suggests that the β-lactone-γ-lactam bicyclic core of omuralide may be essential for 

covalent inhibition of the enzyme. Furthermore, recent studies suggest that the 
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stereochemistry of the core structure could be important for optimizing selectivity. In 

particular, Buller and Townsend [42] report that all proteases that utilize an acyl-enzyme 

mechanism naturally divide into two classes, dictated by which face of the peptide bond 

(the re-face or the si-face) is attacked during catalysis. It is suggested that this 

information can be used to design enzyme inhibitors with improved specificity, as 

incorporation of moieties that occlude attack from once face will result in molecules with 

an inhibition profile restricted to enzymes that attack the accessible face during catalysis 

[42]. 

In the case of omuralide, Buller and Townsend suggest that the γ-lactam blocks 

the re-face of the β-lactone, making it an inhibitor of si-face attacking enzymes only 

(Figure 3). This is reinforced by the fact that omuralide is known to inhibit si-face 

attacking enzymes, including the Ntn enzyme PβS of the 20S proteasome [49] and CPAF 

[40]. Thus, the bicyclic core of omuralide may additionally serve as a negative design 

parameter by restricting the inhibition profile to si-face attacking enzymes. 

 

 

Figure 3: Re-face of omuralide β-lactone is blocked by fused γ-lactam moiety. 
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Though omuralide possesses a scaffold that appears to be important for the 

selective inhibition of CPAF, it is neither potent nor specific for the enzyme as it also 

inhibits the 20S proteasome. However, it was hypothesized that variation of the 

substituents on the β-lactone-γ-lactam core may impact potency and selectivity, which 

led to the investigation of other salinosporamides as potential CPAF inhibitors. Given 

the ability of salinosporamide molecules such as omuralide to inhibit the 20S 

proteasome, a promising target for anti-cancer therapeutics, they have received quite a 

bit of attention in the literature and a number of derivatives have been made and tested 

for 20S proteasome activity to date [43]. 

We hypothesized that we could utilize this information to design 

salinosporamide derivatives that would be specific for CPAF over the 20S proteasome. 

In order to do so, we would first need to validate that variation of the substituents on the 

bicyclic core would be tolerated by CPAF. Additionally, we would need to determine 

the characteristics of a potent 20S proteasome inhibitor versus a poor 20S proteasome 

inhibitor. In doing so, we could potentially repurpose ineffective 20S proteasome 

inhibitors as CPAF inhibitors. 
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2.1 Preliminary Data Indicates that Salinosporamides May 
Effectively Inhibit CPAF 

Given the limited accessibility of salinosporamides, we initially chose one 

molecule to obtain preliminary data to validate the aforementioned hypotheses. 

Salinosporamide A (Sal A, MarizomibTM, or NPI-0052), a 20S proteasome inhibitor that 

has recently been examined as a treatment for several cancers [43], served as a good 

initial candidate as it is structurally similar to omuralide, varying only in the C2 and C5 

substituents (Figure 4), and was accessible in sufficient quantities to conduct the 

inhibition assay. 

 

 

Figure 4: Omuralide and Sal A share a β-lactone-γ-lactam bicyclic core, with 
variations of the substituents at the C2 and C5 positions (shown in blue and red 

respectively). 

 

Using a robust activity assay developed by our lab [39], Sal A was shown to 

inhibit CPAF with an IC50 of 2 µM1, just slightly more potent than omuralide. These 

findings confirm that the salinosporamide core is an effective scaffold for inhibition of 

                                                        

1Dr. Maria Bednar, McCafferty Lab, unpublished data: a small sample of Sal A was donated to the 
McCafferty lab by Dr. Bradley Moore (UCSD) for these preliminary inhibition studies. 
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CPAF, and that variation at the C2 and C5 positions are definitely tolerated. However, 

omuralide and Sal A are much more potent 20S proteasome inhibitors with IC50 values 

of 49 nM and 8 nM respectively. We do observe a general trend in that omuralide and 

Sal A are 208-fold and 250-fold more efficient at inhibiting the 20S proteasome than 

CPAF. Furthermore, Sal A is roughly 5-fold more potent than omuralide against both 

enzymes (Figure 5) [39, 43]. 

 

 

Figure 5: Inhibitory activities of omuralide and Sal A against CPAF and the 20S 
proteasome respectively. Inhibitory activities of omuralide and Sal A against CPAF and 
the 20S proteasome respectively. IC50 values for inhibitory activity against CPAF (blue) 

and the 20S proteasome (red) are given in nM and shown on a log scale. 

 

This trend inspired us to further investigate what makes Sal A a more potent 

inhibitor of both enzymes. The mechanism by which Sal A inhibits the 20S proteasome is 

similar to the proposed mechanism of inhibition of CPAF with omuralide in that it 
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involves acylation of the enzyme via the core β-lactone-γ-lactam scaffold (Scheme 2). 

However, an additional cyclization event occurs post acylation between the newly freed 

alcohol and the C2 chloro-ethyl substituent of Sal A, resulting in an irreversible binding 

event [41]. 

 

Scheme 2: Acylation of Thr1 of 20S proteasome active site by Sal A. The β-lactone-γ-
lactam bicyclic core of Sal A is shown in blue. 

 

 

The C2 substituent of omuralide is a methyl group as opposed to the chloro-ethyl 

group found in Sal A, explaining in part why omuralide is not as potent of a 20 S 

proteasome inhibitor. As there is currently no crystal structure of CPAF with Sal A, 

insufficient structural and mechanistic information is available at this point in time to 

definitively conclude the role the C2 substituent plays in inhibition of CPAF. However, 

it seems plausible that Sal A is a more potent inhibitor of CPAF also due in part to the 

presence of the chloro-ethyl substituent at C2, which would allow for an additional 

cyclization event and thus irreversible binding. 
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Examination of the crystal structure of Sal A in the 20S proteasome reveals that 

the cyclohexene moiety located at C5 fits into the binding pocket of the active site 

optimally [41] (Figure 6A). Combined with the aforementioned advantages of the 

chloro-ethyl C2 substituent, this explains why Sal A is a more effective 20S proteasome 

inhibitor than omuralide. 

 

 

Figure 6: A) Sal A in 20S proteasome active site. B) Omuralide in CPAF active site. 
Hydrophobic residues shown in gold. 

 

In order to determine how the C5 substituent might impact inhibitory activity 

against CPAF, the crystal structure of omuralide in the CPAF active site was examined 

[40]. The C5 substituent of omuralide is only loosely surrounded by the CPAF active site 

(Figure 6B), which consists of a large hydrophobic pocket lined by a number of aromatic 

and aliphatic side chains [40]. This is much different than the active site of the 20S 
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proteasome, which optimally surrounds the C5 cyclohexenyl moiety of Sal A. We 

hypothesized that these differences between the active sites could be exploited for the 

purposes of designing inhibitors that would be selective for CPAF over the 20S 

proteasome. Furthermore, the C5 substituent could be designed to optimally fill the 

active site pocket of CPAF using SAR studies and possibly modeling or docking studies, 

potentially resulting in inhibitors that are both selective and potent. 

This hypothesis is reinforced by preliminary SAR studies of omuralide and Sal A 

that suggest an increase in steric bulk and/or incorporation of aryl substituents at the C5 

position results in loss of 20S proteasome inhibition [43, 50].  This rationale is further 

supported by data obtained from inhibition studies of CPAF using salinosporamide X4 

(Sal X4), a C5-phenyl derivative of Sal A (Figure 7). Sal X4, a much less potent 

proteasome inhibitor (IC50 = 1.0 ± 0.4 µM) [43], was shown to inhibit CPAF on a 

nanomolar scale (IC50 = 60 nM).2 This makes Sal X4 the most potent and most selective 

small molecule inhibitor of CPAF to date, as it is 430-fold less potent against the 20S 

proteasome than Sal A. 

 

                                                        

2Dr. Maria Bednar, McCafferty Lab, unpublished data: a small sample of Sal X4 was donated to the 
McCafferty lab by Dr. Bradley Moore (UCSD) for these preliminary inhibition studies. 
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Figure 7: An increase in steric bulk at the C5 position of salinosporamides 
results in a switch in selectivity for CPAF over the 20S proteasome. Inhibitory 
activities of omuralide, Sal A, and Sal X4 against CPAF and the 20S proteasome 
respectively. IC50 values for inhibitory activity against CPAF (blue) and the 20S 

proteasome (red) are given in nM and shown on a log scale. 

 

These preliminary results reinforce the hypothesis that the C5 substituent can be 

tailored in order to increase affinity for CPAF as well as dramatically improve selectivity 

for CPAF over the 20S proteasome. We suggest that this approach can be utilized to 

design a CPAF inhibitor that is even more potent, and completely selective for CPAF. 

Given the limited accessibility of salinosporamides, we made a number of 

considerations in choosing which derivatives to pursue. 
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2.2 Rational Design of Salinosporamide Derivatives as CPAF-
Specific Inhibitors 

We had initially approached the selection of derivatives to test for inhibitory 

activity against CPAF as follows. Given the aforementioned SAR studies, we generally 

wanted to incorporate aryl or bulky substituents that may better fill the active site 

volume in CPAF that immediately surrounds the C5 substituent. We imagined creating 

derivatives such as Sal Napthyl-X4, Sal Ipr2, and Sal Cy2 (Figure 8). 

 

 

Figure 8: New salinosporamide derivatives of interest. 

 

Additionally, we hypothesized that the CPAF active site may accommodate even 

bulkier substituents, such as branched aryl-alkenes like the Sal Branch-X4 derivative 

shown in Figure 9, as well as other similar branched structures. These derivatives have 

not yet been reported in the literature; however, based on the preliminary data, they 

were designed as a way to further probe the effect of aryl and/or sterically bulky 

substituents incorporated into the C5 position, while hopefully dramatically reducing or 

eliminating inhibitory activity against the 20S proteasome. 
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Figure 9: A new class of branched salinosporamide derivatives. 

 

Additionally, as we were only gifted small amount of Sal X4 to carry through 

initial inhibition assays, we wished to gain access to more for use in further studies. 

Other derivatives of interest were drawn from the literature based on two criteria: poor 

proteasome inhibitory activity, and the incorporation of an aromatic or sterically bulky 

substituent at the C5-position. Sal X4 (20S proteasome IC50 = 1000 ± 400 nM) [51], Sal 

DiMe-X4 (20S proteasome IC50 > 99,000 nM; inactive) [51], and Sal X5 (20S proteasome 

IC50 = 245 ± 38 nM) [52] were all selected based on these criteria (Figure 10). 

 

 

Figure 10: Derivatives of interest for which poor 20S proteasome activity has been 
reported. 

 

Additionally, it has been reported that the stereochemistry of the alcohol 

positioned at C5 in Sal A is important for inhibition of the 20S proteasome [43]. Of 

particular interest is the fact that oxidation of the alcohol at C5 in Sal A results in a Keto 
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Sal A derivative that is much less effective at inhibiting the 20S proteasome (Figure 11) 

[50]. It is unknown whether or not such a modification would also result in loss of 

activity against CPAF, so we imagine utilizing the reported Keto Sal A derivative as well 

as a novel Keto Sal X4 derivative to gather preliminary SAR data related to this 

particular modification. 

 

 

Figure 11: Oxidized salinosporamide derivatives of interest. 

 

 We are confident that the above derivatives will serve as a sufficient basis to 

gather SAR information, which will lay the foundation for further optimization of 

derivatives if required. The derivatives chosen from the literature have been reported as 

accessible via synthetic methods and/or fermentation methods in combination with 

semi-syntheses where necessary [43]. Finally, we imagine the proposed novel 

derivatives can be accessed by adapting synthetic and/or semi-synthetic methods 

established in the literature to produce C5 salinosporamide derivatives that are both 

potent and selective for CPAF over the 20S proteasome. 
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3. Synthesis and Semi-Synthesis of Salinosporamide 
Derivatives 

Samples of Sal A and Sal X4 that were donated to the McCafferty lab by Dr. Prof. 

Bradley Moore (UCSD) were completely exhausted by the aforementioned inhibition 

studies, and there are currently no sources by which we can acquire more of the 

compounds or intermediates via commercial sources or collaboration. Though 

compounds in this class are not typically commercially available, many are accessible 

primarily via fermentation and synthetic methods [43]. 

Successful methods for isolation of hundred milligram quantities of Sal A via 

fermentation of Salinispora tropica have been indicated in the literature [43]. Additionally, 

small quantities of Sal X4 and Sal X5 have reportedly been produced using mutagenesis 

methods with a mutant strain of S. tropica [52]. Though the mutant strain typically only 

yields small quantities (µg-mg/L), there is potential for optimization of methods to 

generate more material [53]. These methods would potentially provide not only Sal X4 

and Sal X5, but also late-stage intermediates that could be oxidized to provide Keto Sal 

A and Keto Sal X4 (Scheme 3). 
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Scheme 3: Keto derivatives accessible from Sal A and Sal X4. 

 

 

Though a number of synthetic routes have been published to gain access to Sal A 

[43], Sal X4 and Sal DiMe-X4 have also all been prepared synthetically [51]. Considering 

that we wish to access these derivatives as well as derivatives that have not yet been 

isolated (Figure 12), we chose to focus on adapting synthetic methods that would allow 

for late-stage incorporation of different C5 substituents. In doing so, we would establish 

a route that would allow for further modifications to be made based on SAR studies, 

and we would also gain access to the aforementioned keto derivatives in the case that 

sufficient material cannot be isolated via fermentation. 
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Figure 12: Salinosporamide derivatives of interest. 

 

3.1 Efforts Towards Fermentation and Semi-Synthetic Methods 

Efforts have been made towards generating Sal A via fermentation from the 

marine actomycete S. tropica according to methods reported in the literature [43]. The 

most successful strain was used (NPS021184), and a number of the most successful 

culturing methods attempted, ultimately allowing for observed growth of S. tropica but 

not isolation of Sal A.1 Furthermore, Dr. Ken Maksimchuk had attempted to repeat 

mutagenesis methods to generate Sal X4 from the mutant strain gifted to us by Dr. 

Bradley Moore, though we have not yet optimized the methods in our hands to produce 

successful growth of the strain. Regardless, the established methods set a good 

precedent for further optimization to obtain late-stage intermediates desired. 

 

                                                        

1Myself, Dr. Ken Maksimchuk, and Tri Nguyen in the McCafferty Lab have all attempted to repeat literature 
procedures on separate occasions, but Sal A has yet to be isolated from any cultures in our lab. 
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3.2 Adapting Established Synthetic Methods to Access Desired 
Derivatives 

We determined that the most efficient way of generating a diverse class of C5 

salinosporamide derivatives would be a divergent synthetic approach. Such methods 

would also serve as a means to generate different derivatives based on SAR information 

obtained from the initial compounds tested. Thus we sought to adapt established 

synthetic methods to access a late stage intermediate that could then be divergently 

derivatized to provide a variety salinosporamide derivatives by incorporating a range of 

C5 substituents. 

Since a number of synthetic routes have been published for the generation of Sal 

A and other derivatives [43], we selected methods that would satisfy the following 

criteria: 1) ideally the synthesis would be conducive to derivitization of the C5 position 

at a late step to facilitate efficient production of the desired analogues; 2) the products 

should be produced on a relatively large scale so that enough material can be made to 

characterize and evaluate in vitro and in vivo; 3) the synthesis should be as straight-

forward and concise as possible. Of the published methods, two syntheses in particular 

satisfied these criteria: a racemic synthesis reported by Romo [51] and an 

enantioselective synthesis reported by Fukuyama [54]. Thus, we began to pursue both 

synthetic strategies simultaneously. 

Romo’s synthesis of enantiopure Sal A, and racemic Sal X4 and Sal DiMe-X4 was 

an appealing route due to the potential for straightforward derivitization via late stage 
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Grignard alkylation (Scheme 4). Additionally, it is reported to yield gram quantities of 

material in relatively few steps. We hypothesized that the synthesis could be catered to 

our needs by varying the Grignard reagent and/or by utilizing an organozinc reagent 

that would allow for incorporation of different C5 substituents. We inferred that further 

oxidation of the C5-alcohol to the ketone would then provide the Keto Sal A and Keto 

Sal X4 derivatives, which would no longer be racemic due to the loss of the stereocenter 

at C5. 

 

Scheme 4: Retrosynthetic analysis of divergent synthesis adapted from Romo. 

 

 
Another potential route could be adapted from the enantioselective synthesis of 

Sal A published by the Fukuyama [54] group, which features 14 steps with 19% reported 

overall yield from commercially available 4-pentenoic acid. This particular synthetic 

route was chosen for the following reasons: the transformations appeared to be 

relatively straightforward and efficient without sacrificing enantioselectivity, the 

product was reported to be produced on a gram scale, and the C5 substituent could 

potentially be introduced at the desired later stages of the synthesis via an organozinc or 

Grignard addition, allowing for efficient derivitization (Scheme 5). Again, I 



 

 34 

hypothesized that the same modifications I previously proposed for the Romo synthesis 

could be made during the later steps of the Fukuyama synthesis, for the purpose of 

obtaining the derivatives shown. 

 

Scheme 5: Retrosynthetic analysis of divergent synthesis adapted from Fukuyama. 

 

 

3.3 Efforts Towards a Racemic Synthesis 

The nine-step synthesis begins with reductive amination of commercially 

available (R)-O-benzyl-D-serine 1 with p-anisaldehyde (Scheme 6). The PMB-protected 

intermediate 2 obtained at this stage of the synthesis was difficult to characterize due to 

solubility issues, and was carried directly through the next step without further 

purification as was reported in the literature [51]. Subsequent esterification was expected 

to provide allyl ester 3. Unfortunately, this step proved to give extremely low yields of 

product, if any. The reaction was attempted on separate batches of starting material, on 

different scales, and with varying reaction times, none of which improved the yield.  
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Scheme 6: Proposed divergent synthesis adapted from Romo. 

 

 

A Steglich esterification was also attempted, but did not yield the desired 

product. I suspect that the low-yielding nature of the reaction is due at least in part to 

the insoluble nature of the PMB-protected intermediate 2 acquired from the previous 

step. Perhaps this could be overcome by running the reaction in different solvents and at 

elevated temperatures to improve the solubility of the starting material in the reaction 

mixture. Furthermore, the efficiency of the Dean-Stark apparatus used in this step may 

be crucial. I did note a slight increase in yield when I used molecular sieves in the 

collection arm to remove water from the solvent mixture. This led me to believe that the 

efficient and permanent removal of water from the reaction mixture may be necessary 

for the reaction to go to completion. 
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As initial progress through the first couple of steps revealed unsatisfactory yields 

and attempts at correcting these issues were proving to be time-consuming, I re-

evaluated my approach and shifted my focus towards the enantioselective synthesis 

published by the Fukuyama group [54], which I had begun to pursue simultaneously. 

 

3.4 Efforts Toward an Enantioselective Synthesis 

Materials for use in the linear synthesis were available via commercially reported 

methods (Scheme 7). Chiral auxiliary B for use in the first linear step of the synthesis 

was accessible via condensation of commercially available β-amino alcohol with carbon 

disulfide in moderate yield (48%) [55]. Addition of hydrogen peroxide to the reaction 

prevented the production of undesirable side products and eliminated the need for 

purification after work-up, affording pure auxiliary B in 96% yield [56]. Orthoester C for 

use in the second linear step of the synthesis was afforded via condensation of 

commercially available ethylene glycol and trimethylorthoacetate in 86% yield [57]. 

 

Scheme 7: Preparation of materials for use in linear synthesis. 
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The linear synthesis begins with a DCC coupling of commercially available 4-

pentenoic acid (8) with chiral auxiliary B to provide intermediate 9 as reported in the 

literature (Scheme 8). However, I found that the resulting product was very difficult to 

purify due to the presence of the resulting urea. The reaction was improved upon 

successfully through the use of EDC instead, which provided intermediate 9 in good 

yield (79%). 

 

Scheme 8: Synthesis of pyrrolidine intermediate. 
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The following asymmetric alkylation with ortho ester C was unsuccessful when 

carried out according to the conditions given in the literature. I initially altered reaction 

times, equivalents of orthoester C added, and reaction temperatures. Ultimately, I found 

that longer reaction times, addition of excess orthoester C, and slightly higher 

temperatures (up to 0 °C) resulted in isolation of pure 10 in 35% yield. Further 

optimization revealed ideal reaction times and temperatures, and it became clear that 

the success of the reaction was highly dependent on both the temperature at which 

enolate formation was allowed to occur as well as the duration of time prior to the 

addition of orthoester C. These reaction conditions afforded intermediate 10 in 79% 

yield. 

The optimization of these steps allowed for the generation of enough material to 

push forward through a number of synthetic steps. Reductive removal of the chiral 

auxiliary followed by treatment with dimethyl aminomalonate and sodium 

cyanoborohydride afforded a mixture of amine 11 and chiral auxiliary B, which is 

carried through the next step as a mixture. Formylation followed by deprotection of the 

ketone leads to spontaneous cyclization to give a mixture of products, which converge to 

the desired cyclic intermediate 12a (single isomer) upon crystallization from diethyl 

ether (40% over two steps). 

Ozonolysis, acid treatment, and subsequent removal of the formyl group leads to 

the formation of two pyrrolidine intermediates 15a and 15b in good yield (86%), and 
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addition of excess dimethylsulfide resulted in improved yields (95%). These 

diastereomers were carried through the next step together, a ruthenium oxidation of the 

secondary amine, which provides a mixture of diastereomers that can be separated via 

silica gel column chromatography. The reported procedure for the oxidation called for 

0.1 equivalents of ruthenium dioxide and 2.0 equivalents of sodium periodate in a 

biphasic mixture of n-propyl acetate, acetonitrile, and aqueous phosphate buffer (stirred 

at 0 °C). However, no reaction was observed under these conditions. 

In an effort to optimize conditions for this step without wasting authentic 

starting material, I conducted a number of test reactions on a test substrate to explore the 

effects of different reagents, equivalents, temperatures, solvents, and times. In doing so, 

I found optimal conditions to be 0.1 equivalents of ruthenium trichloride with 4.1 

equivalents of sodium periodate in a biphasic mixture of carbon tetrachloride, 

acetonitrile, and aqueous phosphate buffer (stirred at room temperature). Application of 

these conditions to a mixture of 15a and 15b resulted in a mixture of diastereomers, 

which were separated to yield 16a and 16b in 27% and 37% yield respectively. 

Diastereomers 16a and 16b were carried through the following transformations 

separately (Scheme 9). Transesterification of 16 provided dibenzyl ester 17 in good yield 

(87%). Selective reduction of the less hindered ester with sodium borohydride afforded 

intermediate alcohol 18 (93%). TMS protection of the alcohol followed by Boc protection 
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of the lactam followed by deprotection of the alcohol yields intermediate 19 (90%), 

which is then oxidized with DMP to provide aldehyde 20 (99%). 

 

Scheme 9: Synthesis of desired late-stage intermediate. 

 

 

At this point, we had gained access to the desired late stage intermediate 

required for derivitization with the help of two undergraduates I mentored in our lab, 

Cristina Brackeen and Jacob Schreiner. Our intention was to adapt the remaining steps 

of Fukuyama’s synthesis to gain access to the derivatives of interest (Scheme 10). 

Incorporation of the desired C5 substituent could potentially be accomplished via 

addition of the appropriate zincate or Grignard to aldehyde 20 to yield intermediate 21. 

Treatment with TFA would facilitate removal of the Boc group and conversion of the 

methyl acetal to a lactol, which would be subsequently reduced with NaBH4 to give triol 

22. Deprotection of the carboxylic acid could be carried out under dissolving metal 

conditions, with subsequent BOPCl-mediated lactonization to yield 23. Alternatively, for 

derivatives that incorporate aromatic substituents at the C5 position, deprotection of the 
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carboxylic acid could be mediated by hydrogenation [58] or hydrolysis [59]. 

Halogenation of the primary alcohol would then provide the desired derivatives. 

 

Scheme 10: Proposed divergent synthesis from a late stage aldehyde intermediate. 

 

 

In order to establish a synthetic route amenable to incorporation of aromatic 

substituents, we first focused on installing a simple phenyl ring as a proof of principle, 

which would provide us with Sal X4. Initial attempts included preparation of the 

aromatic zinc halide via literature procedures [54, 60], as well as use of commercially 

available phenyl zinc bromide. Additionally, reaction times, temperatures and 

equivalents of zincate added were all varied. Unfortunately, none of these methods 

yielded any reaction progress. We confirmed the formation of the zincate via titration as 

well as reaction with test substrates such as pivaldehyde, p-anisaldehyde, and 

benzaldehyde. Thus we suspected that the aryl zincates were not reactive enough to 

couple with our aldehyde substrate 20. 
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Romo and co-workers reported success using Grignard reagents to incorporate 

aryl substituents via reaction with a similar late-stage aldehyde intermediate [51]. Based 

on this and the unsuccessful attempts at using aryl zincates, we hoped that using an aryl 

Gringard would provide the desired product 14. However, addition of commercially 

available PhMgBr resulted in sluggish reactions that produced a trace amount of the 

desired product.2 We realized that the low yield was likely due to the formation of a 

retro-aldol cleavage reaction product as the major adduct. Similar phenomena were 

reported for the total synthesis of lactacystin by Corey and co-workers [61], which led us 

to some potential solutions. There were reports of successfully trapping the alkoxide 

formed during the reaction with TMS to prevent collapse and aldol cleavage [61]. 

However, addition of TMSCl did not seem to change our reaction outcome, as the retro-

aldol cleavage product 20a-i was isolated as the major product (Scheme 11). 

 

Scheme 11: Grignard addition results in retro-aldol cleavage product. 

 

 

Additionally, submitting intermediate 20b to the same reaction conditions 

resulted in trace amounts of the expected alkylation product evident by HRMS analysis 
                                                        

2With the help of Cristina Brackeen, McCafferty lab. 
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but no evidence of the retro-aldol cleavage product obtained for the other diastereomer. 

Instead, the major species detected corresponds to the detection of a dimer of the 

expected product. Given the difficulty of making large quantities of intermediate 20, we 

chose to prioritize by using the material we had to pursue other more promising 

reaction conditions rather than repeating this reaction on a large enough scale that 

would allow for full characterization of the products formed. 

Since the utilization of TMS did not provide lucrative results, we pursued other 

potential solutions evident in the literature [61, 62], augmented by suggestions provided 

by Dr. Ryan Shenvi (Scripps). It appeared that one of the most promising solutions 

would be to change the protecting group on the lactam from Boc to a group that would 

be more compatible with a Grignard reagent, such as Cbz or Troc. This was done 

successfully via treatment of alcohol 18a with CbzCl under basic conditions to yield 19a-

i in good yield (Scheme 12). We chose to test the Cbz protection without first TMS 

protecting the alcohol based on the reported selective protection of an amine in the 

presence of an alcohol under the conditions used [63]. Furthermore, a primary alcohol 

has a slightly higher pKa (29.8, DMSO) than a lactam (24.2, DMSO) according to the 

Bordwell pKa table. 
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Scheme 12: Cbz protection of lactam. 

 

 

However, treatment of 19a-i with DMP resulted in no reaction. We suspect this 

could be for one of two reasons: the alcohol was Cbz protected in the previous step 

and/or stronger oxidation conditions are needed for this substrate. Initial attempts were 

made to TMS protect the alcohol prior to Cbz protection of the amine, however no 

product was isolated from the small test reactions conducted. Pursuing this particular 

route became a lower priority as the success of other methods became apparent, but it 

would certainly be a viable alternative to pursue in the future. 

Given the sluggish nature of the reaction of 20 with PhMgBr, we thought that 

distancing the aryl substituent from the reaction center might improve the reaction. 

Treatment of aldehyde 20 with BnMgCl on a small scale resulted in a trace amount of 

the expected product as detected by HRMS, however the reaction did not appear to be 

very efficient and a number of byproducts appeared to form. Again, though not a 

priority in light of other successes, this approach was promising and could potentially 

be fruitful with some modification. 

 Additionally, we postulated that PhLi might be reactive enough to add to the 

aldehyde quickly, and that the reaction could be quenched before retro-aldol cleavage 
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could occur. Treatment of 20 with PhLi on a small scale resulted in a trace amount of the 

expected product as detected by HRMS. Upon scaling the reaction up, very little product 

was isolated and the 1H NMR obtained was somewhat inconclusive. It appeared that 

Boc migration may have occurred, and perhaps both products were present in the same 

sample. However, per the suggestion of Dr. Ryan Shenvi, the addition of HMPA 

appeared to greatly improve the reaction, which was initially run on a small scale so as 

to conserve precious starting material while testing out promising reaction conditions. 

This is likely due to the fact that HMPA would change the aggregation state of the 

organolithium, thus increasing the nucleophilicity of the reagent relative to the basicity. 

Complete conversion of starting material was observed within 30 minutes, and the 

reaction seemed relatively clean. However, very little material was isolated and once 

again the NMR analysis was somewhat inconclusive. 

We also tested whether or not different preparations of aryl zincates resulted in 

different outcomes. Since there are a number of methods reported in the literature [64, 

65], we first screened reaction conditions on a test substrate. Benzaldehyde was chosen 

as a test substrate as our experience with previous test reactions and trials with other 

test substrates revealed that it most closely represented the reactivity of our aldehyde 

substrate 20. In this way, we were able to test a number of reaction conditions and 

choose the best ones to apply to our substrate without wasting precious material. 
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We found that a commercially available 0.5 M solution of phenylzinc bromide in 

THF titrated to a very low concentration (~0.1 M) and did not react with benzaldehyde. 

Alternatively, phenylzinc chloride prepared via lithium halogen exchange between 

bromobenzene and n-butyl lithium followed by transmetallation with zinc chloride 

resulted in a 0.5 M solution of phenylzinc chloride [54, 60]. However, addition of this 

zincate to benzaldehyde was sluggish and did not go to completion. Varying 

equivalents, temperatures, and reaction times both for the preparation of the zincate as 

well as addition to the aldehyde did not improve the reaction outcome. 

However, preparation of an aryl zinc adduct by direct insertion of zinc into 

iodobenzene in the presence of LiCl resulted in a 0.5 M solution of zincate [65] that 

successfully added to benzaldehyde, though complete conversion was not observed. 

Application of this method to our substrate on a small scale resulted in reaction 

progress. Upon repeating the reaction on a larger scale, very little material was isolated 

and an analytically pure sample was not obtained. However, 1H NMR analysis of the 

mixture showed peaks corresponding to the expected product as well as the Boc-

migration product (Scheme 13). As is, the reaction is very low yielding, but could be 

potentially be optimized. 
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Scheme 13: Addition of aryl zincate in the presence of LiCl. 

 

 

While optimizing the steps required for incorporation of aryl substituents at the 

C5 position, we also began to pursue reactions that would give us access to the 

derivatives incorporate alkyl substituents. Once again, we chose benzaldehyde as a 

model substituent to screen reaction conditions. Furthermore, we chose simple alkyl 

substituents initially. The alkyl zincates should be more reactive than the aryl zincates, 

so we suspected that they would add more readily to benzaldehyde than the aryl 

zincates. However, we noticed that reactions between benzaldehyde and an alkyl 

zincate such cyclohexyl zinc bromide did not go to completion. However, utilizing a 

cuprate zinc adduct may provide the reactivity needed without sacrificing functional 

group tolerance, and would potentially provide access to salinosporamide derivatives 

that incorporate alkyl substituents at the C5 position. 

While adapting the chemistry required to generate the aforementioned 

derivatives, we assessed what other types of derivatives might be of interest and 

whether or not they would be easily accessible. More specifically, we sought out ways to 

incorporate other linkages between the γ-lactam and the C5 substituent. In doing so, we 

imagined that incorporation of an ester linkage would potentially be accessible from 
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alcohol 18, which would yield a new class of salinosporamide derivatives and 

additionally allow us to incorporate a number of possible C5 moieties. To pilot this idea, 

we incorporated an aryl C5 substituent with an ester linkage via Yamaguchi 

esterification of alcohol 19b, which provided ester 21b-ester-Ph in moderate yield 

(Scheme 14). In doing so we established a methodology that could be adapted to 

generate other ester derivatives that would potentially be more stable to proteolysis in 

cells. 

 

Scheme 14: Yamaguchi esterification of alcohol 19b. 

 

 

We also began to optimize the chemistry necessary to produce derivatives with 

ether linkages, which would inherently be more stable to proteolysis than ester linkages. 

The route we chose to test first was adapted from the literature [66], and required 

mesylation of alcohol with mesyl chloride and triethylamine to give the mesylate, which 

could then be treated with phenol and potassium tert-butoxide to yield the desired ether. 

However, subjection of alcohol 19b to these conditions yielded only the mesylate and 

not the desired ether. This could potentially be remedied by utilizing thiophenol and 
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LiHMDS, for example, or by first transforming the alcohol to a triflate instead of a 

mesylate. 

Given the complications we encountered optimizing reaction conditions that 

would allow for incorporation of aryl and alkyl substituents into aldehyde 20, we 

revisited the established chemistry of incorporating the cyclohexene moiety of Sal A as 

reported by Fukuyama and coworkers [54]. Our experiences as discussed thus far 

suggested that aryl and alkyl zincates are generally not reactive enough to couple with 

our aldehyde substrate, where as Grignards and organolithiums are reactive enough to 

add but perhaps not compatible with the Boc group or potentially other functionalities. 

However, given the reported success of incorporation of the cyclohexenyl moiety using 

a zincate, we hypothesized that allylic zincates might be just reactive enough to couple 

with the aldehyde without sacrificing compatibility. 

We did a small-scale reaction according to the procedure as reported in the 

literature, in which cyclohexene zinc chloride is generated from the corresponding 

stannane and added to aldehyde 20b [54].3 We saw reaction progress, but starting 

material was not completely consumed and the product was not isolated. However, 

preparation of the cyclohexhene zincate in the presence of lithium chloride via methods 

reported by Knochel and coworkers [64] provided a 0.4 M solution of zincate, which 

                                                        

3With the help of Jacob Schreiner, McCafferty lab. 
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yielded the desired product in addition to a small amount of the Boc migration product 

when added to aldehyde 20b (Scheme 15). 

 

Scheme 15: Addition of zincate to yield Sal A precursor. 

 

 

In the context of developing a divergent synthesis to gain access to a number of 

different derivatives, this method provided advantages over the original in that it does 

not require the production of the cyclohexenyl stannane and thus the toxicity of tin and 

tin compounds can be avoided. Instead, the zincate is formed efficiently from 

bromobenzene by direct insertion of zinc in the presence of lithium chloride. 

Additionally, the zincates prepared in this manner are typically more reactive than 

zincates prepared via the more commonly used transmetallation methods [65], which 

was evident to us by the fact that the addition to aldehyde 20b was complete within 30 

minutes as opposed to the 5 hours reported in the literature. 

Since the allylic zincate prepared via this method gave us the best results of all of 

the methods tested, we hypothesized that we could utilize this approach to make allylic 

zincates that might allow for incorporation of aryl or sterically bulky substituents at the 

C5 position. Of particular interest was the reported formation of homoallylic alcohols 
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using substituted allylic zinc reagents [64]. The paper reports the successful reaction of a 

phenyl substituted allylic zinc reagent with various methyl ketones to yield the 

corresponding homoallylic alcohols with adjacent quaternary centers. The quaternary 

center is formed due to the fact that the substituted allylic zinc reagent is reported to add 

to the carbonyl at the more substituted position. 

Applying this methodology to our substrate would theoretically provide us with 

a new class of branched salinosporamide derivatives that could potentially incorporate 

steric bulk as well as aromatic functionalities. Additionally, the presence of the resulting 

olefin would allow for further modification of the C5 substituent if required. Thus, the 

phenyl substituted allylic zinc reagent was prepared from cinnamyl chloride via zinc 

insertion in the presence of lithium chloride according to the literature procedure, 

resulting in a 0.3 M solution of zincate in THF [65]. Addition of this zincate to aldehyde 

20b provided the expected and desired product, with no evidence of Boc migration as 

was seen in previous iterations of this step (Scheme 16). 

 

Scheme 16: Addition of zincate to yield branched salinosporamide precursor. 
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 With branched intermediate 21b-I in hand, we began to optimize the remaining 

transformations for this class of derivative. Treatment of 21b-I with TFA resulted in 

removal of the Boc group and conversion of the methyl acetal into a lactol, which was 

subsequently reduced with NaBH4 to give triol 22-I in moderate yield (Scheme 17). 

 

Scheme 17: Deprotection and ring opening of branched derivative. 

 

 

 Moving forward, we chose to run a small scale reaction to test out compatability 

of this substrate with the conditions outlined in the literature for deprotection of the 

carboxylic acid and β-lactonization (Scheme 18). We suspected that the phenyl ring may 

be partially reduced by the dissolving metal conditions required to remove the benzyl 

protecting group from the carboxylic acid, potentially yielding a derivative that was 

bulky but not necessarily aromatic. However, subjecting 22-I to these conditions did not 

produce any of the expected or reduced product as indicated by HRMS analysis. Thus, 

the final transformations established for Sal A by the Fukuyama group appear to require 

optimization in order to allow access to this class of branched salinosporamide 

derivatives. 
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Scheme 18: Initial attempt at divergent transformations. 

 

 

 We suspected we might be able to instead adapt chemistry utilized by Corey and 

co-workers [59] on a similar Sal A precursor in order to carry out deprotection, β-

lactonization, and chlorination in one pot under conditions that would likely be more 

compatible with our branched aryl substrate. This protocol called for slow hydrolysis of 

a methyl ester at 5 °C, followed by BOPCl-mediated lactonization and chlorination in the 

same pot. We predicted that hydrolysis would be much more compatible with the C5 

substituent of our substrate, though keeping in mind that a benzyl ester would be more 

difficult to hydrolyze than the methyl ester present in Corey’s substrate (Scheme 19). 

 

Scheme 19: Proposed method for final set of transformations. 

 

 

 The hydrolysis of benzyl esters under similar conditions has been reported [67], 

and was successfully applied to a test substrate as a proof of principle. A small amount 
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of 22-I was then subjected to the hydrolysis conditions reported by Corey and co-

workers and monitored by TLC. Though no reaction progress was observed at 5 °C, 

complete conversion of starting material to one major spot was seen at room 

temperature, and further optimization of this step and characterization of the major 

product formed is currently in progress. Optimization of these steps will not only 

provide the derivative of interest, but will lay the foundation for chemistry that can be 

adapted to provide access to other salinosporamide derivatives in a divergent manner 

from aldehyde 20. 

 

3.5 Experimental Procedures 

3.5.1 Materials and methods 

Unless otherwise stated, all reagents were purchased from Sigma-Aldrich, 

Oakwood Chemical, Arcos, or Fischer and were used without further purification and 

all solvents were ACS grade or better and used as is. All air- or moisture-sensitive 

reactions were run in flame-dried glassware under inert atmosphere using argon. All 

chromatographic purifications were conducted via flash chromatography using ultra-

pure silica gel (230-400 mesh, 60 Å) purchased from Silicycle as the stationary phase. 

Thin Layer Chromatography was performed with glass backed silica gel (60 Å) plates 

purchased from Dynamic Adsorbents and visualized with 254 nm UV light and ceric 

ammonium molybdate stain (CAM). All 1H and 13C NMR spectra were recorded in 
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CDCl3 unless otherwise noted, using a 400MHz or 500 MHz Varian NMR spectrometer 

and coupling constants are reported in units of hertz (Hz). 

 

3.5.2 Preparation of intermediates for racemic synthesis 

 

O-benzyl-N-PMB serine (2). Triethylamine (7.6 mL, 54.5 mmol) and p-

anisaldehyde (8.0 mL, 65.8 mmol) was added to a suspension of O-benzyl-D-serine 9 

(8.72 g, 44.7 mmol) in anhydrous methanol (160 mL). The reaction mixture was stirred 

until the solution became homogeneous (about 30 minutes), and then cooled to 0 °C. 

Anhydrous MgSO4 (27.0 g, 224 mmol) was added and the reaction was stirred for seven 

hours. The MgSO4 was then filtered via a fritted funnel and washed with anhydrous 

methanol (160 mL). The combined filtrate was cooled for 15 minutes at 0 °C before 

portionwise addition of NaBH4 (2.22 g, 58.7 mmol). The reaction was stirred at 0 °C for 

two hours, at which point the solidified reaction mixture was left in a freezer (-20 °C) for 

14 hours. Volatiles were removed under pressure and the remaining solid was 

suspended in water (100 mL) and acidified with 2N HCl to pH 3. The precipitated white 

solid was filtered, washed with ice-cold water (2 x 60 mL) and ice-cold diethyl ether (2 x 

60 mL), and dried to give O-benzyl-N-PMB serine 2 (13.2 g, 95%) as a chalky white solid, 
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which was carried through the next transformation without further purification, and 

was not characterized due to poor solubility. 

 

 

 (R)-O-benzyl serine allyl ester (3). Allyl alcohol (20 mL, 294 mmol) and benzene 

(40 mL) were added to a mixture of O-benzyl-N-PMB serine 10 (6.60 g, 20.9 mmol) and 

p-TsOH (4.93 g, 25.9 mmol), and the solution was stirred at reflux (~ 100 °C) with a 

Dean-Stark apparatus for about eight hours. The resulting solution was concentrated 

and then resuspended in 5% aqueous NaHCO3 (120 mL). The suspension was extracted 

with EtOAc (500 mL), and the 2M NaOH solution was added until the pH of the 

aqueous solution was maintained at 10 after extraction. The organic layer was then 

washed with brine, dried over MgSO4, and concentrated. Purification of the residue by 

flash chromatography (1:6 EtOAc/hexanes), resulted in a mixture of 3 with impurities 

(6.5 g, 31%), as was evident by 1H NMR. Rf = 0.61 (33% EtOAc/hexanes). 

 

3.5.3 Preparation of intermediates for enantioselective synthesis 
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(S)-4-Benzyl-1,3-oxazolidine-2-thione (B). To a solution of the β-amino alcohol 

(15.12 g, 100.0 mmol) in EtOH (100.0 mL) was added carbon disulfide (12.03 mL, 200.0 

mmol) and anhydrous potassium carbonate (6.91 g, 50.0 mmol) at room temperature. 

The reaction mixture was heated to 50 °C (temperature of oil bath) and 30% H2O2 (15.0 

mL, ca. 150.0 mmol) was added dropwise. The reaction mixture was cooled to room 

temperature and insoluble materials were removed via vacuum filtration. The filtrate 

was diluted with EtOAc (ca. 700 mL) and the organic layer was washed with water (3 x 

150 mL) and brine (1 x 150 mL) successively. The combined organic layers were dried 

over anhydrous sodium sulfate and condensed to give B as a yellow-brown oil with 

minor impurities (18.65 g, 96%). Rf = 0.4 (1:1 EtOAc:hexanes). 1H NMR (400 MHz, 

CDCl3): δ 8.36 (br s, 1H), 7.16–7.35 (m, 5H), 4.62 (t, J = 8.0 Hz), 4.30–4.39 (m, 2H), 2.84–

2.99 (d, J = 8.0 Hz, 2H). 

 

 

2-Methoxy-2-methyl-1,3-dioxolane (C). Equivalent amounts of 

trimethylorthoacetate (31.8 mL, 250 mmol) and ethylene glycol (13.9 mL, 250 mmol) 

were mixed together and a small amount of p-toluenesulfonic acid was added as a 

catalyst. The reaction was stirred at reflux under reduced pressure and the methanol 

resulting from the ortho ester interchange was removed via vacuum distillation. When 
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the reaction was judged complete by NMR, a few drops of triethylamine were added. 

Pure C was obtained by fractional vacuum distillation (24.14 mL, 86%). 1H NMR (400 

MHz, CDCl3): δ 3.78–4.07 (m, 4H), 3.16 (s, 3H), 1.42 (s, 3H). 

 

 

(S)-4-benzyl-3-(4-pentenoyl)oxazolidine-2-thione (9). A solution of EDC-HCl 

(18.0 g, 93.9 mmol) and 4-pentenoic acid 17 (1.77 mL, 17.4 mmol) in dichloromethane 

(125 mL) was stirred for 15 minutes at 0 °C before adding a catalytic amount of DMAP 

(151.0 mg, 1.2 mmol). The reaction was allowed to stir for an additional 15 minutes at the 

same temperature, and a solution of B (2.40 g, 12.4 mmol) in 125 mL dichloromethane 

was added to the reaction mixture. The reaction mixture was warmed to room 

temperature and allowed to stir for 45 minutes before diluting with dichloromethane 

(250 mL). The solution was washed with water (2 x 250 mL) and the combined aqueous 

layers were extracted with dichloromethane (250 mL). All organic layers were 

combined, dried over sodium sulfate, and condensed. The residue was purified by flash 

chromatography (1:2 EtOAc:hexane) to give crystals, which were washed several times 

with hexane to give pure 9 as crystals (2.70, 79%). Rf = 0.77 (1:2 EtOAc:hexane). 1H NMR 
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(400 MHz, CDCl3): δ 7.29–7.14 (m, 5H), 5.84 (ddt, J = 17.0, 10.3, 6.5 Hz, 1H), 5.05 (dd, J = 

17.2, 1.7 Hz, 1H), 4.98 (dd, J = 10.2, 1.6 Hz, 1H), 4.90–4.84 (m, 1H), 4.28–4.20 (m, 2H), 3.45 

(dt, J = 17.7, 7.9 Hz, 1H), 3.30 (dt, J = 17.6, 6.9 Hz, 1H), 3.21 (dd, J = 13.2, 3.4 Hz, 1H), 2.70 

(dd, J = 10.1, 13.3 Hz, 1H), 2.45–2.39 (m, 2H). 

 

 

(S)-4-benzyl-3-((R)-2-(2-methyl-1,3-dioxolan-2-yl)pent-4-enoyl)oxazolidine-2-

thione (10). Titanium tetrachloride (1.0 M in dichloromethane, 13.77 mL, 13.77 mmol) 

was added to a solution of 9 (3.448 g, 12.52 mmol) in dichloromethane at −78 °C. The 

reaction mixture was allowed to stir for ten minutes prior to the dropwise addition of 

N,N-diisopropylethylamine (2.40 mL, 13.77 mmol) at the same temperature. The mixture 

was allowed to warm to 0 °C slowly, stirred for three hours, and then cooled down to -

78 °C. 2-methoxy-2-methyl-1,3-dioxolane C (3.52 mL, 31.30 mmol) was then added 

dropwise. The reaction mixture was allowed to warm to room temperature slowly and 

stirred for about 18 hours. 2-methoxy-2-methyl-1,3-dioxolane C (0.50 mL, 4.44 mmol) 

was added slowly at room temperature, and the mixture was allowed to stir until 

complete consumption of starting material was observed (ca. 30 min.). The solution was 
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then poured into aqueous saturated sodium bicarbonate (5 mL), filtered through a celite 

pad, and extracted with ethyl acetate. The organic layer was washed with brine, dried 

over sodium sulfate, and concentrated. The residue was crystallized from hexane to give 

pure 10 as white crystals (3.27 g, 71%). Rf = 0.28 (1:9 EtOAc:hexane). 1H NMR (400 MHz, 

CDCl3): δ 7.35–7.24 (m, 5H), 5.86–5.77 (m, 1H), 5.75 (dd, J = 11.0, 3.9 Hz, 1H), 5.09 (dd, J = 

17.1, 1.2 Hz, 1H), 5.11–4.95 (m, 2H), 4.28 (dd, J = 9.3, 2.8 Hz, 1H), 4.21 (t, J = 8.5 Hz, 1H), 

4.16–4.03 (m, 3H), 3.95–3.90  (m, 1H), 3.27 (dd, J = 13.4, 3.4 Hz, 1H), 2.72 (dd, J = 24.1, 13.4 

Hz, 1H), 2.67–2.59 (m, 1H), 2.53–2.46 (m, 1H), 1.52 (s, 3H). 

 

 

(S)-dimethyl 2-(2-(2-methyl-1,3-dioxolan-2-yl)pent-4-enylamino)malonate (11). 

To a solution of 10 (1.51 g, 4.18 mmol) in toluene (15.0 mL) was added 

diisobutylaluminium hydride (1.0 M in toluene, 8.78 mL, 8.78 mmol) dropwise at −78 °C. 

The solution was allowed to stir for 35 minutes before anhydrous methanol (8.89 mL, 

219.45 mmol) and glacial acetic acid (5.02 mL, 87.78 mmol) were added carefully. The 

solution was warmed to 0 °C and stirred for 25 minutes. Anhydrous sodium acetate 

(857.21 mg, 10.45 mmol) was added and the solution was stirred for an additional 15 

minutes. Dimethylaminomalonate hydrochloride (1.535 mg, 8.36 mmol) was added, the 
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solution was stirred for 5 minutes, and then cooled to −20 °C. To the resulting solution 

was added sodium cyanoborohydride (315.21 mg, 8.36 mmol), and the mixture was 

allowed to stir for 1 hour at the same temperature. The solution was warmed to room 

temperature gradually and stirred overnight. 30% aqueous Rochelle’s salt (15.0 mL) was 

added and the solution was stirred for 30 minutes, filtered through a celite pad, and 

washed with 30% aqueous Rochelle’s salt (10.0 mL x 2). The aqueous layers were 

combined and extracted with diethyl ether (15.0 mL x 3). The organic layer was washed 

with brine, dried over sodium sulfate, and concentrated under reduced pressure. The 

resulting residue was purified with column chromatography (1:3 EtOAc:hexane) to give 

a mixture containing 11 and A (1.863 g). Crude NMR analysis showed presence of 

product and auxiliary, and material was carried through to the next step without 

obtaining an analytically pure sample for characterization. 1H NMR (400 MHz, CDCl3): δ 

7.76 (br s, 1H), 7.32–7.14 (m, 5H), 5.83–5.72 (m, 1H), 5.03–4.96 (m, 2H), 4.65 (t, J = 8.8 Hz, 

1H), 4.39–4.24 (m, 2H), 3.99 (s, 1H), 3.95–3.91 (m, 4H), 3.74 (s, 3H), 3.73 (s, 3H), 2.90 (dd, J 

= 7.0, 2.7 Hz, 2H), 2.61 (dd, J = 11.6, 6.9 Hz, 1H), 2.53 (dd, J = 11.6, 3.6 Hz, 1H), 2.37–2.28 

(m, 1H), 1.95–1.84 (m, 1H), 1.26 (s, 3H). 
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(3S,4S)-4-allyl-1-formyl-3-hydroxy-2,2-di(methoxycarbonyl)-3-

methylpyrrolidine (12a). Acetic formic anhydride was prepared immediately before use 

by heating a mixture of acetic anhydride and formic acid (v/v = 1.5/1) at 45 °C for 90 

minutes. A mixture containing 11 and oxazoladine-thione B (1.260 g) was dissolved in 

THF (20 mL) and cooled to 0 °C. Acetic formic anhydride (1.42 mL, 17.97 mmol) was 

added portionwise, and the mixture allowed to stir for 15 minutes at 0 °C. Acetone (1.32 

mL, 17.97 mmol) and aqueous hydrochloric acid (1.3 M, 18 mL) were added, and the 

reaction mixture allowed to warm to room temperature and stirred for three hours. 

Aqueous hydrochloric acid (1.3 M, 2.0 mL) was added and the reaction was allowed to 

stir at room temperature for about 16 hours. Another aliquot of aqueous hydrochloric 
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acid (1.3 M, 2.0 mL) was added and the reaction was allowed to stir for an additional 18 

hours. Upon consumption of starting material, the reaction mixture was extracted with 

ethyl acetate. The aqueous layer was then saturated with sodium chloride and extracted 

with ethyl acetate twice. The combined organic layers were washed with sodium 

bicarbonate and brine, dried over sodium sulfate, and condensed to a small volume. The 

residue was taken up in diethyl ether and allowed to crystallize at 0 °C for about 16 

hours. The crystals were collected and washed with cold diethyl ether to give pure 12a 

(476.0 mg, 40 %) as white crystals. 1H NMR (400 MHz, CD3OD): δ 8.18 (s, (1/2)1H), 8.16 

(s, (1/2)1H), 5.88–5.76 (m, 1H), 5.09 (dd, J = 17.0, 1.5 Hz, 1H), 5.01 (dd, J = 10.1, 1.1 Hz, 

1H), 3.97 (dd, J = 9.8, 7.3 Hz, (1/2)1H),  3.84–3.78 (m, (1/2)1H), 3.82 (s, (1/2)3H), 3.76 (s, 

(1/2)3H), 3.73 (s, (1/2)3H), 3.68 (s, (1/2)3H), 3.42 (dd, J = 11.7, 9.8 Hz, (1/2)1H), 3.14 (t, J = 

11.1 Hz, (1/2)1H), 2.42–2.25 (m, 2H), 2.16–2.08 (m, 1H), 1.52 (s, (1/2)3H), 1.39 (s, (1/2)3H). 
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(1S,3S,5S)-3-methoxy-8,8-di(methoxycarbonyl)-1-methyl-2-oxa-7-

azabicyclo[3.3.0]octane (15a) and (1S,3R,5S)-3-methoxy-8,8-di(methoxycarbonyl)-1-

methyl-2-oxa-7-azabicyclo[3.3.0]octane (15b). Pyrrolidine 12a (1.86 g, 6.52 mmol) was 

dissolved in dichloromethane:methanol (1:1, 32.0 mL) and cooled to −78 °C. Ozone was 

passed through the solution for about 15 minutes until reaction mixture became 

saturated (turned blue). The reaction flask was purged with argon before the addition of 

dimethyl sulfide (7.18 mL, 97.8 mmol) and camphorsulfonic acid (757.3 mg, 3.26 mmol). 

The mixture was warmed to room temperature, stirred for about nine hours, then cooled 

to 0 °C. A premixed solution of acetyl chloride (8.0 mL) in dichloromethane:methanol 

(1:1, 16.0 mL) was added slowly, and the reaction mixture was warmed to room 

temperature and stirred for about 12 hours. 33% aqueous ammonia was slowly added 

until the solution became basic. The reaction mixture was then saturated with sodium 

chloride and extracted with dichloromethane three times. The combined organic layers 
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were rinsed with brine, dried over sodium sulfate, and condensed. The crude product 

was purified by silica gel chromatography (EtOAc) to give a mixture of 15a and 15b 

(1.70 g, 95%) as a pale yellow oil. 

15a (more polar): Rf = 0.36 (EtOAc). 1H NMR (400 MHz, CDCl3): δ 5.08 (dd, J = 

5.5, 3.2 Hz, 1H), 3.83 (s, 3H), 3.73 (s, 3H), 3.36 (dd, J = 11.8, 8.7 Hz, 1H), 3.31 (s, 3H), 2.81 

(m, 2H), 2.25 (ddd, J = 13.6, 8.2, 3.2 Hz, 1H), 2.05 (ddd, J = 16.4, 5.6, 3.7 Hz, 1H), 1.66 (s, 

3H). 

15b (less polar): Rf = 0.44 (EtOAc). 1H NMR (400 MHz, CDCl3): δ 4.95 (d, J = 5.4 

Hz, 1H), 3.86 (s, 3H), 3.75 (s, 3H), 3.28 (s, 3H), 3.25 (m, 1H), 2.97 (dd, J = 12.4, 2.9 Hz, 1H), 

2.69 (dt, J = 2.3, 8.7 Hz, 1H), 2.23 (m, 1H), 1.99 (d, J = 13.5 Hz, 1H), 1.57 (s, 3H). 

 

 

(1S,3S,5R)-3-methoxy-8,8-di(methoxycarbonyl)-1-methyl-2-oxa-7-

azabicyclo[3.3.0]octane-6-one (16a) and (1S,3R,5R)-3-methoxy-8,8-
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di(methoxycarbonyl)-1-methyl-2-oxa- 7-azabicyclo[3.3.0]octane-6-one (16b). A mixture 

of lactams 15a and 15b (1.70 g, 6.22 mmol) was dissolved in carbon tetrachloride and 

acetonitrile (1:1, 24.0 mL) at room temperature. Aqueous phosphate buffer (pH 7.4, 18.0 

mL) and sodium periodate were added and the solution allowed to stir at room 

temperature for about five minutes. Ruthenium tetrachloride was added and the 

biphasic mixture was allowed to stir vigorously for about four hours. Upon complete 

consumption of starting material, the reaction was cooled to 0 °C and quenched with 50 

mL of isopropanol and allowed to stir overnight at the same temperature. The mixture 

was filtered through a celite pad and extracted with CH2Cl2 three times. The organic 

layers were pooled and washed with sodium bicarbonate, sodium sulfite, and brine, 

dried over sodium sulfate, and condensed under reduced pressure. The crude product 

was purified by silica gel chromatography (9:1 EtOAc:hexane) to give 16a (less polar, 

483.0 mg, 27%) as a pale yellow solid and 16b (more polar, 660.0 mg, 37%) as a pale 

yellow solid. 

16a (less polar): Rf = 0.51 (9:1 EtOAc:hexane). 1H NMR (400 MHz, CDCl3): δ 6.60 

(bs, 1H), 5.01 (dd, J = 5.9, 4.4 Hz, 1H), 3.87 (s, 3H), 3.79 (s, 3H), 3.32 (s, 3H), 3.03 (d, J = 8.8 

Hz, 1H), 2.71 (dd, J = 14.2, 6.0 Hz, 1H), 2.13 (ddd, J = 13.9, 9.2, 4.5 Hz), 1.63 (s, 3H). 

16b (more polar): Rf = 0.27 (9:1 EtOAc:hexane). 1H NMR (400 MHz, CDCl3): δ 6.31 

(bs, 1H), 4.99 (d, J = 5.0 Hz, 1H), 3.89 (s, 3H), 3.78 (s, 3H), 3.14 (s, 3H), 2.89 (d, J = 8.0 Hz, 

1H), 2.49 (d, J = 13.4 Hz, 1H), 2.18 (ddd, J = 13.3, 8.2, 5.1 Hz, 1H), 1.52 (s, 3H). 
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Dibenzyl(2S,3aR,6aS)-2-methoxy-6a-methyl-4-oxohexahydro-6H-furo[2,3-

c]pyrrole-6,6-dicarboxylate (17a). Benzyl alcohol (2.59 mL, 25.0 mmol) and titanium 

tetraisopropoxide (1.48 mL, 5.0 mmol) were dissolved in benzene (20 mL) and heated to 

120 °C. Meanwhile, benzene was distilled off until the solution became half volume, and 

the reaction mixture was cooled to room temperature. A solution of 16a (290 mg, 1.0 

mmol) in benzene (10.0 mL) was added at room temperature, and the reaction was fitted 

with a Dean Stark apparatus filled with 4 Å molecular sieves. The solution was heated to 

120 °C for eight hours, and then cooled to room temperature. 1.0 M HCl and EtOAc 

were added to the reaction mixture, which was then partitioned. The organic layer was 

isolated and washed with 1.0 M HCl (x2) and brine, dried over sodium sulfate, and 

concentrated under reduced pressure. The residue was purified by column 

chromatography (1:1 EtOAc:hexane) to give 17a (230.3 mg, 0.52 mmol, 52%) as a pale 

yellow viscous oil. Rf = 0.55 (1:1 EtOAc:hexane). 1H NMR (400 MHz, CDCl3): δ 7.37–7.26 

(m, 10H), 6.54 (br s, 1H), 5.40 (d, J = 12.3 Hz, 1H), 5.40 (d, J = 12.9 Hz, 1H), 5.20 (d, J = 12.9 

Hz, 1H), 5.18 (s, 2H), 5.00 (dd, J = 5.7, 4.4 Hz, 1H), 3.23 (s, 3H), 3.00 (d, J = 8.7 Hz, 1H), 

2.70 (dd, J = 14.1, 6.1 Hz, 1H), 2.10 (ddd, J = 13.8, 9.2, 4.4 Hz, 1H), 1.54 (s, 3H). 
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Dibenzyl-(2R,3aR,6aS)-2-methoxy-6a-methyl-4-oxohexahydro-6H-furo[2,3-

c]pyrrole-6,6-dicarboxylate (17b). Benzyl alcohol (2.87 mL, 27.75 mmol) and titanium 

tetraisopropoxide (1.64 mL, 5.55 mmol) were dissolved in benzene (22.2 mL) and heated 

to 120 °C. Meanwhile, benzene was distilled off until the solution became half volume, 

and the reaction mixture was cooled to room temperature. A solution of 17b (320 mg, 

1.11 mmol) in toluene (11.0 mL) was added at room temperature, and the reaction was 

fitted with a Dean Stark apparatus filled with 4 Å molecular sieves. The solution was 

heated to 130 °C for 23 hours, and then cooled to room temperature. 1.0 M HCl and 

EtOAc were added to the reaction mixture, which was then partitioned. The organic 

layer was isolated and washed with 1.0 M HCl (x2) and brine, dried over sodium sulfate, 

and concentrated under reduced pressure. The residue was purified by column 

chromatography (1:1 EtOAc:hexane) to give 17b (270.0 mg, 0.61 mmol, 55%) as a pale 

yellow viscous oil. Rf = 0.25 (1:1 EtOAc:hexane). 1H NMR (400 MHz, CDCl3): δ 7.40–7.26 

(m, 10H), 6.34 (br s, 1H), 5.30 (s, 2H), 5.19 (d, J = 12.1 Hz, 1H), 5.15 (d, J = 12.2 Hz, 1H), 

4.95 (d, J = 5.0 Hz, 1H), 3.04 (s, 3H), 2.84 (d, J = 7.8 Hz, 1H), 2.47 (d, J = 13.4 Hz, 1H), 2.14 

(ddd, J = 13.4, 8.0, 5.1 Hz, 1H), 1.43 (s, 3H). 
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Benzyl-(2S,3aR,6R,6aS)-6-(hydroxymethyl)-2-methoxy-6a-methyl-4-

oxohexahydro-2H-furo[2,3-c]pyrrole-6-carboxylate (18a). A solution of 17a (116.0 mg, 

0.26 mmol) was dissolved in anhydrous THF and anhydrous ethanol (3:1, 2.5 mL) and 

cooled to −20 °C. Sodium borohydride (9.8 mg, 0.26 mmol) was added and the solution 

stirred for 44 hours. Acetic acid was added carefully until gas evolution stopped. The 

reaction was diluted with methanol (12.0 mL), allowed to warm to room temperature, 

and concentrated under reduced pressure. The residue was taken up in methanol and 

condensed to azeotropically remove volatile components (including tirmethyl borate), 

and this process was repeated twice. The crude product was purified by column 

chromatography (100% EtOAc) to give 18a (55.0 mg, 0.16 mmol, 63%) as an off-white 

oily solid. 1H NMR (400 MHz, CDCl3): δ 7.39–7.28 (m, 5H), 5.33 (d, J = 12.4, 1H), 5.15 (d, J 

= 12.4, 1H), 4.95 (dd, J = 5.7, 4.1 Hz, 1H), 3.86–3.85 (m, 2H), 3.22 (s, 3H), 2.86 (d, J  = 8.8 

Hz, 1H), 2.60 (dd, J = 14.1, 6.0 Hz, 1H), 2.10 (ddd, J = 13.8, 9.6, 4.1 Hz, 1H), 1.57 (s, 3H). 
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Benzyl-(2R,3aR,6R,6aS)-6-(hydroxymethyl)-2-methoxy-6a-methyl-4-

oxohexahydro-2H-furo[2,3-c]pyrrole-6-carboxylate (18b). A solution of 17b (791.0 mg, 

1.8 mmol) was dissolved in anhydrous ethanol (18.0 mL) and cooled to −30 °C. Sodium 

borohydride (102.1 mg, 2.7 mmol) was added and the solution stirred for 22 hours. 

Acetic acid was added carefully until gas evolution stopped. The reaction was diluted 

with methanol (12.0 mL), allowed to warm to room temperature, and concentrated 

under reduced pressure. The residue was taken up in methanol and condensed to 

azeotropically remove volatile components (including tirmethyl borate), and this 

process was repeated twice. The crude product was purified by column 

chromatography (100% EtOAc) to give 18b (560.0 mg, 1.7 mmol, 93%) as an off-white 

oily solid. 1H NMR (400 MHz, CDCl3): δ 7.63 (br s, 1H), 7.40–7.27 (m, 5H), 5.24 (d, J = 

12.5, 1H), 5.20 (d, J = 12.5, 1H), 4.87 (d, J = 5.0 Hz, 1H), 3.89 (d, J = 11.8 Hz, 1H), 3.81 (d, J = 

11.8 Hz, 1H), 3.02 (s, 3H), 2.73 (d, J  = 8.2 Hz, 1H), 2.37 (d, J = 13.4 Hz, 1H), 2.08 (ddd, J = 

13.5, 8.3, 5.1 Hz, 1H), 1.48 (s, 3H). 
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6-benzyl 5-(tert-butyl) (2S,3aR,6R,6aS)-6-(hydroxymethyl)-2-methoxy-6a-

methyl-4-oxohexahydro-5H-furo[2,3-c]pyrrole-5,6-dicarboxylate (19a). To a solution of 

18a (55.0 mg, 0.16 mmol) in MeCN (1.0 mL) was added TMSCN (50 µL, 0.4 mmol) at 

room temperature. The solution was allowed to stir for 1 hour, diluted with toluene (1.0 

mL), and concentrated under reduced pressure. The residue was taken up in MeCN (1.0 

mL), and boc anhydride (294 µL, 1.28 mmol) and DMAP (19.5 mg, 0.16 mmol) were 

added at room temperature. The reaction mixture was allowed to stir for 14 hours, 

cooled to 0 °C, and diluted with methanol (1.0 mL). Camphorsulfonic acid (74.3 mg, 0.32 

mmol) was added and the solution allowed to stir for 3 hours. The mixture was 

partitioned between diethyl ether and water, and the aqueous layer was extracted with 

diethyl ether twice. The combined organic layers were washed with saturated sodium 

bicarbonate, saturated with sodium chloride, dried over sodium sulfate, and condensed 

under reduced pressure. The crude material was purified by column chromatography 

(1:3 to 1:2 EtOAc:hexane) to give 19a (63.0 mg, 0.14 mmol, 90%) as an amorphous white 

solid. 1H NMR (400 MHz, CDCl3): δ 7.38–7.30 (m, 5H), 5.24–5.17 (m, 2H), 5.17 (dd, J = 5.7, 

4.3 Hz, 1H), 4.44 (dd, J = 11.8, 4.9 Hz, 1H), 4.21 (dd, J = 11.8, 5.8 Hz, 1H), 3.02 (s, 1H), 2.68 
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(dd, J = 14.1, 6.1 Hz, 1H), 2.18 (ddd, J = 14.0, 9.5, 4.3 Hz, 1H), 1.99 (t, J = 4.9 Hz, 1H), 1.61 

(s, 3H), 1.46 (s, 9H). 

 

 

 6-benzyl 5-(tert-butyl) (2R,3aR,6R,6aS)-6-(hydroxymethyl)-2-methoxy-6a-

methyl-4-oxohexahydro-5H-furo[2,3-c]pyrrole-5,6-dicarboxylate (19b). To a solution of 

18b (549.0 mg, 1.64 mmol) in THF (8.2 mL) was added TMSCN (513 µL, 4.10 mmol) at 

room temperature. The solution was allowed to stir for 1 hour, diluted with toluene (8.3 

mL), and concentrated under reduced pressure. The residue was taken up in MeCN (8.3 

mL), and boc anhydride (3.0 mL, 13.12 mL) and DMAP (200.4 mg, 1.64 mmol) were 

added at room temperature. The reaction mixture was allowed to stir for 14 hours, 

cooled to 0 °C, and diluted with methanol (8.3 mL). Camphorsulfonic acid (761.9 mg, 

3.28 mmol) was added and the solution allowed to stir for 3 hours. The mixture was 

partitioned between diethyl ether and water, and the aqueous layer was extracted with 

diethyl ether twice. The combined organic layers were washed with saturated sodium 

bicarbonate, saturated with sodium chloride, dried over sodium sulfate, and condensed 

under reduced pressure. The crude material was purified by column chromatography 

(1:1 EtOAc:hexane) to give 19b (596.0 mg, 1.37 mmol, 83%) as an amorphous white solid. 
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1H NMR (400 MHz, CDCl3): δ 7.39–7.31 (m, 5H), 5.27 (d, J = 12.4 Hz, 1H), 5.20 (d, J = 12.5 

Hz, 1H), 4.92 (d, J = 5.0 Hz, 1H), 4.47 (dd, J = 11.8, 4.4 Hz, 1H), 4.15 (d, J = 11.7, 4.9 Hz, 

1H), 3.16 (s, 3H), 2.87 (d, J = 7.9 Hz, 1H), 2.48 (d, J = 13.2 Hz, 1H), 2.19 (ddd, J = 13.2, 8.1, 

5.0 Hz, 1H), 2.16 (s, 2H), 2.03 (s, 9H). 

 

 

 6-benzyl 5-(tert-butyl) (2S,3aR,6S,6aS)-6-formyl-2-methoxy-6a-methyl-4-

oxohexahydro-5H-furo[2,3-c]pyrrole-5,6-dicarboxylate (20a). To a solution of 19a (14.0 

mg, 0.03 mmol) in DCM (0.5 mL) was added Dess-Martin periodinane (12.7 mg, 0.05 

mmol) at room temperature. The solution was allowed to stir for 1 hour, upon which 

another equivalent of Dess-Martin periodinane (12.0 mg, 0.05 mmol) was added. The 

solution was allowed to stir for another hour, quenched with isopropanol, diluted with 

ether, and cooled to 0 °C. The reaction mixture was filtered through celite and 

concentrated under reduced pressure. The crude material was purified by column 

chromatography (1:1 EtOAc:hexane) to give 20a (14.0 mg, 0.03 mmol, 99%) as an 

amorphous white solid. 1H NMR (400 MHz, CDCl3): δ 10.15 (br s, 1H), 7.41–7.33 (m, 5H), 

5.37 (d, J = 12.0 Hz, 1H), 5.26 (d, J = 12.4, 1H), 4.89 (d, J = 4.5 Hz, 1H), 3.21 (s, 3H), 2.99 
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(dd, J = 9.2, 2.6 Hz, 1H), 2.63 (ddd, J = 14.1, 5.8, 2.7 Hz, 1H), 2.18 (ddd, J = 14.0, 9.4, 3.9 Hz, 

1H), 1.49 (s, 3H), 1.39 (s, 9H). 

 

 

 6-benzyl 5-(tert-butyl) (2R,3aR,6S,6aS)-6-formyl-2-methoxy-6a-methyl-4-

oxohexahydro-5H-furo[2,3-c]pyrrole-5,6-dicarboxylate (20b). To a solution of 19b (131.0 

mg, 0.30 mmol) in DCM (2.5 mL) was added Dess-Martin periodinane (128.0 mg, 0.30 

mmol) at room temperature. The solution was allowed to stir for 1 hour, upon which 

another equivalent of Dess-Martin periodinane (128.0 mg, 0.30 mmol) was added. The 

solution was allowed to stir for another hour, quenched with isopropanol, diluted with 

ether, and cooled to 0 °C. The reaction mixture was filtered through celite and 

concentrated under reduced pressure. The crude material was purified by column 

chromatography (1:2 EtOAc:hexane) to give 20b (126.0 mg, 0.29 mmol, 97%) as an 

amorphous white solid. 1H NMR (400 MHz, CDCl3): δ 10.12 (br s, 1H), 7.39–7.35 (m, 5H), 

5.44 (d, J = 12.2 Hz, 1H), 5.27 (d, J = 11.5, 1H), 4.96 (d, J = 5.0 Hz, 1H), 3.12 (br s, 3H), 2.85 

(d, J = 13.4 Hz, 1H), 2.50 (ddd, J = 13.3, 8.1, 5.2 Hz, 1H), 1.41 (s, 1H), 1.38 (s, 9H). 
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6-benzyl 5-(tert-butyl) (2R,3aR,6R,6aS)-6-(1-hydroxy-1-phenylbut-3-en-1-yl)-2-

methoxy-6a-methyl-4-oxohexahydro-5H-furo[2,3-c]pyrrole-5,6-dicarboxylate (21b-I). 

Cinnamyl zinc chloride was produced according to procedures reported by Knochel and 

co-workers [64]: zinc dust (653.9 mg, 10.0 mmol) and dry LiCl (351.8, 8.3 mmol) were 

covered with dry THF (2 mL), activated via addition of a few drops each of 1,2-

dibromoethane and TMSCl, and allowed to stir for 10 minutes at room temperature 

under argon. A solution of cinnamyl chloride (459 µL, 3.3 mmol) in THF (5.5 mL) was 

slowly added at room temperature, and the solution allowed to stir for 1 hour under 

argon. The zinc suspension was allowed to settle and the concentration was determined 

by iodometric titration to be 0.28 M. 

Aldehyde 20b (40.7 mg, 0.09 mmol) was dissolved in THF (180 µL) and cooled to 

−78 °C under argon. The cinnamyl chloride zincate solution (500 µL, 0.14 mmol) was 

added slowly, and the reaction stirred at −78 °C and monitored by TLC. Complete 

consumption of starting material was observed within an hour, and the reaction was 

quenched with aqueous ammonium chloride and allowed to warm to room 

temperature. Layers were separated and the aqueous layer extracted twice with EtOAc. 

Organic layers were pooled and washed with brine, dried over Na2SO4, and condensed 
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under reduced pressure to give a crude yellow oil. Purification via column 

chromatography (1:1 EtOAc:hexanes) provided 21b-I (29.7 mg, 0.05 mmol, 60%) as an 

amorphous white solid. Rf = 0.33 (1:1 EtOAc:hexanes). 1H NMR (400 MHz, CDCl3): δ 

7.37–7.30 (m, 5H), 7.27–7.18 (m, 5H), 7.09-7.07 (m, 2H), 6.32 (br s, 1H), 6.14 (dt, J = 16.8, 10 

Hz, 1H), 5.39 (d, J = 6.0 Hz, 1H), 5.10 (d, J = 10.4 Hz, 1H), 5.05 (br s, 1H), 4.91 (d, J = 12.1 

Hz, 1H), 4.87 (d, J = 4.8 Hz, 1H), 4.56 (d, J = 12.1 Hz, 1H), 3.35 (dd, J = 9.2, 6.6 Hz, 1H), 

3.07 (s, 3H), 2.65 (d, J = 7.8 Hz, 1H), 2.46 (d, J = 13.4 Hz, 1H), 2.18–2.09 (m, 1H), 1.35 (s, 

3H), 1.34 (s, 9H). 13C NMR (125 MHz, CDCl3): δ176.39, 167.87, 152.64, 136.55, 134.90, 

128.80, 128.70, 128.53, 127.34, 118.61, 104.25, 91.34, 82.92, 76.91, 73.98, 67.49, 55.01, 53.04, 

50.28, 34.83, 27.75, 20.64. HRMS (ESI) calcd. for [M+Na]+ C31H37NO8 574.2411, found 

574.2406. 

 

 

Benzyl (2S,3S,4R)-3-hydroxy-2-(1-hydroxy-1-phenylbut-3-en-1-yl)-4-(2-

hydroxyethyl)-3-methyl-5-oxopyrrolidine-2-carboxylate (22-I). A mixture of TFA:H2O 

(1:1, 2 mL) was stirred and cooled to 0 °C prior to the dropwise addition of a solution of 

21b-I (47.7 mg, 0.09 mmol) in THF (226 µL). The mixture was then allowed to stir for 3 h 

at 60 °C before cooling to room temperature. Toluene (8.6 mL) and ice (1.7 g) were 
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added at 0 °C, and the reaction mixture was condensed under reduced pressure at room 

temperature. All the while, toluene was added intermittently to keep the concentration 

of TFA low. The residue was taken up in THF:H2O (3:1, 860 µL) and cooled to 0 °C. 

NaBH4 was added and the mixture allowed to stir at 0 °C for about 50 minutes. The 

reaction was carefully quenched with acetic acid and allowed to warm to room 

temperature. Volatility was removed azeotropically several times with MeOH, and the 

resulting residue was purified via column chromatography (95:5 to 90:10 DCM:MeOH) 

to give 22-I (17.4 mg, 0.04 mmol, 46%) as a white amorphous solid. Rf = 0.27 (EtOAc). 1H 

NMR (500 MHz, CDCl3): δ 8.28 (brs, 1H), 7.39–7.19 (m, 10H), 6.14–6.06 (m, 1H), 5.24 (d, J 

= 10.0 Hz, 1H), 5.17 (d, J = 16.9 Hz, 1H), 5.04 (d, J = 12.1 Hz, 1H), 4.53 (d, J = 6.3 Hz, 1H), 

4.45 (br d, J = 11.1 Hz, 1H), 3.84–3.80 (m, 1H), 3.77–3.72 (m, 1H), 3.34 (dd, J = 9.4, 6.4 Hz, 

1H), 2.93 (d, J = 8.2 Hz, 1H), 2.07 (s, 1H), 2.04-1.96 (m, 1H), 1.80–1.77 (m, 1H), 1.54 (s, 3H). 

13C NMR (125 MHz, CDCl3): δ 180.51, 170.63, 140.41, 136.14, 134.67, 127.24, 120.39, 108.21, 

81.92, 71.14, 67.62, 62.81, 62.23, 53.79, 51.68, 29.84, 26.38, 19.88. HRMS (ESI) calcd. for 

[M+H]+ C25H29NO6 440.2068, found 440.2068. 
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4. Bioinformatics Analysis Reveals a PDZ Domain in 
CPAF 

As discussed in Chapter 1, C. trachomatis surrounds itself with an intracellular 

parasitophorous vacuole termed an inclusion upon infecting host cells. From within the 

inclusion, the bacteria are able to replicate while remaining cloaked and protected from 

host immunological defenses, largely due to the secretion of various chlamydial effector 

proteins. The effectors are translocated into the host cell cytoplasm and dynamically 

remodel the inclusion, interfere with host cell apoptosis, dampen immune responses, 

and inflammation, as well as abrogate or co-opt signal transduction pathways. 

Of the known chlamydial effectors, CPAF has emerged as an important factor 

that cleaves host proteins including the cytoskeleton intermediate filament vimentin, the 

nuclear envelope lamin-associated protein (LAP1), and also participates in cytokinesis 

failure at abscission [38, 46, 68-70]. However, the molecular mechanisms by which CPAF 

disrupts these pathways remain elusive. The aforementioned studies geared toward the 

development of CPAF-specific inhibitors was just one leg of a multi-faceted approach 

our lab has taken to help elucidate the role of CPAF and other effectors in chlamydial 

pathogenesis. 

Another major aspect we considered was whether or not we could gather any 

additional information from the structure of CPAF that might provide us with clues as 

to what it’s substrates are and/or what role it plays in pathogenesis. While inspecting the 
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CPAF crystal structure, we discovered that CPAF contains what appeared to be a cryptic 

N-terminal PDZ domain. This structural motif would certainly be of interest, as 

assembly of many functional signal transduction complexes are facilitated by protein-

protein interaction motifs such as PDZ, SH2, SH3, and WW domains [71], with PDZ 

domains mediating a significant proportion of these interactions. PDZ domains are often 

receptors for C-terminal tetrapeptide sequences in tail-specific proteases like HtrA, 

DegP, photosystem II D1 protein peptidase and other hydrolases [72-76]. In signaling 

and scaffolding proteins, PDZ domains typically mediate protein-protein interactions 

through capture of C-terminal tetrapeptide sequences, internal peptide sequences, or 

through PDZ-to-PDZ domain interactions [77-79]. 

PDZ domain interactions are also critical components of cellular tight junctions, 

signal transduction pathways, inflammation responses and assembly of immune 

complexes [80-83]. Additionally, viral pathogens are known to mimic host PDZ ligands 

and act as decoys to disrupt protein-protein interactions [79, 84]. Thus, the presence of a 

PDZ domain in CPAF may not only help elucidate the function of CPAF, but may also 

provide insight as to how the bacteria are able to co-opt host cell functions. In order to 

do so we sought to confirm that the fold in CPAF was indeed a PDZ domain, and if so, 

confirm whether or not it resembles any of the known classes of canonical PDZ domains. 

Using a number of bioinformatics methods, we verified that CPAF contains a 

PDZ domain that is unique in that it bears almost no sequence similarity to canonical 
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PDZ domains. Additionally, it displays minimal sequence and structural similarity to 

known chlamydial PDZ domains. Instead, we found that the PDZ sequence in CPAF is 

most similar to PDZ domains of human proteins involved in cell polarity and epithelial 

tight junction formation. We recently published these results [85], the details and 

implications of which are discussed further in the following sections. 

 

4.1 CPAF Contains a PDZ-like Fold 

Upon inspection of the mature CPAF crystal structure, we observed that the 

enzyme contains a PDZ-like fold spanning residues 106-212 in the N-terminal domain 

(CPAF106-212). Canonical PDZ domains share a common fold consisting of five antiparallel 

beta strands and two alpha helices, in which the ligand-binding pocket is formed by the 

β2 strand and α2 helix, as depicted by the class I PDZ domain from PSD95 (PSD95-

PDZ3) (Figure 13A). Variations on this architecture are observed in which additional 

helices or strands decorate the PDZ domain, as demonstrated by both the class II 

domain from HtrA2 as well as the CPAF106-212 domain (Figure 13B-C). Furthermore, 

though the fold is conserved among domains, the order of the components in the linear 

sequence can vary [77, 86, 87]. This phenomenon, known as circular permutation, is 

demonstrated by the PDZ domain topology maps of PSD95-PDZ3, HtrA2 and CPAF 

(Figure 13D-F). 
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Figure 13: CPAF106-212 Shares a Permutation of the Common PDZ Fold from Canonical 
PDZ Domains from PSD95-PDZ3 and HtrA2. PDZ domains from PSD95-PDZ3 (Class I, 

PDB ID: 1TQ3) (A), HtrA2 (Class II, PDB ID: 1LCY) (B) and CPAF (PDB ID: 3DOR) (C) 
are depicted with common PDZ elements colored. The typical five-stranded beta sheet is 
shown in dark blue, and two alpha helices in dark purple. The ligand-binding pocket is 

formed by β2 and α2, β1 and α3, and β1 and α2 in PSD95-PDZ3, HtrA2 and CPAF 
respectively. A two-stranded beta sheet is conserved between HtrA2 and CPAF, shown 

in red. Elements not shared between the three domains are shown in gray. Domain 
maps for PSD95-PDZ3 (D), HtrA2 (E), and CPAF (F) show a common domain 

arrangement between the three PDZ domains that only differ in the connectivity of 
disordered loops. 

 

4.1.1 Structural similarity of CPAF106-212 to canonical PDZ domains 

Since the residues lining the ligand-binding pocket of PDZ domains contribute 

significantly to peptide ligand binding and specificity, sequence similarity along the 

PDZ binding site hotspots is often a strong predictor of ligand specificity [76, 77, 81, 88-

90]. Canonical PDZ domains are typically grouped into three major classes based on 

which types of ligands they bind: class I ligands (X-[S/T]-X-Φ), class II ligands (X-Φ-X-
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Φ), or class III ligands (X-D/E/K/R-X-Φ), where X is any residue and Φ represents 

hydrophobic residues (V, I, L, M, F, W and Y) [79]. 

To examine if CPAF contained a domain within its three-dimensional 

architecture that was consistent with a canonical PDZ-like fold, we first used VMD-

STAMP [91, 92] and the pairwise DaliLite server [93, 94] to compare CPAF amino acid 

residues 106 to 212 (CPAF106-212) to representative structures of all three canonical PDZ 

domain classes, as well as to unclassified domains (Table 1). Values for root mean square 

deviation (RMSD) and percent identity (PID) were recorded for all comparisons, and the 

results were analyzed together. Both sets of data show lower average RMSD values and 

higher average PID values between CPAF106-212 and unclassified PDZ domains as 

compared to the canonical class I-III domains. 



 

 83 

Table 1: Comparison of CPAF106-212 to Canonical and Unclassified PDZ 
Domains 

Class PDZ Domain Residues STAMP-VMD DALI 

RMSDa Å PIDb % RMSDa Å PIDb % 

-- CPAF 106-212 -- -- -- -- 

Class I 
(X-[S/T]-X-Φ) 

PSD95-PDZ3 306-402 3.1 9 3.1 18 

NHERF2-PDZ1 9-91 3.5 9 2.6 18 

Syntenin-PDZ1c 112-193 2.6 8 2.2 15 

Syntenin-PDZ2d 195-273 3.2 7 2.6 14 

Erbinb 1318-1412 2.8 7 2.1 17 

Averages: 3.0 8 2.5 16 

Class II 

(X-Φ-X-Φ) 

CASK 487-572 2.9 12 2.7 23 

Erythrocyte p55 69-153 3.0 12 2.3 23 

HtrA1 380-480 3.2 7 2.8 11 

HtrA2 362-454 2.5 10 2.4 18 

Averages: 2.9 10 2.6 19 

Class III 
(X-D/E/K/R-X-

Φ) 

nNOS 14-100 2.8 11 2.5 20 

ABPA1-PDZ1 653-741 2.9 9 2.3 17 

Afadin (AF6) 1001-1096 3.2 9 2.9 21 

Averages: 3.0 9 2.6 19 

Unclassified 

PS2-D1P 158-249 2.6 10 2.5 15 

DegP-PDZ1 287-379 3.0 11 2.6 17 

MPP7 136-219 2.6 18 2.3 33 

Shroom4 6-92 2.9 12 2.4 24 

HtrA3 354-453 2.8 10 2.4 16 

Averages: 2.8 12 2.4 21 

Structure-based alignment was performed using the STAMP module of the VMD software suite, and the 
pairwise DaliLite server. RMSD, and PID statistics were compared between CPAF106-212 and several PDZ 
domains of all three major classes, in addition to unclassified domains. The binding specificity of each PDZ 
domain class is indicated in parenthesis where X is any residue and Φ represents hydrophobic residues (V, I, 
L, M, F, W and Y). aRMSD = Root Means Squared Deviation bPID = Percent Identity cIn addition to class I 
ligands, these domains also bind class II ligands dIn addition to class I ligands, these domains also bind class 
III ligands 
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These data suggest that CPAF106-212 does not bear structural similarity to 

canonical class I-III PDZ domain folds. However, it does seem to resemble PDZ domains 

for which a class has not been assigned or that exhibit specificities for ligand sequences 

that differ from the consensus motifs that are recognized by the three major PDZ classes. 

Examples from this miscellaneous PDZ domain category include human DegP, MPP7, 

Shroom4 and HtrA3 PDZ domains. Within this group of PDZ domains, CPAF106-212 had 

the lowest RMSD coupled with the highest PID when compared to the PDZ domain of 

human protein MPP7. Thus, analysis of both data sets together suggests that CPAF106-212 

is most similar to MPP7 in structure as well as sequence. 

 

4.1.2 Identification of CPAF106-212 structural homologs 

In order to identify additional PDZ domains with structural homology to 

CPAF106-212, we submitted the PDB coordinates for CPAF106-212 to the Dali protein 

structure database server [93, 94], and processed the data as follows. We obtained a 

dataset of 437 unique PDB files that exhibited an average Z-score of 4.9 ± 1.9, where a Z-

score of 2.0 represents significant structural homology. We reviewed the RMSD and PID 

values for the hits compared against CPAF106-212 and found an average RMSD and PID of 

2.7 Å and 17 percent respectively. 
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The unique Dali results were filtered using an RMSD cutoff of 2.5 Å, yielding 147 

PDB codes. We cross-referenced the unique PDB codes with the UniProtKB database [95, 

96] to retrieve protein accession numbers for the structures similar to CPAF106-212. There 

were a total of 85 unique identifiers retrieved, 52 of which were from Homo sapiens and 

17 of which were of murine origin. Interestingly, this combined set of human and 

murine proteins comprise over 80 percent of the total hits and are also the two host 

targets of C. trachomatis and C. muridarum. Such a high incidence of human and murine 

proteins could be expected if CPAF utilizes a PDZ-dependent pathogenesis mechanism 

in these hosts. Additionally, several other proteins were of viral origin; including 

influenza, rabies, and human papilloma virus. These viral pathogens have been 

previously shown to use PDZ mimicry to manipulate cellular tight junctions and 

adherens junctions and to facilitate infection [77, 84]. 

The dataset of 85 UniProtKB identifiers was cross-referenced with the NCBI 

Conserved Domain Database (CDD) [97, 98] to identify all of the annotated protein 

domains represented by our dataset. Within the list of candidate proteins, PDZ domains 

alone represented 41 percent of all specific and superfamily domains detected; the next 

highest annotated domain registered 3.6 percent. From these results we identified 65 

unique UniProtKB accession codes that contained one or more PDZ domains, 

corresponding to a hit rate of 76 percent. Of the 65 candidate proteins, there were many 

that contained multiple PDZ domains. Following removal of superfamily and 
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nonspecific hits to limit false positives, the resulting 170 PDZ domain sequences were 

analyzed further. 

 

4.1.3 Sequence comparison to identify CPAF106-212 homologs 

Having identified a set of proteins containing PDZ domains with high structural 

homology to CPAF106-212, we aimed to address to what extent these domains retain 

sequence homology with the CPAF PDZ domain. The 170 PDZ sequences that were 

previously identified were retrieved from the UniProtKB database using residue ranges 

supplied by the NCBI CDD. These sequences were submitted for alignment against 

CPAF106-212 using the NCBI Protein BLAST (blastp) server [99, 100]. The 29 sequences that 

scored E-values less than 0.001 and bit scores above 20.0 were designated as having 

significant sequence homology to CPAF106-212. These sequences were submitted for 

multiple sequences alignment using the Clustal Omega webserver [101, 102], and the 

resulting alignments were annotated using ESPript 3.0 [103, 104] (Figure 14). 
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Figure 14: Sequence Alignment of CPAF106-212 Against Human PDZ Domains Involved 
in Epithelial Tight Junction Maintenance. Dlg (A) MPPx (B) MAGI1 and SCRIB (C) 

PDZ domains were aligned against CPAF106-212 using NCBI BLAST and Clustal Omega. 
The resulting annotations were performed with ESPript 3.0. Similar residues are 

depicted in blue/white while identically conserved residues are in yellow/blue. The 
canonical GLGF-loop for PDZ domains is annotated by red stars. 
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Though not necessarily evident by linear sequence alignment due to circular 

permutation, structural alignment of the proteins revealed that epithelial tight junction 

and cell polarity proteins Dlg1-4, MPP1, 5, 7, MAGI1, and SCRIB have strong sequence 

similarity to CPAF106-212 within the PDZ domain recognition pocket. The conserved 

residues lie toward the core of the CPAF PDZ domain and binding pocket and may 

suggest that the residues are involved in establishing the PDZ fold to mimic host 

domains or in recognizing host PDZ ligands. We speculate that, upon release into the 

cytosol, CPAF may be able to compete for PDZ ligands to disrupt host cell signaling. 

Alternatively CPAF106-212 may serve to deliver the protease to the same location as the 

Dlg, MPPx, MAGI1, or SCRIB proteins and their cognate ligands. 

Additionally, canonical PDZ domains that recognize C-terminal tetrapeptides 

frequently contain a Gly-Leu-Gly-Phe (GLGF) motif in the binding site loop for ligand 

recognition. The CPAF PDZ domain shares some sequence similarity with PDZ domains 

of human proteins in the MAGUK (Dlg, MPPx, and MAGI1) and LAP (SCRIB) families. 

Sequence alignment of these PDZ domains revealed that the analogous sequence in 

CPAF is unique and atypical of canonical PDZ motifs. In particular, the corresponding 

GLGF-loop in CPAF106-212 is composed of a Tyr109-Leu110-Pro111-Tyr112 (YTPY). This YTPY 

sequence maintains the typical hydrophobic nature of the GLGF-loop despite the fact 

that the sequence is divergent from canonical PDZ domains. 
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Furthermore, many canonical PDZ domains contain a conserved basic residue 

that is involved in binding C-terminal carboxyl groups of target peptides [105-107]. 

Though not evident in the sequence alignments, structural comparison of CPAF106-212 to 

the PDZ domains in human Dlg1, MPP7, and SCRIB revealed that Arg209 occupies an 

analogous region for the conserved basic residues from known PDZ domains. The fact 

that Arg209 was not shown to align with the conserved basic residues of other PDZ 

domains suggests that CPAF may achieve parallel functionality within the PDZ domain 

through a circular permutation of its sequence. However, mutational analysis of the 

YLPY-loop and Arg209 is necessary to confirm their roles in CPAF PDZ function and 

ligand recognition. 

 

4.2 Assessment of PDZ occurrence in the C. trachomatis 
genome 

Having identified a cryptic PDZ domain in CPAF, we used the Pfam database to 

evaluate whether PDZ domains are commonly annotated in chlamydial species and to 

which proteins they belong to. We searched the Pfam database for known chlamydial 

PDZ domain types (pf000595, pf13160 and pf14685) and identified 86 unique PDZ-

containing proteins from all species of Chlamydia. Of these proteins, 40 (46.5%) originate 

from C. trachomatis, making it the chlamydial species with the highest PDZ domain 

occurrence. Interestingly, all 40 of the PDZ-containing proteins identified in C. 
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trachomatis are classified as hydrolases, in particular tail-specific and HtrA class 

peptidases. 

 

4.3 Implications of a PDZ Domain in CPAF 

All together, bioinformatics analysis revealed that CPAF contains what 

represents a cryptic PDZ domain within the N-terminal subunit of the enzyme, 

spanning residues 106-212. When compared to canonical exemplary domains from each 

major PDZ class, CPAF106-212 was shown to exhibit significant structural homology with 

unclassified PDZ domains, particularly that of human MPP7. The CPAF PDZ domain 

also shares structural and sequence homology with human PDZ domain-containing 

proteins involved in epithelial tight junction maintenance, including those from the 

MAGUK (Dlg, MPPx, and MAGI1) and LAP (SCRIB) families. 

CPAF is a secreted S41 protease in the chlamydial arsenal that recognizes a broad 

range of substrates within the active site. S41 proteases that exhibit broad active site 

substrate specificity will frequently utilize secondary specificity elements to restrict 

enzyme activation or catalysis to a defined subset of targets. This phenomenon is 

demonstrated by proteins in the tail-specific, DegP and HtrA protease families. In many 

of the S41 proteases, including DegP, HtrA2, HtrA3, and tail-specific proteases, 

secondary regulation of enzyme activity is achieved through communication between 

the catalytic serine protease domain and a nearby PDZ domain [73, 90, 108-110]. Because 
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CPAF contains similarly arranged catalytic and PDZ domains, we suggest that the CPAF 

PDZ domain may be involved in enzyme activation or substrate recognition. 

Ligand recognition by the CPAF PDZ domain may play a critical role in 

activation of the zymogen during enzyme maturation. During chlamydial infection, 

CPAF is produced as a 67 kDa zymogen, which undergoes maturation by sequential 

autoproteolytic excision of a 40 amino acid inhibitory helix (CPAFi) that occludes the 

protease domain active site [40]. The inhibitory helix spans the 28 Å distance between 

the active site residue, Ser491, and CPAF106-212 (Figure 15A). In the cleft formed between 

the protease active site and the PDZ domain, the inhibitory sequence adopts a 

predominant alpha helical conformation and is followed by an N-terminal loop that is 

funneled along the PDZ binding site (Figure 15B-C). PDZ domain residue Arg172 is 

positioned to interact with Phe260 and Leu264 on CPAFi through cation-π interactions and 

van der Waals interactions respectively (Figure 15D). Additionally, Ser176 forms 

hydrogen-bonding interactions with His267 on CPAFi (Figure 15E). As a result, the C-

terminal end of CPAFi serves to block the proposed binding interface of the PDZ 

domain. 
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Figure 15: The CPAF Inhibitory Helix Makes Substantial Contact with the PDZ 
Domain in the Inactive Zymogen. (A) Domain organization of the CPAF zymogen 

(PDB ID: 3DPN) [40] shows that the inhibitory helix (CPAFi) resides in the active site 
groove and contacts both the protease and PDZ domains. (B) CPAF106-212 (green) is makes 

multiple contacts with CPAFi (blue). (C) Rotation of the zymogen structure allows for 
shows contact between the PDZ domain and CPAFi. (D) PDZ domain residue Arg172 

makes cation-π and van der Waals interactions with CPAFi residues Phe260 and Leu264 
respectively. (E) PDZ residue Ser176 forms hydrogen-bonding interactions with CPAFi 

residue His267. 
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This orientation of the inhibitory sequence argues for a possible role in 

simultaneously preventing ligand binding to the PDZ domain in addition to blocking 

substrates from reaching the protease active site. Removal of the inhibitory sequence is 

required for enzyme activity and may be facilitated by the PDZ domain. We suggest 

that, if the CPAF PDZ domain is involved in zymogen activation, one of several 

outcomes may occur upon cleavage at the first activation site between Met234 and Arg235: 

(1) substrate binding at the CPAF PDZ site induces conformational changes, similar to 

other S41 PDZ-containing proteases, after which the inhibitory sequence is presented to 

the active site in a catalytically competent conformation or (2) the singly cleaved 

inhibitory sequence obtains increased conformational flexibility, but remains bound to 

the CPAF PDZ domain to facilitate catalysis of the second and third cleavage events. 

Once the inhibitory segment is removed, the N- and C-terminal CPAF subunits associate 

to form the activated catalytic triad [40]. 

Interactions between the inhibitory helix and both the protease and PDZ 

domains highlight the potential for communication between the CPAF active site and 

PDZ domain. Such communication may form the basis for regulation of protease 

activation and/or substrate recognition. Distal regulation of protease activity is an 

established mechanism for the DegP and HtrA family hydrolases, as both classes exhibit 

PDZ-mediated oligomerization and activation [72, 76, 110-113]. It is possible that 
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mutation of Arg172 and Ser176 may leave CPAF susceptible to hyperactivation as a result 

of activating PDZ ligands having easier access to the PDZ binding site. 

Following activation of the CPAF zymogen and formation of the active enzyme, 

substrates are either cleaved in discrete positions or completely degraded, further 

demonstrating the broad activity of the enzyme. This catalytic duality suggests that 

CPAF may operate as both an endo- and exo-peptidase. These different modes of 

cleavage may be the result of active site pocket selectivity but may also be linked to 

contributions from secondary substrate specificity binding sites, such as the PDZ 

domain. The dichotomy of CPAF proteolysis mechanisms and the lack of a rigid active 

site consensus motif suggest that the PDZ domain within the CPAF N-terminus may 

function as a secondary substrate specificity site. 

The concept of PDZ domains as secondary substrate recognition sites in 

proteases is well established. The HtrA and DegP proteases utilize the PDZ domains to 

form higher order oligomers and as secondary binding sites for substrates [112, 113]. In 

particular, DegP specifically has been shown to employ its PDZ domain in a “hold-and-

bite mechanism” to guide the substrate into the protease domain active site [112]. 

Additionally, the E. coli tail-specific protease was shown to utilize a PDZ domain to 

assist in substrate binding and mutations to the PDZ binding site resulted in a higher KM 

and lower kcat/KM for a peptide substrate [114]. Chlamydial HtrA (CT823) has also been 

shown to utilize one of the two PDZ domains for activation and oligomerization [115]. It 
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is possible that CPAF may oligomerize into higher order structures in vivo or associate 

with other host or chlamydial PDZ-containing peptidases to make a proteasome-like 

degradation complex. However, further studies are needed to explore this possibility, as 

there is currently no evidence from X-ray crystallography studies to suggest that CPAF 

oligomerizes in the same fashion as HtrA or DegP [40]. Although mature CPAF 

crystallizes as a dimer, analytical size exclusion chromatography indicated that the 

mature, wild-type enzyme is monomeric in solution [116]. 

Because CPAF106-212 closely resembles human PDZ domains, it may have evolved 

to hijack host protein-protein interactions, exposing them to potential CPAF-mediated 

proteolysis or directing CPAF to specific locales within the host cell. Alternatively, 

CPAF106-212 may intercept endogenous host PDZ ligands or PDZ-containing proteins to 

aid in molecular targeting of substrates. Others have shown that CPAF is released from 

the inclusion in late stages of infection [46], where it accrues in the cytosol and may 

displace endogenous host ligands. These findings reveal new possible pathogenesis 

mechanisms for chlamydial effectors that use “zip-coding” strategies for targeting 

substrates and intracellular locales.  

 Many viral and bacterial pathogens have established a precedent of utilizing 

host-like PDZ domains or PDZ ligands as decoy pathogenesis effectors [6, 77, 79, 84, 

117]. Viral proteins produced by vaccinia, avian influenza, human papilloma virus and 

herpes virus utilize PDZ-domains or PDZ ligand mimics and, upon binding, 
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competitively abrogate the integrity of the natural host protein interactions [79, 84, 118-

120]. Recent work has revealed disruption and degradation of epithelial tight junctions 

as an effective mechanism of viral pathogenesis [83]. More specifically, disruption of 

tight junctions affords a survival advantage for the virus in that enhanced penetration 

through epithelial barriers and trafficking to the basolateral membrane provides access 

to receptors capable of facilitating viral uptake. Likewise, Chlamydia infection disrupts 

tight junctions and adherens junctions in the single columnar layer of epithelial cells in 

genital tract and ocular infections, similarly to the sexually transmitted pathogen, N. 

gonorrhoeae [121]. 

CPAF106-212 has been shown to be similar to human Dlg, MPPx, MAG1, and 

SCRIB, PDZ-containing proteins known to be components of cell polarity and tight 

junction assembly in epithelial cells. MPP7, for example, co-localizes in epithelial cells 

with tight junction proteins Dlg1, E-cadherin, occludin and CASK, and builds assemblies 

at the interface of the outer membrane that act as scaffolding for formation of tight 

junctions [122]. Chlamydial infections have been suggested to break down these 

junctions and disrupt epithelial cell integrity through degradation of nectin-1 [123] and 

keratin-8 and -18 [124], as well as sequestration of β-catenin and E-cadherin [125]. Such a 

mechanism would not be unique and has been described for N. gonorrhoeae [121]. 

Compromising the cellular junctions also allows for exposure of receptors on the 

basolateral membrane at these interfaces to other opportunistic pathogens such as HSV 
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and HIV. Chlamydial disruption of host cellular junctions and the similarity of CPAF106-

212 to known PDZ-containing junction proteins indicates that CPAF may be involved in 

disruption of epithelial cell junctions to promote chlamydial infection. 

While CPAF may directly intercept host PDZ-mediated signaling, it may also 

indirectly influence additional PDZ-associated proteins. CPAF has been postulated to 

degrade nectin-1, a protein required for assembly of adherens junctions in epithelial cells 

[123]. We, and others, have demonstrated that CPAF is capable of degrading host 

cytoskeletal proteins vimentin and keratin 18 and nuclear envelope protein LAP1 [38, 46, 

70, 126]. Interestingly, PDZ domain-mediated association of proteins with cytoskeletal 

machinery is plausible and has been observed for several proteins, including PDZ-GEF1, 

afadin, Dlg1, the PDZ-LIM family protein RIL and Lin-7 [78, 127-130]. Because CPAF 

partially proteolyzes the vimentin cage surrounding the parasitophorous inclusion, we 

suggest that CPAF106-212 may facilitate localization of the enzyme to interact with 

vimentin, vimentin binding proteins or associated cytoskeletal filaments. Vimentin has 

also been implicated as a component of epithelial tight junctions and may be a cellular 

target for CPAF proteolysis late in chlamydial infections [83]. Furthermore, vimentin 

and LAP1 interface with the inclusion vacuole by encapsulation of the vacuole and at 

the nucleus-vacuol interface, respectively. CPAF utilizing a host-like PDZ domain to 

gain access to a host substrate directly or through scaffolding molecules would support 
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our assessment that the CPAF enzyme appears to be specific for at least two substrates, 

vimentin and LAP1.  

It is interesting to note that several similar PDZ domains from Mus musculus and 

Rattus norvegitus were detected through our bioinformatic searches. The CPAF protein 

sequences between C. trachomatis and C. muridarum are highly conserved, suggesting 

that the C. muridarum may contain a homologous PDZ domain. Furthermore, the 

proteins we detected in M. musculus and R. norvegitus were analogous to the Dlg 

proteins from Homo sapiens. These findings suggest that the C. muridarum CPAF PDZ 

domain may serve an analogous function in the infection and pathogenesis of Chlamydia 

in mouse and rat species. Because C. muridarum is a highly utilized, model pathogen for 

animal studies into chlamydial pathogenesis, investigations into the PDZ function using 

these tools would be highly beneficial. 

 

4.4 Conclusions & Future Work 

Bioinformatics analysis suggests that there exists a cryptic, host-like PDZ-domain 

found within the N-terminal domain of CPAF.  Comparison of CPAF106-212 to canonical 

PDZ domain structures revealed that the CPAF PDZ does not conform to any 

established PDZ classes and employs a unique YLPY-loop motif. Like the tail-specific, 

HtrA and DegP proteases of the S41 family, CPAF may utilize the PDZ domain as a 

molecular ruler to “hold-and-bite” target substrates. Further, the CPAF PDZ domain 
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bears strong structural similarity to human-derived PDZ domains including Dlg1-4, 

MPP1, 5 and 7, and MAGI1, and SCRIB. Based on the similarity of the CPAF PDZ 

domain to host PDZ-forming sequences, we suggest that CPAF106-212 may be critical for 

proper cellular localization and to allow CPAF access to necessary substrates during 

infection. We propose that CPAF may utilize a PDZ domain for facilitating zymogen 

activation, cellular localization, secondary substrate recognition or a combination of 

these functions. Additional biochemical studies focusing on mutagenesis of critical PDZ 

residues, cellular localization and domain swapping of CPAF106-212 will be key to 

elucidating the true role of the PDZ domain in the CPAF molecular mechanism of 

chlamydial pathogenesis. 

 

4.5 Materials & Methods 

All protein structures were retrieved from the RCSB Protein Data Bank 

repository [131, 132]. Upon inspection of the mature CPAF crystal structure (PDB ID: 

3DOR) [40], we hypothesized that the enzyme contains what appears to be a PDZ-like 

fold spanning residues 106-212 (PDB 3DOR residues 114-220) in the N-terminal domain 

(CPAF106-212). The coordinates corresponding to residues CPAF106-212 were extracted from 

the mature CPAF structure and analyzed by the methods outlined below. 
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4.5.1 Structural similarity of CPAF106-212 to canonical PDZ domains 

The CPAF106-212 structure was compared to those of canonical PDZ domains 

known to bind to class I, II, and III ligands, as well as to those of unclassified PDZ 

domains (PDB ID): (Class I) PSD95-PDZ3306-402 (1TQ3, 306-402) [133], NHERF2-PDZ19-91 

(2OCS, 8-90) [134], syntenin-PDZ1112-193 and syntenin-PDZ2195-273 (1N99, 112-193 and 195-

273) [135], and erbin1318-1412 (1MFG, 1277-1371) [136]; (Class II) CASK487-572 (1KWA, 487-

552) [137], erythrocyte p5569-153 (2EV8, 69-153) [138], HtrA1380-480 (2JOA, 380-480) [110], 

and HtrA2362-454 (1LCY, 229-321) [139]; (Class III) nNOS14-100 (1QAU, 14-100) [140], 

ABPA1-PDZ1653-741 (1U37, 17-105) [141], and afadin1001-1096 (1XZ9, 1001-1096) [142]; 

(Unclassified) PS2-D1P158-249 (1FC6, 158-249) [74], DegP-PDZ1287-379 (3MH4, 261-353) 

[113], MPP7136-219 (3O46, 136-219) [143], Shroom46-92 (2EDP, 8-94) [144] and HtrA3354-453 

(2P3W, 354-453) [110]. 

Each set of PDZ domain coordinates was extracted from the full PDB coordinates 

and aligned to CPAF106-212 using the STructural Alignment of Multiple Proteins (STAMP) 

feature of the Visual Molecular Dynamics (VMD) software suite [91, 92], as well as the 

pairwise DaliLite server [93, 94]. Root mean square distance (RMSD) and percent 

identity (PID) values were obtained for each superposition for each of the methods 

above. The results were then analyzed together to determine structural similarity of 

CPAF106-212 to the representative canonical PDZ domains. 
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4.5.2 Identification of structural CPAF106-212 homologs 

The PDB coordinates for CPAF106-212 were submitted to the Dali Protein Structure 

Database server [93, 94] in order to identify proteins containing similar structural 

elements. The results of the Dali search yielded 749 protein chains with Z-scores greater 

than 2.0, indicating significant structural homology. Following removal of duplicate 

PDB identifiers, these hits corresponded to 437 unique protein structures that exhibited 

an average Dali Z-score of 4.9 ± 1.9. Values for RMSD, PID and alignment length were 

recorded. A total of 147 structures with RMSD values ≤ 2.5 Å were carried forward for 

further analysis. These hits were cross-referenced with the UniProtKB database [95, 96] 

to retrieve 85 corresponding unique protein identifiers. 

The UniProtKB accession numbers for the resulting proteins were cross-

referenced with the NCBI Conserved Domain Database (CDD) [98] to map all known 

protein domains and identify proteins that contained at least one annotated PDZ 

domain. The NCBI CDD search was carried out using the CDD search option with 0.01 

expect value and composition corrected scoring. Retired sequences were also included in 

the search. A total of 65 unique protein accession numbers were indicated to contain at 

least one annotated PDZ domain, several of which contained multiple PDZ domains. Of 

the 65 proteins, we noted 42 (65%) from Homo sapiens, 13 (20%) from mouse and rat, 3 

(5%) from Escherichia coli, and 2 (3%) from Drosophila melanogaster. 
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4.5.3 Bioinformatic data mining to investigate CPAF106-212 sequence 
homology 

The 65 proteins mapped to 170 PDZ domain sequences, which were retrieved 

from the UniProtKB database and limited to the residue ranges provided by the CDD 

search. The PDZ domain sequences were aligned against CPAF106-212 using the NCBI 

Protein BLAST (blastp) server [99, 100] to identify PDZ domains with high sequence 

homology. A total of 29 sequences scored E-values less than 0.001 and bit scores above 

20.0. Sequences that corresponded to multiple hits within the same protein family were 

submitted for multiple sequence alignment with Clustal Omega [100-102]. The resulting 

alignments were annotated using ESPript 3.0 [103, 104] for figure generation. 

 

4.5.4 Assessment of PDZ occurrence in the C. trachomatis genome 

We searched across all chlamydial strains and species for proteins containing 

annotated PDZ domains using the Pfam database [145, 146]. The results were filtered by 

species and PDZ family (pf000595, pf13160 and pf14685). Species-specific PDZ 

occurrence was recorded as the number of PDZ domains in one chlamydial species 

compared to the total number of PDZ domains observed among all species of Chlamydia. 

The chlamydial PDZ domains were cross-referenced against the UniProtKB database 

and the proposed function(s) for each protein was obtained from the database. 
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5. Proteomics Analysis of CPAF-Dependent Process in 
Infected Cells 

As discussed in Chapter 1, CPAF has been implicated in a number of roles since 

its discovery in 2001 [29, 34]. Though it was first determined to be a virulence factor in 

chlamydial infections that reportedly cleaves or degrades a number of substrates, recent 

studies have called the role of CPAF in chlamydial pathogenesis into question, bringing 

to light that many substrates that were originally identified could be artifacts of the 

experimental methods used. This controversy has since inspired a number of research 

efforts geared towards validating authentic CPAF substrates and functions. Current 

methods appear to be susceptible to artefactual proteolysis, which makes it difficult to 

conclusively distinguish intracellular proteolysis from in vitro proteolysis. In addition to 

inhibiting validation of CPAF function, these concerns could also potentially affect 

analysis of host and chlamydial proteins from Chlamydia-infected cells. Thus, there has 

been a tremendous focus on developing new strategies that would allow for more robust 

characterization of CPAF substrates and functions in infected cells [37]. 

A number of emerging techniques and methods have surfaced within the 

Chlamydia research community that have or could be utilized to address this concern, 

and we will undoubtedly continue to contribute new methods to the toolbox. As 

previously mentioned, given the complexity of chlamydial infection biology and the 

related difficulties in assessing it, we have chosen a multi-faceted approach to 
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addressing uncertainties regarding the authentication of CPAF substrates and function. 

Many of the previously established methods are noted in Chapter 1, our efforts to 

contribute small molecule chemical biology tools are outlined in Chapters 2-3, and our 

bioinformatics analysis of CPAF is discussed in Chapter 4. Our other efforts have been 

geared towards revealing qualitative CPAF-dependent proteome wide changes in the 

host, Homo sapiens and the bacterium, C. trachomatis. 

The recent production of two isogenic strains of C. trachomatis, RST5 (CPAF+) 

and RST17 (CPAF−) by the Valdivia lab has provided the research community with an 

invaluable tool that can be used to probe CPAF function [24, 46]. Additionally, 

proteomics techniques have proved to be a useful approach to understanding 

chlamydial infection biology [147-150]. Our hypothesis was that both tools could be 

used in conjunction to qualitatively reveal CPAF-dependent proteome wide changes in 

the host, Homo sapiens and the bacterium, C. trachomatis. More specifically, we planned to 

utilize proteomic methods to analyze the lysates of host cells infected with the CPAF− 

mutant as compared to host cells infected with the isogenic CPAF+ strain. 

 

5.1 Rationale for a Comparative Proteomics Approach 

We gave careful consideration to the design of this study in an effort to provide 

the most demonstrative results and avoid uncertainties regarding authentic conclusions 

resulting from the methods used. We chose to use a polarized immortalized epithelial 
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cell line (A2EN) derived from an endocervical tissue explant, as it is the best available 

model that allows for simulation of in vivo relationships between host and infectious 

organisms [151]. Additionally, we followed established infection methods [46], and 

utilized harvesting and cell lysate preparation techniques that have been reported to 

minimize experimental artifacts [37]. Most notably, cells were harvested and lysed in 8 

M urea, which is currently the most reliable way to inhibit CPAF activity during cell 

collection and lysate preparation, thus preventing proteolysis of substrates that would 

not necessarily be processed by CPAF during infection. 

The other major consideration we made was at what point post infected cells 

should be harvested. A number of studies have shown that CPAF is actively secreted 

from the mid-to-late inclusion during infection, though the recent controversies inspired 

scrutiny of these studies [47]. That being said, the Valdivia lab recently utilized their 

CPAF− mutant and isogenic CPAF+ strain to show that CPAF processes vimentin and 

LAP1 after lytic disruption of the inclusion membrane, but prior to lysis of the host cell, 

suggesting that CPAF is most active within the inclusion lumen [46]. More specifically, 

CPAF-dependent proteolytic processing of vimentin and LAP1 was detected at 48 hpi 

and later. Thus, we chose to harvest cells at 48 hpi, keeping in mind that additional 

studies at earlier and later time points may be useful if not necessary in the future. 
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5.2 Proteomics Analysis of CPAF+ and CPAF−  Infected Cells at 
48 hpi 

We have employed a systematic rational approach to qualitatively elucidate 

CPAF-dependent proteome wide changes in the host, Homo sapiens and the bacterium, C. 

trachomatis. A2EN cells were infected with the aforementioned isogenic CPAF+ and 

CPAF− strains, and analyzed at 48 hpi as compared to uninfected cells. Six samples were 

prepared for each infection condition by Tri Nguyen (McCafferty lab) and processed via 

LC/MS/MS by the Duke Proteomics Core Facility. The resulting peptide intensities were 

then extensively analyzed, by myself and Meghan Lawler (McCafferty lab), to produce a 

data set of the best hits as outlined in the methods. 

 

5.2.1 Protein levels change as a function of infection with C. 
trachomatis 

In order to ascertain the changes in protein levels as a function of chlamydial 

infection, we first compared the averaged H. sapiens protein levels in RST5 (CPAF+) 

infected cells to those of the uninfected cells. There were 554 statistically significant 

proteins, which were grouped by biological process using PANTHER [152] and 

incorporated into a heat map to illustrate changes in protein levels as a function of 

infection (Figure 16A-B). The proteins were also grouped by molecular function (Figure 

16C) as well as cellular component (Figure 16D) in order to elucidate any overarching 

trends in the types of proteins that are affected during infection. 
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Figure 16: Changes in Protein Levels as a Function of Infection with CPAF+ Strain. 
Statistically significant proteins with p-values less than or equal to 0.5 in RST5 (CPAF+) 
infected cells as compared to uninfected cells were arranged into a heat map using G-

Pro X and grouped by relative protein intensities (A). PANTHER was used to sort these 
proteins by (A) biological process, (B) molecular function, and (C) cellular component. 
Proteins that showed no statistically significant fold change in RST5 (CPAF+) infected 
cells as compared to uninfected cells are shown in grey, the number of proteins that 

were up-regulated in RST5 (CPAF+) infected cells are shown in blue, and the number 
that were down-regulated are shown in red. 
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Though qualitative, the data reveals that CPAF+ infected cells are in a 

dramatically different state than uninfected cells (Figure 16A), which is not unexpected 

given what we know about host cell co-option by C. trachomatis. Within this set of 

proteins, 49 showed statistically significant fold change differences in RST5 (CPAF+) 

infected cells as compared to uninfected cells. 43 of these proteins appear to be up-

regulated while six appear to be down-regulated as a function of infection. PANTHER 

was used to group these proteins by biological function (Figure 17A), molecular function 

(Figure 17B) and cellular component (Figure 17C). The data indicate that a large number 

of the proteins that are significantly regulated as a function of infection with the CPAF+ 

strain are involved in metabolic processes (21 proteins), cellular processes (15 proteins), 

and localization (15 proteins). 
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Figure 17: Up-Regulated and Down-Regulated Protein Levels as a Function of 
Infection with CPAF+ Strain. Proteins for which there was a statistically significant fold 

change present in RST5 (CPAF+) infected cells as compared to uninfected cells were 
sorted by (A) biological process, (B) molecular function, and (C) cellular component. The 
number of proteins that were up-regulated in RST5 (CPAF+) infected cells are shown in 

blue, and the number that were down-regulated are shown in red. 

 

5.2.2 Global changes in protein levels across all three examined 
conditions 

To assess the changes in host protein levels across all three examined conditions, 

we compared averaged H. sapiens protein levels for RST5 (CPAF+) infected cells, RST17 

(CPAF−) infected cells, and uninfected cells. 426 proteins showed statistically significant 
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changes across all three conditions, and were grouped according to biological function 

using Panther (Figure 18A-B). The proteins were also grouped by molecular function 

(Figure 18C) as well as cellular component (Figure 18D). The data shows that not only is 

the host cell in a dramatically different state when infected with either strain, but that 

protein levels change significantly depending on the presence or absence of CPAF as 

well (Figure 18A). 
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Figure 18: Protein Levels Across All Three Infection Conditions. Statistically 
significant proteins with ANOVA values less than or equal to 0.5 were arranged into a 

heat map using G-Pro X and grouped by relative protein intensities (A). PANTHER was 
used to sort these proteins by (A) biological process, (B) molecular function, and (C) 

cellular component. 
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5.2.3 Protein levels change as a function of the presence of CPAF 

To establish changes in host protein levels as a function of the presence of CPAF, 

we compared averaged H. sapiens protein levels in RST5 (CPAF+) infected cells to those 

of RST17 (CPAF-) infected cells. The 206 statistically significant proteins were grouped 

by biological process using Panther and incorporated into a heat map to illustrate 

changes in protein levels as a function of the presence of CPAF (Figure 19A-B). The 

proteins were also grouped by molecular function (Figure 19C) as well as cellular 

component (Figure 19D). Once again, we see that the presence or absence of CPAF has a 

large impact on protein expression levels in the host cell (Figure 19A). 
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Figure 19: Protein Levels Change as a Function of CPAF. Statistically significant 
proteins with p-values less than or equal to 0.5 in RST5 (CPAF+) infected cells as 

compared to RST17 (CPAF−) infected cells were arranged into a heat map using G-Pro X 
and grouped by relative protein intensities (A). Panther was used to sort these proteins 
by (A) biological process, (B) molecular function, and (C) cellular component. Proteins 
that showed no statistically significant fold change in RST5 (CPAF+) infected cells as 
compared to RST17 (CPAF−) infected cells are shown in grey, the number of proteins 

that were up-regulated in RST5 (CPAF+) infected cells are shown in blue, and the 
number that were down-regulated are shown in red. 
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The fact that such a large number of proteins appear to change as a function of 

CPAF is supportive of the growing body of evidence that, despite recent controversy, 

CPAF remains to be an integral player in chlamydial pathogenesis. Of the 206 proteins, 

four showed a significant fold change in RST5 (CPAF+) infected cells as compared to 

RST17 (CPAF−) infected cells. More specifically, one of these proteins appears to be 

down-regulated and three appear to be up-regulated in the presence of CPAF. 

Glutamine synthetase, a catalytic ligase involved in metabolic processes and 

glutamine to glutamate conversion [152], appears to be significantly down-regulated in 

the presence of CPAF relative to uninfected cells. Glutamine synthetase levels drop 

dramatically in CPAF(+) infected cells as compared to uninfected cells, and then return 

to near normal levels in CPAF(−) infected cells. This implies that C. trachomatis may 

utilize CPAF to influence glutamine synthetase levels in host cells, which is a 

phenomenon that has not yet been elucidated. 

Chlamydia appear to lack genes encoding glutamine synthetase as well as 

asparagine synthetase [31], though it is proposed that Chlamydia compensates for the 

lack of these genes via complementation of other non-discriminating enzymes. 

Additionally, one might expect that glutamine synthetase levels would be up-regulated 

in CPAF+ infected cells if the purpose was to compensate for lack glutamine sources. 

Thus, it seems likely that the CPAF-dependent down-regulation of glutamine synthetase 

serves another purpose. Since inhibition of glutamine synthetase has been shown to 
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decrease proliferation of epithelial cells [153], we hypothesize that the bacteria may be 

down-regulating the protein in order to propagate bacterial survival within a host cell. 

However, there are certainly a number of unexplored explanations that require further 

experimentation to verify. 

CPAF-dependent up-regulation of phosphoinositide 3-kinase (PI3K) relative to 

uninfected cells was also observed. It has been reported that activation of PI3K-

dependent signaling is an essential part of invasion of epithelial cells by C. pneumoniae 

[154]. Furthermore, it has been shown that PI3K activity is essential to infection-induced 

vascular smooth muscle cell migration in C. pneumoniae infections [155]. Since CPAF is 

highly conserved among chlamydial strains [34], it seems plausible that it’s an important 

player in PI3K activation in C. pneumoniae, if not in other strains as well. 

We also observed CPAF-dependent up-regulation of alpha-2-HS-glycoprotein 

(AHSG) relative to uninfected cells. AHSG is a glycoprotein found in the serum that has 

been implicated in a number of biological roles ranging from prevention of excessive 

bone mineralization to modulating immune responses [156]. Given the number of 

biological roles AHSG appears to play, it is difficult to postulate what the implications of 

up-regulation during infection are at this point in time. 
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5.2.4 Peptide levels change as a function of the presence of CPAF 

We further examined changes in proteins as a function of the presence of CPAF 

by analyzing peptide intensities in RST5 (CPAF+) infected cells as compared to RST17 

(CPAF−) infected cells, which were visualized using a volcano plot (Figure 20). The data 

indicates that there are a number of peptides that are both either significantly up-

regulated or down-regulated as a function of the presence of CPAF during infection. 

These peptides belong to a number of different proteins, and could indicate CPAF-

dependent processing, modification, or regulation. More extensive analysis of these 

results and/or further experimentation would potentially provide more information as 

to potential CPAF substrates and functions.  

 



 

 117 

 

Figure 20: Peptide Data Arranged Into a Volcano Plot. Statistically significant peptides 
with p-values less than or equal to 0.5 in RST5 (CPAF+) infected cells as compared to 

RST17 (CPAF−) infected cells are plotted above the dotted line. Peptides corresponding 
to the yeast standard are shown in black. Peptides that showed no statistically 

significant fold change in RST5 (CPAF+) infected cells as compared to RST17 (CPAF−) 
infected cells are shown in grey, the number of peptides that were up regulated in RST5 
(CPAF+) infected cells are shown in blue, and the number that were down regulated are 

shown in red. 

 

Given the recently discovered presence of a PDZ domain in CPAF, we were 

interested in any trends in C-terminal peptide sequences as well as any PDZ-containing 

proteins that were regulated in a CPAF-dependent manner. Analysis of C-terminal 

sequences of proteins that were either up-regulated or down-regulated in the presence 
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of CPAF did not reveal any detectable motif. However, we did note that two of the 

peptides that were down-regulated in the presence of CPAF belong to a pdz-containing 

protein, neuroblast differentiation-associated protein AHNAK. Though the other 

peptide fragments detected did not show a statistically significant change in the protein 

level as a whole, the change in the peptide fragments may suggest that AHNAK is 

altered or modified in a CPAF-dependent manner. 

AHNAK is involved in cytoskeleton maintenance and cell signaling [157, 158], 

which are two processes that CPAF has been implicated in affecting. Additionally, 

AHNAK has been shown to interact with a type three-secreted chlamydial effector 

protein CT694, which is expressed during late-cycle development and secreted during 

the invasion process [32, 33]. CT694 contains multiple functional domains including an 

AHNAK binding domain and a membrane localization domain, the functions of which 

are independent of each other. As discussed in chapter 4, it is possible that CPAF also 

operates in a similar manner, with independently functioning domains. Furthermore, 

the CPAF-dependent modification of AHNAK may be partially responsible for 

chlamydial co-option of cell signaling or cytoskeleton components. 

Interestingly, we did not see any statistically significant changes in LAP1 or 

vimentin proteins. This could be due to the relatively small sample set, the stage of 

infection, or how well those particular proteins are detected with the MS methods used. 
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Additionally, the same type of analysis of CPAF-dependent changes in chlamydial 

proteins is currently underway. 

 

5.3 Conclusions and Implications for Future Work 

 Together these data provide us a qualitative indication of CPAF-dependent 

regulation and potentially modification of host proteins at 48 hpi, providing us with 

clues as to what role CPAF may play in pathogenesis. Additionally, we’ve established 

an approach that merges genetics and proteomics as a useful tool that can be utilized to 

probe complicated biology of obligate intracellular pathogens like chlamydia. Our 

methodology is also corroborated by a recent study published by Caldwell, McClarty, 

and co-workers, in which they utilized the same strains using a slightly different 

methodology to analyze cell lysate at 30 hpi [48]. They concluded that CPAF works with 

type III secreted effectors to block NF-kB p65 nuclear translocation, ultimately inhibiting 

host innate immunity. 

 Given the complexity of chlamydial biology, taking multi-faceted approaches 

appears to be the most efficient way of piecing together information. Similarly, it is 

becoming apparent that chlamydial effectors may serve more than one purpose 

depending upon the stage of infection. Thus, this methodology could be used to 

establish the role of CPAF qualitatively and temporally, hopefully providing the 
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research community with some answers as to what it targets and how it participates in 

chlamydial pathogenesis. 

 

5.4 Materials and Methods 

5.4.1 Establishment of RST5 and RST17 infection and propagation in 
vero cells 

The RST5 (CPAF+) and RST17 (CPAF-) strains of C. trachomatis, were provided to 

our lab generously by Dr. Raphael Valdivia and Emily Snavely as EB seed stocks from 

infected cell lysates. Additional seed stocks were generated using the Vero cell line 

(ATCC CCL-81) due to their ability to grow to confluence without detrimental impact to 

the cells. Vero cells were cultured in DMEM-HG (Life Technologies, Carlsbad, CA) with 

10% FBS (Sigma-Aldrich, St. Louis, MO) added. 

In order to generate additional infectious seed stock, Vero cells were seeded into 

6-well plates at 3x105 cells/well and grown at 37 °C and 5% CO2 to 100% confluence, 

prior to infection at an MOI = 1.0 (12x105 IFU per well) with either RST5 or RST17 seed 

that was stored in 1x SPG buffer (0.25 M sucrose, 10 mM sodium phosphate, 5 mM L-

glutamic acid; pH 7). Infections were synchronized by centrifugation at 2,000 rpm for 30 

min. At 48 hpi, growth media was removed and cells were incubated for 10 min at RT in 

1 mL dH2O per well, prior to harvesting via scraping. Infected cells were lysed by 

passage through a 27-gauge syringe 3x and aliquoted appropriately into 5x SPG buffer 

to a final concentration of 1x SPG. Seed stocks were stored at −80 °C until later use. 
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Titer assays were performed, using Vero cells, to determine infectivity of newly 

prepared seed stocks. Vero cells were seeded into a 96-well plate at 4x104 cells/well and 

grown at 37 °C and 5% CO2 to 100% confluence, prior to infection with RST5 or RST17. 

Infections with each strain were performed as above using a 1.0 to 1x106 fold dilution in 

a 10-fold dilution series. Simultaneous titers were measured for seed stocks that had 

proceeded through a second freeze-thaw cycle. At 24 hpi, growth media was removed 

and cells were washed with 1x PBS++ prior to fixing with 4% paraformaldehyde for 20 

min at room temperature. Cells were permeabilized with 0.2% Triton X-100 for 10 min 

on ice, followed by blocking for 60 min with 5% BSA at room temperature. Primary 

antibody staining for chlamydial inclusions was performed using an antibody against 

CT043 provided by the Valdivia lab, at a 1:400 dilution in 1x PBS. The CT043 antibody 

was incubated for 60 min at RT for maximum staining. The primary antibody was 

removed and cells were washed 2 x 100 µL of 1x PBS++. Secondary staining using a 1:200 

dilution of Alexa-Fluor 555 goat anti-rabbit antibody (Life Technologies) was performed 

for 60 min at room temperature in the dark. Cells were washed following secondary 

antibody staining and imaged using a fluorescence microscope (model needed). For 

dilution values containing a countable number of inclusions, the number of inclusions 

was recorded and used to calculate IFU for each seed condition, as described by. These 

titer values were used for downstream infection assays. 
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5.4.2 Infection of A2EN epithelial cells and analysis of differential 
proteolysis 

The A2EN endocervical cell line was provided by the Valdivia lab. Cultures of 

A2EN cells were grown in Keratinocyte SFM media (Life Technologies) supplemented 

with 10% FBS (Sigma-Aldrich), bovine pituitary extract, and recombinant human 

epithelial growth factor (Life Technologies). For infection, A2EN cells were seeded in 6-

well plates at 3.0x105 cell/well and grown for 48 hours prior to infection. At an estimated 

2.7x106 cell/well at confluence, cells were infected at an MOI of 1.0 (12x105 IFU) with 

either the RST5 or RST17 seed that was previously stored in 1x SPG buffer (0.25 M 

sucrose, 10 mM sodium phosphate, 5 mM L-glutamic acid; pH 7). Infections were 

synchronized by centrifugation at 2,000 rpm for 30 min. At 48 hpi, cells were washed 

extensively with PBS and harvested by mechanical scraping in a solution of 8 M urea in 

50 mM of ammonium bicarbonate (1 mL total per plate). Samples were flash frozen with 

liquid nitrogen and submitted to the Duke Proteomics Core Facility for analysis. 

 

5.4.3 Sample preparation 

18 frozen samples stored in 1.5 mL eppendorf tubes were delivered to the Duke 

Proteomics & Metabolomics Core Facility as cell pellets of ~ 1mL harvested in 8M urea 

in 50 mM Ammonium Bicarbonate (AmBic). The samples were gently thawed on ice and 

were probe sonicated at power level 3, 4 bursts each for 5 seconds/burst, storing on ice 

between bursts. Then samples were centrifuged at 15,000 rcf for 10 minutes at 4C and 
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stored on ice. 5 ul of supernatant was diluted 3x with AmBic, and protein concentrations 

were determined by mini-Bradford assay (Bio-Rad, Inc). Samples were normalized in 

fresh tubes to 20 ug protein in 54 ul, and there did not appear to be any systematic bias 

in protein yield from the study. 20 ug from each was normalized and subjected to a 

reduction, alkylation and trypsin digestion. 

Following digestion, samples were acidified and diluted to 1 mL in 0.1% TFA. 

Solid-phase extraction cleanup was performed using 1cc Sep-Pak C18 cartidges (Waters 

Corporation) and a vacuum manifold, per manufacturer recommendation. After SPE, 

samples were lyophilized to dryness. Samples were resuspended in 80 uL 1/2/97 v/v/v 

TFA/MeCN/water containing 25 fmol/uL ADH1_YEAST MassPrep digest (Waters 

Corporation) as a surrogate standard. 10 ul from each sample was combined to create a 

“QC pool” to be run before the study for column conditioning and across the study 

queue. 

 

5.4.4 Quantitative LC/LC-MS/MS analysis of A2EN samples 

Quantitative LC/MS/MS was performed on 1.25 uL (312.5 ng) protein digest per 

sample, using a nanoAcquity UPLC system (Waters Corp) coupled to a Q Exactive Plus 

Orbitrap mass spectrometer (Thermo Scientific) via a nanoelectrospray ionization 

source. Briefly, the sample was first trapped on a Symmetry C18 300 um × 180 um 

trapping column (5 µl/min at 99.9/0.1 v/v water/acetonitrile), after which the analytical 
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separation was performed using a 1.7 um DPMSR Acquitity HSS T3 C18 75 um × 250 um 

column (Waters Corp.) using a 90-min gradient of 5 to 40% acetonitrile with 0.1% formic 

acid at a flow rate of 400 nanoliters/minute (nL/min) with a column temperature of 55C. 

Data collection on the Q Exactive Plus mass spectrometer was performed in a data-

dependent MS/MS manner, using a 70,000 resolution precursor ion (MS1) scan followed 

by MS/MS (MS2) of the top 10 most abundant ions at 17,500 resolution. MS1 was 

accomplished using AGC target of 1e6 ions and max accumulation of 60 msec. MS2 used 

AGC target of 5e4 ions, 60 msec max accumulation, 2.0 m/z isolation window, 27V 

normalized collision energy, and 20 second dynamic exclusion. The total analysis cycle 

time for each sample injection was approximately 2 hours, and the experiment totaled 22 

injections.  

Samples were run in a randomized block fashion, with a QC pool analyzed at the 

beginning and the end of the study, and every 3rd sample within the group. Following 

the analyses, data was imported into Rosetta Elucidator v4.0 (Rosetta Biosoftware, Inc), 

and all LC-MS files were aligned based on the accurate mass and retention time of 

detected ions (“features”) using PeakTeller algorithm (Elucidator). The relative peptide 

abundance was calculated based on area-under-the-curve (AUC) of aligned features 

across all runs. The dataset had 61,349 quantified features and HCD fragmentation was 

performed to generate approximately 715,300 MS/MS spectra for sequencing by 

database searching. This MS/MS data was searched against the UNIPROT 
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(www.uniprot.org) protein sequence database with homo sapiens species taxonomy 

appended with the NCBI refseq database with chlamydia trachomatis serovar 434/Bu 

taxonomy (http://www.ncbi.nlm.nih.gov/protein), which also contained several 

surrogate standards sequences and common laboratory contamination proteins, as well 

as a reversed-sequence “decoy” database for false discovery rate (FDR) determination. 

Amino acid modifications allowed in database searching included fixed 

carbamidomethyl Cys (+57), and variable oxidation n-terminal acetylation (+42), and the 

data was searched with 5 ppm precursor, 0.02 Da product ion tolerance, and semitryptic 

enzyme specificity. Data was processed to the peptideTeller data curation algorithm to 

determine FDR, and was annotated at 0.6% peptide FDR. The analysis yielded 

identifications for 29894 peptides and 4100 proteins across all samples, including 2855 proteins 

with 2 or more peptides to match. For quantitative processing, the data was first curated to 

contain only high quality peptides with appropriate chromatographic peak shape and 

the dataset was intensity scaled based on the robust mean intensity of all peptides. 

 

5.4.5 Data analysis 

The unfiltered, quantitative data for each sample at the protein level in was 

further analyzed by the following methods. Proteins with a %CV (QC) ≤ 30% were 

selected, yielding 3,879 proteins, 95% out of the original 4,100. Raw data was also 

imported into Scaffold, and a report of all proteins (above a 50% peptide threshold and 



 

 126 

above a 90% protein threshold) was generated, yielding 3,348 proteins. The set of 

proteins originating from Elucidator was compared to the proteins originating from 

Scaffold, and proteins that were present in both data sets were chosen for further 

analysis. Protein intensities were replaced with a low limit of 1,000,000 and average 

peptide intensities for each set of n=6 samples were calculated. The data was also log2-

transformed prior to passing through statistical tests. Textbook ANOVA was performed 

using all three biological groups (excluding QC Pool samples) using the Elucidator 

software package. For the purpose of comparing RST5 vs. RST17, RST5 vs. uninfected, 

and RST17 vs. uninfected, a 2-tailed homoscedastic t-test was implemented using Excel. 

The unfiltered, quantitative data for each sample at the peptide level was further 

analyzed by the following methods. Peptides with a %CV (QC) ≤ 30% were selected, 

yielding 27,821 peptides, 93% out of the original 29,894. Duplicate peptides that could 

belong to more than one protein were then removed, yielding a list of 27,726 peptides. 

Raw data was also imported into Scaffold, and a report of all peptides (above a 50% 

peptide threshold and above a 90% protein threshold) was generated, yielding 29,484 

peptides. N-terminal (accounting for formal Met residues) and C-terminal peptide 

fragments were distinguished from internal peptide fragments, and tryptic and non-

tryptic cleavage sites were also noted. Duplicate peptides that could belong to more than 

one protein were removed, yielding a list of 26,592 peptides. The set of 27,726 peptides 

originating from Elucidator was then compared to the set of 26,592 peptides originating 
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from Scaffold, and peptides that were present in both data sets were chosen for further 

analysis. This yielded a set of peptides originating from H. sapiens, C. trachomatis, and  

that were further analyzed as follows. Peptide intensities were replaced with a low limit 

of 1,000,000 and average protein intensities for each set of n=6 samples were calculated. 

The data was also log2-transformed prior to passing through statistical tests. Textbook 

ANOVA was performed using all three biological groups (excluding QC Pool samples) 

using the Elucidator software package. For the purpose of comparing RST5 vs. RST17, 

RST5 vs. uninfected, and RST17 vs. uninfected, a 2-tailed homoscedastic t-test was 

implemented using Excel. 
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6. Conclusions 
We’ve made significant progress towards developing tools and methodologies 

that can be implemented to probe the role of CPAF in chlamydial pathogenesis. We’ve 

utilized bioinformatics approaches to identify a putative PDZ domain in the protein and 

begun to explore the potential implications of the presence of the domain in CPAF. 

Additionally, we’ve taken a genetics and proteomics approach in order to track CPAF-

dependent changes in host protein expression levels, revealing potential CPAF-

dependent functions at 48 hpi. Finally, we’ve established a strong rationale for the 

design of C5 derivatized salinosporamides as CPAF-specific inhibitors, and laid the 

foundation for further optimization of a divergent synthetic route that can be utilized to 

access material for SAR studies. 

 

6.1 Next Steps in the Evaluation of Salinosporamide Derivatives 
as CPAF Inhibitors 

6.1.1 Accessing derivatives 

The immediate goal is to finish optimizing the last set of transformations for the 

branched derivative for which a late-stage intermediate was made. Additionally, further 

optimization of reactions is necessary to provide access to the other types of derivatives 

desired. Additionally, a number of alternative methods could be pursued to potentially 

give access to a broad range of C5 salinosporamide derivatives. For instance, it may be 
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possible to implement the Ugi Reaction utilizing aldehyde 20 to gain access to a novel 

set of branched α-aminoacyl amide derivatives. We could also investigate other 

aldehyde cross-coupling reactions. Additionally, we could install a terminal olefin at C5 

that could be further functionalized using a Diels Alder reaction or other olefin 

metathesis method. Alternatively, the terminal olefin incorporated into the branched 

derivative could be further derivatized in this manner. Efforts could also be made to 

improve upon fermentation methods in order to gain access to late-stage intermediates 

that could be semi-synthetically modified. 

 

6.1.2 Preliminary studies with branched salinosporamide derivatives 

Having nearly established a method for the generation of branched 

salinosporamide derivatives such as Sal Branched-X4 will allow us to obtain preliminary 

data that will ultimately lay the groundwork for future studies. We would first like to 

confirm the stereochemistry of the branched derivative by obtaining a crystal structure 

of either a late stage intermediate such as alcohol 21-I and/or the final product. We can 

rationalize that the cinnamyl zinc chloride adds to the re face of aldehyde 20 to give the 

stereochemistry shown, since the literature suggests that the addition is substrate-

directed [54]. Additionally, based on steric accessibility, we presume that we obtained 

the diastereomer indicated. However, a crystal structure will allow us to confirm the 

orientation of the groups added, allowing us to better understand any structure and 
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activity relationships we come across. These priorities would reflect our approach to any 

other derivatives made simultaneously. 

Our next priority would be to test derivatives for inhibitory activity against the 

20S proteasome as well as CPAF. Activity against all three 20S proteasome activities 

(chymotrypsin-like (CT-L), trypsin-like (T-L), and caspase-like (C-L)) will be evaluated 

using the Proteasome-Glo Assay (Promega), which is a homogeneous coupled-enzyme 

system that utilizes luminogeneic substrates, and has been utilized to test activity of 

salinosporamides [51]. It has recently become apparent that we should also investigate 

the inhibition profile of any potential derivatives against the immunoproteasome [159]. 

We would then use the in vitro CPAF assay developed by our group [39] to obtain 

inhibitory activity against CPAF. 

We hypothesize that the derivatives designed, particularly the branched 

derivative previously discussed, will not inhibit the 20S proteasome, but will likely 

inhibit CPAF. Providing inhibition of CPAF is detected, we would then work to obtain 

mechanistic and kinetic information. We would expect this and other salinosporamide 

derivatives to inhibit CPAF via acylation of the active site serine as is the case with 

omuralide, given the presence of the γ-lactam-β-lactone core, and could confirm this by 

confirming the presence of an acyl-enzyme intermediate using MS techniques such as 

MALDI. Additionally, we could co-crystallize the derivative with CPAF and obtain a 

crystal structure of the inhibited enzyme with substrate. This would provide us with 
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confirmation of the inhibition mechanism, as well as insight into how the novel C5 

substituent sits in the active site pocket. 

6.2 Validation of CPAF Substrates and Elucidation of the Role 
CPAF Plays in Chlamydial Pathogenesis 

A selective CPAF inhibitor would allow us to validate CPAF substrates and 

elucidate the role CPAF plays in chlamydial pathogenesis via a number of methods. One 

possibility would be to carry a CPAF-specific inhibitor through the same studies 

previously done with Pep2 that implicated CPAF as an important factor in chlamydial 

pathogenesis [38, 39]. Additionally, since the C2 substituent is solvent-exposed, it could 

be potentially be functionalized to allow for installment of moieties such as fluorescent 

probes or click probes that would allow for tagging and/or pull-down studies. Such 

studies could help elucidate information regarding the role CPAF plays in pathogenesis, 

as well as CPAF-specific substrates and/or co-factors. Additionally, CPAF-specific 

inhibitors could be utilized in proteomics studies in order to directly identify CPAF 

substrates. 

 

6.3 Validation of Lead Inhibitors in Cell and Animal Models 

Ultimately, the lead compounds obtained from in vitro studies will be tested in 

vivo in mice using a an improved trans-cervical infection model of mice with C. 

trachomatis. If inhibition of CPAF does indeed lead to inclusion destabilization, a 
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decrease in RB replication, and ultimately induction of caspase-1-dependent cell death, 

we hypothesize that CPAF inhibitors could be used to expose the pathogen to the host 

immune system. This would theoretically allow the host to develop antigens to 

Chlamydia, potentially providing protection from future infections. Thus, we hope to test 

this hypothesis in mice that have been infected with C. trachomatis, treated with a lead 

inhibitor, and then infected again. 

 

6.4 Development of Lead Compounds as Anti-chlamydial 
Therapeutics and Chemical Biology Tools 

We hypothesize that any lead compounds from the aforementioned studies 

would make good candidates for therapeutic intervention of chlamydial infections, 

particularly due to the potential antimicrobial and vaccine-like effects of such 

treatments. Furthermore, CPAF inhibitors could be synthetically modified for utility as 

chemical biology tools that could be used to study CPAF and to elucidate more 

information about the pathogenesis of C. trachomatis.
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Appendix A 
1H and 13C NMR spectra obtained for compounds listed in Chapter 3. 
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