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Abstract 

Chlamydia trachomatis is the obligate intracellular pathogen responsible for the 

most common bacterial sexually transmitted infection worldwide. While our front -line 

antibi otics have been historically successful in combatting chlamydial infections, 

emerging issues including tr eatment failure and chlamydial persistence necessitate the 

development of new therapeutic approaches. In this work , an enzyme-focused approach 

was devised to explore two of the intricate survival  strategies of C. trachomatis: virulence 

and energy metabolism. We sought to employ biochemistry, enzymology, and chemical 

biology tools to interrogate enzyme functions and inform the design of new 

antichlamydial  agents. To these ends, our efforts focused on characterization of the 

virulence-associated effector protein chlamydial protease-like activity factor (CPAF) and 

the futalosine pathway for menaquinone biosynthesis . Mechanistic analyses of CPAF 

zymogen matur ation and peptide hydrolysis  were performed that  collectively classified 

CPAF as a serine protease with a catalytic tetrad . Analogs of the natural product 

salinosporamide A were subsequently explored as CPAF inhibitors. The futalosine 

pathway was discovered to be a source of novel antichlamydial targets through 

traditional and chemical genetics analyses in a HeLa cell model of chlamydial infection. 

The foundation was also established for studying a specific pathway enzyme, CT263, in 

a continuous coupled enzyme assay. Collectively, this dissertation  has progressed our 
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knowledge of several enzymes involved in crit ical processes for chlamydial 

pathogenicity and viability. The insights gained on a mechanistic level and in the context 

of chlamydial infection have  laid the groundwork for pursuing virulence and energy 

metabolism enzymes as antichlamydial targets and for developing inhibitors of their 

activity , which are much-needed resources to combat this extremely prevalent sexually 

transmitted infection.  
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1. Introduction  

Chlamydia trachomatis is one of the most predominant  bacterial pathogens 

worldwide  and places an enormous burd en on public health. The Gram-negative, 

obligate intracellular  bacterium infects epithelial cells in the mucous membranes of the 

reproducti ve tract or eyes to yield a variety of physiological symptoms . Eighteen C. 

trachomatis serovars are divided in to 2 major biovars, both posing significant  threats to 

human health .1  The trachoma biovar comprises serovars AɬK, with strains causing both 

ocular and urogenital infections , while the lymp hatic biovar (serovars L1ɬL3) results in 

the sexually  transmit ted, ulcerative condition  lymphogran ulom a venereum.2 Within the 

trachoma biovar, serovars AɬC are the causative agent of trachoma, an eye infection that 

is the leading cause of infectious blindness globally .3 The urogenital serovars DɬK are 

responsible for the most common bacterial sexually transmitted inf ection (STI) 

wor ldwide .4 All  presentations of C. trachomatis infection remain formidable challenges 

on a global scale, especially as sexually transmitted  cases have become more prevalent 

over the last two decades. 

 

1.1 Chlamydia trachomatis is a public health threat 

Despite public healt h awareness campaigns and screening initia tives, chlamydia  

cases have skyrocketed in recent years. Over 130 million  people wor ldwide are 

diagnosed wi th chlamydial  inf ections annually .4 In the United States alone, over 1.8 
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million cases were reported in 2019, marking the sixth consecutive year that chlamydial 

infections reached an all-time high (Figure 1).5 Altho ugh the increase in cases can be 

partially attributed to  wide spread screening and improve d detection methods, other 

factors such as inadequate education about sexual health are also responsible.6  

 

 

Figure 1. Chlamydia is the most common bacterial sexually transmitted infection  in 

the Unit ed States (A) , wit h cases rapidly increasing for decades (B). Annual case totals 

for chlamydia, gonorrhea, and primary/secondary syphilis were obtained from the CDC 

Sexually Transmitted D isease Surveillance reports, 1999ɬ2019.7 

 

The rise in reported cases is particularly problematic due to the asymptomatic 

nature of chlamydial infection s. Urogenital  chlamydial infections  can be initially 

asymptomati c in over 70% of cases,8 and as a result many in fections are und iagnosed. If 

left untreated, infections can proceed up the genital tract and lead to the development of 
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severe secondary maladies, including pelvic  inflammatory dis ease, scarring, infertili ty, 

and ectopic pregnancy.9 Chlamy dial infections also increase susceptibility to HIV  

infections and cervical cancer.10,11  

Concerningly , because initially  asymptomatic patients often fail to  seek diagnosis 

and treatment, infection reports are expected to underestimate the true number of cases.8  

Further, in cases where infection is successfully identified and tre ated, complex12 and 

likely only part ial13 protective immunity  leads to frequent re-infections. With such a high 

disease burden, it is essential to have an adequate therapeutic toolbox  in hand to combat 

chlamydia l infections, but issues with the current front -line treatments have arisen in 

recent years. 

 

1.1.1 Emergence of treatment failure with antibiotics of choice for 
chlamydial infection 

The current standard s of care for chlamydia l infections are the broad spectrum 

antibiotics doxycycline and azithromycin, 14 whic h target bacterial protein synthesis 

through inhibit ion of the 30S15 and 50S16 ribosomes, respectively (Figure 2).  Despite 

years of success with these antibiotic regimens, treatment failure is beginning to pose a 

threat to our ability to consistently combat chlamydial infections . Historically, a second 

diagnosis of C. trachomatis infection follo wing a full course of antibiotic treatment can 

often be attribut ed to a re-infection through a positive sexual partner.17 Howev er, reports 

of repeat diagnoses where re-infection has been ruled out are accumulating  and 
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suggestive of treatment failure.  In particular, the decline in reported efficacy of 

azithromycin , often the first recommended treatment for chlamydi al infections, is of 

signific ant concern.18,19 

 

 

Figure 2. The broad-spectrum antibiotics  doxycycline and a zithromycin  are the 

current front -lin e treatments for chlamydial infection s. 

 

The rise in treatment fail ure of our front -line antibiotics for chlamydial  infection s 

is the result of a myriad of causes. Firstly, infections with a high organism load are 

hypothesized to increase the likelihood of treatment failu re.18,20 Because organism load 

and treatment failure  have each been previousl y correlated with symptom atic 

infections,20ɬ22 a high organism load is proposed to result in a more symptomatic  and 

thus less treatable infection.  

Treatment failure has also been connected to an aberrant developmental phase of 

C. trachomatis termed persistence. C. trachomatis adopts a persistent form wh en induced 

by environmental  pressures such as ϕ-lactam antibiotics , nutrient  deprivation,  or human 

cytokines.23 Persistence is characterized by metabolic quiescence and a temporary 
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interruption in chlamydial  replication  until the unfavorable condition is removed .24 

Significantly, p ersistent C. trachomatis has been found to be less susceptible to 

azithromycin  treatment in epithelial cell cul tures25 and in a mouse model of chlamydia l 

infection ,26 suggesting that persistence is a likely contributor to treatment failure.   

Lastly, antibiotic resistance is a canonical source of treatment failure for many 

pathogenic bacterial infections.27,28 While n o evidence of antibiotic-resistant C. 

trachomatis leading to widespread treatment failure has been uncovered to date, a small 

number of  clinical isolates with antibiotic resistance have been discovered.29 

Additio nally, t etracycline-resistant strains of Chlamydia suis have been isolated from 

pigs, suggesting that resistance can disseminate in the Chlamydiae phyl um.30 Therefore, 

the potential emergence of antibiotic resistance in C. trachomatis is a major concern for 

publi c health, particularly in combinatio n with  rampant antibiotic  resistance in other 

sexually transmissible organisms such as Neisseria gonorrhoeae.31 These underl ying issues 

with t he current antibio tics of choice indicate a need for  new therapeutic strategies. To 

pursue the development of new  treatments for  C. trachomatis infections, an 

understanding of  the bacteriumɀs uniq ue and complex infection biology  is necessary. 

 

1.2 The obligate intracellular life cycle of C. trachomatis 

C. trachomatis is an obligate intracellu lar pathogen, thus requi ring a host cell to 

survive . To withstand  the harsh intracellular environment , the bacterium  employs 
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elaborate mechanisms to construct a niche where it is able to replicate while  shielded 

from host immune defenses, then safely exit to infect new host cells. To these ends, C. 

trachomatis undergoes a biphasic life cycle consisting of two develo pmental  forms with  

disti nct morphologie s and functions , the infectious elementary body (EB) and the 

replicative reticulat e body (RB) (Figure 3).32,33 EBs are capable of extracellular survival , 

and as such are shielded by an outer membrane complex with  disulfide bond -linked 

proteins to confer protection  from physical stressors.34 In contrast, RBs exclusively reside 

in an intracellular environment . The disulfide linkages in the outer membrane complex 

are reduced, yieldin g a flexi ble membrane amenable to bacterial replication.  

The life cycle of C. trachomatis begins when an EB enters a host cell through 

endocytosis and becomes encapsulated by a parasitophorous vacuole known as an 

inclusion. The inclusion avoids lysosomal degradation and serves as a shield from the 

host immune response.35 Within the inclusion, the EB differentiates into an RB around 6ɬ

8 hours post-infection (hpi ). The inclusion migrates to the nutrient -rich perinuc lear 

region of the cell, where C. trachomatis import s many metaboli tes from the host. Utiliz ing 

host-generated nutrients as well  as those produced through the bacteriumɀs own 

biosynthetic capabilities, RBs exponentially replicate by binary fission , and the inclusion 

expands.36 From 24ɬ72 hpi , RBs asynchronously transition back to EBs. Host cell lysis or 

extrusion releases the progeny EBs to infect neighboring  host cells and initiate a new 

round of t he life cycle. 
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Figure 3. C. trachomat is undergoes a biph asic obligate intracellular  life cycle (adapted 

from Elwell et al. ).32 The life cycle begins with entry of an EB into a host cell. Once 

internali zed, the inclusion  forms around the EB, which transition s to the replicative RB 

within 12 hpi.  RB replication and inclusion maturation are aided by the co-optio n of 

nutrients from the host cell. Once RBs transition back to the EB phase, exit from the host 

cell occurs 48ɬ72 hpi. 

 

1.2.1 Chlamydial intracellular survival strategies 

A common theme throughout th e developmental cycle is a dependence on the 

host for survival. Th is dependence is reflected in the pathogenɀs minima l genome, which 

only contains approximately  900 protein-encoding genes.37 A  small genome size is 

characteristic of obligate intracellular bacteria in comparison to their  free-living 

counterpar ts (Table 1).38 Limited genomic resour ces leave obligate intracellular bacteria 

with reduced capabilities and require them to tak e advantage of their environments. 



 

8 

Within it s streamlined genome, C. trachomatis harbors an intr icate survival  strategy 

based on 1) altering host processes and 2) intercepting host produ cts.39  

 

Tabl e 1. The number of p rotein -encoding genes in bacterial genomes i s correlated 

with life cycle type . 

Species Life cycle type 
Protein-encoding 

genes 
Reference 

Pseudomonas aeruginosa Free-livi ng 5,570 40 

Salmonella enterica Facultative 4,925 41 

Escherichia coli Free-living  4,288 42 

Coxiella burnetti Obligate intra cellular  2,134 43 

Chlamydia trachomatis Obligate intracellular  894 37 

Rickettsia prowazekii Obligate intracellu lar 834 44 

 

The manipulation of host functions  is a critical element of the chlamydial 

intracellular su rvival strategy, as chlamydial infection induces changes at the 

transcriptional, 45 translational, 46 and post-translational 47 levels in the host. Because the 

survival of C. trachomatis is inherently linked to the survival of the host cell, C. 

trachomatis activates host pro-survival pathway s and inhibits apoptotic pathway s.48 The 

lifetime of the host cell is thereby extended to enable chlamyd ial replicat ion until  host 

cell death is needed for  the release of progeny EBs. C. trachomatis also employs several 

mechanisms to evade the host immune response,49 such as dampening  NF-ϝB signaling, 

disrupti ng interfer on producti on, and lim iting the presentation of chlamydial antigens 
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to immune cells.50 Many of these methods of host modulation are mediated by 

chlamydial effector proteins, which are secreted int o host membranes and the cytoplasm 

to subvert typi cal cellular functions .51  

In addition to directly altering host functions, C. trachomatis is also an expert of 

co-opting host-produced resources to construct its intracellular  niche. A major goal of 

this piracy is to protect intracellular chlamydia e, as host actin, intermediat e filaments, 

and microtubules are reorganized to stabilize the inclusion .52,53 C. trachomatis has also 

developed a selective membrane fusion strategy to prevent lysosomal degradation.54,55 

However, because the genome of C. trachomatis encodes limited b iosynthetic p athways, 

the pathogen maintain s vesicle fusion to acquire host nutrients  including  various lipid s, 

amino acids, and nucleotides.56,57 The genome of C. trachomatis also encodes several 

transporters to import  host metabolites.56 For example, C. trachomatis utiliz es 

transporters to acquire energetic metabolites includin g ATP from the host.58  

The examples mentioned above are only a subset of the numerous strategies C. 

trachomatis has developed to conduct its obligate intracellular l ife cycle. In light of  

growing issues with treatment failure, we must continue to u nravel the complex 

infection biology of C. trachomatis. We hypoth esize that du e to the minimal genome of C. 

trachomatis, retained genes are critical for survival  and pathogenicity, making their 

associated gene products potential antichlamydial tar gets. In this work, we aimed to  

explore two major facets of the pathogenɀs survival strategy : virulence -associated 
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effector proteins and energy metabolism pathways. Exploring the se elements of 

chlamydial infe ction will shed light on the mechanisms C. trachomatis employs to 

survive within its int racellular niche  and open the door for much-needed, new 

therapeutic approaches. 

 

1.3 Chlamydial protease-like activity factor (CPAF) is a virulence-
associated effector protein  

One of the major survival  strategies employed by C. trachomatis is the secretion of 

effector proteins to aqueous and membranaceous compartments of the host and 

bacterium. Collectively , there are >70 effectors with wide -ranging functions, such as 

mediating host cell entry and exit, sequestering host nutrient s, and eluding the host 

immune response.59 The specific types, functions, and pathogenic implications of effector 

proteins have been eloquently reviewed by  several research groups, includi ng our Duk e 

Unive rsity colleagues in the lab of Professor Raphael Valdivia ,51 our collaborators at the 

Univer sity of Kentucky in the lab  of Dr. Kenneth Fields,60 and Bugalhão and Mota.59  

 

1.3.1 Effector proteins are mediators of chlamydial virulence 

Effector proteins  can be broadly categorized by method of secretion, localization , 

and function. 60 C. trachomatis encodes the Sec, Type II, Type III, and Type V secretion 

systems, each transporting their protein  cargo to distin ct compartments within the 

bacterial or host cell.59 Some effectors are secreted to the chlamydial periplasm or 
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inclusion lumen to advance the developmental cycle of C. trachomatis61,62 while others are 

translocated to the inclusion or plasma membranes to facilitate  chlamydia -host cell 

interaction s.63,64 Most effectors characterized to date, however, are transported to the 

host cytosol or plasma membrane to manipulate host function s for chlamydial be nefit  

and are termed virulence factors. 

In bacteria, virulence is defined as Ɂthe ability to enter into, repl icate within, and 

persist at host sites that are inaccessible to commensal species.ɂ65 As such, virulence 

factors are bacterial proteins involved in establishing infection , maintainin g 

pathogenesis, and presenting symptom s.66,67 To these ends, C. trachomatis deploys 

effectors to the host to undermine  typical functions . Chlamydial effectors interfer e with 

a diverse set of host processes, including but not limited to  immune signal transduction , 

cell cycle progression, vesicle trafficking, Golgi distribution, cytoskeletal arrangement, 

and cell death.51,59,60  

Despite playing significant roles in pathogenesis, bacterial virulence factors are 

not essential for survival. While this precludes  their utility as antibiotic t argets, virulence 

factors have nonetheless begun to receive attention in the drug discovery pipeline .68 

Targeting virulence , not viability , offers an advantageous strategy in that it reduces 

selection pressure for the development of resistance, especially in light of the current 

antibiotic resistance crisis.69 Further, there is precedence for translational success with 

virulence-based therapeutics, as several bacterial toxin  inhibitors  are in clinical 
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development.70,71 Applying this therapeutic approach to C. trachomatis infection by 

targeting a viru lence-associated effector to disarm the bacteriumɀs pathogenicity has 

remained largely unexplo red to date. While many chlamy dial v iru lence factors have 

been identif ied and characterized, one of the most well -studied  chlamydial  effector 

proteins is chlamydia l protease-lik e activity factor (C PAF). 

 

1.3.2 CPAF makes key contributions to chlamydial pathogenesis 

CPAF is a protease produced as an inactive, 67 kDa zymogen in the chlamydial 

inclusion (Figure 4).72 As the enzyme is exported to the host cytosol through Sec73 and 

Type II 74 secretion machinery , it autoproteolytically matures  to its active form  throug h 1) 

excision of an internal  40-amino acid inhibito ry  sequence (residues R243ɬS283) and 2) 

heterodimerization of the resulting N- and C-terminal  subunits.75,76 This dimerization 

assembles the mature active site, allowing the protease to cleave a range of host and 

chlamydial substrates. 
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Figure 4. The autocatalytic  excision of a 40-amino acid internal se quence by the CPAF 

zymogen (PDB 3DPN) yields the mature, active prote ase (PDB 3DOR). 

 

CPAF was initially discovered  by Zhong and co-work ers when they reported 

that the chlamydia-dependent degradation of the host transcription  factors USF-177 and 

RFX578 was inhibited by the proteasome inhibitor lactacystin  and suggested that 

proteolysis of these substrates was attributable to the activity of  a chlamyd ial protease. 

Subsequently, CPAF was precipitated from C. trachomatis-infected HeLa cells and found 

to be both necessary and sufficient for USF-1 and RFX5 degradation.79 These initial 

results were followed by  many studies identifyi ng new CPAF substrates and 

contributions to chlamydial pathogenesis.74,79ɬ88 However , a controversy erupted when 

Tan and co-workers  demonstrated that many proteins identified as CPAF substrates 

were only degraded und er certain cell lysis conditions.90 Specifically,  CPAF was 

insufficiently in activated during  lysis with RIPA buffer,  enabling the protease to cleave 
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proteins that it otherwise would no t access. This result led to the declassification of 

many previously reported CPAF substrates and confusion as to the proteaseɀs cellular 

function s. 

The generation of a C. trachomatis mutant strain deficient in CPAF activity  by 

Snavely and co-work ers via chemical mutagenesis74 has since allowed for experiments 

that attribute specific cellular  phenomena to CPAF (Figure 5). Cellu lar infection m odels 

with  this C. trachomatis mutant were first employed to classify the intermediate filament 

vim entin and the nuclear envelope protein LAP1 as CPAF substrates.74 As these proteins 

are components of the cytoskeleton and nuclear membrane, respectively, proteolysis of 

vimen tin and LAP1 is hypothesized to promote the propagation of chlamydial infection  

by dismantling  the integrity of th e host cell. This mutant has also been used in 

numerous other studies to pinp oint CPAF as a key player in the evasion of the host 

immune response through pre venting NF-kB nuclear translocation,91 mitigating p ro-

infl ammatory cyto kine pro duction, 91 disrupting chemical -mediated neutrop hil 

activation, 92 and suppressing produc tion of the pro-inflammatory chemokine  CXCL10.93 

Further, CPAF has been demonstrated to have a significant role  in vivo, as it has been 

shown to promote chlamydial survival in the mouse lower genital trac t.94 
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Figure 5. CPAF (PDB 3DOR)  is a secreted effector protein  that  subverts host processes 

to prom ote chlamydial virul ence. 

 

Cumula tivel y, these efforts demonstrated that CPAF is a major contributor to  

chlamydial  virulence . The generation of a CPAF-deficient mutant , indicat ing that CPAF 

is not essential for chlamydial survival , in combination with  the proteaseɀs functions  in 

altering the host immune response and promoting pathogen icity  indicate that CPAF is a 

viru lence factor. As such, it is an enzyme worth investigation as a virulence-focused 

therapeutic target, but  much remains unexplored  about the protease on a biochemical 

level. Namely, there has been no comprehensive mechanistic analysis to date, and a 

potent, specific inhibitor has yet to be identified . Our enzymology - and chemical 

biology-based investigation s of CPAF are described in Chapters 2 and 3. 
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1.4 C. trachomatis possesses the futalosine pathway for 
menaquinone biosynthesis 

Another critica l survival strategy of C. trachomatis is the integrat ion of elements 

from both chlamydial and host metabolism. As an obligate intracellular pathogen with a 

small genome, C. trachomatis has reduced metabolic capabilities relative to f ree-living 

bacteria and is dependent upon a pool of host metabolites.95 The bacterium is 

auxotrophic for many amino aci ds, nucleotides, lipids , and cofactors.96 However, t he 

sequencing of C. trachomatis serovar D in 1998 by Stephens and co-workers revealed that 

the chlamydial genome encodes more biosynthetic pathways than originally expected.37 

For example, C. trachomatis possesses complete pentose phosphate and gluconeogenesis 

pathway s, as well as an incomplete glycolysis pathway  and TCA cycle.97ɬ99 This complex, 

bipart ite metabolism has been discussed in detail  by McClarty 100 and by Omsland and 

co-workers .96  

 

1.4.1 Evidence for a preliminary respiratory chain in C. trachomatis 

While a wealth of knowledg e about the balance of host-imported and chlamydia -

produced metabolites has emerged in recent years, one component of metabolism for 

whic h we are still deciphering  the respective contributi ons of host and pathogen is 

adenosine triph osphate (ATP) produ ction, essential for supplying the e nergy for 

bacterial processes. For many years, C. trachomatis was believed to be an energy parasite, 

lacking the machinery to produce its  own energy and thus exclusively import ing ATP 
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from  the host cell.97 The energy parasite hypothesis was supported experimentally by 

init ial results in the pre-genomic era whi ch failed to detect chlamydial glycolytic enzyme  

activity ,101 the requirement of exogenous ATP for host-free protein synthesis in RBs,102 

and the identificati on and characterization of two ATP transporters, NptCt and 

Npt2Ct.58  

However, genomic analyses and cell-based experiments have since revealed the 

presence and activity of a simplified respiratory chain  for ATP produc tion  by oxidative  

phosphorylati on.  The chlamyd ial genome encodes an Na+-translocating NADH 

dehydrogenase (Na-NQR, complex I), succinate dehydrogenase (Sdh, complex II), 

cytochrome bd oxidase (CydAB, complex IV), and a V-type ATPase (complex V) (Figure 

6A) .37 The identification of Na-NQR suggested that a sodium gradient is generated 

across the chlamydial me mbrane to driv e ATP production ,103 in contrast to the proton 

gradient operating in hu man mitochondrial  respiration .104 A sodium coupling ion  is a 

common feature for other bacterial pathogens including Vibrio cholerae, Neisseria 

meningitidis, and Yersinia pestis, based on the genomic identificati on of sodium ion 

pumps.105 
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Figure 6. C. trachomati s has a functional oxidative metabolism. ( A)  The minimal 

respiratory chain predicted  by genomic analyses contains four complexes and is driven 

by a sodium motive force.  Na-NQR inhibitors (B) HQNO 106 and (C) PEG-2S107 have been 

shown to inhibit chlamy dial replication . 

 

Despite harboring the necessary genes for respiratory chain funct ion, the activity 

of the pathway during chlamydial infection was not confirmed  until 2018 by Liang and 

co-worker s.106 They reported that  the respiratory activity of C. trachomatis was 1) 

stimulated  by A DP in permeabilized, infected HeLa cells and 2) inhibited by an Na-

NQR inhibitor, 2-heptyl-4-hydroxyquinoline -N-oxide (HQNO , Figure 6B), but not by 

inhibitors of mitochondrial respiration , in intact, infected HeLa cells. These results 

indicated for th e first time that C. trachomatis has an active respiratory  metabolism. 

Interestingly, treatment of infected cells with oligomycin  A, an inhibitor of 

mito chondrial ATP production, disrupt ed the rate of infection during EB, but not RB, 

time points of the lif e cycle; on the other hand, treatment wit h HQNO  abrogated 
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replication exclusively at later tim e points. The differential  effects of inhibitors of  

mitochondrial and chlamydial r espiration suggest that C. trachomatis may adjust its 

source of ATP between the two chl amydial  developmental forms . 

The discovery of an active respiratory chain in C. trachomatis has unveiled  

exciting opportunities  in the search for new antichlamy dial targets, including those 

involve d in the maintenance of the sodium gradient  and the process of oxidative 

phosphory lation. Multi ple studies have demonstrated that inhibition of Na -NQR 

disrupts  chlamydial replication  and growth , revealing the essentiality of the sodium 

gradient driving ATP syn thesis (Figure 6B, 6C).106,107 These initial results are promising , 

but future efforts exploring  the function of the electron transport  chain and the 

inh ibition of  its activity  are necessary to evaluate the interplay between importing host -

generated ATP and producing ATP.  

 

1.4.2 Discovery of the futalosine pathway for menaquinone 
biosynthesis in C. trachomatis 

In addition to the  previously mentioned  respiratory  complexes, a functional 

electron transport chain requires a lipid -soluble electron carrier to transport  electrons 

between complexes (Figure 7A) . The two major electron carriers involv ed in oxidative 

phosphorylation are  ubiquinone (UQ, Figure 7B), found in  eukaryotes, aerobically 

respiring Gram-negative bacteria, and some facultative anaerobes,108 and menaquinone 

(MK , Figure 7C), found in all Gram -positive and anaerobically respiring Gram -negative 
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bacteria.109 Each compound  contains a quinone moiety, which can be reduced by two 

electrons to the quinol  form for shuttling electrons to a respiratory complex (Figure 7A), 

and a hydrophobic polyisoprene tail  for membrane association . 

 

 

Figure 7. Respiratory q uinones are electron carriers for  ATP production . (A)  An 

example quinone, benzoquinone, is shown with  one and tw o electron reductions to its 

semiquinone and hydroquinone forms, respectively. Major quinone species for electron 

transport  include (B) ubiquinone  and (C) menaquinone. 

 

Consistent with the energy parasite hypothesis, C. trachomatis was histori cally 

believed to import ubiquinone fr om the host cell .37,96 However, in a pivot al analysis by 

Hiratsuka and co-workers, an alternative menaquinone biosynthesis pathway, termed 

the futalosine pathway for a critical  pathway  intermediat e, was identified in the 

genomes of C. trachomatis and a small number of other bacteria such as Helicobacter 

pylori, Streptomyces coelicolor, and Campylobacter jejuni (Scheme 1).110 This pathway 

contains eight discrete steps from init ial precursor chorismate to pathway product 

menaquinone, and is enzymatically distinct from the previously characterized 

traditional (M en) menaquinone biosynthesis pathway .111 While the identification of 

these genes, complemented by transcriptomic 112 and biochemical113 evidence (described 
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in more detai l in Chapters 4 & 5), suggests that C. trachomatis produces menaquinone, 

the activity of the futalosine pathw ay during chlamydial infection  has yet to be 

confirmed.  

 

Scheme 1. Predicted fu talosine pathway in C. trachomatis . Menaquinone-7 (see 

Chapter 4) biosynthesis via the futalosine pathway occurs through the indicated 

enzymatic steps, with hypothesized chlamydial enzymes annotated. The steps from 

initial precurs or chorismate to 1,4-dihydroxy -6-naphthoic acid have been characterized 

in Streptomyces coelicolor.111 The discrete enzymatic activiti es and order of the last three 

steps (italicized) have not been experimentally confirmed.  

 

 

The presence of the futalosine pathway in C. trachomatis is of potential  

therapeutic significance for several reasons. Na-NQR inhibitor s have been demonstrated 

to disrupt  chlamydial growth and replication, revealing that respiratory chain function 
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is important for survival .106,107 As a result, menaquinone biosynthesis could be critical for 

chlamydial viability. Further, the futalosine pathway is only present in  a small group of 

bacteria. The human mitochondrial  electron transport chain uti lizes a different electron 

carrier, ubiquinone , which is produced by a separate series of biosynthetic enzymes.114,115 

While menaquinone  is a critical human clotting factor  (Vitami n K2), humans do not 

possess the futalosine pathway and instead access menaquinone from diet ary sources or 

biosynthesis in the gut microbiome .116 Human  commensal bacteria exclusively harbor 

the traditiona l pathway for menaquinone biosynthesis.117 As such, the chlamydial  

futalosine pathway enzymes have promise as potential narrow spectrum t argets; 

however, the identity of the electron-carrying men aquinone produced by C. trachomatis 

and the effects of disrupting its biosynthesi s have yet to be elucidated. Our efforts to 

characterize the futalosine pathway in C. trachomatis are discussed in Chapters 4 and 5. 

 

1.5 An enzyme-focused approach to interrogate chlamydial 
pathogenesis 

Due to the public h ealth threat posed by C. trachomatis, issues with the current 

front -line antibi otics, and many intricacies of the host-pathogen relationship yet to be 

elucidated, we aimed to investigate a suite of chlamydial enzymes to explore their 

mechanisms and function s in chlamy dial infection . We envisioned that a 

mult idisciplinary  approach based in biochemistry, enzymology, and chemical biology 

could be employed to explore potential antichlamydial targets  that are involv ed in 
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critical aspects of chlamydial infection  and in need of further in vestigation. To this end, 

we focused our analyses on CPAF and the enzymes of the futalosine pathway (Figure 8).  

When we began our investigation of CPAF, the protease was characterized as a 

weapon in  the chlamydial pathogenesis arsenal with several functions contributing to 

virulence. Targeting CPAF thus offers the attractive opportunit y to target virulence over 

viabil ity . However, our understanding of the pro tease lacked 1) a full mechanistic 

characterization and 2) a selective small molecule inhibito r to employ in chemical 

genetics-based analyses. To address these gaps in knowledge, we evaluated the 

mechanisms of zymogen maturati on and peptide hydrolysis (Chapter 2)118 and explored 

the salinosporamides, a class of marin e natural product s, as selective CPAF inhibito rs 

(Chapter 3).  

In regard to  the futalosine pathway, the discovery of the necessary genes in C. 

trachomatis was an exciting development in the search for novel therapeutic targets, as 

this relatively uncommon, al ternative route to menaqui none is not present in humans or 

commensal bacteria. While th is pathway holds promise as a source of narrow spectrum 

targets, the activi ty and essentiality of chlamydial menaquinone biosynthesis had yet to 

be established. To unravel  the significance of this biosynthetic pathw ay, we employed 

mass spectrometry  and chemical genetic tools to establish the futalosine pathway as an 

antichlamydial target  (Chapter 4).119 In parallel, we made progress toward  deciphering  
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the function  of nucleosidase enzyme CT263 through traditional geneti c and biochemical 

techniques (Chapter 5).  

Collectively, the  efforts described in this dissertation have advanced our 

understanding  of several chlamydial enzymes involved  in pathogenesis and survival. 

Improvin g our knowledge  of chlamydial infec tion  on an enzymatic level is critical for 

understanding this uni que pathogen as well as developing new tools to combat C. 

trachomatis. The results presented herein thus establish a foundation for explor ing 

virulence- and energy metabolism-based antichlamydial targets and open the door to 

expanding our therapeutic re pertoire for this extremely prevalent STI.  

 

 

Figure 8. An interdisciplinary approach to investigate chlamydial path ogenesis 

through studies of CPAF an d the futalos ine pathway for menaquinone biosy nthesis. 
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2. Elucidation of the autoproteolytic and catalytic 
mechanisms of chlamydial virulence factor CPAF 

CPAF (chlamydial protease-like activity factor) is a protease that is transport ed 

to the host cytosol during infection  to cleave a variety of substrates and promote 

pathogenesis. Although new contributions of CPAF to chlamydial virulence  continue to 

be revealed, litt le characterization of CPAF has been performed on a biochemical level, 

and its catalytic mechanism has been unexplored to date. We aimed to define the 

chemical and kinetic mechanisms of CPAF by conducting analyses of the enzymeɀs two 

proteolytic activities , zymogen maturation and peptide hydrolysis  (Figure 9). We 

performed pHɬrate, solvent kinetic isotope effect, proton inven tory, and mutagenesis 

experiments that cumulatively suggest a serine protease mechanism with a water-

mediated catalytic tetrad. Pre-steady state kinetic analyses indicate that catalysis 

proceeds through an acylɬenzyme intermediate and that deacylation is r ate-limiting. 

Together, these observations define the contributions of active site residues and further 

characterize the nature of CPAF catalysis.118 These studies also prov ide a foundation for 

the future design of improved CPAF inhibitors and identification of host substrates to 

continue to unravel the role of this pr otease in chlamydial infection . 

This chapter has been reproduced in part with  permission from Dudi ak, B. M.; 

Maksimchuk, K. R.; Bednar, M. M.; Podracky, C. J.; Burg, J. M.; Nguyen, T. M.; Nwogbo, 

F. O.; Valdivia, R. H.; McCafferty, D . G. ɁInsights into the  Autoproteolytic Processing 

and Catalytic Mechanism of the Chlamydia trachomatis Viru lence-Associated Protease 
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CPAF.ɂ Biochemistry 2019, 58 (33), 3527ɬ3536. Copyright (2019) American Chemical 

Society.  

 

 

Figure 9. CPAF has two pro teolytic activities: (1) autocatalytic excision of an 

inhibitory sequence to gene rate mature, active enzyme and (2) subsequent cleavage of 

peptid e substrates. The crystal structures of zymogen (PDB 3DPN) and mature CPAF 

(PDB 3DOR) and model of the vimentin -based substrate peptide (modeled with  PEP-

FOLD3)120 were visualized with PyM OL.121 

 

2.1 Background 

CPAF is a protease and virulence factor that processes host and chlamydial 

substrates to subvert typical host functions for chlamydial b enefit. Following the 

development of a CPAF-deficient mutant of C. trachomatis, many specific contributions 

of CPAF to chlamydial pathogenesis have been characterized, including dampening 

inflammat ion signaling, remodeling the cytoskeleton, and suppressing neutroph il 

activation .74,91,92 These functions of CPAF suggest that the protease is a promising target 

for therapeutic intervention, but chemical  inactivation of CPAF has proven to be 
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challenging. CPAF exhibits resistance to canonical protease inhibitors, and the utility of 

identif ied small molecule and peptide inhibitors is limited by poor selectivity 79,122 and 

variable cell permeability. 89 The absence of sufficient inhibitors hi nders identification of 

bona fide CPAF targets during infection and evaluation of  translational potential. The 

design of a potent and specific inhibitor could be informed by a comprehensive 

understanding of a chemical and kinetic mechanism, but a full mech anistic 

characterization of CPAF is lacking. 

 

2.1.1 Previous mechanistic characterizations of CPAF 

The only mechanistic analyses of CPAF to date are derived from homology 

models of the crystal structure of matu re CPAF76 and small molecule labeling wit h the 

20S proteasome inhibitor lactacystin.79 These studies preliminarily classified CPAF as a 

serine protease in the S41 family with a catalytic triad composed of H105, S499, and 

E558.76,123 The identity of this triad  was pr imarily based on structural comparisons with 

other proteases, an effort that was significantly  advanced by the deposition of several 

crystal structu res of CPAF by Chai and co-worke rs.76 Submission of  the structure of 

mature CPAF to the DALI protein stru cture comparison server124 ident ified a number of 

homologs in the S41 peptidase family  as being the most simil ar to CPAF. The closest 

CPAF homolog, photosystem II D1 C-termi nal processing protease (D1P), contains a 

catalytic  dyad compr ised of residues S372 and K397.125 Alignment  of mature CPAF to 
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D1P reveals superimposi tion of CPA F residues S499 and H105 on the D1P catalytic 

dyad, suggesting that these residues may be involved in c atalysis (Figure 10A).  

 

 

Figure 10. Evidence for initial classification of CPAF as a serine protease with a 

catalytic  triad . Early mechanistic hypot heses were based on (A) structural  homology of 

CPAF (blue, PDB 3DOR) with D 1P (pink, PDB 1FC6), revealing CPAF residues S499 and 

H105, and (B) identificati on of neighboring acidic residue E558 (PDB 3DOR). 

 

Although  CPAF residue E558 does not align with a catalytic r esidue of D1P, it 

was identifie d as a potential catalytic residue based on proximity to  S499 and H105 

within  the active site. Specifically, a water-mediated hydrogen bond bet ween E558 and 

H105 was proposed to contribute to base strength amplification  (Figure 10B).76 

Mutations of H105, S499, and E558 to alanine have been shown to prevent CPAF 

zymogen maturatio n,76,126 which precludes a mutational analysi s of substrate proteolysis 

by mature enzyme but suggests that these residues may be important for catalysis. 
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Inhibition of CPAF by the proteasome inhibitor lactacystin provides further 

support for S499 as a catalytic residue.79 Lactacystin is nonenzymatically converted to its  

biologically  active form, omuralide , through elimination of N -acetylcysteine by 

spontaneous hydrolysis in aqueous environments (Figure 11A).127 The ϕ-lactone of 

omuralide is then poised for nucleophili c attack by a catalytic residue, resulting in  

covalent inhibit ion of  an enzymatic target through  acylation of the nucleophilic residue .  

Zhong and co-workers elucidated a crystal structure of matur e CPAF complexed with 

omuralide (PDB 3DPM) that revealed localization of the small molecule at S499, 

suggesting that the residue could be the catalytic nucleophile (Figure 11B).76 Further, the 

contin uous electron density observed between the ϖ-oxygen of S499 and omuralide is 

characteristic of  covalent attachment.76 This result, together with the comparisons to 

homologous enzymes, led to the initial classification of CPAF as a serine protease with a 

catalytic tria d comprised of H105, S499, and E558. 
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Figure 11. Early evidence for S499 as the catalytic nucleophile of CPAF . (A) 

Proteasome inhibitor l actacystin is converted to its active form, omuralide , by release of 

N-acetylcysteine. Omuralide acylat es CPAF residue S499 as its mechanism of inhibition . 

(B) This mechanism is confirmed  by a crystal structure of mature CPAF in complex with  

omuralide  (PDB 3DPM). 

 

2.1.2 Rationale and experimental strategy for characterizing the 
enzymatic mechanisms of CPAF 

Despite the development of a preliminary mechanisti c hypothesis, the homology 

of CPAF to S41 peptidases and the inherent complexity  of the S41 family have led to 

continued mechanistic ambiguity . S41 peptidases are organized into two distinct 

subclasses based on their un ique active site architectures: subclass S41A contains 

peptidases wit h catalytic dyads, while  subclass S41B contains peptidases with  catalyti c 

tetrads.123 As identified by the D ALI server, CPAF shares high levels of overall structural 

similarit y with both S41A and S41B peptidases, yet the proposed catalytic tri ad of CPAF 

does not match the canonical catalytic machinery of either subclass.123 Further, 

mutagenesis analyses to confirm the catalytic triad of mature CPAF are precluded by the 
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requirement of these residues for zymogen maturation.76,126 Experimental determination 

of the roles of specific residues is required to definitively describe the  molecular basis of 

catalysis and complete the characterization of enzyme activity.  To this end, we sought to 

1) identify residues of interest through a structural  analysis of both zymogen and mature 

CPAF, 2) investigate zymogen maturation us ing alanine mutants of key residues, and 3) 

implement discont inuous and continuous platforms  for ki netic profiling of p eptide 

hydrolysis by mature CPAF.   

 

2.2 Structural analysis of zymogen and mature CPAF 

Because of the discrepancy between characteristic S41 peptidase mechanisms and 

the proposed mechanism of CPAF, we hypothesized that additional CPAF residues may 

play a role in autoprocessing and subsequent catalysis. Through investigation of the 

crystal structures of both the zymogen and mature enzyme, we identified two ne w 

residues of interest in the proximity of the autocatalytic cleavage site at the N-terminus 

of the zymogen inhibitory helix and in the active site of the mature enzyme: D103 and 

C500. D103 is closer to H105, S499, and the zymogen inhibition helix than E55 8, which 

indicates a potential role for this acidic residue in autocatalytic a ctivat ion (Figure 12A). 

In mature CPAF, D103 is positioned within hydrogen bonding distance of the active site 

ordered water (2.7 Å), suggesting that the residue may be a part of the base strength 

amplification network ( Figure 12B). By the nature of the CPAF amino acid sequence, 
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C500 is immediately adjacent to S499 in both the zymogen and mature enzyme and 

could be poised for competit ive nucleophi lic activity ( Figure 12AɬB). As a result of these 

structural observations, we hypothesized that the mechanisms of CPAF activation and 

catalysis may involve residues beyond the preliminarily assigned  catalytic triad.  

 

 

Figure 12. Identification of new residues of i nterest in the CPAF active site. (A) In 

addition to previously identified residues H105, A499, and E558, D103 and C500 are in 

the proximity of the autocatalytic cleavage site at the N -terminus of the inhibitio n helix 

(purple) in the CPAF zymogen (PD B 3DPN). (B) Within the mature enzyme (PDB 

3DOR), measurements of the distances (Å) between an active site ordered water and 

D103, H105, and E558 reveal that all three residues are within hydrogen bonding 

distance and poised for base strength amplificati on. (C) Alignment of crystal structures 

of mature CPAF (PDB 3DOR, blue) and tricorn pro tease (PDB 1K32, grey), illustra ting 

that CPAF active site residues are superimposed on each member of the tricorn catalytic 

tetrad. 

 

To investigate the possibility of four  residues contributing to catalysis, we 

aligned the crystal structure of mature CPAF  (PDB entry 3DOR) with t hat of tricorn 

protease (PDB entry 1K32), a canonical S41B peptidase that utilizes a catalytic tetrad 
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(Figure 12C).128 Intriguingly, CPAF residues D 103, H105, S499, and E558 are 

superimposed on each member of the tricorn catalytic te trad (residues S745, H746, S965, 

and E1023). This shared active site architecture indicates that CPAF may also require a 

similar ensemble of four residues for catalysis. We sought to functionally characterize 

each CPAF residue in the contexts of zymogen autoproteolysis and substrate peptide 

hydrolysis to evaluate the involvement of each residue in one or both of these 

proteolytic activities.  

 

2.3 Mutational analysis of CPAF autoprocessing 

A useful method of characterizing th e contributions of specific amino acids to 

catalysis is generating point mutations at positions of interest and evalu ating subsequent 

effects on enzyme activity. While such an experiment  is impossible for evaluating CPAF 

peptide hydrolysis due  to the requi rement of certain residues for autoproteolytic 

activation , active site mutants can be employed to study autoprocessing. We thus sought 

to conduct a focused alanine scan to identi fy specific residues that are essential for 

zymogen maturation . Through p revious work in the McCafferty lab , a pET-30b(+) 

expression vector containing the codon-optimized sequence of wild -type (WT) CPAF 

with  a C-terminal hexahistidine tag  was cloned and confirmed by sequencing.129 Site-

directed mutagenesis was employed to generate CPAF mutant  constructs for the newly 

identified residues of interest (CPAF D103A and C500A) and the predicted catalytic 
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triad (CPAF H105A, S499A, and E558A). Each CPAF variant was recombinantly 

expressed in BL21(DE3) E. coli, and cell lysates were incubated at room temperature for 

a 24 h time course. Zymogen maturatio n was monitored by immunob lotting for the C-

terminal hexahistidine t ag, with a molecular weight shift from 67 to 35 kDa signifying 

that an autocatalytic activation  event had occurred, liberating the N - and C-terminal 

subunits for heterodimerization and assembly of the mature  active site (Figure 13). 

 

 

Figure 13. M utational analysis of CPAF zy mogen maturation  by immunoblotting.  E. 

coli lysates expressing WT CPAF and each active site mutant  (D103A, H105A, S499A, 

C500A, and E558A) were incubated at room temperature for 0, 1, 3, 6, 12, and 24 h, then 

evaluated by SDS-PAGE and subsequent immunoblot ting  for the C-terminal 

hexahistidine tag. 

 

As previously r eported, WT CPAF successfully underwent autocatalytic 

activation, while mutations H105A, S499A, and E558A eliminated zymog en 

processing.76,126 The D103A mutation also resulted in the complete loss of 

autoprot eolysis, while the C500A mutant exhibited delayed autopr ocessing until it had 

been incubated for 12 h. Because S499, but not C500, is essential for autoproteoly sis, 
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serine protease activity is responsible for zymogen maturation. This result is consistent 

with  previous homology analyses and lactacystin labeling that suggested CPAF is a 

serine protease.76  

Intriguingly, t he identifica tion of D103 as an essential residue for autoprocessing 

suggests that CPAF may employ four residues to catalyze maturation i nstead of three as 

previously proposed. 76 The requirement of four residues is most consistent with the 

action of a catalytic tetrad and is in line with the mechanism  of S41B peptidases such as 

tricorn protease.128 Most serine protease catalytic tetrads contain serine, histidine, an 

acidic residue, and either serine or cysteine for stabili zation of the other three residues.130 

The catalytic tetrad of CPAF is distinct from canonical tetrads because of its requirement 

of two acidic residues for maturation, suggesting an alternate means of stabilizing the 

charge transfer apparatus. 

Although C500 is not required fo r autoprocessing, the delay in maturation of the 

C500A mutant relative to WT CPAF suggests that C500 may still play a role in 

autocatalytic activation. Analysis of the zymo gen structure reveals that C500 is 

positioned to contribute to structural stability through hydrophobic contacts with the 

inhibitory helix or hydrog en bonding with the carbonyl oxygen of G376 (Figure 14).76 As 

a result, it is possible that the alanine mutation incites a conformational change and 

mit igates these interactions.  
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Figure 14. C500 makes key interactions within the CPAF zymogen . (A) C500 is part of 

a hydrophobi c pocket comprised of residues V378, C500, G525, F527, and A499 that 

makes contacts with the inhibitory helix. (B) The C500 thiol forms a hydro gen bond with 

the carbonyl oxygen of G376. 

 

Furthermore,  like its fellow S41 peptid ases, CPAF contains a nucleophilic elbow 

motif  (Figure 15A) , in which the proposed nucle ophile S499 is positioned at the end of a 

helix  ×ÙÌÊÌËÌËɯÉàɯÈɯϕ-strand.131 Examples of other nucleophilic elbow -containing 

enzymes include dienelactone hydrolase (DLH ),132 haloalkane dehalogenase A (DhlA ),133  

and acetylcholinesterase E (AchE).134 In proteases containing nucleophilic elbows, 

catalysis is hypothesized to occur with an N + 1 oxyanion hole (Figure 15B).131 Mutation 

of C500, the N + 1 residue, may disrupt the hydrogen bond network  or local 

conformation of the nucleophil ic elbow, which we hypothesiz e could lead to the 

observed delay in zymogen maturation.  
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Figure 15. CPAF contains a nucleophilic elbow  that may be disrupted by the C500A 

mutation . (A)  Alignme nt of nucleophilic elbow motifs of CP AF (PDB 3DOR, residues 

487ɬ512, blue), DLH  (PDB 1DIN, residues 115ɬ136, red), DhlA  (PDB 2HAD, residues 

116ɬ136, yellow ), and AchE (PDB 1FSS, residues 192ɬ212, green), with n ucleophilic 

residues highlighted at the base of each helix ×ÙÌÊÌËÌËɯÉàɯÈɯϕ-strand. (B) The 

nucleophilic elbow poises CPAF nucleophilic  residue S499 for a hyd rogen bond with the 

amide proton of N  + 1 residue C500. 

 

Collectively, the alanine scan results reveal that CPAF zymogen autoprocessing 

occurs through a unique catalytic tetrad comprised of D103, H105, S499, and E558. CPAF 

thus may be more functionally homologous to the S41B subclass of peptidases than 

previously apprecia ted. This result emphasizes the necessity of experimentally 

validating  the contributions of specific residues to test homology -derived mechanistic 

hypotheses. We next turned to an investigation  of the catalytic activity of mature CPAF 

through discontinuous  and continuous analyses of peptide hydrolysis.  
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2.4 Elucidation of the catalytic mechanism of CPAF-mediated 
peptide hydrolysis 

2.4.1 Optimization of recombinant CPAF purification 

To conduct a thorough analysis of the chemical and kinetic mechanisms of 

mature CPAF, access to highly active and stable recombinant enzyme was crucial. While 

our l ab135 and others72,76 have previously reported  methods for the recombinant 

expression and purification of CPAF, we observed that these enzyme preparations were 

occasionally subject to inconsistencies in protein stability  and exhibited variable specific 

activity. To eliminate batch -to-batch variability , we screened purification condit ions and 

systematically varied additives to a ttempt to enhance the stability of CPAF preparations. 

Addition of metal chelators, including EDTA and arginine, to purification buffers 

promoted CPAF solubility (data not shown).129 In response, all buffers were made using 

ul trapure grade Tris base (Sigma-Aldrich) to minimize the introduction of 

contaminating met als. Reducing agents ϕ-mercaptoethanol (BME) and dithiothreitol 

(DTT) were also incorporated into purif ication buffers to prevent mixed disulfide -

mediated prot ein destabilization and aggregation.  

Using these optimized conditions, CPAF was purified  using nickel immobilized 

metal affinity chro matography (IMAC) followed by size exclusion chroma tography  

(SEC). As previously repo rted,76 CPAF autoproteolytic activation occurred over the 

course of purification. The enzyme was purified  to homogeneity as evidenced by SDS-

PAGE analysis with Coomassie staining, containing  bands for the N- and C-terminal 
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subunits of CPAF, and immunoblotting f or the C-terminal hexahistidine tag  with a 

hexahistidine antibody  (Figure 16). Purified CPAF was subsequently evaluated through 

mult iple assay platforms to determine steady state kinetic parameters. 

 

 

Figure  16. The purity of  recombinantly  expressed and purified WT CPAF  was 

confirmed by (A) Coomassie staining and (B) immunoblott ing for  the C-terminal 

hexahistidine tag with a hexahi stidi ne antibody.  

 

2.4.2 Development of a continuous platform for steady state kinetic 
analysis 

Previous work in t he McCafferty  lab by Bednar and co-workers established a 

discontinuous , reversed-phase high -performan ce liquid chromatography (RP-HPLC)-

based assay for the measurement of CPAF activity. 135 This assay employed a peptide 

substrate derived from the sequence of the human intermediate filament vimentin,  one 

of the confirmed  substrates of CPAF.74,86 Peptide Abz-VRLRSSVPGV-NH 2 (1) mimics 

vimentin residues 68ɬ77 and contains a single CPAF cleavage site located between the 
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adjacent peptide serines.86 The N-terminal 2-aminobenzoic acid (Abz) moiety was 

includ ed to facilitate fluorescence detectioÕɯÈÛɯϞem = 420 nm. Following incubation of 

peptide 1 with recombinant CPAF, RP-HPLC separation of the hydrolysis product Abz -

VRLRS-OH (2) from th e intact substrate is monitored by measurement of Abz 

fluorescence (Figure 17A). Using this platform, we obtai ned kcat, Km, and kcat/Km values of 

45 ± 0.6 sɬ1ȮɯƕƖƕɯǷɯƚȭƕɯϟ,ȮɯÈÕËɯƔȭƗƛɯǷɯƔȭƔƖɯϟ,ɬ1 sɬ1, respectively, for peptide hydrolysis by 

recombinant CPAF accessed using our optimized purification strate gy (Figure 17B). 

Notably , the enhanced enzyme stability affor ded by the modified purification is 

accompanied by an increased kcat relative to that of CPAF prepared using previously 

described conditions and evaluated using the same substrate and assay method.135 

While the discontinuous assay is beneficial for quantification of substrate and 

hydrolysis p roduct, the lengthy nature of repeated HPLC separations made a 

continuous assay platform desirable for screening enzyme activity and pH st abili ty . To 

produce a platform more amenable to rapid screening, a 3-nitrotyrosine [Y(3 -NO 2)] 

quenching moiety was add ed to the C-terminus of the vimentin -based substrate peptide 

[Abz -VRLRSSVPGVY(3-NO 2)-NH 2 (3)] to enable continuous fluorescence monitoring of 

CPAF-mediated peptide hydrolysis. Cleavage of peptide 3 between the serine dipeptide 

by CPAF results in dissociation of the Y(3-NO 2)-containing hydrolysis fragment 

[SVPGVY(3-NO 2)-NH 2], which alleviates its intramolecular quenching of the Abz 

fluorophor e (Figure 17A). Upon addition of enzyme, an increase in Abz fluorescence at 
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420 nm was observed and quantified with correction for an inner filter effect at higher 

substrate concentrations (Figure 17C).136 With corrections applied, CPAF hydrolysis of 

peptide 3 was found to fol low MichaelisɬMenten kinetics with a kcat of 23 ± 0.7 sɬ1, a Km of 

ƜƔɯǷɯƝɯϟ,ȮɯÈÕËɯÈɯkcat/Km ÖÍɯƔȭƖƝɯǷɯƔȭƔƗɯϟ,ɬ1 sɬ1, values that are in agreement with those 

obtained using the HPLC-based discontinuous assay (Figure 17B). 

 

 

Figure 17. Discontinuous and continuous CPAF activity assay methods an d steady 

state kinetic parameters with peptide substr ates derived from the sequence of the 

CPAF substrate human vi mentin. (A) In the discontinuous assay, reactions of 

recombinant CPAF and the vimentin -based peptide substrate 1 are quenched, and 

subsequent RP-HPLC separations of hydrolysis product 2 and the i ntact substrate are 

performed to obtain initial rates. In the  continuous fluorescence assay, cleavage of 

peptide 3 by recombinant CPAF affords fluorescence emission monitored at 420 nm. (B) 

Steady state parameters kcat, Km, and kcat/Km for the discontinuou s HPLC-based (peptide 

1) and continuous fluorescence-based CPAF (peptide 3) assays. (C) Representative initial 

rate measurement using the continuous fluorescence assay showing a time-dependent 

increase in relative fluorescence units (RFU) in the presence of both CPAF (10 nM) and 
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×Ì×ÛÐËÌɯÚÜÉÚÛÙÈÛÌɯƗɯȹƕƔƔɯϟ,ȺɯÛÏÈÛɯÐÚɯnot observed in assay mixtures lacking either CPAF 

or peptid e 3. Data shown are averages ± the standard error of three replicates, with an 

absence of visible error bars indicating a standard error smaller than the data point 

symbol. 

 

2.4.3 CPAF displays one ionization for catalysis 

With two assay platforms established, we sought to characterize the roles of 

specific active site residues in peptide hy drolysis. First, we aimed to identify 

catalytically im portant ionization s in the CPAF mechanism by establishing pH rate 

profiles for steady state kinetic parameters. The pH stability of CPAF was determined by 

conducting the continuous fluorescence assay over the pH range 3.5ɬ12.0 (Figure 18A). 

CPAF was found to be stable from pH 5.0ɬ10.0, as reaction rates were reduced to less 

than 0.25 RFU/s outside of this range.  

The discontinuous HPLC -based assay was subsequently employed to determine 

the steady state kinetic parameters kcat, Km, and kcat/Km from  a pH rang e of 5.0ɬ10.0. The 

profiles of kcat (Figure 18B) and kcat/Km (Figure 18C) as a function of pH revealed one 

ionization w ith pKa values of 6.2 ± 0.1 and 6.5 ± 0.1, respectively, suggesting a catalytic 

role for a single ionizable group.  Based on the pKa of an imidazolium side chain, the pHɬ

rate profile is consistent with ionization of  a histidine residue and thus strongly 

implicat es H105 as the catalytic  base. The pH dependence of kcat and kcat/Km but not Km 

suggests that the ionizable moiety plays a role in catalysis but not substrate binding.  
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Figure 18. CPAF displays a single ionization for catalysis with a pKa consistent with 

an active site histidine. (A) To evaluate the pH stability of CPAF, r eaction rates of 

CPAF-catalyzed cleavage of peptide 1 (100 µM) were measured from pH 3.5ɬ12.0 in 

increments of 0.5 pH units using the continuous fluorescence assay with 1 nM CPAF. 

Because CPAF was found to be stable from pH 5.0ɬ10.0, this range was evaluated in the 

subsequent pH rate profile  (BɬC). Steady state kcat (B) and kcat/Km (C) values for CPAF-

catalyzed cleavage of peptide 1 were measured from pH 5.0 to 10.0 in 0.5 pH unit 

increments using the discontinuous HPLC-based assay. There is a single ionization for 

kcat and kcat/Km with pKa values of 6.2 ± 0.1 and 6.5 ± 0.1, respectively.  

 

2.4.4 Solvent deuterium kinetic isotope effects 

To explore the role of exchangeable hydrogenic sites on the CPAF peptide 

hydrolysis reaction, we conducted solvent kinetic iso tope effect analyses. CPAF-

mediated hydro lyses of peptide 1 were conducted in a buffer containing 100% H2O or 

99.9% D2O at pH (pD) 8.5 to remain in the pH -independent region of th e pHɬrate 

profile. Comparison of the measured rate constants revealed a forward solvent kinetic 

isotope effect on kcat (D2Okcatapp) of 2.6 ± 0.1, yet we observed no significant effect on kcat/Km 

(D2Okcat/Kmapp = 1.0 ± 0.2) (Figure 19). The 2.6-fold decrease in kcat in D 2O is supportive of a 

S499 alkoxide nucleophile rather than a C500 thiol nucleophile . Because hydroxyl and 

sulfhydryl prot ons have distinct fractionation factors of approximately 1.0 and 0.5, 
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respectively, a forward solvent kinetic isotope ef fect is typically observed for serine 

proteases, while cysteine proteases often engender an inverse solvent kinetic isotope 

effect.137  

 

 

Figure 19. Steady state kinetic parameters  and solvent kinetic isoto pe effects for 

CPAF-mediated hydrolysis of peptide 1 in wat er and deuterium oxide. Steady state 

kinetic parameters were measured in H2O or 99.9% D2O with recombinant CPAF (1 nM ) 

and peptide 1 (0.23ɬ1.50 mM) in the pH-independent r egion of the pHɬrate profi le (pH 

8.5) at 25 °C. A forward deuterium solvent kinetic i sotope effect on kcat (D2Okcatapp) of 2.6 ± 

0.1 was observed, but no solvent kinetic isotope effect was observed for kcat/Km, with a 
D2Okcat/Kmapp of 1.0 ± 0.2. Data shown are averages ± the standard error of three replicates, 

with an absence of visible error bars indicating a standard error smaller than the data  

point symbol.  

 

To validate the nonessential role for C500, the continuous fl uorescence assay of 

peptide hydrolysis was performed with recombinantly expressed and purified WT 

CPAF and a C500A mutant. Because C500 was not required for zymogen maturation in 
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our mutational analysis of autoproteolysis , the C500A CPAF mutant was able to be 

purified  as a mature enzyme (Figure 20A). When evaluated with the continuous 

fluorescence assay, both WT CPAF and the C500A mutant successfully cleaved the 

vimentin -based peptide 3, as conveyed by the time-dependent increase in RFU (Figure 

20B). This result demonstrates that C500 is not required for catalysis and provides 

further support for S499 as the catalytic nucleophile. 

 

 

Figure 20. CPAF residue C500 is not required for zymogen maturation or peptide 

hydr olysis . (A)  CPAF C500A was recombinantly expressed and purified, with the purity 

of the mature enzyme confirmed by Coomassie staining and immunoblott ing for the C-

terminal hexahistidine tag with a h exahistidine antibody. (B) Both WT CPAF and the 

C500A muta nt (10 nM) cleave peptide substrate 3 ȹƕƔƔɯϟ,ȺȮɯÈÚɯÐÕËÐÊÈÛÌËɯÉàɯÈɯÛÐÔÌ-

dependent increase in RFU. Data shown are averages ± standard error of three 

replicates, with an absence of visible error bars indicating a standard error smaller than 

the data point symbol. 

 

We next performed a proton inve ntory experiment to identify the number of in -

flight protons in the rate -determining transition state. Using the discontinuous HPLC -

based assay to measure reaction rates, the kobs/kH2O ratio was determined in increasin g 
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mole fractions of D2O. The plot of kobs/kH2O as a function of the mole fraction of D 2O fit 

the linear model of the GrossɬButler equation (r 2 = 0.965), suggesting that one proton is 

transferred in the rate-determin ing transition state (Figure 21).138 

 

 

Figure 21. CPAF transfers one proton in the rate -determining transition state. A proton 

invento ry of CPAF catalysis was performed by measuring kobs with saturating peptide 

substrate (1.50 mM) in increasing concentrations of D2O. The ratio of kobs in each fraction 

of D2O to the rate in 100% H 2O was plotted as a function of the mole fraction of D 2O and 

fit to the GrossɬButler equation for one proton transfer ( Equation 3). Data shown are 

averages ± the standard error of three replicates, with an  absence of visible error bars 

indicating a standard error smaller than the data point symbol.  

 

2.4.5 Peptide hydrolysis proceeds through a CPAF acyl-enzyme 
intermediate  

To determine if CPAF catalysis proceeds through an acylɬenzyme intermediate, 

we perform ed transient state rapid quench experiments to measure peptide hydrolysis 

on a millisecond time scale. CPAF and peptide 1 were reacted in a 1:1 volume ratio 

under multiple -turnover conditions using a rapid che mical quench flow apparatus. 

CPAF exhibits a biphasic kinetic profile with a burst phase rate constant of 110 ± 2 sɬ1 
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followed by a slower steady state phase rate constant of 57 ± 1 sɬ1 (Figure 22). The 

observation of biphasic kinetics suggests the formation of an acylɬenzyme intermediate 

in the CPAF reaction pathway.  

 

 

Figur e 22. Pre-steady state evidence for an acylɬenzyme intermediate in CPAF 

catalysis. Recombinant CPAF (10 µM) and peptide 1 ȹƗƔƔɯϟ,ȺȮɯÉÖÛÏɯÐÕɯÉÜÍÍÌÙɯÊÖÕÛÈÐÕÐÕÎɯ

50 mM HEPES (pH 7.5), 150 mM NaCl, and 5 mM DTT, were rapidly mixed and 

incubated for 0.005ɬ0.1 s pri or to quenching with 1.2 M HCl. Reaction samples were 

analyzed by the discontinuous HPLC -based assay. CPAF-catalyzed formation of the 

product in the pre -steady state displays biphasic kinetics. Fitting each phase to a linear 

model revealed a fast acylation rate (kacyl) of 110 sɬ1 followed by a slower deacylation rate 

(kdeacyl) of 57 sɬ1. Data shown are averages ± the standard error of three replicates, with an 

absence of visible error bars indicating a standard error smaller than t he data point 

symbol. 

 

Burst kinetics further suggest fast acylation of S499 followed by slow 

decomposition of the acylɬenzyme intermediate.139 Because steady state deacylation rate 

kdeacyl is consistent with the values observed for kcat, deacylation is proposed to be at least 

part ially rate-determining. A  factor that may explain the small discrepancy between kcat 

and kdeacyl could be that the higher protein concentrations required for pre-steady state 
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burst kinetics lead to quaternary struc tures of the protein that increase the turnover 

number. Intriguingly, rate -determining deacylation is generally obser ved for serine 

protease cleavage of ester substrates rather than amides such as peptides 1 and 3. As a 

result, CPAF joins a unique group of  serine proteases, including Kex2 and leukocyte 

elastase, that hydrolyze amides with rate-determining deacylation. 140,141 

 

2.5 Proposed mechanism of CPAF activity 

Toward a more comprehensive understanding of the chlamydial path ogenesis-

associated protease CPAF, our study provides the first biochemical characterization of 

its chemical and kinetic mechanisms via analyses of zymogen processing and peptide 

hydrolys is. Our alani ne scan of active site residu es D103, H105, S499, C500, and E558 

revealed that all  but C500 are required for zymogen maturation. This  result suggested 

that autoproteolysis occurs via solely serine nucleophil ic activity . Furthermore, the 

requirement of four  residues indicated that an S41B peptidase-like catalytic tetrad may 

be responsible for catalysis, in contrast to the catalytic triad that had been previously 

proposed. 

As a result of our kinetic profiling, we propose that mature CPAF utilizes the 

same catalyt ic tetrad to proteolyze substrates after autoproteolytic processing. While 

either a serine or cysteine nucleophile could be envisioned based on the structure of 

mature CPAF, both the mutagenesis and isotope effect analyses indicate that the enzyme 
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functions as a serine protease. The mature C500A mutant successfully catalyzed peptide 

hydrolysis in our continuous assay platform, suggesting that C500 is not the enzymatic 

nucleophile. Alt hough the requirement of S499 for autocatalytic activation prevents a 

mutational analysi s of substrate processing, identification of a seri ne nucleophile is 

supported by t he 2.6-fold forward isotope eff ect on kcat observed in the solvent kinetic 

isotope effect experiment. This result is consistent with a serine nucleophile rather than a 

cysteine nucleophile, as the latter would be expected to give rise to an inverse solvent 

kinetic isotope effect.  

Insight into the functional roles of the remaining members of the catalytic tetrad 

was gained from the pHɬrate profile. The presence of only one ionization in the pH 

profi les for kcat and kcat/Km, w ith  respective pKa values of 6.2 ± 0.1 and 6.5 ± 0.1, is 

consistent with a single histidine cat alytic base (H105) responsible for deprotonation of 

S499 and protonation of the substrate leaving group . A single ionization also suggests 

that D103 and E558 are not involved in acid ɬbase chemistry. However, because these 

residues are critical for CPAF autoprocessing and their positions in the mature active 

site align with those of the tricorn pr otease catalytic tetrad, we hypothesize that D103 

and E558 contribute to substrate proteolysis. Specifically, hydrogen bonds bet ween the 

two acidic residues and the active site ordered water may comprise a base strength 

amplification bridging mechanism to aid H105 in activating S499 for catalysis (Figure 

23A). Although somewhat rare, this integral role fo r an ordered water is supported by 
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precedent from a similar catalysis -enhancing, water-mediated hydrogen bond between 

active site residues of lysosomal carboxypeptidase A  (Figure 23B).130 

 

 

Figure 23. The critical role of an ordered water  in the CPAF mechanism is supported 

by p recedent from lyso somal carboxypeptidas e A. (A)  CPAF catalytic residues and 

ordered water are shown in  blue (PDB 3DOR). (B) Lysosomal carboxypepti dase A 

catalytic residues and ordered water are shown in green (PDB 1IVY). 

 

Our pre-steady state analysis of CPAF peptide hydrolysis revealed biphasic 

kinetics, suggesting a fast enzyme acylation with a rate kacyl of 110 ± 2 sɬ1 and a slower 

deacylation wi th a rate kdeacyl of 57 ± 1 sɬ1. The observation of burst kinetics in the CPAF 

transient state is suggestive of the presence of an intermediate on the reaction pathway 

and most logicall y reflective of the acylɬenzyme intermedi ate. Furthermore, a slower 

kdeacyl reflects an at least partially rate-determining deacylation step. 
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Our investigation of CPAF peptide hydrolysi s has allowed us to propose the 

following chemical and kinetic mechanis m (Figure 24). Upon substrate binding, S499 is 

deprotonated by H105 to facilitate nucleophilic attack on the carbonyl carbon of the 

scissile peptide bond. The charge transfer apparatus is likely stabilized by a water -

mediated hydrogen bond network between H105 and acidic residues D103 and E558. 

The first tetrahedral intermedi ate is formed, with the oxyanio n stabilized by a hydrogen 

bond from  the main chain amide of C500 as a function of the nucleophilic elbow motif. 

The tetrahedral intermediate then decomposes, with proton t ransfer from H 105 to the 

amine leaving group, to form  the acylɬenzyme intermediate. A single proton is 

transferred from solvent to H105, leading to slow hydrolysis of t he acylɬenzyme 

intermediate through the rate -determining deacylation t ransition state. The second 

tetrahedral intermediate forms and is resolved by release of the carboxylic acid product 

and regeneration of the CPAF active site. 
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Figure  24. Proposed mechanism of CPAF activity.  The results presented in this work  

suggest that CPAF conducts its activity using a water-mediated serine protease catalytic 

tetrad: D103, H105, S499, and E558 (A). The catalytic base H105 deprotonates S499 (B), 

aided by base strength amplification through a water -mediated hyd rogen bond network 

with acidic residues D103 and E558. The nucleophilic S499 attacks the scissile peptid e 

bond, shown for vimentin -based peptide 1 in blue, to form a tetrahedral intermedia te, 

stabilized by the C500 backbone amide. The intermediate collapses (C) to form the acylɬ

enzyme intermediate (D) wi th concomitant release of the amine product.  The acylɬ

enzyme intermediate is hydrolyzed by water in the rate -determining deacylation step, 

through formation (E) a nd subsequent collapse (F) of a second tetrahedral intermediate. 

Subsequent release of the second product facilitates regeneration of the enzyme active 

site. 

 

In conclusion, we propose a serine protease mechanism with a catalytic tetrad 

consisting of D103, H105, S499, and E558 for both zymogen maturation and catalysis by 

mature CPAF. While th e proposed mechanism shares attributes with those of canonica l 

serine proteases such as hydrolysis through an acylɬenzyme intermediate and use of 

histidine as a catalytic base, CPAF was found to have distinct characteristics, includi ng a 
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catalytic  tetrad w ith tw o acidic residues and rate-determining deacylation with  a 

peptide substrate. Although the contributions of CPAF to chlamydial virulence mak e the 

enzyme a therapeutic target of interest, a lack of mechanistic clarity to date has hindered 

selective inh ibitio n and comprehensive functional characterization. The proposed 

mechanism lays the groundwork for further evaluation of substrate specificity  and the 

development of potent and selective inhibitors for this enzym e. 

 

2.6 Materials and methods 

2.6.1 General materials and methods 

All Fmoc amino acids were purchased from Anaspec, Novabiochem, or Bachem 

and used witho ut further purification. Chemicals wer e purchased from Millipore Sigma, 

Fisher Scientific, VWR, or Alfa Aesar unl ess otherwise stated and were used withou t 

fur ther purification. Mass spectrometry (MS) data were obtained on either a Bruker 

Autoflex Speed LRF MALDI -TOF system or an Agilent 1200 series/6310 ion trap LC-MS 

spectrometer. Preparatory RP-HPLC was performed on a Rainin Dynamax or Waters 

system with  a semipreparative  Jupiter C18 300 Å (250 mm × 21ȭƖɯÔÔȰɯƕƔɯϟÔ) column, 

and analytical RP-HPLC was performed on an Agilent 12 00 series system with a Jupiter 

"ƘɯƗƔƔɯ@ɯȹƙƔɯÔÔɯǺɯƘȭƚɯÔÔȮɯƙɯϟÔȺɯÊÖÓÜÔÕȭɯ/ÙÖÛÌÐÕɯ×urification was performed on an 

AKTA fast protein liquid chromatography (FPLC) system (Amersham Biosciences). 
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Fluorescence measurements were obtained using a SpectraMax Gemini EM micropl ate 

reader.  

 

2.6.2 Immunoblotting analysis of CPAF zymogen maturation 

C. trachomatis CPAF residues 23ɬ601 (NCBI accession code WP_009872247.1) 

were expressed in a pET-30b(+) vector containing a C-terminal hexahistidine tag. 

Guided by the crystal struc tures of CPAF [zymogen, PDB entry 3DPN; mature CPAF, 

PDB entry 3DOR],76 we generated five active site mutant constructs using the 

QuikChange II site -directed mutagenesis kit (Stratagene). Replacement of the native 

D103, H105, S499, C500, and E558 residues with alani ne was verified by DNA 

sequencing (Eton Bioscience) before transformation of each plasmid into Novagen 

electrocompetent BL21(DE3) E. coli. Cells were grown in Luria broth containing 

ÒÈÕÈÔàÊÐÕɯȹƙƔɯϟÎɤÔ+ȺɯÈÛɯƗƛɯȘ"ɯand 200 rpm to an OD600 of 0.6. The cell suspension was 

cooled to 15 °C, and protein expression was induced by the addition of 0.3 mM 

ÐÚÖ×ÙÖ×àÓɯϕ-d-1-thiogalactopyranoside ( IPTG, GoldBio) . Following induction, cells were 

incubated overnight at 15 °C and 200 rpm. 

Aliquots (1 mL) of each E. coli culture expressing a recombinant protein of 

interest were clarified by centrifugation, resuspended in 50 mM Tris (pH 7.5), 150 mM 

NaCl, 10 mM imidaz ole, and 1 mg/mL lysozyme, and vortexed vigorously. The cells 

were immediate ly frozen on dry ice for 3 min, thawed at 42 °C, and vortexed. The 
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freeze/thaw cycle was repeated three times. Lysates were clarified by centrifugation, and 

the supernatant was immediately reserved for incubation at room temperature. An 

aliquot of each supernatant was removed and quenched with SDS loading buffer to 

serve as the 0 h time point. Time points were taken in the same manner 1, 3, 6, 12, and 24 

h after lysis. Zymogen matur ation was monitored by immunoblotting for the C -terminal 

hexahistidine tag, with a molecular weight shift from 67 to 35 kDa signifying an 

autocatalytic activation event. Immunoblotting was performed using a primary 

hexahistidine antibody (R&D Systems MAB050) and a secondary goat anti-mouse 

antibody (Bio -Rad). 

 

2.6.3 Assay platforms for steady state kinetic analysis 

2.6.3.1 Expression and purifi cation of recombinant CPAF  

WT CPAF and the C500A mutant were expressed in pET-30b(+) vectors in 

BL21(DE3) E. coli as described above. After induction of protein expression and 

incubation overnight, cells were collected by centrifugation at 5000 x g. The pelleted cells 

were resuspended in 50 mM Tris (pH 7.5), 150 mM NaCl, and 10 mM imidazole and 

lysed with an Emulsiflex C 5 microfluidizer (Avestin, Inc.). The resultant lysate was 

clarified by ultracentrifugation and applied to a nickel-chelating sepharose column (GE 

Healthcare) for nickel -based immobilized metal affinity chromatography (IMAC) . Flow -

through was reserved. The column was washed with 50 mM Tris (pH 7.5), 150 mM 
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NaCl, 50 mM imidazo le, and 5 mM BME (wash 1), followed by 50 mM Tris (pH 7.5), 300 

mM NaCl, 50 mM imidazole, and 5 mM BME  (wash 2). CPAF was eluted using a linear 

gradient from  50 to 375 mM imidazole in 50 mM Tris (pH 7.5), 150 mM NaCl, and 5 mM 

BME. Fractions containing partially purified CPAF were identified by SDS ɬPAGE 

(Figure 25A, Figure 26A), pooled, and concentrated using an Amicon spin column 

concentrator with a molecular weight cutoff (MW CO) of 30 kDa (Millipore) . 

Concentrated protein was loaded onto a HiLoad 16/600 Superdex S-200 gel filtration 

column (GE Healthcare) that was previously equilibrated with 50 mM Tris (pH 7.5), 150 

mM N aCl, and 5 mM DTT. Fractions containing pure CPAF were identified by SDS-

PAGE (Figure 25B, Figure 26B), pooled, and concentrated. Purity of the final 

concentrated sample was evaluated via SDSɬPAGE with Coomassie staining and 

immunoblottin g using a hexahistidine anti body (R&D Systems MAB050). The protein 

concentration was determined by the Bradford protein assay (Bio -Rad).142 
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Figure 25. Purification of WT CPAF through (A) nickel affinity and (B) size exclusion 

chromatography . (A) A representativ e FPLC trace and SDS-PAGE gel with Coomassie 

staining is shown for the first purifi cation step: nickel-based IMAC. CPAF was 

expressed with a C-termi nal hexahistidine tag and as a result eluted from the nickel 

column over  a gradient of imidazole.  The FPLC trace includes the UV signal at 280 nm 

over the course of purification (blue, left Y -axis) and the % of elution  Buffer B (grey, 

right Y -axis). The portion of the imidazole gradient where CPA F was found to elute by 

SDS-PAGE is highlighted on the trace in light blue.  WT CPAF autoproteolytically  

activates over the course of purification  and thus appears by SDS-PAGE as bands for the 

N- and C- termin i. (B) A representative FPLC trace and SDS-PAGE gel with Coomassie 

staining is shown for the second purifi cation step: size exclusion chromatography . The 

FPLC trace includes the UV signal at 280 nm over the course of purification (blue, left Y -

axis). The peak where CPAF was found to elute by SDS-PAGE is highlighted on the 

trace in light blue . 
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Figure 26. Purification of  CPAF C500A through (A) nickel affinity and (B) size 

exclusion chromatography . (A)  A representativ e FPLC trace and SDS-PAGE gel with 

Coomassie staining is shown for the first purifi cation step: nickel-based IMAC. CPAF 

C500A was expressed with a C-termi nal hexahistidine tag and as a result eluted from 

the nickel column over  a gradient of imidazole.  The FPLC trace includes the UV signal at 

280 nm over the course of purification (blue, left Y -axis) and the % of elution  Buffer B 

(grey, right Y -axis). The portion of the imidazole gradient where CPA F C500A was 

found to elute by SDS-PAGE is highlighted on the trace in l ight blue. CPAF C500A 

autoproteolytically  activates over the course of purification  and thus appears by SDS-

PAGE as bands for the N- and C- termini.  (B) A representativ e FPLC trace and SDS-

PAGE gel with Coomassie staining is shown for the second purifi cation step: size 

exclusion chromatography . The FPLC trace includes the UV signal at 280 nm over the 

course of purification (blue, left Y -axis). The peak where CPAF C500A was found to 

elute by SDS-PAGE is highlighted on the trace in light blue . 
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2.6.3.2 Solid phase peptide synthe sis  

Peptide substrates Abz-VRLRSSVPGV-NH 2 and Abz-VRLRSSVPGVY(3-NO 2)-

NH 2 and hydrolysis product Abz -VRLRS-OH were synthesized by manual solid phase 

peptide synthesis using the Fmoc/piperidine strategy with ri nk amide AM resin ( Acros 

Organics) as described previously.129 Couplings were performed using amino acid, 

HBTU, and HOBt in a 5:4.9:4.9 molar ratio relative to the resin load, and Fmoc 

deprotections were performed with 20% piperi dine in DMF. Upon c ompleti on of all 

couplings, side chain deprotection and resin cleavage were performed with a 95:2.5:2.5 

TFA:H 2O:TIS ratio for 3 h. Excess TFA was removed by rotary evaporation, and peptides 

were precipitated with ic e-cold diethyl ether, collected by vacuum filtra tion, di ssolved in 

1% acetic acid, and lyophilized to afford the crude peptide product. All peptides were 

purified by RP-'/+"ɯÛÖɯȁƝƜǔɯ×ÜÙÐÛàȭɯ3ÏÌɯÔÖÓÌÊÜÓÈÙɯÞÌÐÎÏÛɯÖÍɯÛÏÌɯËÌÚÐÙÌËɯ×Ì×ÛÐËÌɯÞÈÚɯ

confirmed by MALDI -TOF MS (calculated [M+H]+ = 1396.7, observed [M +H]+ = 1396.3). 

/ÜÙÐÍÐÌËɯ×Ì×ÛÐËÌÚɯÞÌÙÌɯÓàÖ×ÏÐÓÐáÌËɯÈÕËɯÚÛÖÙÌËɯËÌÚÐÊÊÈÛÌËɯÈÛɯǸƖƔɯȘ"ȭ 

 

2.6.3.3 Discontinuous CPAF activity assay 

HPLC-based CPAF activity assays were conducted as described previously at 

room temperature  in a buffer containi ng 50 mM Tris (pH 7.5), 150 mM NaCl, and 5 mM 

DTT with CPAF (1 nM) and varying concentrations of 1 (0.23ɬ1.50 mM) in a total 

ÝÖÓÜÔÌɯÖÍɯƕƔƔɯϟ+.135 Briefly, MichaelisɬMenten kinetic parameters were determined 
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following  peak integration using PeakFit 4.11 (Systat Software) and analysis in 

GraphPad Prism (GraphPad Software) using Equation 1. 

 

 

 

Equation 1 

 

2.6.3.4 Continuous CPAF activity assay 

Fluorescence-quenching CPAF activity assays were conducted in black 96-well 

plates (Corning) at room temperature in a buffer containing 50 mM Tris (pH 7.5), 150 

mM NaCl, and 5 mM DTT with CPAF (1 nM) and varying concentrations of 3 (0.23 ɬ1.50 

mM). Reactions were initiated by the addition of substrate, and the plate was 

immedi ately read at a kinetic in terval of 8 s with an excitation wavelength of 318 nm and 

an emission wavelength of 420 nm. Initial rates were measured over 5 min. To account 

for the inner filter effect observed at high substrate concentrations, a quantitative 

correction method described by Liu et al. was applied 136 as described previously .129 

MichaelisɬMenten kinetic parameters were determin ed foll owing analysis  in GraphPad 

Prism using Equation 1. 

 

2.6.4 pH stability 

The stability of recombinant CPAF was determined by measuring reaction rates 

in 0.5 pH unit increments across the pH range of 3.5ɬ12.0 using the continuous 
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fluorescence assay. The MTAN  buffer  system (50 mM MES, 25 mM Tris, 25 mM acetic 

acid, 150 mM NaCl, and 5 mM DTT) was used for the pH range of 3.5ɬ7.5, and the 

MTCN buffer system (50 mM MES, 25 mM Tris, 25 mM CAPS, 150 mM NaCl, and 5 mM 

DTT) was used for the pH range of 6.0ɬ12.0.143 These buffers provide an area of overlap 

in the tested pH range while maintaining a constant ionic strength. The pH dependence 

assays were coÕËÜÊÛÌËɯÞÐÛÏɯÙÌÊÖÔÉÐÕÈÕÛɯ"/ %ɯȹƕɯÕ,ȺɯÈÕËɯƕɯȹƕƔƔɯϟ,ȺɯÈÕËɯÈÕÈÓàáÌd by 

the discontinuous HPLC -based assay. 

 

2.6.5 pHïrate profiles 

Based on the stabilit y analysis, all reactions for the pHɬrate profile were 

performed at room temperature usi ng recombinant CPA F (1 nM) and 1 (0.23ɬ1.50 mM) 

from pH 5.0 to 10.0 in 0.5 pH unit increments at a constant ionic strength. The pH 

dependence assays were conducted as described above and analyzed by HPLC. 

MichaelisɬMenten plots at each pH were generated by fittin g initial r ates and substrate 

concentrations to Equation  1. The pH dependence profiles of kcat and kcat/Km were fit to 

Equation  2, where yobs is the measured kcat or kcat /Km value, ymax is the maximum, pH -

independent kcat or kcat/Km, Ka is the acid dissociation constant, and [H+] is the 

concentration of protons in solution.  

 



 

62 

 

 

Equation 2 

 

2.6.6 Solvent kinetic isotope effects 

Prior to perform ing solvent kinet ic isotope effect assays, recombinant CPAF was 

buffer exchanged into D 2O-containing buffer to fa cilitat e amide and side chain 

hydrogenɬdeuterium exchange. MTCN buffer (pH 8.5) was freeze-dried by va cuum 

lyophilization and subsequently resu spended in an equal volume of D 2O. The pD of the 

D2O buffer was adjusted using DCl and NaOD to 8.1 (pD = measured pH + 0.4).144 DTT 

and 1 were dissolved in 100% D2O and allowed to equilibrate for 60 min. Isotope eff ect 

assays were performed in MTCN buffer (pH 8.5 ) and DTT (5 mM) with recombinant 

CPAF (1 nM) and 1 (0.23ɬ1.50 mM) at 25 °C. Reactions were initiated with the addition 

of enzyme, and CPAF activity  was measured using the discontinuous HPLC -based 

assay as described above. 

 

2.6.7 Proton inventory 

Recombinant CPAF (1 nM) and 1 (1.50 mM) stocks were prepared in 100% H2O 

and 99.9% D2O and incubated for 30 min to allow for hydrogen ɬdeuterium ex change. 

The 100% stocks were combined in appropriate volumes to yield solution s with 10ɬ90% 

D2O/H 2O (v/v), in 10% increments. CPAF activity was measured using the discontinuous 

HPLC-based assay. Observed rates were normalized to the rate observed in 100% H2O 
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and plotted  against the mole fraction of D 2O. The resulting data were fit t o the Grossɬ

Butler equations (Equations 3 and 4) for one and two protons transferre d in the rate-

determining transition state, w here kn is the observed rate at a given D2O percentage, k0 

is the observed rate in 100% H2O, n is the fraction of D2O in solution, and  f1 and f2 are the 

fractionation factors f or the protons being transferred.138 An extra sum-of-squares F test 

was performed to identify the best  fit model for the data. 145 

 

 

 

    Equation 3 

 

 

 

 

Equation 4 

 

2.6.8 Pre-steady state kinetic analysis 

A KinTek RQF-3 rapid chemical quench flow instrument  was used to analyze 

CPAF pre-steady state kinetics under multipl e-turnover conditions. Syrin ges A and B 

were loaded with reaction buf fer containing 50 mM HEPES (pH 7.5), 150 mM NaCl, and 

5 mM DTT. Syringe C was loaded with 1.2 M H Cl as the quenching agent. Sample lines 

ÞÌÙÌɯ×ÙÐÔÌËɯÞÐÛÏɯ"/ %ɯȹƖƔɯϟ,ȺɯÈÕËɯƕɯȹƕɯÔ,ȺɯÐÕɯÙÌÈÊtion buffer. The concentrati on of 

CPAF was determined by titration us ing the tight binding peptide in hibitor Pep2.135 
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Discontinuous ti me points were measured by mixing CPAF and substrate, followed by 

rapid quenching with HCl. Reactions were analyzed by RP-HPLC, and data were 

analyzed as described above. The plot of product formed versus time was fit to Equation 

5, where Pt is the product concentration as a function of time, [E] is the enzyme 

concentration, kacyl and kdeacyl are the rate constants for acylation and deacylation, 

respectively, and t is the time. 

 

 

 

Equation 5 
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3. Progress toward the development of salinosporamide 
derivatives as selective CPAF inhibitors 

Despite an expanding  knowledge of CPAF and its contribution s to chlamydial 

pathogenesis, the development of a selective small molecule inhibitor  has remained 

elusive to date. To address this unmet need, we sought to explor e derivatives  of marine 

natural product salinospor amide A  as CPAF inhibitors through  biochemical and 

computational approaches. Toward  the generation of semisynthetic salinosporamide 

analogues, the extraction and purification of salinosp oramide A from native producer 

Salinispora tropica was optimized. Salinosporamide A was subsequently valid ated as an 

inhibitor of C PAF peptide hydrolysis  using a continuous fluore scence assay platform. In  

the absence of sufficient  salinosporamide A titers to support a semisynthetic 

derivatization campaign, a library of salinosporamide derivatives was  screened for 

CPAF binding  through molecular docking . From this study, structural f eatures that 

enhance predicted binding affinity  were identified , and thus analogues harboring these 

substituents can serve as leads in future in vitro  analyses. Collectively , these results lay 

the groundwork  for exploring salinosporamide derivatives as selective CPAF inhibitors . 

Such compounds are much-needed tools for advancing our understanding of the 

functions  of this protease and evaluating the potential of pursuing an an ti -virulen ce 

strategy for combatting chlamydial infections . 
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3.1 Background 

CPAF is a chlamydial seri ne protease118 that is secreted into the host cell to cleave 

a suite of substrates to usurp normal functions . In recent years, experiments with the 

CPAF-deficient mutant74 of C. trachomatis have broadened our knowledg e of the roles of 

CPAF in host modulation  and solidified the proteaseɀs status as a key player in 

chlamydial virulence . Specifically, CPAF is responsible for dismantling several elements 

of the host immune response, including c hemical-mediated neutrophil activa tion 92 and 

production  of chemokine CXCL10,93 and disrupting  the integrity of the  host cytoskeleton 

and nuclear membrane.74 Despite these contributions to virulence, a missing tool in the 

study of CPAF is a selective inhib itor of its proteoly tic activity.  

The absence of an adequate inhibitor is problematic for both chemical biology-

based evaluations of the functions  of CPAF and advancement of a virulence -based 

therapeutic. A chemical genetics approach offers several advantages and 

complementary features to traditional genetics analyses with the CPAF-deficient 

mutant. A  chemical inhib itor of CPAF could  be added to C. trachomatis-infected cells at 

any time, enabling a time course analysis of CPAF over the chlamydial life cycle. A 

chemical genetics strategy also offers an advantage in that it would  mi tigate the catalytic 

activity of CPAF without physic ally removing the protein, thus retaining  any roles 

CPAF plays in protein  complexes.146 Inhibitor development  is critical for exploring  the 

possibili ty of virulence -based therapeutics by evaluating the effects of CPAF inhibition 
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on chlamydial infection . CPAF inhibitor s could also be tested against differen t strains of 

C. trachomatis with ease, whereas a mutation has to be re-introduced  in each strain of 

interest. Evaluation against species across the Chlamydia genus would  be beneficial for 

assessing the translational impact of an anti-virulence  compound, as testing in multiple 

animal models of chlamydial infect ion w ould be required . Despite the opport unities 

afforded by a selective CPAF inhibitor, progress towar d inhibition of CPAF  has proven 

difficult  to date. 

 

3.1.1 Previous progress toward inhibition of CPAF activity 

While a variety of  both small molecule and peptide inhibitors have been 

evaluated for their abili ty to in hibit  CPAF-mediated peptide hydrolysis , there have been 

limited successes. CPAF has demonstrated resistance to a suite of canonical protease 

inhibitors  in both  recombinant enzyme assays129 and cell-based assays.78,90 Protease 

inhibito rs of many classes have been tested, including serine, cysteine, aspartate, and 

metalloprotease inhibitors , but almost all evaluated compounds lack activity against 

CPAF (Figure 27A).  
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Figure 27. CPAF is resistant to mo st protease inhibitors , with few  successful 

inhibitors identified  to date. (A) Protease inhi bitors of numerous classes have been 

tested against CPAF in recombinant enzyme assays129 and in cell lysates,78,90 but largely  

lack activity. (B) The small molecule omuralide 76,78 and CPAF zymogen-derived peptide 

inhibitor P ep2135 are the major successful CPAF inhibitors reported to date. IC50 values 

shown are previ ously publi shed values obtained using the discontinuous HPLC -based 

assay.135 

 

The only small molecule inhibitor reported to date is omuralide,  ÛÏÌɯϕ-ÓÈÊÛÖÕÌȮɯϖ-

lactam proteasome inhibitor  (Figure 27B) that inhibits CPAF via acylation of catalytic 

nucleophile S499.76 Previous work in the McCafferty lab by Bednar and co-workers  

established that omuralide  inhibi ts CPAF with an IC 50 of 10.2 ± 2.3 µM using the 

discontinuous  HPLC-based assay.135 However, a lack of selectivi ty limits the utility of 
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omuralide  as both a chemical biology probe and an anti-virulence lead compound. 

Omuralide is a potent inhi bitor  of the 20S proteasome,122 with a p reviousl y reported IC 50 

of 57 ± 6 nM against the enzymeɀs chymotrypsin -like activity .147  The 20S proteasome is 

an essential component of the host machinery for degradation of unneeded or abnormal 

proteins,148 and as such has been extensively pursued as an anti-cancer drug t arget.149,150 

Currently, s everal small molecule proteasome inhib itors are clinically approved  for th e 

treatment of multip le myeloma.151ɬ153 Because host 20S proteasome inhibition is a n 

undesirable off -target effect, omuralide is not an ideal antichlamydia l agent. 

Another previously  characterized CPAF inhibitor  is Pep2 (Figure 27B), a 25 

amino acid peptide designed from  the sequence of the CPAF zymogen inhibitory helix 

(residues 258ɬ283).76,135 Pep2 exhibit s an IC50 of 50 ± 7 nM in the discontinuous HPL C-

based assay, making it the most potent reported inhibitor of CPAF .135 Despite the 

efficacy of Pep2, the peptide faces an uphill battle to reach translational  significance. 

Peptide inhibitors  possess inherent liabilities  such as limited bioavaila bility and 

susceptibility to degradation , presenting concerns for  use in cellular infection models  

and beyond.154 Because a small molecule has the potential to overcome these issues, 

omuralide provides  a solid foundation to expand upon for the dev elopment of selective 

inhibitors  and was therefore selected as a starting point . 
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3.1.2 Rationale and experimental approach for developing 
salinosporamide analogues as selective CPAF inhibitors 

To design CPAF inhibitors based on omuralide, we  first  looked to the core 

structure of the molecule. .ÔÜÙÈÓÐËÌɯÊÖÕÛÈÐÕÚɯÛÏÌɯϕ-lactoÕÌȮɯϖ-lactam scaffold 

characteristic of salinosporamides, a class of marine natural products produced by 

members of the genus Salinispora. The archetypal member of this compound class is 

salino sporamide A, a small molecule produced by the marine actinomycete bacterium 

Salinispora tropica and an irreversible inhibitor of the 20S proteasome.155  As 

salinosporamide A shares the ϕ-ÓÈÊÛÖÕÌȮɯϖ-lactam core of omuralide , acylation of the 

catalytic nucleophile is the first step of the salinosporamide A inhibition mechanism  

(Scheme 2). However, salinosporamide A also possesses a 2-chloroethyl substituent that 

is poised for nucleophilic  displacement and cyclic ether formation . The intramolecular 

cyclization prevents the ϕ-lactone from re-forming and ousts hydrolytically active water 

molecules, thus irreversibly inhibiting the 20S proteasome.156 

 

Scheme 2. Salin osporamide A  irrev ersibly  inhi bits the 20S proteasome through  

acylation of a catalytic  threonine  residue and subsequent cyclic ether formation . 
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We postulated that the multi -step inhibition mechanism of salinosporamides 

could be repurposed to design imp roved inhibitors of  CPAF. To test this hypot hesis, 

samples of salinosporamides A and X4 were acquired from Dr. Bradley Moore (Scripps 

Institution of Oceanography , University of Californ ia at San Diego). Salinosporamide X4 

is an analogue isolated from a genetically modified strain of S. tropica that contains a 

phenyl ring at the C5 position rather than the cyclohexene of salinosporamide A  (Figure 

28A).157 Both salinosporamides were subsequently evaluated for their ability to inhibi t 

CPAF peptide hydr olysis using the previously de scribed continuous fluorescence 

assay,118 and IC50 values were calculated (Figure 28A).  

When the salinosporami de IC50 values were compared to the previously reported 

IC50 for omur alide, increasing potency was discovered to correlate with  increasing steric 

bulk  at C5. Omuralide, with an isopropyl moiety at C5, was the le ast potent (IC50 of 10.2 

± 2.3 µM), followed by the cyclohexene-containing salinosporamide A (IC50 of 2.0 ± 0.50 

µM). Interestingly,  salinosporamide X4, containing a C5 phenyl ring, was the most 

potent, yield ing the only  IC50 in the nM range (62 ± 45 nM).158 The acquired IC50 values 

for CPAF inhibition we re then compared to those reported for  inhibition of the 

chymotrypsin -like activity of the 20S proteasome by Macherla et al.147 (omuralid e and 

salinosporamide A)  and Nett et al. (salinosporamide X4).157 Interestingly, w hile 

omuralide and salinosporamide A are more potent inhi bitor s of the 20S proteasome than 

of CPAF, an inversion of selectivity is observed for salinosporamide X4 (Figure 28A) . 
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This result suggests that the salinosporamide scaffold can be modified to optimize 

affinity and selectivity for CP AF. 

 

 

Figure 28. Preli min ary data suggest that salinosporamides can  be optimized to tune 

affinity and selectivity for CPAF and the 20S  proteasome based on structura l 

differences in the enzyme active sites. (A)  Relative IC50 values were determined for 

omur alide, salinosporamide A, and salinosporamide X4 inhibition of  CPAF activity 158 

and compared to previously reported values obtained by Macherla et al. (omuralide and 

salinosporamide A) 147 and Nett et al. (salinosporamide X4).157 (B) Omuralide is 

surrou nded by a large hydrophobic p ocket in the CPAF active site (PDB 3DPM),76 

whereas (C) the cyclohexene moiety of salinosporamide A is positi oned in a tight 

binding  pocket (PDB 2FAK).156 
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Crystallographic  evidence supports the observed structure-activity relationships  

(SAR) (Figure 28B, 28C) and suggests that selectivity  patterns could be attributed  to 

differences in the active sites of CPAF and the 20S proteasome. In the crystal structu re of 

omural ide bound to CPAF (PDB 3DPM), a large hydrophobic pocket in the  active site 

loosely surrounds  the omuralide isopropyl substituent (Figure 28B).76 In contrast, the 

crystal structure of the 20S proteasome with  salinosporamide A (PDB 2FAK) shows the 

cyclohexene moiety fitting  opti mally into its binding  pocket (Figure 28C).156 We 

hypothesized that salinosporamide derivatives with sterically bulk y functionalization at  

the C5 position could be designed to confer selectivity for CPAF over  the 20S 

proteasome. The approach of adding steric bulk at C5 to prevent 20S proteasome 

inhibition is promising in light of a previously repo rted SAR investigation  of omuralide 

derivatives wherein addition of a p henyl ring at C5 eliminated activity .159 To interro gate 

this hypothesis, we aimed to 1) design and access salinosporamide analogues with 

derivatization at C5 , 2) evaluate the compoundsɀ activi ty against CPAF in enzyme 

activity assays and molecular docking  experiments, and 3) explore potential off-target 

effects to maximize the translational  prospects of characterized CPAF inhibitors . 

 

3.2 Strategies for salinosporamide derivatization at the C5 
position 

Salinosporamide derivatives have been previously  generated through a variety 

of approaches, such as total synthesis and semisynthesis.160 Several total syntheses of 
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salinosporamide A  have been published  to date,161ɬ168 and their  synthetic strategies have 

been reviewed by Pott s and Lam.160 Despite the development of multiple syntheses, 

accessing salinosporamides has remained challenging. Published synthetic routes are 

lengthy, and many lack ideal  late-stage intermediates for the production of derivati ves. 

To enable more facile derivatization at the C5 position, former McCafferty lab member 

Dr. Katherine Alser Kim devised a divergent synthesis (Figure 29A, 29B).169 The 

synthetic route first  requi red access to a late-stage aldehyde intermediate from the 

Fukuyama total synthesis of salinosporamide  A.165 Addition of an organozinc reagent to 

the aldehyde intermediate could then yield  a broad scope of functionalities  (R1) at the C5 

position  (Figure 29C). The feasibility of this synthetic route  was demonstrated through 

addition of a  phenyl substituted all ylic zinc reagent to the intermediate aldehyde to 

produce a new branched salinosporamide derivat ive (Figure 29B).169 Subsequent 

deprotection, lactonization, and chlorination  steps ultimately  would  allow for 

completion o f the salinosporamide scaffold.162 
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Figure 29. Salinospor amide derivatives functionalized at the C5 position are 

accessible through a divergent sy nthesis , beginning with  a late-stage intermediate 

fro m the Fuk uyama synthesis of  salinosporamide A. 165 (A) By varying the zinc  reagent 

added to the aldehyde intermediate , numerous derivatives functionalized at  the C5 

position will be  accessible. (B) Progress toward a branched derivative by Dr. Katherine 

Alser Kim demonstrates the feasibility  of the proposed synthetic route.169 (C) Proposed 

derivati ves contain various sterically bulky moieties (R1) at C5. 

 

Although the divergent synthesis offers an opportun ity  to increase efficiency by 

produc ing derivatives from a common intermediate , multiple  synthetic steps are still 

required to generate the late-stage aldehyde before derivatization can occur.165 As a 

result, we turn ed to semisynthesis to generate salinosporamide analogues in a more 

efficient manner. Semisynthesis is a synthetic strategy wherein a compound  isolated 
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from natural sources is used as the starting material  for a chemical reaction.170 Such an 

approach offered several advantages over total synthesis for the development of 

salinosporamide derivatives . Firstly,  salinosporamide A can be isolated from cultures of 

native producer S. tropica to serve as a semisynthetic precursor.171 Functional group 

conversions easily accessed from the natural product can then be performed to produce 

new analogues. Significantly, semisyntheti c salinosporamide derivatives have been 

previously evaluated in an SAR campaign against the 20S proteasome by Macherla and 

colleagues (Table 2).147 This SAR study not only provide s semisynthetic routes for the 

production of salinosporamide analogues  functionalized at the C5 position ,147,160 but also 

reports inhibi tion data to inform prio ri tization of poor 20S proteasome inhibit ors for 

evaluation against CPAF.  

 

Table 2. Semisynthetic salinosporamides functionalized at t he C5 position  have been 

screened for 20S proteasome inhibit ion  by Macher la and co-workers. 147 

Name Structure 
20S proteasome 

IC50 (nM)   

salinosporamide A 

 

2.6 ± 0.2 

NPI-2076 

 

>20,000 

NPI-2062 

 

8,200 ± 600 
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NPI-2060 

 

6.3 ± 0.6 

NPI-2061 

 

91 ± 8 

NPI-2064 

 

8,200 ± 3,000 

NPI-2157 

 

n/r a 

NPI-2167 

 

n/r  

a n/r (not reported): derivatives that have been accessed semisynthetically, 

but for which an IC50 against the 20S proteasome has not been published. 

 

 

Among  the published semisynthetic analogues, there are two categories of C5 

derivatiz ation: modifi cation of the cyclohexene ring and alteration  to the secondary 

hydroxyl group. The reactivity of the cyclohexene ring facilitates the generation of a 

variety of derivatives, including epoxides on both faces of th e ring (NPI- 2060 and NPI-

2061), a chlorohydrin (NPI -2064), and two cyclohexenones (NPI-2157 and NPI-2167). The 

cyclohexenone derivatives were not tested against the 20S proteasome,160 but the SAR of 

the chlorohydrin and epoxide analogues afford s some insight as to what types of 

derivatizations  are tolerated. Specifically, NPI-2060 was the most potent inhibitor, while 
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NPI-2061 and NPI-2064, which introduced functionali zation on the opposite side of the 

ring from NPI -2060, saw reductions in efficacy. This result suggests that steric bulk on 

this side of the compound is less tolerated and is promising in light of our structure-

derived  hypothesis about steric bulk at C5 yielding selectivit y for CPAF. In regard to C5 

hydroxyl functiona lization , Fenical and co-workers  reported that the secondary 

hydroxyl group was difficult to deriva tize during the original structure elucidation  of 

salinosporamide A and hypothesized that steric hindrance was responsible.171  However, 

Macherla and colleagues were still  able to generate epimer  (NPI-2076) and ketone (NPI-

2062) derivatives , with d ecreases in potency of several orders of magnitude observed for 

both compounds.  

Cumulativel y, the results of this SAR study revealed that introducin g 

modifications  at C5 while retaining the rest of the salinosporamide A structure can 

drastically imp act potency. In the interest of repurposing salinosporamides for CPAF 

inhibition, it is o f particular significa nce that only the two epoxide derivatives had IC50 

values in the nM range against the 20S proteasome, while all other derivatives  were less 

potent and exhibited µM inhibition constants . We thus sought to prio ritize the 

chlorohydrin , epimer, and ketone analogues, as well as the previously untested 

cyclohexenone derivatives, for CPAF inhibition .  
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3.3 Isolation of salinosporamide A from the marine bacterium 
Salinispora tropica 

To begin construct ing semisynthetic salinosporamide derivatives , the isolation of 

salinosporamide A from Salinispora tropica was fi rst required  to serve as the starti ng 

material in semisynthetic  reactions. Extensive optimizations of S. tropica media 

conditions  have been previ ously performed to maximize isolated yield s of 

salinosporamide A . When the Salinispora genus was first discovered from marine 

sediments, seawater was identified as an essential component of the culture med ia, as 

replacement with deionized water abrogated growth .172,173 Shortly the reafter, several 

publications  by Potts and Lam reported enhancement of salinosporamide A production 

when S. tropica was grown in media containing commercially available  synthetic sea salt 

Instant Ocean.174ɬ176 One draw back of media containing  Instant Ocean is the undefined  

chemical compositi on of the synthetic salt mixture ,177 which introdu ces lot to lot 

variability  and thus inconsistent reproducibility  of salinosporamide A production. T o 

overcome this issue, Tseung and Lam published m ultiple salt formulations with defined 

chemical compositions,178,179 with their top media formulation resulting in  a yield of 279 

mg salinosporamide A per  L production cultu re.178 We sought to employ the se 

optimized S. tropica media conditions to grow the mar ine bacterium in seed and 

production cultures , conduct solid-phase extractions with Amberlite resin, and detect 

salinosporamide A by LC -MS.178 Salinosporamide A could then be purified from extracts 

by column chromatography  and RP-HPLC (Figure 30AɬC).  
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Figure 30. Purification of salinosporamide A from Salinispora t ropica . (A) Workflow 

for purif ying salinosporamide A  from XAD resin from S. tropica product ion cultures. (B) 

S. tropica seed and production cultures are bri ght orange. Presence of the orange color 

was correlated wi th successful isolation of salinosporamide A. (C) Purified 

salinosporamide A was analyzed by analytical HPLC  with an isocratic elutio n (30% 

MeCN, 0.06% TFA in H 2O). 

 

To this end, S. tropica was first cultured in the reported media with  defined salt 

formulation  I.178 However, no production of salinosporamide A was observed  after 

several attempts (Table 3, Method 1). Due to the complex nature of natural product 

biosynthesis, wherein numerous environmental variables contribute to biosynthetic 

gene cluster regulatio n and compound production, differences from reported yields are  

common.180,181 Mimicking the native environmen t of the producing  organism in a 
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laboratory setting can be challenging, and slight changes in environmen tal conditions 

can introduce variability  in compound production .182 

As a result, several of the culture conditions  from published optimization studies 

were re-visited  to achieve production of  salinosporamide A in our laboratory . Tested 

variables includ ed media components, cultu re time (in both th e seed and production 

culture phase), and time of resin addition  (Table 3). We first conducted a focused screen 

of culture media by varying salt formulation s (salt formulation I 178 or Instant Ocean) and 

nitrogen sources (Hy Soy or peptone). Although Hy Soy and salt formulation I  were 

included in  the optimized  media condition s reported by Tsueng and Lam, incorporati on 

of these components, either alone or in combination, failed t o result in salinosporamide 

A production  (Table 3, Methods 1ɬ3). In contrast, salinosporamide A was isolated 

exclusively from cultures grown in  media containing  both peptone and Instant Ocean. 

When S. tropica was cultured in this media and subjected to the reported seed and 

production culture incubation times,  a yield of 16 mg/L salinosporamide A was obtained  

(Table 3, Method 4). Salinosporamide A product ion was then further optimized with 

production culture additi ves. Potts and Lam reported that addition of 1 mg/mL  sodium 

propionate  to production cultures after two days of incubation increased the isolated 

yield of salinosporamide A .160 Similarly, we observed increased yield s when sodium 

propionate was added to productio n cultures containing peptone and Instant Ocean 

(Table 3, Methods 5, 8ɬ10).
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Table 3. Optimization of sali nosporamide A production: media components and culture c ondit ions. 

Method  
Hydrolysate 

source 

Salt 

composition a 

Seed culture 

I (days) 

Seed 

cultu re 

II (days) 

Production 

culture 

(days) 

Days of production  

before Amberlite 

additi on 

Sodium 

prop ionate 

(mg/mL)  

Yield 

(mg/L) 

1 Hy Soy Formulation I  3 2 6 1 0 0 

2 Hy Soy Instant Ocean 3 2 6 1 0 0 

3 Peptone Formulation I  3 2 6 1 0 0 

4 Peptone Instant Ocean 3 2 6 1 0 16 

5 Peptone Instant Ocean 4 2 4 2 1 25 

6 Peptone Formul ation I  4 2 4 2 1 0 

7 Hy Soy Formulation I  4 2 4 2 1 0 

8 Peptone Instant Ocean 4 3 4 2 1 30 

9 Peptone Instant Ocean 4 4 5 2 1 56 

10 Peptone Instant Ocean 4 5 5 2 1 62 

a Composition s of Formul ation I (reported by Tseung and co-wor kers)178 and Instant Ocean177 are given in Chapter 3.7.2. 
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During our media s creen, we observed that successful isolation of 

salinosporamide A from peptone and Inst ant Ocean-containing  media was consistently 

associated with a bright orange color in the S. tropica cultu re (Figure 30B).183 As a result, 

lengths of incubation for seed and production cultures and time of resin addition were 

selected based on the color of the culture. Once a seed culture turned  bright oran ge 

(typically after 3ɬ4 days of growth) , the culture was used to inoculate production medi a. 

After 1-2 days of growth, Am berlite resin was added for stabilization  of salinosporamide 

A.175 Al though Tsueng and Lam reported that addition of resin after 24 h ours was the 

optimal time for enhanced salinosporamide production ,175 we discovered that waiting to 

add Am berlite resin to production cultures until the broth was orange (2 days into the 

incubation) resulted in higher yields  (Table 3, Methods 5, 8ɬ10). Production cultures 

were grown until the broth was dark orange, at which time the resin was purple.  

Combin ing the optimized  media form ulation and growth schedule result ed in a yield of 

62 mg/L (Table 3, Method 10), prov iding a supply of salinosporamide A to employ in 

CPAF inhibition analyses. 

Unfortunately, despite the development of an optimized  S. tropica growth 

protocol  in our laboratory , long-term, consistent production of salinosporamide A 

proved difficult . Many S. tropica culture s failed to turn orange, and as a result, no 

salinosporamide A was produced . Many of the p reviously tested methods in Table 3 

were repeated in an effort to restore production, but success was limited. The lack of 
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reliability in salinosporamide A production  may indicat e a need to control variables 

beyond media composition and culture time, as factors such as humidity, oxygenation, 

and temperature can also contribute to microbial  growth and  natural product 

production .184 Alternatively, b ecause specific cues in the aquatic microenvironment may 

be critical for regulation of the  salinosporamide biosynthetic gene cluster, recapitul ation 

of the native bacterial community of S. tropica may be necessary. This strategy has seen 

recent success for  other S. tropica natural products , as several biosynthetic gene clusters 

have been activated upon co-cultur e with marine heterotro phs185 and phototrophs .186 

While f uture efforts to isolate sufficient quantities of salinosporamide A  from S. tropica 

will require additional optimization ,  enough material was purif ied to conduct a 

validation CPAF inhibition assay . 

 

3.4 Evaluation of salinosporamides in recombinant enzyme 
assays and in silico docking experiments 

3.4.1 Isolated salinosporamide A inhibits CPAF in the continuous 
fluorescence assay 

With purified salinosporamide A in hand, we sought to conduct a proof of 

principle  CPAF inhibi tion assay. To maximiz e the efficiency of analyzing enzyme 

reactions over a range of salinosporamide A concentrations, the continuous fluor escence 

assay was selected for this experiment. In this assay platform , cleavage of vimentin -

based substrate peptide Abz-VRLRSSVPGVY(3-NO 2)-NH 2 (peptide 3) by CPAF relieves 
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intramol ecular quenching of the Abz fluorophore by Y(3 -NO 2), resulting in an increase 

in fluorescence emission monitored at 420 nm (Figure 31A).118 To assemble the necessary 

assay components, CPAF was recombinantly expressed and purified by nickel affinity  

and size exclusion chromatography , and peptide 3 was purified by preparatory RP-

HPLC, as described in Chapter 2. Salinosporamide A concentrations in the nM to mM 

range were pre-incubated for 30 minutes with 25 nM CPAF  to allow for equ ilibration .187 

Following  ÈËËÐÛÐÖÕɯÖÍɯƕƔƔɯϟ,ɯpeptide 3, residual CPAF activity was assessed through 

fluorescence measurements acquired every 15 seconds. A decrease in CPAF activity with 

increasing salinosporamide A concentration was observed (Figure 31B), validat ing that 

salinosporamide A isolated from S. tropica inhibits  CPAF peptide hydrolysis . However, 

low solubility in the aqueous assay buffer precluded the use of salinosporamide A  

concentrations above 1 mM and subsequent calculation of an absolute IC50. Optimization 

will be  required to extend the concentration range and reach maximum inhibition of 

CPAF. Nonetheless, this result confirms that the salinosporamides possess untapped 

potential as a class of CPAF inhibitors and lays the groundwork for  future inhibition 

analyses upon accessing derivatives . 
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Figure 31. Salinosporamide A inhibits CPAF peptide hydrol ysis in the con tinuous 

fluorescence assay. (A) Upon cleavage of the vimentin -based substrate peptide by 

CPAF, the quenching of Abz by Y(3-NO 2) is alleviated, enabling fluorescence emission at 

420 nm to be detected. (B) For the CPAF inhibition assay, enzyme reactions were 

conducted with 25 nM CPAF , following pre-incubation with s alinosporamide  A (1 nMɬ1 

mM) for 30 min, and ini tiated by addition of 100 µM substrate peptide 3. Initial rate s of 

fluorescence emission at each salinosporamide A concentration are shown relative to 

that of CPAF treated with  85% DMSO in H 2O, revealing that CPAF activity decreases 

with increasing concentrations of salinosporamide A. Data shown are averages ± s.e.m. 

of three replicates, with an absence of visible error bars indicating an s.e.m. smaller than 

the data point symbol. 

 

3.4.2 Evaluation of salinosporamide library by molecular docking 

In lieu of a high throughput method for generating salinosporamide derivati ves, 

we opted for a computational docking approach to evaluate our full  compound  library  

(Figure 32A).188 This strategy afforded  a streamlined assessment of salinosporamides to 

identify binding con formations and relative binding affinities . Docking results can then 

inform  the prioritization of compo unds to generate for screening in vitro . To this end, the 

open-source AutoDock suite of programs was employed to dock salinosporamide 
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derivatives against CPAF.189 Each docking experiment was performed with in the 

AutoDoc kTools platf orm, whic h implement s a graphical user interface for widespread 

accessibility.189 The program uses a Lamarckian genetic algorithm , which incorporates 

concepts from genetics and evolution to determine a ligandɀs ideal bindin g mode.190 

Briefly, a ligandɀs Ɂgenotypeɂ is its conformation with respect to it s macromolecular 

bind ing partner, and its Ɂphenotypeɂ is its atomic coordinates.191 For each Ɂgenotype,ɂ 

AutoDockTools calculates the binding affinity , which is then used to select new 

Ɂoffspringɂ (docking poses) according to the current poseɀs Ɂfitnessɂ to evolve low 

energy conformations. Bindin g affin ities are calculated using an empirica l free energy 

force field, which incorporates experimentally determined  binding constants for a pre-

established set of protein-ligand complexes into the scoring function .190  

Two pools of salinosporamide derivatives were chosen for computational 

analysis with the A utoDock suite: semisynthetically accessible derivatives that 

demonstrated reduced activity against the 20S proteasome in the SAR study by 

Macherla and co-workers 147 and di vergently accessible derivatives with a variety of 

bulky funct ionalities at C5 (Figure 32B). Compounds were docked into the crystal 

structure of CPAF in complex with omuralide (PDB 3DPM) 76 to test the bound 

conformation of the enzyme. Prior to docking with a salinosporamide of interest , 

omuralide was removed from the struct ure, and the active site was defined by a grid in 

AutoDockTools. Fifty ligand conformations were sampl ed per salinosporamide 
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derivati ve, and a free energy of binding  was calculated for each pose. Binding energy 

calculations enable comparisons of relative affinity between salinosporamide s as well  as 

calculations of predicted Ki values. The conformation with  the lowest binding ener gy 

that also positioned  the C5 substituent toward  the hydrophobic pocket, as in the crystal 

structure with om uralide,  was selected. The predicted binding affini ty  (kcal/mol) and Ki 

for the selected conformation of each derivative are listed in Table 4 (semisynthetic 

derivatives) and Table 5 (divergently ac cessible derivatives). 

 

 

Figure 32. A library of s alino sporamide deriva tives functionalize d at C5 was 

evaluated by molecular docking  with the AutoDock suit e for binding in the CPAF 

active site. (A) The workflow for each docking experiment in volved testing 50 

conformations of a salinosporamide derivative in the  active site of CPAF (PDB 3DPM),76 

each corresponding to  a binding score in kcal/mol. (B) The library  of salinosporamide 
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derivatives evaluated by docking is accessible either through semisynthesis147,160 or 

divergent syn thesis.169 

 

Upon employing this workflow f or the semisynthetic library, a ll  docked 

semisynthetic derivatives were predicted to bind CPAF with  very similar binding 

energies (-6.63 to -6.08 kcal/mol) and Ki values (13.83ɬ34.96 µM)  (Table 4). 

Salinosporamide A itself had one of the most potent binding affinities p redicted (22.46 

µM), with semisynthetic mod ifications generally reduc ing potency (Figure 33A). 

Derivatives of  the C5 hydroxyl group, as in NPI-2076 and NPI-2062, were predicted to 

be less efficacious binders than salinosporamide A, whereas modific ations to the 

cyclohexene ring had a range of effects. NPI-2064, the chlorohydrin derivative, and NPI -

2157, a cyclohexenone, also had slightly  weaker affinit ies for CPAF than 

salinosporamide A (Figure 33B). Interestingly, the only semisynthetic derivative with a 

stronger predicted affinity for CPAF than salin osporamide A w as NPI-2167 (Figure 

33C), the second cyclohexenone derivative, which  exhibited a predicted bin ding energy 

of -6.63 kcal/mol  and Ki of 13.83 µM. NPI-2167 will therefore be prioritized in future 

semisynthetic derivatization efforts. The differen tial  potencies of the cyclohexene-

derived compounds impl y that functionalization of the  ring system can tune affinity for 

CPAF.  As a result, other derivatizations of the cyclohexene ring may be worth 

investigation to elucidate SAR. 
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Table 4. Predicted b inding energies and  K i values of semisynthetic salinosporamide  

derivatives f rom docking in the CPAF activ e site. 

Name Structure 
Binding energy 

(kcal/mol ) 
Ki (µM) 

salinosporamide A 

 

-6.34 22.46 

NPI-2076 

 

-6.11 33.38 

NPI-2062 

 

-6.08 34.96 

NPI-2064 

 

-6.16 30.62 

NPI-2157 

 

-6.3 23.95 

NPI-2167 

 

-6.63 13.83 
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Figure 33. Top conformatio ns of selected semisynthetic salinosporamide derivatives  

docked in  the CPAF active site (PDB 3DPM)  with Auto Dock : (A) salinosporamide A, 

(B) NPI-2064, and (C) NPI-2167. 

 

 The divergently accessible derivatives had much wider range s of predi cted 

binding energies (-7.19 to -5.17 kcal/mol) and Ki values (5.34ɬ163.47 µM)  than the 

semisynthetic derivatives  (Table 5). In general, retention of a ring at C5 resulted in a 

stronger binding ener gy than replacement with an acyclic substituent, as the two acyclic 

deriva tives were the two weakest binders. Among  the ring system derivatives , predicted 

affinity was largely c orrelated with steri c bulk . The two  derivatives with  bicyclic rin g 

systems, Sal-D1 and Sal-D2, were the most potent compounds evaluated, with  predicted  

binding energies of -7.19 and -6.9 kcal/mol, respectively (Figure 34B). Salinosporamide s 

X4 and Sal-D4, which both contain phenyl ring s at C5 but vary in substit uents, provide a 

comparison of steric bulk and p otency between two structurally similar molecule s. 

Salinosporamide X4, with its un functional ized phenyl ri ng, had a predicted binding 
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energy of -6.2 kcal/mol , while Sal-D4, which has an additional  2 methyl substituent s on 

the C5 phenyl ring , had a predicted binding energy of -6.51 kcal/mol . Thus, the addition 

of steric bulk yielded  a stronger binder. Because of previous progress toward the 

synthesis of branched analogues,169 docking Sal-D3 and Sal-D6 into the CPAF active site 

was of parti cular interest. These two compounds afforded  interesting resul ts, as the C5 

rin g systems were predicted to bind outside of the hydrophobic po cket, while the 

double bonds were positioned in the pocket instead (Figure 34C). Despite this 

unanticipated conform ation, Sal-D3 was predicted to bind with relatively high affin ity  (-

6.54 kcal/mol). Notably, 5 of the divergently accessible derivatives were predicted to 

bind with a stronger affini ty than salinosporamide A,  providing a group of compounds 

to prioritize as potentially impro ved CPAF inhibitors.  

 

Table 5. Predicted binding energies and K i values of diverg ently accessible 

salinosporamide de rivatives f rom docking in the CPAF active site. 

Name Structure 
Bindin g energy 

(kcal/mol ) 
Ki (µM) 

salinosporamide X4 

 

-6.2 28.74 

Sal-D1 

 

-7.19 5.34 
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Sal-D2 

 

-6.9 8.76 

Sal-D3 

 

-6.54 16.17 

Sal-D4 

 

-6.51 16.98 

Sal-D5 

 

-6.46 18.31 

Sal-D6 

 

-6.29 24.64 

Sal-D7 

 

-5.71 65.4 

Sal-D8 

 

-5.17 163.47 
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Figure 34. Top conformatio ns of selected divergently accessible  salinosporamide 

derivatives  docked in  the CPAF active site (PDB 3DPM)  with Auto Dock : (A) 

salinosporamide X4, (B) Sal-D1, and (C) Sal-D6. 

 

Collectiv ely, the docking results for both semisynthetic and divergently 

accessible derivatives validated the hypothesis that derivatization a t C5 modulates 

binding a ffinity , as structur al changes at C5 corresponded to substantial impacts on 

predicted binding energ ies. Retaining certain components of salinosporamide A was 

found to be critical for strong binding, as removal of the C5 ring system or modification 

of the canonical hydroxyl gr oup led to a weaker predicted binding energy . However, 

identification of analogues with stronger b inding energies than that of salinosporamide 

A revealed that additi on of steric bulk at C5 is promising for optimi zing selectivity . Lead 

compounds such as cyclohexenone NPI-2167 and bicyclic derivative Sal -D1 can be 

accessed in the futur e through semisynth esis or divergent synthesis, respectively, 

providing opportunities for improved CPAF inhibitors regardless of which approach to 
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derivatization  proves more efficient. These results collectively indicate that the 

salinosporamides are promising CPAF inhibitor s and lay the foundation for  future  in 

vitro studies.  

 

3.5 The host immunoproteasome is a potential target of 
salinosporamides in chlamydial infection models 

Because the salinosporamides are established inhibitors of the 20S proteasome, 

whi ch is essential for host cellular processes, a challenge in developing  salinosporamide 

derivatives as antichlamydia l agents will be  reducing their activity against the  20S 

proteasome. Identificat ion of compounds wi th preference for CPAF over the 20S 

proteasome will be critic al for advancing salinosporamide derivatives  with  translational 

potential. In light of  concerns with selectivity , we identified another potential tar get of 

salinosporamides  that could  introduce  a roadblock to antichlamydial  applications  of 

these compounds ɬ the immuno proteasome, the proteasomeɀs imm unity -associated 

isoform.  

Upon exposure to elevated cytokine levels during immune responses, three of 

the catalytic subunits of the 20S proteasome (ϕƕȮɯϕƖȮɯÈÕËɯϕƙ) are replaced with three 

inducible subunits of the immunoproteasome (LMP2, MECL-1, and LMP7), altering the 

function of the proteasome on enzymatic and cellular levels (Figure 35A).192ɬ194 The 

constitutive proteasome subunit s ϕƕȮɯϕƖ, and ϕƙ perform  characteristic caspase-like, 

trypsin -like and chymotrypsin -like  activities, respectively, for cleavage after acidic, 
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basic, and hydrophobic residues. 195 While  MECL-1 and LMP7 perform the same types of 

proteolytic activity  as their constitutive counter parts ϕ2 ÈÕËɯϕƙ , LMP2 and ϕƕ have 

different mechanisms.195 Constitutive subunit  ϕƕ cleaves substrates using caspase-like 

activity , but LMP2 performs chymotrypsin -like activity.  This shift in cataly tic 

mechanism and the resulting  shift in substrate scope are functional ly  signifi cant for  the 

immune response because the major histocompatibility complex class-I (MHC -1) 

restricted pathway of  antigen presentation favors peptides with hydrophobic amino 

acids at their C-termini .192,196 Therefore, introduct ion of LMP2, which cleaves its 

substrates after hydrophobic amino acids , to the proteasome has been implicated in 

enhancing antigen presentation by increasing the number of MHC -I ligands. Further, 

mice deficient in LMP2 have been found to produce lower  levels of CD8 T cells relative 

to wild -type mice.197  

These connections between the immunoproteasome and the adaptive i mmune 

response make inhibition of the immunoproteasome a n undesirable off -target effect of 

an antichlamydial small molecule.  Selective inhibitors of immuno proteasome subunits 

relative to their traditional 20S counterparts have been developed for autoimmune  

disease applications ,198,199 indicating that even salinosporamides lacking 20S proteasome 

activity may need to be screened against the immuno proteasome for a thorough 

evaluation of selectivi ty. However, chlamydial  infections and CPAF specifically  have 

been demonstrated to interrupt  the host immune response, making altered 
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immunoprot easome produc tion and activity during chlamydial  infection a distinct 

possibility . The impact of chlamydia l infection on immunoproteasome formation  and 

potential  contribution s of CPAF have not been explored to date.  

 To determine the effects of chlamydial infection on immunopr oteasome subunit 

levels in the presence and absence of CPAF, we sought to conduct an immunoblotting 

analysis of C. trachomatis-infected A2EN endocervical epithelial cell  lysates. Specifically, 

we elected to detect the immun oproteasome subunit LMP2 because of 1) the subunitɀs 

functional significance in the host immune response196 and 2) the enhanced potency of 

salinosporamide A against the chymotrypsin -li ke activity of th e constitutive 

proteasome.200 To this end, A2EN cells were infected at a multiplicity of infection (MOI) 

of 1.0 with  the CPAF-deficient strain of C. trachomatis generated by Snavely and co-

workers (RST17) and a CPAF-sufficient,  co-isogenic strain containing the same single 

nucleotide variants as RST17 (RST5) to compare LMP2 levels between the two 

infection s.74 Uninfected A2EN cells were treated with  sucrose-phosphate-glutamate 

(SPG) buffer  (C. trachomatis storage buffer) as a negative control  and 200 U/mL IFNϖ as a 

positive control , as IFNϖ induces immunoproteasome production .201 At 48 hpi, cells 

were lysed and subjected to immunoblotting w ith antibodi es for the 

immunoproteasome subunit LMP2 and actin as a loading control  (Figure 35B). LMP2 

levels were quantified by pixel density  and normaliz ed to actin (Figure 35C). 
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As expected, IFNϖ treatment resulted in a 240% increase in LMP2 levels relative 

to SPG buffer treatment. However,  chlamydial infection s had much smaller effects. A 

24% decrease in LMP2 levels was observed upon infection with the RST5 strain of C. 

trachomatis relative to the uninfected, buffer -treated control lysates, suggesting that 

chlamydial infection may inter fere with LMP2 produc tion. Interestingly, lysates from 

infections with the RST17 (CPAF-deficient) strain and uninfected A2EN cells contained 

very  similar quantit ies of LMP2. This result reveals that removal of CPAF activity  

restores LMP2 content and suggests a potential connection between CPAF and the 

immunoproteasome. This experiment was performed with one replicate , and thus all 

results are prelimin ary. However, LMP2 was detected in all samples, indicating that th e 

immunoproteasome is a relevant, potential  target of salinosporamides in the context of 

chlamydial infection.  Future work  will entail repeating this experiment to enable more 

rigorous, statistical compari sons of LMP2 levels between samples. Regardless, assessing 

salinosporamide derivatives for inhibition of the immunoproteasome will be necessar y 

moving forward . 
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Figure 35. Immunoproteasome subunit LMP2 is d etected in  lysates of A2EN cells 

infected with CPAF -deficient and CPAF -posit ive strains of C. trachomatis . (A) When 

exposed to elevated cytokine levels during an immune resp onse, three subunits of the 

constitutive 20S proteasome are exchanged for the LMP2, MECL-1, and LMP7 subunits 

of the immunop roteasome. (B) Lysates of uninfected, IFNϖ-treated, RST5-infected, and 

RST17-infected A2EN cells were analyzed by immunoblotting for presen ce of the 

immunoproteasome subunit LMP2, with actin monitored as a loading control. (C) 

Quantification reveals  that IFNϖ-treated A2EN cells had approxim ately double the 

LMP2 content of all other samples, while RST5-infected A2EN cells had slightly less 

LMP2 than RST17-infected or uninfected A2EN cells.  Bands were quantified by pixel 

density using ImageJ202 and LMP2 was normalized to actin.  

 

3.6 Conclusions and future directions 

3.6.1 Conclusions 

Collectively, the results presented in this chapter have laid the ground work for 

evaluating the salinosporamides as a class of small molecule CPAF inhibitors. 

Salinosporamide A was isolated from  cultures of native producer  S. tropica and 
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confirmed  as an inhibitor of CPAF peptide hydrolysis in our continuous fluorescence 

assay. Molecular docking with the AutoDock suite identified several salinosporamide 

derivatives with func tionalization at the C5 position that have strong predicted binding 

affinities  for CPAF, providing compounds to prioritize  for evaluation  in recombinant 

enzyme assays. Notably, several of these compounds have demonstrated reduced 

potency against the 20S proteasome in previous SAR studies,147,203 providing leads  that 

may afford selectivity for CPAF over the 20S proteasome. Tuning affinity and selectivity 

will be crucial moving forward for  the development of a CPAF inhibitor with the 

potential to advance in the drug development pipeline.  

 

3.6.2 Potential approaches for the generation of salinosporamide 
derivatives  

To pursue salinosporamides as selective CPAF inhibitors, the first step will be to 

develop a more high-throughput method to generate analogues. Both the semisynthetic 

and divergent  synthetic routes will require further development to produce the 

necessary quantities of material. While conditions were optimized to generate yields of 

up to 62 mg of salinosporamide A per liter of  S. tropica produ ction cultur e, inconsistent 

growth of the bacterium and unreliable production of the compound were observed. 

Additional  culture  conditions such as humidity will likely need to be optimiz ed. 

Ano ther option  to increase yields is to culture  S. tropica in bioreactors rather than 

Erlenmeyer flasks. In their analysis of salt formulations  for growth of S. tropica, Tsueng 
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and Lam reported growth of production  cultures in 42 L bioreactors, underscoring the 

feasibility  of growing the bacterium on  a large scale.178 With a higher titer  of 

salinosporamide A in hand , semisynthetic reactions could be performed. 

Al ternatively, the divergent synthetic route  could be employed to construct a 

library of analogues. The linear synthesis published by Fukuyama and co -workers 165 

required to generate the late-stage aldehyde intermedi ate could present challenges in 

regard to time and resources, as linear syntheses are subject to low overall yields that 

decrease with each step. This approach would likely require extensive repetition  to 

acquire sufficient material.  However, once the derivatization point is reached, a variety 

of organozinc reagents could be utilized  to access analogues in a more efficient manner.  

If neither of the aforementioned strategies are successful , several other 

approaches are available. Mutasynthesis with a genetically modified strain  of S. tropica 

has been successfully performed  by Nett and co-workers  to generate derivatives such as 

salinosporamide X4.203  Another possibility  is reconstitution of the biosynthetic pathway 

with recombinant enzymes. While thi s method has not been applied to salinosporamide 

biosynthesis to date, reconstituted biosynthetic pathways h ave been successfully 

implemented for the produc tion of other  natural products  such as gentamicin B.204 In 

conclusion, despite the challenges in accessing salinosporamides to date, there are 

several yet unexplored routes for th e development of salinosporamide derivatives.  
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3.6.3 Future evaluation of salinosporamide derivatives against 
enzymes of interest and in a murine model of chlamydial 
infection 

Once salinosporamide derivatives are acquired through any of the se 

methodologies, they will be screened against the three enzymes of interestɭCPAF, the 

constitutive 20S proteasome, and the immunoproteasomeɭto assess potency and 

selectivity . CPAF inhibition will be evaluated using the continuous fluorescence assay as 

described for salinosporamide A. Previously reported assays to determine constitutive 

proteasome and immunopro teasome inhibition  will also be performed .205,206  

Once a lead compound is identified, the CPAF inhibito r will also  be analyzed in 

vivo in collaboration with the Duke Regional  Biocontainment Laboratory. Dr. Gregory  

Sempowski and coworkers have established an int ravaginal  muri ne model of  

chlamydial infection by infecting female C57Bl6 mice with  Chlamydia muridarum (Nigg  

CM001). In this model, infection monitoring  is conducted via immunofluorescence 

microscopy and quantitative polymerase chain reaction (qPCR) of the major outer 

membrane protein (MOMP) of the chlamydial  inclusion.  The host immune response is 

profiled through  fluorescent imaging of  neutrophil infiltration, intracellular cytokine 

staining, and histopatholo gy of the female reproductive tract . These analyses will be 

performed for mice  with and witho ut salinosporamide  treatment to characterize the 

impact of CPAF inhibition . Because CPAF is known  to disrupt  several elements of the 

host immune response, we hypot hesize that CPAF inhibition could r estore these aspects 
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of immunity . While a disadvantage of this mouse model is infection by C. muridarum 

rather than the human pathogen C. trachomatis, we anticipate that results obtained using 

this model organism would be  representative across species. The sequence of CPAF is 

heavily conserved across the genus Chlamydia (Figure 36), and the CPAF homologs from 

C. trachomatis and C. muridarum exhibit remarkable structural homolo gy (Figure 37A).  

 

 

Figu re 36. Sequence alignment of CPA F homologs f rom selected species of the genus 

Chlamydia . FASTA sequences were fetched from UniProt for each CPAF homolog,207 

aligned with ClustalOmega ,208 and visualiz ed with JalView .209 Catalytic residues as 

identifie d in Chapter 2 are indicated with red stars and are conserved across all species 

shown. UniProt accession numbers: Chlamydia abortus (Q5L5D2), Chlamydia avium 
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(W8JR90), Chlamydia caviae (Q822D8), Chlamydia felis (Q255J5), Chlamydia gallinacean 

(A0A173DY38), Chlamydia ibidis (S7KK63), Chlamydia muridarum (Q9PL60), Chlamydia 

pecorum (V8TQP7), Chlamydia pneumoniae (Q9Z6P3), Chlamydia psittaci (A0A2D2D9U2), 

Chlamydia suis (A0A1T4J207), Chlamydia trachomatis serovar A (A0A0H2X3A9 ), Chlamydia 

trachomatis serovar D (O84866), and Chlamydia trachomatis serovar L2 (A0A654L5P1). 

 

To explore the potential of  ultimately  expanding our analysis of 

salinosporamides into the C. muridarum murin e infection model, the C. muridarum CPAF 

homolog was recombinantly expressed in BL21(DE3) E. coli and purified using the 

previously  described combination of nickel affinity chromatography and size exclusion 

chromatography . The protease was evaluated for activity  in the continuous fluor escence 

assay with vimentin -based peptide substrate 3. A time-dependent increase in 

fluorescence solely with a combination of CPAF and peptide 3 was observed, indicating  

that the CPAF homolog from C. muridarum also cleaves the vimentin -based peptide 

(Figure 37B). This shared substrate is a promising indicator  that these homologs possess 

similar activity a nd provides preliminary in vitro  evidence of the relevancy of the C. 

muridarum model. While evaluating salinosporamides in an in vivo infection model will 

be an exciting direction of this work, it is out of th e scope of this dissertation and will  be 

explored in future efforts . 
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Figure 37. Evaluation of the CPAF homolog from Chlamyd ia muridarum . (A) 

Structural alignment of CPA F homologs from Chlamydia trachomatis and Chlamydia 

muridarum reveals significant homology of the full  proteins and overlay of the four 

catalytic residues. C. trachomatis CPAF shown is the crystal structure of the mature 

enzyme (PDB 3DOR, blue), and C. muridarum CPAF shown is a homology model  

constructed using SWISS-MODEL 210 with the template PDB 3DOR (cyan). (B) The CPAF 

homolog from C. muridarum was recombinantly expressed, purifie d, and evaluated in 

the continuous fluorescence assay. An increase in RFU over time exclusively in the 

presence of enzyme and substrate indicates that C. muridarum CPAF successfully cleaves 

the vimentin -based substrate peptide. 

 

3.7 Methods 

3.7.1 General methods and materials 

All reagents were purc hased from Millipore Sigma, Fisher Scientific,  VWR, or 

Alfa  Aesar unless otherwise noted and were used without further purification. A ll 

solvents were ACS grade or better. Flash chromatography was condu cted using 

ul trapure silica gel (230ɬ400 mesh, 60 Å) purchased from Bonna-Agela Technologies as 

the stationary phase. Thin layer chromatography was performed with glass -backed 

silica gel (60 Å) plates purchased from EMD Millipore and visualized with 254 nm  UV 

light and  ceric ammonium molybdate stain (CAM) unl ess otherwise noted. All 1H NMR 
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spectra were recorded using a 400 MHz Varian NMR spectrophotometer and coupling 

constants are reported in units of hertz (Hz). M ALDI -TOF mass spectrometry was 

performed on either a Bruker Aut oflex Speed LRF MALDI-TOF System or an Applied 

Biosystems DE-Pro Maldi -MS instrument. Low -resolution mass spectrometry was 

performed on an Agilent  LC/MSD Trap, and hig h-resolution mass spectrometry (HRMS) 

was performed on an Agilent TO F instrument.  Preparatory RP-HPLC was performed on 

a Waters system with a Jupiter C18 column, and analytical RP-HPLC was performed on 

a Varian ProStar system with a Jupiter Proteo C18 column. Microplate assays were 

conducted with a SpectraMax Gemini EM mic roplate reader.  

 

3.7.2 Salinispora tropica culture 

3.7.2.1 Growth m edia 

The seed medium for S. tropica growth consisted of 8 g L-1 of glucose, 6 g L-1 of 

peptone (BD) or Hy Soy, 6 g L-1 of yeast extract (Affymetrix), and 30 g L -1 of Instant 

Ocean sea salt (Instant Ocean)177 or salt formulation I  described by Tseung and co-

wor kers in deionized water. 178 Instant Ocean is a commercially avail able salt mixture 

containing 50ɬ55% NaCl, 30ɬ32% MgCl2, 7ɬ10% Na2SO4, 2ɬ4% CaCl2, 2ɬ4% KCl, 0.1ɬ1% 

Na2CO3, and 0.001ɬ0.010% H3BO3.177 Salt formulation I (seed medium) contains final 

concentrations of 0.41 M NaCl, 17.4 mM MgSO4ɇ7H2O, 9.3 mM KCl, 4.3 mM CaCO3, 2.9 

mM CaCl 2ɇ2H2O, 0.72 mM KBr, 0.35 mM H3BO3, ƝƜɯϟ,ɯ2Ù"Ó2, 62 ϟ,ɯ-È%ȮɯÈÕËɯƔ.Ɯƛɯϟ, 
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CoCl2ɇ6H2O.178 The production medium consisted of 10 g L -1 of potato starch 

(Af fymetrix) , 4 g L-1 of peptone or Hy Soy, 4 g L-1 of yeast extract, 1 g L-1 of CaCO3, 0.04 g 

L-1 of Fe2(SO4)3, 0.1 g L-1 of KBr, and 30 g L-1 of Instant Ocean or salt formulation I  

described by Tseung and co-worke rs in deionized water. Salt formul ation I (production 

culture ) contains 0.41 M NaCl, 9.3 mM KCl, 2.9 mM CaCl2ɇ2H2O, 0.35 mM H 3BO3ȮɯƝƜɯϟ,ɯ

SrCl2ȮɯƚƖɯϟ,ɯ-È%ȮɯÈnd 0.22 ϟ,ɯ"Ö"Ó2ɇ6H2O.178 The productio n medium was  also 

supplemented with sodium propiona te for a final concentration of 1 mg/mL. 160 

Optimization of media c omponents is summarized in Table 3. 

 

3.7.2.2 Culture conditions  

A frozen stock culture of S. tropica strain NPS021184 (ATCC) was transferred to a 

flask containing 100 mL of seed medium and incubated at 28 °C at 250 rpm on a rotary 

shaker for 3ɬ4 days until a bright  orange color was observed. A 5 mL aliquot of seed 

culture was transferred to a f lask containing 95 mL of seed medium and incubated at 28 

°C at 250 rpm on a rotary shaker. After reappearance of a bright orange color (2ɬ5 days), 

5 mL aliquots of the second seed culture were added to each of ten flasks containing 95 

mL of production medi um and incubated at 28 °C at 250 rpm on a rotary shaker. 

Following two days of i ncubation, 5 mL of a 21 mg/mL solution of sodium propionate 

was added to each flask to yield a final concentration of 1 mg/mL. 176 After one hour of 

incubation, 2 g of Amberlite XAD -7HP resin was added to each flask, and shaking at 28 
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°C at 250 rpm was continued for 2ɬ3 days. Optimiza tion of culture conditions is  

summarized in Table 3.  

 

3.7.3 Extraction and purification of salinosporamide A 

Amberlite resin was f iltered from the cult ure using 100 mesh stainless steel 

(McNichols) and was subsequently stirred in approximately 100 mL of ethyl acetate for 

20 minutes. Filtering and stirring o f the resin were repeated 4 times to give a final 

volume  of approximately 500 mL of ethyl acetate. Following washes with water (2 x  200 

mL) and brine (2 x 200 mL), the organic layer was dried over sodium sulfa te and 

concentrated under reduced pressure. The residu e was purified nearly to completion by 

column chromatography (30% EtOAc/hexanes). This was followed with further 

purificatio n by RP-HPLC to give salinosporamide A as a white solid . RP-HPLC was 

performed with  absorbance monitored at 210 nm and the follow ing gradient elution: 0% 

B to 1 min, 0ɬ30% B to 8 min, 30ɬ40% B to 19 min, 40ɬ70% B to 27 min, 70% B to 36 min, 

70ɬ0% B to 37 min (Solvent A: 0.1% TFA in H2O; Solvent B: 90% MeCN, 0.06% TFA in 

H 2O). Purity  was confirmed by analy tical HPLC with absorbance monitored at 210 nm 

and an isocratic elution (30% MeCN, 0.06% TFA in H2O). Rf = 0.18 (30% EtOAc/hexanes). 

1H NMR (400 MHz, DMSO -d6ȺȯɯϗɯƝȭƕƖɯȹÚȮɯƕ'ȺȮɯƙȭƜƗɬ5.80 (m, 1H), 5.74ɬ5.71 (m, 1H), 5.54 

(t, J = 8.2, 1H), 3.96ɬ3.85 (m, 2H), 3.68 (t, J = 8.0, 1H), 2.66 (t, J = 7.2, 1H), 2.28 (m, 1H), 
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2.06ɬ1.95 (m, 2H), 1.84ɬ1.81 (m, 2H), 1.74 (s, 3H), 1.41ɬ1.37 (m, 2H), 1.26ɬ1.21 (m, 2H). 

HRMS (ESI) calcd. for [M+H] + C15H 21ClNO 4 314.1159, found 314.11518. 

 

3.7.4 Continuous fluorescence assay of CPAF activity 

3.7.4.1 Activity assay s 

Recombinant expression and purification of  WT CPAF from C. trachomatis and C. 

muridarum and solid phase peptide synthesis and pur ification by RP-HPLC were 

performed  as described in Chapter 2.6.3.118 Continuous f luorescence-quenching CPAF 

activity assays were conducted at room temperature in a buffer containing 50 mM Tri s 

(pH 7.5), 150 mM NaCl, and 5 mM DTT with 25 nM CPAF and 100 µM peptide 3. 

Reactions were initiated by the addition of substrate, and the plate was immediatel y 

read at a kinetic interval of 15 s with an excitation wavelength of 318 nm and an 

emission wavelength of 420 nm. Initial rates were measured over 5 min. To account for 

the inner filter effect observed at high substrate concentrations, a quantitative correction 

method described by Liu and co-work ers was applied 136 as described previously .129  

 

3.7.4.2 Inhibition assays 

CPAF inhibition assays were conducted at room temperature in assay buffer 

containing 50 mM Tris (pH 7.5) and 150 mM NaCl . This buffer  was used to prepare 

stock solutions of puri fied CPAF (27.78 nM) and peptide 3 (2 mM Abz-VRLRSSVPGV-
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3NT). For IC50 experiments, a stock solution of 10 mM salinosporamide A  was prepared 

in 85% DMSO in H2O and dilut ed to obtain 10 mM, 2 mM, 1 mM,  ƖƔƔɯϟ,ȮɯƕƔƔɯϟ,ȮɯƖƔɯ

ϟ,ȮɯƕƔɯϟ,ȮɯƖɯϟ,Ȯɯƕɯϟ,ȮɯƖƔƔɯÕ,ȮɯƕƔƔɯÕ,ȮɯÈÕËɯƖƔɯÕ,ɯÚÛÖÊÒÚ. To each designated well in 

a black 96-well plate  ÞÈÚɯÈËËÌËɯƝƔɯϟ+ɯÖÍɯÛÏÌɯ"/ %ɯÚÛÖÊÒɯÚÖÓÜÛÐÖÕȭɯ ÕɯÈÓÐØÜÖÛɯÖÍɯƙɯϟ+ɯÖÍɯ

a salinosporamide stock solution was added to each CPAF-containin g well (all 

conditions  plated in triplicate). The plate was allowed to incubate at room temperature 

for 20ɬ30 ÔÐÕÜÛÌÚȭɯ(ÔÔÌËÐÈÛÌÓàɯÉÌÍÖÙÌɯÙÌÈËÐÕÎɯÛÏÌɯ×ÓÈÛÌȮɯƙɯϟ+ɯÖÍɯÛÏÌɯÚÜÉÚÛÙÈÛÌɯÞÈÚɯ

added to each well. Final assay concentrations were 25 nM CPAF ÈÕËɯƕƔƔɯϟ, peptide 3. 

The wells were quickly mixed, and the plate was read using a microplate reader at  a 

kinetic interval of 18 seconds with an excitation wavelength of 318 nm and emission 

wavelength of 420 nm. IC50 curves were fitted using GraphPad Prism with a no nlinear  

regression ([Inhibitor] vs. concentration, variable slope). Each data point represents the 

mean of triplicate  measurements ± standard error. 

 

3.7.5 In silico docking experiments with AutoDock 4.2 

Molecular dockin g analyses were conducted using the AutoDo ck suite (version 

4.2)189 based on the protocol  described by Forli  and co-worke rs.211  
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3.7.5.1 Coordinate preparation  

The structure of each salinosporamide derivative of interest was entered into the 

NIH CACTUS server for translation into a SMILES string file and subsequent c onversion 

to a PDB file. Each SMILES file was opened in AutoDock Tools to add charges and 

hydrogen atoms and assign atom types. Bonds were then designated as rotatable or 

rigid to establish torsional degrees of freedom, and each annotated file was exported as a 

PDBQT file. To prepare the enzyme coordinate, the PDB file 3DPM (mature CPAF 

complexed with lactacystin) 76 was loaded into AutoDockToo ls. All water molecules 

were deleted, and lactacystin was removed in order to allow for the docking of each 

ligand in th e CPAF active site. Hydrogen atoms were added, and a PDBQT file was 

generated. 

 

3.7.5.2 Computational docking  

Using AutoDockTools , grid parameter files were generated to specify the search 

space for atomic affinity maps. To create each grid parameter file, the PDBQT files for 

CPAF and a salinosporamide derivative were selected, and a three-dimensional box was 

drawn in the active site to designate the center and size of the docking region. The grid 

was exported as a grid parameter file. AutoGrid was then opened from within 

AutoDock Tools to generate an executable file associated with each grid parameter file. 



 

113 

To create the final docking parameter fil e, the enzyme and ligand PDBQT files 

were selected from the docking menu. The default ligand docking parameters were 

selected in order to randomize the poses of the ligand during docking. The rapid 

Lamarckian genetic algorithm search method was selected as the docking output.  

Auto Dock was run from  within AutoDockTools by specifying the previously generated 

executable file and docking parameter file for the ligand of interest , then sampling 50 

conformations per ligand . After the docking was complete, the results wer e visualized 

by ranking the ligand c onformations by energy . The conformation  that positioned the C5 

functionality near the hydrophobic pocket, as in the crystal structure of CPAF with 

omuralide,  with the lowest estimated  binding energy ( kcal/mol) and Ki value (µM)  for 

each salinosporamide derivative  was selected for entry in Tables 4 and 5. Lowest energy 

conformations docked into the CPAF active site were visualized in PyMOL. 121 

 

3.7.6 Mammalian and chlamydial cell culture 

Homo sapiens A2EN endocervical epithelial cells were cultured in keratinocyte-

SFM medium ( Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS, 

Millipore Sigma)  at 37 °C and 5% CO2. C. trachomatis L2 (strain 434/Bu) stocks (WT, 

RST5, and RS17)74 were prepared in SPG buffer (0.25 M sucrose, 10 mM sodium 

phosphate, 5 mM L-glutamic acid; pH 7 ) as described previously,212 and aliquots were 

stored at -80 °C until needed for infections. 
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3.7.7 Immunoblotting analysis of C. trachomatis-infected A2EN 
lysates 

To generate lysate for immuno blotting experim ents, A2EN cells were seeded into 

6-well plates at 3 x 105 cells per well and grown at 37 °C and 5% CO2 to near confluence. 

The cells were then infected with RST5 or RST17 seed that had been stored in SPG buffer 

at MOI = 1.0. Uninf ected control cells were treated with  SPG buffer, and positive control 

cells were treated with 100 ng/mL (200 U/mL) IFNϖ (ThermoFisher) to induce 

immunoproteasome expression.201 Infections were synchronized by centrifugation at 900 

x g for 60 min. At 48 hpi , cells were washed with PBS and harvested by scraping in a 

solution of 8 M urea and 50 mM ammonium bicarbonate (1.5 mL total per plate). Lysates 

were clarified at 12,000 rpm for 10 minutes. Supernatants were reserved and flash frozen 

with liquid nitrogen u ntil use in immunoblotting.  

Protein content in each lysate sample was determined by Bradford assay,142 and 

30 µg of each lysate sample was analyzed by SDS-PAGE and subsequent immunoblot. 

Western blot analysis was conducted using an anti-LMP2 primary  antibody (Abcam) at 

1:1,000 in 5% milk in TBS-T and a goat anti-rabbit secondary antibody  at 1:1,000 in 5% 

milk in TBS-T. The blot was stripped and washed with TBS-T to immunoblot for actin as 

a loading control. A ɓ-actin primary antibody (Santa Cruz Biot echnology) at 1:1,000 in 

5% milk in TBS-T and a goat anti-mouse secondary antibody at 1:1,000 in 5% milk in 

TBS-T were used. Bands were quantified by pixel density using ImageJ,202 and LMP2 

was normalized to actin. 
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4. Investigation of the futalosine pathway for 
menaquinone biosynthesis as a novel target in the 
inhibition of C. trachomatis infection 

As an obligate intracellular pathogen,  C. trachomatis possesses limited metabolic 

capabilities, yet its genome encodes the futalosine pathway for menaquinone 

biosynth esis. Because the futalosine pathway is absent in humans and commensal 

bacteria, the biosynthetic enzymes have promise as narrow spectrum target s, but the 

role of chlamydial menaquinone biosynthesis  in chlamyd ial in fection has yet to be 

established. Here we describe mass spectrometry and chemical genetics analyses to 

characterize the function of the futalosine pathway and investigate the effects of 

futalosine pathway inhibitors on chl amydial infection. We  ident ified menaquinone-7 

(MK -7) as a chlamydial quinone by tandem mass spectrometry, confirming that the 

futalosine pathway is functional in C. trachomatis. We subsequently challenged C. 

trachomatis-infected HeLa cells with inhibitors  of the futalosine pathway identi fied 

previously in other organisms and fo und that (4Z,7Z,10Z,13Z,16Z,19Z)-docosa-

4,7,10,13,16,19-hexaenoate (DHA) treatment reduces chlamydial inclusion number, 

inclusion size, and infectious progeny. The effect of DHA on i nclusion number was 

rescued by concurrent treatment with MK -7 nanoparticles, which is consistent with a 

mechanism of targeting the futalosine pathway. Together, these results illustrate that 

menaquinone biosynthesis is a previously unexploited target in C. trachomatis that merits 

further investigation  in the development of new antichlamydial agents. 119 
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This chapter has been reproduced in part with  permi ssion from the manuscript 

by Dudiak , B. M.; Ngu yen, T. M. N.; Needham, D.; McCafferty, D . G. ɁInvestigation of 

the futalosine pathway for menaquinone biosynthesis as a novel target in the inhibition 

of Chlamydia trachomatis infection .ɂ To be submitted. We anticipate that this work will be 

submitt ed for publication in Fall 2021. 

 

4.1 Background 

As an obligate intracellular pathogen, C. trachomatis relies extensively on host-

derived nutrients for survival. C. trachomatis has a minimal genome of approximately  

900 protein -encoding genes,37 leaving the pathogen with limited metabolic capabilit ies.96 

Based on the presence of two ATP transporters,58 C. trachomatis was historically believed 

to be an energy parasite that exclusively imported ATP from the host cell . The discovery 

of a functional  sodium-dependent respiratory chain  comprised of Na+-translocating 

NADH dehydrogenase (N a-NQR, complex I), succinate dehydrogenase (Sdh, complex 

II), cytochrome bd oxidase (CydAB, complex IV), and a V-type ATPase (complex V) in 

2018 by Liang and colleagues revealed that C. trachomatis can generate ATP and may 

have a more active energy metabolism than previously appreciated.106 

For an electron transport chain to produce ATP, a membrane-associated electron 

carrier is required to shuttle electrons between respiratory complexes. Interestingly, 

despite lacking many biosynthetic pathways, the  chlamydial genome encodes the full 
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suite of genes required for  production of the electron carrier menaquinone .110 C. 

trachomatis harbors the genes for the futalosine pathway for menaquinone biosynthesis 

(Figure 38), which is enzymatically distinct from the more prevalent classical pathway . 

While the classical pathway employs carboligation and Claisen condensation reactions 

to produce carbon-carbon bonds, the futalosine pathway i s distinguished by  enzymes 

performing  extensive radical chemistry.111 

In the first step of the futalosine pathway , chorismate, derived fro m the 

shikimate pathway,213 is dehydrated  to 3-(1-carboxyvinyl)oxybenz oate by MqnA 

(CT427). Radical SAM enzyme MqnE (CT767) adds an adenosyl radical to produce 6-

amino-6-deoxyfutalos ine, the characteristic inter mediate of the pathway .214 MqnB 

(CT263), a 5ɛ-methylthioadenosine  nucleosidase (MTAN) homolog, hydrolyzes the 

glycosidic bond of 6-amino-6-deoxyfutalosine to yield dehypoxanthine  futalosine.113 

MqnC (CT426) employs a radical mechanism to generate cyclic dehypoxanthine 

futalosine,215 and MqnD  (CT262) catalyzes a ring-opening sequence to yield 5,8-

dihydroxy -2-naphthoic acid.216 While homologs of the first five steps of the pathway 

have been mechanistically characterized, the final steps of the pathway have remained 

relatively  unexplored to date and could occur in several possible orders (Figure 38). The 

proposed enzymatic steps are MqnP (CT219) for preny lation ,217 MqnL  (CT085)/MqnM 

(CT220) for decarboxylation, and  MqnK (CT428) for methylation. Pathway product 

menaquinone can be subsequently employed for electron transport . 
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Figure 38. Potential biosynthetic  routes to menaquinone -7 in C. trachomatis . Nine 

genes have been associated with the futalosine pathway for men aquinone biosynthesis, 

and homologs for the first five steps of the futalosine pathway have been characterized 
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to date.117 The final steps from 1,4-dihydroxy -6-naphthoic acid to menaquinone-7 

(identified in  this work)  could occur th rough several possible orders: (A)  condensation 

with heptaprenyl pyrophosphate by the prenyltransferase MqnP, followed by 

decarboxylation by the UbiX/UbiD -like decarboxylase/flavin prenyltransferase pair 

MqnL/MqnM,  and finally methylation by the SAM -dependent methyltransferase MqnK; 

(B) decarboxylation by MqnL/MqnM, then prenylation by MqnP, and lastly methylation 

by MqnK; (C) prenylation and d ecarboxylation could occur in a single step catalyzed by 

MqnP (as occurs in the traditional menaquinone biosynthesi s pathway),218 followed by 

methylation by MqnK.  

 

Despite the discovery of genes encoding futalosine pathwa y homologs, 

menaquinone biosynthesis by C. trachomatis has not been confirmed to date. However, 

genomic evidence has been complemented by transcriptomic  and biochemical analyses 

which cumulatively suggest the futalosine pathway may be fun ctional in C. trachomatis. 

An elegant study by Belland and co-workers  reported the expression levels of all  genes 

in the chlamydial  genome over the lif e cycle of the bacterium.219 Significantly , all 

fu talosine pathway genes are transcribed by 16 hpi  (Figure 39A). Not only does this 

result suggest the pathway could be active, but the timing of transcription  also correlates 

to the activity  of the chlamydial respi ratory chain during the RB stage of the life cycle.106 

Functional  validation  of one of the futalosine pathway  genes, ct263, was performed by 

Barta and colleagues.113 Although  gene product CT263 possesses minimal sequence 

similarity to any proteins outside of Chlamydia, computational modelin g suggested 

potential  nucleosidase activity . Subsequent structural ( Figure 39B) and biochemical 

analyses characterized the enzyme as a 6-amino -6-deoxyfutalosine hydrolase (Figure 
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39C), capable of completing the third step in the futalosine pathway . Further  support for 

the involvement of CT263 in menaquinone biosynthesis is afforded by its structural 

homology to the MTAN  from H. pylori, another pathogenic bacterium of clinical 

significance in which the futalosine pathway is found. Cumulative ly, th ese 

transcriptional and biochemical studies imply  that the futalosine pathway may be active 

in C. trachomatis, but chlamydial  menaquinone biosynthesis has remained relatively 

unexplored to date. 

 

 

Figure 39. Transcriptom ic, structural, and  biochemical analyses suggest that the 

futalosine pathw ay is active during chlamy dial infection.  (A)  Transcription of all  C. 

trachomatis futalosine pathway genes occurs by 16 hpi. Transcript copy numbers were 

reported by Belland et al.,219 and the heat map was generated wi th the open-source 

Mor pheus program  (Broad Institute) . (B) C. trachomatis futalosine pathway enzyme 

CT263 was crystallized in complex with the canonical MTAN substr ate 5ɛ-

methylthio adenosine (PDB 4QAT).113  (C) A substrate scope analysis revealed that CT263 

hydroly zes 6-amino-6-deoxyfutalosine, thus acting as MqnB, the third step in the 

futalosine pathway. 113 
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4.1.1 Rationale and experimental approach for evaluating the 
futalosine pathway as an antichlamydial target 

Targeting the futalosine pathway presents an attractive opportunity for 

therapeutic intervention. Inhibitors of respiratory complex Na-NQR have been shown to 

hinder  chlamydial growth an d replication, and as such chlamydial respiratory chain 

function is crucial for survival. 106,107 Disrupting the biosynthesis o f menaquinone, 

another key player in the electron transport chain, could therefore result in sim ilar 

detrimental effects on chlamydial in fection. The chlamydial futalosine pathway enzymes 

also have promise as potential narrow spectrum targets. The futalosi ne pathway has 

only been identi fied in a small group of bacteria and is not present in humans or 

commensal bacteria.110 Humans utilize ubiqu inone, a different electron carrier, in the 

mitochondrial electron transport chai n,114 while commensal bacteria that produce 

menaquinone exclusively possess the classical biosynthetic pathway. 220  

The futalosine pathway may also have therapeutic signifi cance because of a 

connection to the persistent phase of the chlamydial life cycle. Persistent C. trachomatis 

poses a significant threat to  the successful treatment of chlamydial infections because it 

is less susceptible to the current standards of care.26 The development of antichlamydial 

therapeutics with efficacy against persistent C. trachomatis is therefore an urgent need. 

One of the conditions that indu ces chlamydial persistence is deprivation of host-

produced tryptophan. 24 In response, C. trachomatis adopts an altered translational profile  

wh erein production of protei ns with low tryptophan content is maintained, but proteins 
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with high tryptophan content are no longer produced.221 Interestingly, t he amino acid 

sequences of the futalosine pathway enzymes have strikingly low tryptophan content, 

suggesting that menaquinone biosynthesis is likely retained in the persistent state.213 

While experimental confirmation of the connection  between the futalosine pathway and 

persistence is necessary, the futalosine pathway enzymes hold  potential as much-needed 

anti-persistence targets.  

Despite the prom ise of targeting the futalosine pathway as an antichlamydial 

strategy, the effects of disrupting menaquinone biosynthesis in C. trachomatis have yet to 

be elucidated. We hypothesized that due to the importance of the respiratory chain in C. 

trachomatis and the critical role of an electron carrier in electron transport, menaquinone 

biosynthesis may be essential for a functional respiratory chain and significant for 

chlamydial viabi lity . As such, we sought to identify  the product of the futalosine 

pathway in C. trachomatis and interrogate the effects of futalosine pathway inhibitors in 

an epithelial cell model of chlamydial infection.  

 

4.2 Menaquinone-7 is a chlamydial isoprenoid quinone 

First, as the activity of the futalosine pathway in C. trachomatis has not been 

confirmed , we sought to detect a chlamydial menaquinone species by mass 

spectrometry. This result would not only  validate the activity of the pathway , but also 

would  identify  the specific chlamydial menaquinone. To this end, we performed a liquid 
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chromatography -coupled tandem mass spectrometry (LC-MS/MS) analysis of 

chlamydial and uninfected HeLa cell extracts to identify a chlamydia -produced 

menaquinone. The uninfected HeLa cell sample was included as a negative control, as 

the H. sapiens cervical cells are canonical chlamydial host cells222 and do not possess the 

futalosine pathway. Chlamydial and uninfected HeLa cell samples were subjected to 

hexane:isopropanol  extractions223 to isolate isoprenoid quinones.224 Because bacterial 

menaquinones have varying polyisoprenyl side chains ,225 we employed an LC-MS/MS 

precursor ion scan for the 2-methyl -1,4-naphthoquinone product ion (m/z 187.0) 226 to 

detect menaquinones containing any number of isoprene units.   

Analysis of both extraction samples identified MK -7 exclusively in the 

chlamydial extract as the [M+H] + and [M+NH 4]+ ions (observed  [M+H] +=649.4, calculated 

[M+H] +=649.5; observed [M+NH4]+=666.3, calculated [M+NH4]+=666.5) (Figure 40A, 40B). 

MK -7 extracted from C. trachomatis had the same retention time as a commercially 

obtained MK -7 standard, further verifying the  identity of the qui none (Figure 40A, 40C). 

This result suggests that the futalosine pathway is functional in C. trachomatis and 

produces MK-7, setting the stage for interrogation of menaquinone biosynthesis as a 

potential antichlamydial target.  
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Figure 40. Identification of MK -7 as a chlamydial quinone  from LC -MS/MS  analysis 

of chlamydial ex tracts. (A)  Extracted ion chromatograms for the m/z 649.4 ([M+H]+) to 

187.0 fragmentation of MK -7 are shown for chlamydial and HeLa  cell extracts as well as 

an MK-7 standard. (BɬC) The mass spectra for the chlamydial extract (B) and MK -7 

standard (C) contain the expected [M+H] + and [M+NH 4]+ ions (for MK -7, calculated 

[M+H] +=649.5; calculated [M+NH 4]+=666.5.) 
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4.3 Evaluation of futalosine pathway inhibitors in an 
automated immunofluorescence assay reveals that DHA is 
an inhibitor of inclusion formation 

After confirming MK -7 biosynthesis in C. trachomatis, we sought to determine the 

impact of its inhibition on ch lamydial infection . A small group of futalosine pathway 

inh ibitors have been discovered previously, incl uding compounds identified through 

forward 227ɬ230 and reverse231,232 chemical genetic approaches. A majority of these 

inhibitors  were identified in a disk diffusion screen  developed by Tanaka and 

colleagues,227 where each compound inhibited the growth of a futalosine pathway -

containing bacterium ( Bacillus halodurans C-125 or Kitasatospora setae KM -6054), but not 

classical menaquinone biosynthesis pathway-containing  strain Bacillus subtilis H17 

(Figure 41).227,228 Mechanistic characterizations of futalosine pathway enzymes have also 

afforded the development of inhibitors  for specific pathway enzymes, with smal l 

molecule inhibitors designed for MqnE 232,233 and MqnB231,234 to date (Figure 42). 

Significantly, several of the futalosine pathway inhibitors  possess inhibitory activity 

against the pathogen H. pylori in mouse models of infection, underscoring the 

translational potential of targeting this pathway. 228 However, none of the fut alosine 

pathway inhibitors have been tested for antichlamydial acti vity to date.  
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Figure 41. A variety  of fu talosine pathway inhibitors have been  previously  identifie d 

using a Bacill us disk diffusion screen . (A) Tanaka and colleagues designed a Bacillus 

disk diffusion experiment wherein a molecule targeting the futalosine pathway would 

inhibit the growth of the futalosine pathway -containing B. halodurans C-125, but not the 

traditional  pathway -containing B. subtilis.227 Example zones of inhibition for a futalosine 

pathway inhibitor are shown.  (B) A structurall y diverse group of futalos ine pathway 

inhibitors have been identified through  this screen, including lasso peptide siamycin  I,228  

tetramic acid antibiotics  tirandamycin  A and B,229 boron-containing macrodiolides  
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aplasmomycin and boromy cin,230 branched fatty acids 12-methyltetradecanoic acid and 

13-methyl tetradecanoic acid,227 and poly unsaturated fatty  acids docosahexaenoic acid 

and eicosapentaenoic acid.228 

 

 

Figure 42. Inhibitors have been desi gned to target MqnE 232,233 and M qnB,231,234 the 

second and thir d steps of the futalosine pathway . 

 

A structurally diverse subset of futalosine pathway inhibitors was selected to 

evaluate against C. trachomatis: immucillin analogue BuT -DADMe -ImmA, 235 lasso 

peptide siamycin I, 228 and fatty acids 12-methyltetradecanoic acid227 and 

docosahexaenoic acid (DHA ) (Figure 43A).228 These inhibitors were chosen to encompass 

a broad chemical space and target different steps of the futalosine pathway. BuT-

DADMe -ImmA is a n MTAN  transiti on state analogue and therefore an inhibitor of 

MqnB.235 The remaining three inhibitors were identified in the Bacillus disk diffusion 

screen, and their specific molecular targets within the futalosine pathway have yet to be 

elucidated. In lieu of experimental target validation,  several mechanistic hypotheses 
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have been formulated. Both 12-methyltetradecanoic acid and DHA are hypothesized to 

inhibit the membrane -bound pr enyltranferase MqnP based on 1) structural similarity to 

its polyisoprene pyrophosphate substrate and 2) a previous study which suggested that 

free fatty acids inhibit a step after the formation of futalosine. 227 Siamycin I has been 

recently characterized as a binder of the peptidoglycan biosynthesis intermediate lipid 

II, which contains an undecaprenyl pyrophosphor yl motif; 236 therefore, given its 

structural similarity to lipid II, it is likely that siamycin I i nteracts with the MqnP 

substrate heptaprenyl pyrophosphate . 

To test the antichlamydial effects of these inhibitors, we developed an automated 

immunofluorescence-based assay of inclusion formation in a HeLa cell model of 

chlamydial infection . HeLa cells were infected with C. trachomatis at an MOI  of 0.5, then 

treated with each inhibitor (125 µM) or vehicle control for 40 hpi . Immunofluorescence 

staining for the chlamydial inclusion membrane was performed . A high -content imaging  

platform was implemented to count inclusions in an unbiased manner, with the goal of 

identifying a compound that inhibited inclusion formation by >50% relative to its 

respective vehicle control. Using this assay, one futalosine pathway inhibitor, DHA, was 

discovered to meet this threshold (Figure 43B). The other three inhibitors caused little to 

no decrease in inclusion number, which we hypothesize may be attributed to a lack of 

permeability. Because of the intracellular nature of C. trachomatis, cell entry is a well-

established barrier to the efficacy of antichlamydial therapeutics. 29 Furthermore, 
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difficulties with cellular uptake have been previo usly demonstrated for siamycin I 236 and 

immucillin -type transition state analogues such as BuT-DADMe -ImmA. 237,238 

Despite these permeability challenges, the decrease in inclusion number caused 

by treatment of C. trachomatis-infected HeLa cells with 125 µM DHA is, to our 

knowledge, the first time a futalosin e pathway inhibitor has been found to disrupt 

chlamydial infection. To confirm that the observed inhibition of  inclusion formation is 

due to an antichlamydial  effect and not host cell toxicity, a 3-(4,5-dimethylthiazol -2-yl) -

2,5-diphenyl tetrazolium bromid e (MTT) assay was performed to evaluate HeLa cell 

viability  over a range of DHA concentrations.239 Notably, the viability of HeLa cells was 

not compromised at the previously test ed DHA concentrations , maintaining >85% 

viability at 200 µM DHA  (Figure 43C).  
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Figure 43. An automated immunofluorescence as say monitoring inclusion fo rmation 

in the presence of  futalosine pathway inhibitors reveals DHA as an antichlamydial 

agent. (A)  Structures of the previously identified futalosine pathway inhibitors teste d 

against C. trachomatis in this study : BuT-DADMe -Imma, 12-methyltetradecanoic acid, 

siamycin I, and DHA . (B) C. trachomatis-infected HeLa cells were treated with inhibitors 

to characterize their effects on inclusion formation . Inclusion number was quantif ied 

using the CellInsight CX5 High -Content Screening Platform. Data are visualized as the 

inclusion number from each inhibitor treatment relative to its resp ective vehicle control 

(DMSO for BuT-DADMe -ImmA an d siamycin I; ethanol for 12-methyltetradecanoic acid 

and DHA) and given as the mean of triplicate samples ± s.e.m. As the only compound 

that reduced inclusion number by >50%, DHA was selected as a hit. (C) MTT cell 

viability  assay confirms that DHA treatm ent results in >85% HeLa cell viability up to 200 

ϟM. Data are visualized as viability normalized to an untreated control (mean of 

triplicate samples ± s.e.m). 
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4.4 DHA inhibits multiple aspects of chlamydial infection 

Having identified DHA as an inhibitor of inclusion formation  and ruled out host 

cell toxici ty, we sought to expand our analysis of the antichlamydial effects of DHA  to 

multiple characteristics of  chlamydial infection. C. trachomatis-infected HeLa cells were 

challenged with a concentration gradient of DHA, and the effects of treatment on 

inclusio n number, inclusion size, and infectious progeny were determined. These three 

parameters were selected to shed light on different elem ents of the life cycle, because 

inclusion number, inclusion size, and infectious progeny are indicators of inclusion 

formation, chlamydial growth, and  progression through the life cycle, respectively. 240 

First, the previously described high-content imaging assay was employed to 

quantify both inclusion number and size , as the cellomics platform measures inclusion 

area in addition to counting inclusions. After C. trachomatis-infected HeLa cells were 

treated with DHA for 40 hpi, a concentration-dependent reduction in inclusion 

formation was observed, including 83.0% inhibition at 125 µM DHA ( Figure 44A, 44B). 

In contrast, although DHA treatment caused a 28.0% reduction in inclusion number at 

the lowest tested concentration (31.3 µM), inclusion size was exclusively affected at 125 

µM, with a 40.6% decrease relative to vehicle control observed (Figure 44A, 44C). These 

results reveal that DHA begins to disrupt inclusion formation at lower concentrations 

but requires a higher concentration to inhibit chlamydial gro wth. Similar differential 
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effects on inclusion number and size have been previously demonstrated for other 

antichlamydials such as pyocyanin.241 

To measure the generation of infectious progeny, C. trachomatis-infected HeLa 

cells were harvested after treatment with DHA for 40 hpi , and the infection debris were 

used to infect fresh monolayers of HeLa cells. A titer assay was performed with the  

automated immunofluorescence platform to count recoverable inclusion-forming units 

(IFUs) from each isolated sample.242,243 The observed effect of DHA on infectious 

progeny was more consistent with its effect on inclusion number than inclusion size,  

with a concentration -dependent reduction in progeny observed (Figure 44D). Notably, 

progeny IFUs were drastically reduced to 0.579% of control IFUs upon treatment with 

125 µM DHA. This result suggests that DHA impedes the progression of the chlamydial 

developmental cycle. Collectively, these results establish DHA as a previously 

unidentified antichlamydial compound that disrupts multiple characteristics of 

infection . 
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Figure 44. DHA trea tment induces several antichlamydial effect s. (A)  Representative 

immunofluorescence microscopy imag es of C. trachomatis-infected HeLa cells treated 

with  each DHA concentration and vehicle control from the inclusion number 

experiment are shown. Scale bars represent 50 ϟm. (BɬD)  [DHA] -dependent effects on 

inclusion number (B), inclusion size (C), and infectious progeny (D)  were quantified 

using the CellInsight CX5 High -Content Screening Platform. Data are visualized as the 

inclusion number, inclusion size, or infectious progeny from each condition rel ative to 

the ethanol vehicle control (mean of 3 biological replicates ± s.e.m.). Significance was 

determined by RM - -.5 ɯÞÐÛÏɯ3ÜÒÌàɀÚɯ×ÖÚÛɯÏÖÊɯÛÌÚÛɯÍÖÙɯ×ÈÐÙÞÐÚÌɯcomparisons using 

JMP,244 where **** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, and * = p < 0.05. 

 






































































































































































































































































































