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Abstract

Chlamydia trachomatiis 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 devisedto explore two of the intricate survival strategiesof C. trachomatisvirulence
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 oncharacterization 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 acatalytic 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 HelLa 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



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 tr&homatisis one of the most predominant bacterial pathogens
worldwide and placesan 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 eyesto yield a variety of physiological symptoms . Eighteen C.
trachomatisserovars are divided in to 2 major biovars, both posing significant threatsto
human health .t The trachoma biovar comprisesserovars At K, with strains causing both
ocular and urogenital infections , while the lymp hatic biovar (serovars L1t L3) results in
the sexually transmitted, ulcerative condition lymphogran ulom a venereum.2 Within the
trachoma biovar, serovars At C are the caustive agent of trachoma, an eye infection that
is the leading cause ofinfectious blindness globally .2 The urogenital serovars DtK are
responsible for the most common bacterial sexually transmitted infection (STI)
wor l[dwide .4 All presentations of C. trachomatisnfection remain formidable challenges
on a global scale especially assexually transmitted cases have beome more prevalent

over the last two decades

1.1 Chlamydia trachomatis is a public health threat

Despite public health awareness campaignsand screening initia tives, chlamydia
cases have skyrockeed in recent years Over 130 million people worldwide are

diagnosed with chlamydial infections 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 thatchlamydial
infections reached an all-time high (Figure 1).5 Altho ugh the increasein casescan be
partially attributed to wide spread screening and improve d detection methods, other

factors such asinadequate education about sexual health are also responsible.¢

A B
Rate of chlamydial
infections in the US

STl cases in the US (2019) 210

primary/secondary syphilis = 1.5%1064

1x106+
gonorrhea =

5x1054
chlamydia

CDC-reported chlamydia infections

CDC-reported infections

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 iseaseSurveillance reports, 1999 2019.7

The rise inreported cases is particularly problematic due to the asymptomatic
nature of chlamydial infection s. Urogenital chlamydial infections can beinitially
asymptomati cin over 70% of cases? and as a resllt many infections are undiagnosed. 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.® Chlamy dial infections also increasesusceptibility to HIV
infections and cervical cancer.10.1

Concerningly , becauseinitially asymptomatic patients often fail to seekdiagnosis
and treatment, infection reports are expected tounderestimate the true number of cases.®
Further, in cases where infection is successfully identified and tre ated, complex*? and
likely only part ialt3 protective immunity leads to frequent re-infections. With such a high
disease burden,it is essential to havean adequate therapeutic toolbox in hand to combat
chlamydial 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 | infections are the broad spectrum
antibiotics doxy cycline and azithromycin, 4 whic h target bacterial protein synthesis
through inhibition of the 30S%and 50S¢ rib osomes, respectively (Figure 2). Despite
years of success with these antibiotic egimens, treatment failure is beginning to pose a
threat to our ability to consistently combat chlamydial infections . Historically, a secand
diagnosis of C. traclomatisinfection following a full course of antibiotic treatment can
often be attribut ed to a re-infection through a positive sexual partner.l” Howev er, reports

of repeat diagnosesw here re-infection has been ruled out areaccumulating 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

doxycycline azithromycin

Figure 2. The broad-spectrum antibiotics doxycycline and a zithromycin are the
current front -lin e treatments for chlamydial infection s.

Therise in treatment fail ure of our front-line antibiotics for chlamydial infections
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.182°Becauseorganism load
and treatment failure have eachbeen previously correlated with symptom atic
infections,®22 g high organism load is proposed to result in a more symptomatic and
thus less treatable infecion.

Treatment failure has alsobeen connectedto an aberrant developmental phase of
C. trachomais termed persistence. C.trachomatisadopts a persistent form when induced
by environmental pressuressuch as¢-lactam antibiotics , nutrient deprivation, or human

cytokines.z Persistence is characteried by metabolic quiescence and atemporary



interruption in chlamydial replication until the unfavorable condition is removed .24
Significantly, p ersistent C. trachomatidas beenfound to be lesssusceptible to
azithromycin treatment in epithelial cell cultures?® and in a mouse model of chlamydia |
infection , suggesting that persistence isa likely contributor to treatment failure.

Lastly, antibiotic resistance is a canonical source of treatment failure for many
pathogenic bacterial infections .2722While n o evidence of antibiotic-resistant C.
trachomatideading to widespread treatment failure has been incovered to date, a small
number of clinical isolates with antibiotic resistance have beendiscovered.?®
Additio nally, tetracycline-resistant strains of Chlamydiasuishave been isolated from
pigs, suggesting that resistance can dsseminate in the Chlamydiae phyl um.3 Therefore,
the potential emergenceof antibiotic resistance inC. trachomatiss a major concern for
publi ¢ health, particularly in combinatio n with rampant antibiotic resistance in other
sexually transmissible organisms such asNeisseria gonorrbeas! These underlying issues
with t he current antibio tics of choice indicate a need for new therapeutic strategies. To
pursue the development of new treatmentsfor C. trachomatisnfections, an

understanding of the bacteriumz unigue and complex infection biology is necessary

1.2 The obligate intracellular life cycle of C. trachomatis

C. trachomatigs an obligate intracellu lar pathogen, thus requiring a host cell to

survive . To withstand the harsh intracellular environment, the bacterium employs



elaborate mechanisms toconstruct 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.
trachomatisundergoes a biphasic life cycle consisting of two develo pmental forms with
disti nct morphologie s and functions, the infectio us elementary body (EB) and the
replicative reticulat e body (RB) (Figure 3).3233EBsare capable of extracellular survival ,
and as sud are shielded by an outer membrane complex with disulfide bond -linked
proteins to confer protection from physical stressors.34 In contrast, RBsexclusively reside
in an intracellular environment . The disulfide linkages in the outer membrane complex
are reduced, yieldin g aflexible membrane amenableto bacterial replication.

The life cycle of C. trachomatidegins 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 asa shield from the
host immune response3 Within the inclusion, the EB differentiates into an RB around 64
8 hours post-infection (hpi). The inclusion migrates to the nutrient -rich perinuclear
region of the cell, where C. trachomatism ports many metabolites from the host. Utiliz ing
host-generated nutrients aswell as those produced through the bacteriumz own
biosynthetic capabilities, RBsexponentially replicate by binary fission , and the inclusion
expands.3¢ From 244 72 hpi, RBsasynchronously transition back to EBs Host cell lysis or
extrusion releases theprogeny EBs to infect naghboring host cells and initiate a new

round of t he life cycle.



4 1. EB enters host cell
C. trachomatis via endocytosis,
Sl U2 / 2. Inclusion forms.

] 3. EB transitions
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— 000 g 00
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Figure 3. C. trachomatis 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-option of
nutrients from the host cell. Once RBs transition back to the EB phaseexit from the host
cell occurs48t 72 hpi.

1.2.1 Chlamydial intracellular survival strategies

A common theme throughout th e developmental cycle is a dependence onthe
host for survival. Th is dependenceis reflected in the pathogenz minima | genome, which
only contains approximately 900 protein-encoding genes?’ A small genome size is
characteristic of obligate intracellular bacteria in comparison to their free-living
counterparts (Table 1).38 Limited genomic resour cesleave obligate intracellular bacteria

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



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

based on1) altering host processes and 2)intercepting host produ cts.3

Table 1. The number of p rotein -encoding genes in bacterial genomes i s correlated
with life cycle type .

Spedes Life cycle type Proteig;r;zoding Reference
Pseudomimas aeuginosa Free-living 5,570 40
Salmonella enterica Facultative 495 41
Escherichiaoli Free-living 4,288 42
Coxiela burnetti Obligate intracellular 2,134 43
Chlamydatrachomatis | Obligate intracellular 8A a7
Rickettsiaprowazkii 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 4’ levels in the host. Becausethe
survival of C. trachomatisis inherently linked to the survival of the host cell, C.
trachomatisactivates host pro-survival pathway s and inhibits apo ptotic pathway s.8 The
lifetime of the host cell is thereby extended to enable chlamydial replication until host
cell death is needed for the release ofprogeny EBs C. trachomatisalso employs several
mechanisms to evade the host immune response*® such asdampening NF-f B signaling,

disrupti ng interfer on producti on, and lim iting the presentation of chlamydial antigens



to immune cells.’* Many of these methods of host modulation are mediated by
chlamydial effector proteins, which are secretedinto host membranes and the cytoplasm
to subvert typi cad cellular functions .51

In addition to directly altering host functions, C. trachomais is also an expert of
co-opting host-produced resourcesto construct its intracellular niche. A major goal of
this piracy is to protect intracellular chlamydia e, as host actin, intermediate filaments,
and microtubules are reorganized to stabilize the inclusion 5253 C. trachomatidias also
developed a selective membrane fusion grategy to prevent ly sosomal degradation.545
However, becausethe genome of C. trachomatigncodeslimited b iosynthetic p athways,
the pathogen maintain s vesicle fusion to acquire host nutrients including various lipid s,
amino acids, and nucleotides.5¢5’ The genome of C. trachomats also encodes several
transporters to import host metabolites.5¢ For example, C. trachomatisutiliz es
transporters to acquir e energetic metabolitesincludin g ATP from the host.58

The examples mentioned above are only a subset of the numerous strategiesC.
trachomatishas developed to conduct its obligate intracellular | ife cycle. In light of
growing issues with treatment failure, we must continue to u nravel the complex
infection biology of C. trachomatisWe hypoth esize that du e to the minimal genome of C.
trachomadis, retained genes are critical for survival and pathogenicity, making their
assocated gene products potential antichlamydial tar gets. Inthis work, we aimed to

explore two major facets of the pathogenz survival strategy : virulence -associated



effector proteins and energy metabolism pathways. Exploring the se elements of
chlamydial infe ction will shed light on the mechanisms C. trachomati€mploys to
survive within its intracellular 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. trachomatigs the secretion of
effector proteins to aqueous and membranaceous compartments of the host and
bacterium. Collectively , there are >70effectors with wide -ranging functions, such as
mediating host cell entry and exit, sequesteing host nutrient s, and eluding the host
immune response.®® The specific types, functions, and pathogenic im plications of effector
proteins have been éoquently reviewed by several researt groups, includi ng our Duk e
Unive rsity colleagues in the lab of Professor Raphael Valdivia ,5! our collaborators at the

Univer sity of Kentucky in the lab of Dr. Kenneth Fields,% and Bugalhdo and Mota.5®

1.3.1 Effector proteins are mediators of chlamydial virulence

Effector proteins can be broadly categorized by method of secretion, localization,
and function. ¢ C. trachonatis encodesthe Sec, Type Il, Type lll, and Type V secretion
systems, each transpoting their protein cargo to distin ct compartments within the

bacterial or ho st cell.5® Someeffectors are secreted to thechlamydial periplasm or
10



inclusion lumen to advance the developmental cycle of C. trachomati&-s2while others are
translocated to the inclusion or plasma membranes to facilitate chlamydia -host cell
interaction s.53.64 M ost 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 ?the ability to enter into, repl icate within, and
persist at host sites that are inaccessible to commensal species®s As such, virulence
factors are bacterial proteins involved in establishing infection, maintaining
pathogenesis, andpresenting symptom s.6667 To these ends,C. trachomatigieploys
effectors to the host to undermine typical functions. Chlamydial effectors interfer e with
adiverse set ofhost processes, including but not limited to immune signal transduction,
cell cycle progression, vesicle trafficking, Golgi distribution, cytoskeletal arrangement,
and cell death.5159.60

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 attentionin the drug discovery pipeline .68
Targeting virulence , not viability , offers an advantageous strategy in that it reduces
selection pressure forthe development of resistance, egecially in light of the current
antibiotic resistancecrisis.®® Further, there is precedencefor translational successwith

virulence -based therapeutics, as gveral bacterial toxin inhibitors are in clinical
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development.”0.71 Applying this therapeutic approach to C. trachonatis infection by
targeting a viru lence-associated effectorto disarm the bacteriumz pathogenicity has
remained largely unexplo red to date. While many chlamy dial viru lence factorshave
beenidentif ied and characterized, one of the most well-studied chlamydial effector

proteinsis chlamydial proteaselik e activity factor (C PAF).

1.3.2 CPAF makes key contributions to chlamydial pathogenesis

CPAF is a proteaseproduced as aninactive, 67 kDa zymogen in the chlamydial
inclusion (Figure 4).72 As the enzyme is exported to the host cytosol through Sec@ and
Type |l 74 secrdion machinery , it autoproteolytically matures to its active form through 1)
excision of an internal 40-amino acid inhibito ry sequence(residues R243 S283 and 2)
heterodimerization of the resulting N- and C-terminal subunits.”>76This dimerization
assemblesthe mature active site, allowing the protease to cleave a range ofhost 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
RFX578was inhibited by the proteasome inhibitor lactacystin and suggested that
proteolysis of these substrates was attributable tothe activity of achlamydial protease.
Subseayuently, CPAF was precipitated from C. trachomatisinfected HelLa cells and found
to be both necessary and sufficient for USF1 and RFX5 degradation These initial
results were followed by many studies id entifyi ng new CPAF substrates and
contributions to chlamydial pathogenesis? 748 However, a controversy erupted when
Tan and co-workers demonstrated that many proteins identified as CPAF substrates
were only degraded under certain cell lysis conditions.® Spedfically, CPAF was

insufficiently in activated during lysis with RIPA buffer, enabling the proteaseto 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 asto the proteaseg cellular
function s.

The generation of a C. trachomatisnutant strain deficient in CPAF activity by
Snavely and co-work ers via chemical mutageness?™ has since allowed for experiments
that attribute specific cellular phenomenato CPAF (Figure 5). Cellu lar infection m odels
with this C. trachomatismutant were first employed to classify the intermediate filament
vim entin and the nuclear envelope protein LAP1 as CPAF substrates’* As these proteins
are components of the cytoskeleton and nuclear membrane, respectively, proteolysis of
vimentin and LAP1 is hypothesized to promote the propagation of chlamydial infection
by dismantling the integrity of th e host cell This mutant has also beenused in
numerous other studies to pinp oint CPAF as akey player in the evasion of the host
immune response through pre venting NF-kB nuclear translocation,®! mitigating p ro-
inflammatory cyto kine pro duction, ®* disrupting chemical -mediated neutrop hil
activation, %2 and suppressing production of the pro-inflammatory chemokine CXCL10.%3
Further, CPAF has keendemonstrated to have a significant role in vivo, as it has been

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

Cumulativel y, theseefforts demonstrated that CPAF is amajor contributor to
chlamydial virulence. The generation of a CPAF-deficient mutant , indicating that CPAF
is not essentialfor chlamydial survival , in combination with the proteases 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 an a biochemical
level. Namely, there hasbeen no comprehensive mechanistic analysisto date, and a
potent, specific inhibitor has yet to be identified . Our enzymology - and chemical

biology-basedinvestigation s of CPAF are described in Chapters2 and 3.
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1.4 C. trachomatis possesses the futalosine pathway for
menaquinone biosynthesis

Another critical survival strategy of C. trachenatisis the integration of elements
from both chlamydial and host metabolism. As an obligate intracellular pathogen with a
small genome, C. traclomaits has reduced metabolic capabilities relative to free-living
bacteria and is dependent up on a pool of host metabolites.®> The bacterium is
auxotrophic for many amino acids, nucleotides, lipids, and cofactors.? However, the
sequencing of C. trachomatiserovar D in 1998by Stephensand co-workers revealed that
the chlamydial genome encodesmore biosynthetic pathways than originally expected.?”
For example, C. trachomatipossessesomplete pentose phosphateand gluconeogenesis
pathway s, aswell asan incomplete glycolysis pathway and TCA cycle.®#% This complex,
bipartite metabolism has beendiscussedin detail by McClarty 1 and by Omsland and

co-workers .%

1.4.1 Evidence for a preliminary respiratory chain in C. trachomatis

While awealth of knowledg e about the balance of host-im ported and chlamydia -
produced metabolites has emerged in recent years, ce component of metabolism for
which 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 processesFor many years, C. trachomatisvas believed to be anenergy parasite,

lacking the machinery to produce its own energy and thus exdusively importing ATP
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from the host cell.®” The energy parasite hypothesis was supported experimentally by
initial results in the pre-genomic era whi ch failed to detect chlamydial gly colytic enzyme
activity ,'°* the requirement of exogenous ATP for host-free protein synthesis in RBs}0?
and the identificati on and characterization of two ATP transporters, NptCt and
N pt2Ct.>8

However, genomic analysesand cell-basedexperiments have sincerevealed the
presenceand activity of a simplified respiratory chain for ATP production by oxidative
phosphorylati on. The chlamydial genome encodesan Na*translocating NADH
dehydrogenase (Na-NQR, complex I), succinate dehydrogenase (Sdh, complex 1),
cytochrome bd oxidase (CydAB, complex IV), and a V-type ATPase (conplex V) (Figure
6A) .27 The identification of Na-NQR suggested that a sodum gradient is generated
acrossthe chlamydial me mbrane to driv e ATP production ,193in contrast to the proton
gradient operating in hu man mitochondrial respiration .24 A sodium coupling ion is a
common feature for other bacterial pathogens including Vibrio choleragNeisseria
meningitidis, and Yersinia pstis, based onthe genomic identificati on of sodium ion

pumps .105
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Figure 6. C. trachomati s has afunctional 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 96 and (C) PEG-2S97 have been

shown to inhibit chlamy dial replication.

Despite harboring the necessary genes forrespiratory chain funct ion, the activity
of the pathway during chlamydial infection was not confirmed until 2018 by Liang and
co-worker s.1%6 They reported that the respiratory activity of C. tracdhomadis was 1)
stimulated by ADP in permeabilized, infected HeLa cellsand 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 HelLa cells. Theseresults
indicated for th e first time that C. trachomatifias an activerespiratory 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 suggestthat C. trachomatignay adjust its
source of ATP between thetwo chlamydial developmental forms.

The discovery of an active respiratory chain in C. trachonatis has unveiled
exciting opportunities in the search fornew antichlamy dial targets, including those
involve d in the maintenance of the sodium gradient and the processof oxidative
phosphorylation. Multi ple studies have demonstrated that inhibition of Na -NQR
disrupts chlamydial replication and growth , revealing the esentiality of the sodium
gradient driving ATP syn thesis (Figure 6B, 6Q.196.107Theseinitial results are promising,
but future efforts exploring the function of the electron transport chain and the
inhibition 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, afunctional
electron transport chain requires alipid -soluble electron carrier to transport electrons
between complexes (Figure 7A). The two major electron carriers involv ed in oxidative
phosphorylation are ubiguinone (UQ, Figure 7B), found in eukaryotes, aerobically
respiring Gram-negative bacteria, and some facultative anaerobes°¢ and menaquinone

(MK, FHgure 7C), found in all Gram -positive and anaerobically respiring Gram -negative
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bacteria.1®? Each compound contains a quinone moiety, which can bereduced by two
electrons to the quinol form for shuttling electrons to arespiratory complex (Figure 7A),

and a hydrophobic polyisoprene tail for membrane assogation .

o) o OH o o
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o M e Hr e CHs O‘ CHs
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quinone semiquinone hydroquinone ubiquinone menaquinone

Figure 7. Respiratory g 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 speciesfor electron
transport include (B) ubiquinone and (C) menaquinone.

Consistent with the energy parasite hypothesis, C. trachomatisvas histori cally
believed to import ubiquinone fr om the host cell 3726 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. trachomatisand a small number of other bacteria such asHelicdbacer
pylori, Streptomycesoelicolorand Campylobacer jejuni (Scheme 1)1° This pathway
contains eight discrete steps frominitial precursor chorismate to pathway product
menaquinone, and is enzymatically distinct from the previously characterized
traditional (M en) menaquinone biosynthesis pathway .11t While the identification of

these genes complemented by transcriptomic 12and biochemical'? evid ence (described
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in more detail in Chapters 4 &5), suggests thatC. trachomatigproduces 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 characterizd
in Streptomyces coelicolg! The discrete enzymatic activities and order of the last three
steps (italicized) have not been experimentally confirmed.

HzN

COH COH
CH CT427 CT767 //1 CT263
2 (MgnA) CH, (quEJ (quB)
- OJ\COZH — OJ\ COM
OH

H,0 SAM methionine HZO adenine
adenosine HCOy
chorismate

CT426 CT262 HO.C CT219
(quca (qum qunP)

SAM methionine HO produc:ts OH  frans PP|
5'-deoxyadenosine uncharacterized heptaprenyl
pyrophosphate

0 o)
HOOGC CT085/CT220 CcT428 CHs
O‘ (MgnL/Mqnh) ‘ (MqnK)
= H =
0 HiC )7 0 HiC 7 SAM SAH

menaquinone-7
detected in C. trachomatis
in this work

The presence of the futalosine pathway in C. tractomatisis 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 .196107Ag 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 separateseriesof biosynthetic enzymes.114115
While menaquinone is acritical human clotting factor (Vitami n Kz2), humans do not
possess the futaloshe pathway and instead access menaquinonefrom diet ary sourcesor
biosynthesis in the gut microbiome .12 Human commensal bacteriaexclusively harbor
the traditional pathway for menaquinone biosynthesis.!” As such, the cHamydial
futalosine pathway enzymes have promise as potential narrow spectrum t argets;
however, the identity of the electron-carrying men aquinone produced by C. trachomats
and the effects of disrupting its biosynthesi s have yet to be elucidated. Our efforts to

characterize the futalosine pathway in C. tractomatisare 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. trachanatis 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 e nzymes to explore their
mechanisms and function s in chlamy dial infection. We envisioned that a
multidisciplinary 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 aspectsof 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 characterizedasa
weapon in the chlamydial pathogenesisarsenalwith 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 teaselacked 1) afull mechanistic
characterization and 2) a selective small molecule inhibitor to employ in chemical
genetics-basedanalyses To address these gaps in knowledge we evaluated the
mechanisms of zymogen maturati on and peptide hydrolysis (Chapter 2)18and explored
the salinosporamides, aclass ofmarin e natural product s, as selective CPA: inhibito rs
(Chapter 3).

In regard to the futalosine pathway, the discovery of the necessarygenes inC.
trachomatisvas an exciting development in the search fa novel therap eutic targets, as
this relatively uncommon, al ternative route to menaquinone is not presentin humans or
commensa bacteria. While this pathway holds promise as asource of narrow spectrum
targets, the activity and essentiality of chlamydial menaquinone biosynthesis had yet to
be estabished. To unravel the significance of this biosynthetic pathw ay, we employed
massspectrometry and chemical genetic tools to establish the futalosine pathway as an

antichlamydial target (Chapter 4).1 In parallel, we made progress toward deciphering
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the function of nucleosidaseenzyme CT263 through traditional geneti ¢ 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
und erstanding this uni que pathogen as well asdeveloping new tools to combat C.
trachomatis The results presented herein thus establish a foundation for exploring
virulence - and energy metabolism-basedantichlamydial targets and open the door to

expanding our therapeutic re pertoire for this extremely prevalent STI.
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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 transported
to the host cytosol during infection to cleave a variety of substratesand 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 ofthe enzymez two
proteolytic activities , zymogen maturation and peptide hydrolysis (Figure 9). We
performed pH trate, solvent kinetic isotope effect, proton inventory, 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 acylt enzyme intermediate and that deacylation is r ate-limiting.
Together, theseobservations define the contributions of active site residues and further
characterize the nature of CPAF catalysisi® These studies also provide a foundation for
the future design of improved CPAF inhibitors and identification  of host substratesto
continue to unravel the role of this protease in chlamydial infection.

This chapter has been reproduced in partwith permission from Dudi ak, B. M,
Maksimchuk, K. R.; Bednar, M. M.; Podracky, C. J.; Burg, J. M.; Ngiyen, T. M.; Nwogbo,
F. O.; Valdivia, R. H.; McCafferty, D . G. ?Insights into the Autoproteolytic Processing

and Catalytic Mechanism of the Chlamydia trachomati¥iru lence-Associated Protease
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CPAF.? Biochemistry2019, 58 (33), 3524 3536 Copyright (2019 American Chemical
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Figure 9. CPAF has two proteolytic activities: (1) autocatalytic excision of an
inhibitory sequence to gene rate mature, active enzyme and (2) subsequent cleavage of
peptid e substrates. The aystal structures of zymogen (PDB 3DPN) and mature CPAF
(PDB 3DOR)and model of the vimentin -based substrate peptide(modeled with PEP-
FOLD3) were visualized with PyM OL.121

2.1 Background

CPAF is a proteaseand virulence factor that processeshost and chlamydial
substratesto subvert typical host functions for chlamydial b enefit. Following the
development of a CPAF-deficient mutant of C. trachomatismany specific contributions
of CPAF to chlamydial pathogenesis have been characterized, including dampening
inflammat ion signaling, remodeling the cytoskeleton, and suppressing neutrophiil
activation .749192 Thesefunctions of CPAF suggest thatthe proteaseis a promising target

for therapeutic intervention, but chemical inactivation of CPAF has proven to be
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challenging. CPAF exhibits resistance to canonicalprotease inhibitors, and the utility of
identif ied small molecule and peptide inhibitors is limited by poor selectivity 79122and
variable cell permeability. 8 The absence of sufficientinhibitors hi nders identification of
bona fideCPAF 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 islacking.

2.1.1 Previous mechanistic characterizations of CPAF

The only mechanistic analyses of CPAF to dateare derived from homology
models of the crystal structure of matu re CPAF¢ and small molecule labeling wit h the
20S proteasome inhibitor lactacystin.”® These studies preliminarily classified CPAF as a
serine protease in theS41 family with a catalytic triad composed of H105, S499, ad
E55876123The identity of this triad was primarily based on structural comparisons with
other proteases,an effort that was significantly advanced by the deposition of several
crystal structures of CPAF by Chai and co-worke rs.”® Submission of the structure of
mature CPAF to the DALI protein stru cture comparison server24identified a number of
homologsin the S41 peptidase fanily as being the most similar to CPAF. The closest
CPAF homolog, photosystem Il D1 C-terminal processing protease D1P), contains a

catalytic dyad comprised of residues S372 and K39725 Alignment of mature CPAF to
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D1P reveals superimposition of CPAF residues S499 andH105 on the D1P catalytic

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

$499

H105

B cPAF B D1P E558

Figure 10. Evidence for initial classification of CPAF as aserine protease with a
catalytic triad . Early mechanistic hypotheses werebased 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 alignwith a catalytic r esidue of D1P, it
was identifie d as a potential catalytic residue basedon proximity to S499 and HLO5
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).7
Mutations of H105, S499, ard E558 b alanine have been shown © prevent CPAF
zymogen maturatio n,’¢126which precludes a mutational analysi s of substrate proteolysis

by mature enzyme but suggests that these residues may be impottant for catalysis.
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Inhibition of CPAF by the proteasome inhibitor lactacystin provides further
support for S499 as a catalytiaesidue.” Lactacystin is nonenzymatically converted to its
biologically active form, omuralide, through elimination of N -acetylcysteine by
spontaneous hydrolysis in agueous environments (Figure 11A).22? The ¢-lactone of
omuralide is then poised for nucleophili ¢ attack by acatalytic 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 mature CPAFcomplexed with
omuralide (PDB 3DPM) that revealed localization of the small molecule at S499
suggesting that the residue could be the catalytic nucleophile (Figure 11B).7¢ Further, the
contin uous electron density observed between the w-oxygen of S499and omuralide is
characteristic of covalent attachment.”® This result, together with the comparisons to
homologous enzymes, led to the initial classification of CPAF as a seine protease with a

catalytic triad comprised of H105, S499, ad E558
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Figure 11. Early evidence for S499 as the catalytic nucleophile of CPAF . (A)
Proteasome inhibitor | actacystin is converted to its active form, omuralide , by release of
N -acetylcysteine. Omuralide acylat es CPAF residue S49 as itsmechanism 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 ¢ hypothesis, the homology
of CPAF to $A1 peptidases and theinherent complexity of the S41 family have led to
continued mechanistic ambiguity . S41 peptidases are organizednto two distinct
subclassesbased ontheir unique active site architectures: subclass S41Acontains
peptidases wit h catalytic dyads, while subclassS41Bcontains peptidaseswith catalytic
tetrads.!23 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 triad of CPAF
does nat match the canonical catalytic machinery of either subclass'? 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.”6126Experimental determination
of the roles of specific residues is required to definitively describe the molecular basis of
catalysis and complete the characterization of enzyme actvity. 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 using 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 mectanisms 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 H105S499, and he zymogen inhibition helix than E55 8, which
indicates a potential role for this acidic residue in autocatalytic a ctivation (Figure 12A).
In mature CPAF, D103 is positioned within hydrogen bonding distance of the active site
ordered water (2.7 A), 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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C500is immediately adjacent to S499 in both the zymogen and mature enzyme and
could be poised for competitive nucleophilic activity ( Figure 12A4B). As aresult of these
structural observations, we hypothesized that the mechanisms of CPAF activation and

catalysis may involve residues beyond the preliminarily assigned catalytic triad.

CPAF zymogen mature CPAF B cPAF tricorn protease

Figure 12 Identification of new residues of i nterest in the CPAF active site. (A) In
addition to previously identified residues H105, A499, and E558P103and 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 A) between an active site ordered water and
D103, H105, and E558eveal 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 ntriguingly, CPAF residues D 103, H105, S499, and E558 are
superimposed on each member of the tricorn catalytic te trad (residues S745, HA6, S965,
and E1023). This shared active site architecture indicates tat CPAF may also require a
similar ensemble of four residues for catalysis. We sought to functionally characterize
each CPAFresidue 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 an enzyme activity. While such an experiment is impossible for evaluating CPAF
peptide hydrolysis due to the requirement of certain residues for autopr oteolytic
activation, active site mutants can be employed to study autoprocessing. We thus sought
to conduct afocused alanine scanto identify specific residues that are essetial 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.'?® Ste-
directed mutagenesis wasemployed 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, ard EB58A). Each CPAF variant was recombinantly
expressed in BL21(DE3)E. colj 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 moleaular 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 assem bly of the mature active site (Figure 13).

WT D103A H105A S499A C500A E558A
01361224 01361224 01361224 01361224 01361224 01361224
75 kDa i prp—
- Svew - . - e m e we- aoee =@ es @pen W | CPAF zymogen
37 kDa -
.. - .- & CPAF,

Figure 13. M utational analysis of CPAF zy mogen maturation by immunoblotting. E.
colilysates expressng WT CPAF and each active sitemutant (D103A, H105A, S499A,
C500A, and E558A)were incubated at room temperature for 0, 1, 3, 6, 12, and 24 hthen
evaluated by SDSPAGE and subsequent immunoblotting for the C-terminal
hexahistidine tag.

As previously r eported, WT CPAF successfully underwent autocatalytic
activation, while mutations H105A, S499A, andE558A eiminated zymog en
processing.’6126The 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.BecauseS499, but notC500, is essential for autoproteoly sis,
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serine protease actvity is responsible for zymogen maturation. This result is consistent
with previous homology analyses and lactacystin labeling that suggested CPAF is a
serine protease’s

Intriguingly, t he identification of D103 asan 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.'28 Most serine protease catalytic tetads contain serine, histidine, an
acidic residue, and either serine or cystene for stabili zation of the other three residues.130
The catalytic tetrad of CPAF is distinct from canonical tetrads because of its requiement
of two acidic residues for maturation, suggesting an alternate means of stabilizing the
chargetransfer apparatus.

Although C500 is not required fo r autoprocessing, the delay in maturation of the
C500A mutant relative to WT CPAF suggests that C500 my still play a role in
autocatalytic activation. Analysis of the zymo gen structure reveals that C500is
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).75 As
aresult, it ispossible that the alanine mutation incites a conformational change and

mitigates these interactions.
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CPAF zymogen
3DPN |

C500 is a member of hydrophobic pocket C500 makes key hydrogen bond to G376

Figure 14. C500 makeskey interactions within the CPAF zymogen . (A) C500is part of
a hydrophobi c pocket comprised of residues V378, C500, G525, F527, and499 that
makes contacts with the inhibitory helix. (B) The C500thiol forms a hydro gen bond with
the carbonyl oxygen of G376.

Furthermore, like its fellow S41 peptid ases, CPAF contains a nucleopfiic elbow
motif (Figure 15A), in which the proposed nucle ophile S499is positioned at the end of a
helix x Ul El E| EtwakdidBExamples of other nucleophilic elbow -containing
enzymes include dienelactone hydrolase (DLH ),32haloalkane dehalogenase A (DhlA),133
and acetylcholinesterase E(AchE).134In proteases containing nucleophilic elbows,
catalysis is hypothesized to occur with an N + 1 oxyanion hole (Figure 15B).131 Mutation
of C500, the N + 1 esidue, 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.

36
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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
487 512 blue), DLH (PDB 1DIN, residues 115 136, red), DhIA (PDB 2HAD, residues
1164136, yellow), and AchE (PDB 1FSSresidues 192 212 green), with n ucleophilic
residues highlighted at the base d eachhelixx Ul E 1 E | EBuaid (B)Hhed
nucleophilic elbow poises CPAF nucleophilic residue S499 fora hyd rogen bond with the
amide proton of N + 1 residueC500.

Collectively, the alanine scanresults reveal that CPAF zymogen autoprocessing
ocaurs through a unique catalytic tetrad comprised of D103, H105, S499, and ESS 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 testhomology -derived mechanistic
hypotheses. We nextturned 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 lab®3s and others’276have previously reported methods for the recombinant
expression and purification of CPAF, we observedthat 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 EDT A and arginine, to purification buffers
promoted CPAF solubility (data not shown).12°In response, all buffers were made using
ultrapure grade Tris base (SigmaAldrich) to minimize the introduction of
contaminating met als. Reducihg agents ¢-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 chromatography
(SEC) As previously repo rted,’s CPAF autoprotealytic 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 immunaoblotting 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.

87 - | cPaF,

Coomassie 6xHis 1:5000
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 coworkers established a
discontinuous, reversed-phase high -performan ce liquid chromatography (RP-HPLC)-
based assay forthe measurement of CPAF activity. 135 This assay employed a peptide
substrate derived from the sequence of the human intermediate filame nt vimentin, one
of the confirmed substrates d CPAF.748 Peptide Abz-VRLRSSVPGVNH 2 (1) mimics
vimentin residues 68¢ 77 and contains a single CPAF cleavage site located between the
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adjacent peptide serines.t¢ The N-terminal 2-aminobenzoic acid (Abz) moiety was
includ ed to facilitate fluorescence detectdO w EAJku4R0 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 keat, Km, and keat/ Km values of
45+ 0.6 80 whl huwp wt 8 vwy , O, GeBpedyiviely, foupppiidg Gygrblysis by
recombinant CPAF accessedusing our optimized purification strate gy (Figure 17B).
Notably , the enhanced enzyme stability affor ded by the modified purification is
accompanied by an increasedkeat relative to that of CPAF prepared using previously
described conditions and evaluated using the same substrate and assay method3s
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 ability. To
produce a platform more amenable to rapid screening, a 3-nitrotyrosine [Y(3 -NO2)]
guenching moiety was add ed to the C-terminus of the vimentin -based substrate peptide
[Abz -VRLRSSVPGVY(3NO2)-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-NO2)-containing hydrolysis fragment
[SVPGVY(3-NO2)-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).13¢With corrections applied, CPAF hydrolysis of
peptide 3 was found to follow Michaelis  Menten kinetics with a Kea: 0f 23 £ 0.7 &, aKm of
WY wp wN waksa/@uCH QUEYUSH uN Wi tuvald &g thati &re in agreement with those

obtained using the HPLC -based discontinuous assay Figure 17B).
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Abz-VRLRSSVPGVY(3-NO2)-NH:2 (3) 23107 809 0.29+0.03 5
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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
subsequentRP-HPLC separations of hydrolysis product 2 and the i ntact substrate are
performed to obtain initial rates. In the continuous fluorescence assay, teavage of
peptide 3 by recombinant C PAF affords fluorescence emission monitored at 420 nm.(B)
Steady stateparameters keat, Km, and kea 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 timedependent
increase n relative fluorescence units (RFU) in the presence ¢ both CPAF (10 nM) and
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or peptid e 3. Datashown 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 theroles of
specific active site residues in peptide hy drolysis. First, we aimed to identify
catalytically im portant ionization s in the CPAF mechanian by establishing pH rate
profiles for steady state kinetic parameters. The pH stability of CPAF was determined by
conducting the continuous fluorescenceassayover the pH range 3.5t 12.0 (Figure 18A).
CPAF was found to be stable from pH 5.0t 10.0, as reaction raeswere reduced to less
than 0.25RFU/s outside of this range.

The discontinuous HPLC -based assay wassubsejuently employed to determine
the steady state kinetic parameters kecat, Km, and kea/ Km from a pH rang e of 5.0t 10.0. The
profiles of ket (Figure 18B) and kea Km (Figure 18C) as a function of pH revealed one
ionization w ith pKavalues of 6.2 £0.1 and 6.5 + 0.1, respectivelysuggesting a catalytic
role for a single ionizable group. Based on thepKa of an imidazolium side chain, the pH+¢
rate profile is consistent with ionization of a histidine residue and thus strongly
implicat esH105 as the catalytic base The pH dependence of keat and Kea/ 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  pKaconsistent with
an active site histidine. (A) To evaluate the pH stability of CPAF, r eaction rates of
CPAF-catalyzed cleavage of peptide 1 (100 uM) were measured from pH 3.5¢12.0in
increments of 0.5 pH units using the continuous fluorescenceassay with 1 nM CPAF.
Because CPAF was found to be stable from pH 5.8 10.0,this range was evaluated in the
subsequent pH rate profile (Bt C). Steady statekcat (B) and kea/ Km (C) values for CPAF-
catalyzed cleavage ofpeptide 1 were measured from pH 5.0 to 10.0 in 0.5 pH urit
increments using the discontinuous HPLC-based assay. Tlere is a single ionization for
Keat and keat/ Km With pKavalues of 6.2 + 0.1 ad 6.5 + 0.1, respetively.

2.4.4 Solvent deuterium kinetic isotope effects

To explore the role of exchangeable hydrogenic sies oan 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% Hz20 or
99.9% D:0O at pH (pD) 8.5 to remain in the pH -independent region of th e pH¢t rate
profile. Comparison of the measured rate constants revealed a forward solvent kinetic
isotope effect on kear (P=CkeaP) of 2.6 + 0.1, yet we observed no significant effect onkeai/ Km
(PPkea/ Km2ep = 1.0 £ 0.2) Figure 19). The 2.6fold decrease in keatin D20 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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respectvely, a forward solvent kinetic isotope ef fect s typically observed for serine

proteases, while cygeine proteases often engender an inverse solvent kinetic imtope

effect.137
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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 H20 or 99.9% DO with recombinant CPAF (1 nM)
and peptide 1 (0.23t 1.50 mM) in the pH-independent r egion of the pH 1 rate profile (pH
8.5) at 25 °C. A forward deuterium solvent kinetic i sotope effect on Keat (°?°kca?P) of 2.6 +
0.1 was obsened, but no solvent kinetic isotope effect was observed for kea/ Km, with a
b20kqa/ KmaPr of 1.0 £ 0.2. Data shownare averages * the standad error of three replicates,
with an absence of visible error bars indicating a standard error smaller than the data
point symbol.

To validate th e nonessential role for C500the continuous fl uorescence assayf
peptide hydrolysis was performed with recombinantly expressed and purified WT
CPAF and a C500A mutant. BecauseC500was 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 amature 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 reault demonstrates that C500 is not required for catalysis andprovides

further support for S499 as the catalytic nucleoghile.

A B
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CPAF, 25 200 10 nM WT CPAF + 100 uM substrate
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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 he xahistidine tag with a h exahistidine antibody. (B) Both WT CPAF and the
C500A mutant (10 nM) cleave peptide substrate 3gptuyY Y ws , AOWEU WP OEDPEEUI E L
dependent increase in RFU. Data shown are averages * standard error of three
replicates, with an absence of visible error barsindicating 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 readbn rates, the kobs/kHz20 ratio was determined in increasin g
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mole fractions of D20. The plot of kebs/kH20 as a function of the mole fraction of D20 fit
the linear model of the Grosst Butler equation (r2 = 0.965), suggesting that one proton is

transferred in the rate-determining transition state (Figure 21).138
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Figure 21. CPAF transfers one proton in the rate -determining transition state. A proton
invento ry of CPAF catalysis was performed by measuring koss with saturating peptide
substrate (1.50 mM) in increasing concentrations of D20. The ratio of kess in each fraction
of D20 to the rate in 100%H20 was plotted as a function of the mole fraction of D 20 and
fit to the Grosst Butler equation for one proton transfer ( Equation 3). Data shown are
averages *the standard error of three replicates, with an abserce 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 proceedsthrough an acylt enzyme intermediate,
we perform ed transient state rapid quench experiments to measure peptide hydrolysis
on a millisecond time scale. CPAF andpeptide 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 canstant of 110 + 2 &t
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followed by a slower steady state phase rate constant of 57 + 1§ (Figure 22). The
observation of biphasic kinetics suggests the formation of an acylt enzyme intermediate

in the CPAF reaction pathway.
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Figur e 22. Pre-steady state evidence for an acylt enzyme intermediate in CPAF
catalysis. Recombinant CPAF (10 uM) and peptide 1pt YY ws , AOQWEOUT wbOwWEUI 1 |
50 mM HEPES (pH 7.5), 150 mM NacCl, and 5 mMDTT, were rapidly mixed and
incubated for 0.00% 0.1 sprior to quenching with 1.2 M HCI. Reaction samples were
analyzed by the discontinuous HPLC -based asay. CPAF-catalyzed formation of the
product in the pre -steady state displays biphasic kinetics. Fitting each phaseto a linear
model revealed a fast acyldion rate (kacy) of 110 31 followed by a slower deacylation rate
(kaeacyr) Of 57 81, Data shown are averages * the standard error of three replicates, with a
absence of visible error bars indicating a standard error smaller than the data point
symbol.

Bur st kinetics further suggest fast acylation of S499 followed by slow
decomposition of the acylt enzyme intermediate.!3® Because steady stat deacylation rate
kdeacy is consistent with the values observed for ke, deacylation is proposed to be at least
partially rate-determining. A factor that may explain the small discrepancy between keat

and kaeacyi 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 ridner than amides such as pegides 1and 3. As a
result, CPAF joins a unique group of serine proteases,including Kex2 and le ukocyte

elastase, that hydrolyze amides with rate-determining deacylation. 140141

2.5 Proposed mechanism of CPAF activity

Toward a more comprehensive understanding of the chlamydial path ogenesis
assciated 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 alanine scan of activesite residu es D103, H105, S499, C500, and558
revealed that all but C500 are required for zymogen maturation. This result suggested
that autoproteolysis occurs via solely serine nucleophilic activity . Furthermore, the
requirement of four residuesindicated 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 camlytic tetrad to proteolyze substrates dter autoproteolytic processing. While
either a serine or cydeine 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 serineprotease 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 analysis of substrate processng, identification of a serine nucleophile is
supported by t he 2.6-fold forward isotope eff ect on ket 0bserved 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 pH t rate profile. The presence of only one ionization in the pH
profiles for keat and kea/ Km, with respective pKavalues of 6.2+ 0.1 and 6.5 + 0.lis
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 arenot involved in acid ¢ base chemstry. However, because thes
residues are critical for CPAF autoprocessing and their positions in the mature active
site align with those of the tricorn pr otease catalytic etrad, we hypothesize that D103
and E558 contribute to substrate proteolysis. Specfically, 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 S49® 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 caboxypeptidase A (Figure 23B).130

4
$499
(CC375 | \
L ()
H105 g
°
E558 S$150
D3l H429
D103 \
CPAF lysosomal carboxypeptidase A

Figure 23. The critical role of an ordered water in the CPAF mechanism is supported
by precedent 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 1VY).

Our pre -steady state analysis of CPAF petide hydrolysis revealed biphasic
kinetics, suggesting a fast enzymeacylation with a rate kacy 0f 110 + 2 & and a slower
deacylation wi th a rate kaeacy Of 57 £ 1 $.. The observation of burst kinetics in the CPAF
transient state is suggestive of thepresence of an intermediate on the reaction pathway
and most logically reflective of th e acylt enzyme intermedi ate. Furthermore, a slower

kaeacyl 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
scissie 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 he nucleophilic elbow motif.
The tetrahedral intermediate then decomposes, with proton transfer from H 105 to the
amine leaving group, to form the acylt enzyme intermediate. A single proton is
transferred from solvent to H105, leading to slow hydrolysis of t he acyk enzyme
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 acivity using a water-mediated serine protease catajtic
tetrad: D103, H105, S499, and E55@\). The catalytic base H105 deprotonates S499 (B
aided by base strengh amplification through a water -mediated hyd rogen bond network
with acidic resdues D103 and E558. The nucleophilic $199 attacks he 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 intermediatecollapses (C) to form the acylt
enzyme intermediate (D) wi th concomitant release o the amine product. The acyl
enzyme intermediate is hydrolyzed by water in the rate -determining deacylation step,
through formation (E) a nd subsequent collapse (F) of a secnd tetrah edral intermediate.
Subsequert release of he seond product facilitates regeneration of the enzyme active
site.

In conclusion, we propose a serine protease mechanism with a catalytic tetad
consisting of D103, H105, S499, and E558 for both zymogen maturatin and catalysis by
mature CPAF. While th e proposed mechanism shares dafributes with those of canonical
serine proteases such as hydrolysis through an acyt enzyme intermediate and use of

histidine as a catalytic base, CPAF was found to have distinct characeristics, includi ng a
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catalytic tetrad with tw o acidic residues and rate-determining deacylation with a
peptide substrate. Although the contributions of CPAF to chlamydial virulence mak ethe
enzyme a therapeutic target of interest, a lack of mechanistic darity to date has hindered
selective inhibitio 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 staed and were used withou t
further purification. Mass spectrometry (MS) data were obtained on either a Bruker
Autoflex Speed LRF MALDI -TOF system or an Agilent 1200series/6310 ion trap LC-MS
spectrometer. Preparatory RP-HPLC was performed on a Rainin Dynamax or Waters
system with a semipreparative Jupiter C18300 A (2 mm x218 | w O O O yoalymas O
and analytical RP-HPLC was performed on an Agilent 12 00 series gstem with a Jupiter
"Kwt YYw@uopk Y wOOwA wK dt wo drifaationuta©périofn@dot éhd08 w/ UOUIT B

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

reader.

2.6.2 Immunoblotting analysis of CPAF zymogen maturation

C. trachomatisCPAF residues 23 601 (NCBI accession code WP_09872247.1)
were expressel 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],’¢ we generated five active site mutant constructs using the
QuikChange Il site -directed mutagenesis kit (Stratagene). Replacement of the native
D103, H105, S499, C500, and E55&sidues 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
OEOEOa EDOwpk Y want 300 A ta &nDDdo &f MG The cell suspension was
cooled to 15 °C, and praein expression was induced by the addition of 0.3 mM
P U O x U @Gixlahidgakctopyranoside (IPTG, GoldBio) . Following induction, cells were
incubated overnight at 15 °C and 200 rpm.

Aliquots (1 mL) of each E. coliculture 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 immediately 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 MABO050) and a secondary goat antimouse

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. coliasdescribed 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 NacCl, and 10 mM imidazole and
lysed with an Emulsiflex C 5 micr ofluidizer (Avestin, Inc.). The resultant lysate was
clarified by ultracentrifugation and applied to a nickel-chelating sepharose @lumn (GE
Healthcare) for nickel -based immobilized metal affinity chromatography (IMAC) . How -

through was reserved. The column was washed with 50 mM Tris (pH 7.5), 150 mM
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NaCl, 50 mM imidazole, and 5 mM BME (wash 1), followed by 50 mM Tris (pH 7.5), 300
mM NacCl, 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 NacCl, and 5 mM
BME. Fradions containing partially purified CPAF were identified by SDS {PAGE
(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 S200gel 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 wasevaluated via SDS PAGE with Coomassie staining and
immunoblottin g using a hexahistidine antibody (R&D Systems MABO050). 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 representative FPLC trace andSDSPAGE gel with Coomassie
staining is shown for the first purifi cation step: nickel-based IMAC. CPAF was
expressed with a C-terminal hexahistidine tag and as a resulteluted from the nickel
column over a gradient of imidazole. The FPLC traceincludes the UV signal at 280nm
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
SDSPAGE is highlighted on the trace in light blue. WT CPAF autoproteolytically
activates over the course of purification and thus appears by SDSPAGE as bands for the
N-and C- termini. (B) A representative FPLC trace andSDSPAGE gel with Coomassie
staining is shown for the second purifi cation step: size exclusion chromatography . The
FPLC traceincludes the UV signal at 280nm over the course of purification (blue, left Y -
axis). The peak where CPAF was found to elute by SDSPAGE 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 representative FPLC trace and SDSPAGE gel with
Coomassie staning is shown for the first purifi cation step: nickel-based IMAC. CPAF
C500A was expressed with a C-terminal hexahistidine tag and as a resulteluted from

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

280nm 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 light blue. CPAF C500A

autoproteolytically activates over the course of purification and thus appears by SDS
PAGE as bands for theN- and C- termini. (B) A representative FPLC trace andSDS
PAGE gel with Coomassie staining is shown for the second purifi cation step: size

exclusion chromatography . The FPLC traceincludes the UV signal at 280nm over the
course of purification (blue, left Y -axis). The peak where CPAF C500A was found to

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

Peptide substrates Abz-VRLRSSVPGVNH 2 and Abz-VRLRSSVPGVY(3NO2)-
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 .12° 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 ¢ ompleti on of all
couplings, side chain deprotection and resin cleavage were performed with a 95:2.5:2.5
TFA:H:0:TISratio 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, dissolved in
1% acetic acid, and lyophilized to afford the crude peptide product. All peptides were
purifiedby RP-' / +" w0 OQwaNWIwx UUPUadw3i 1 wOOOI EUOEUwWRI DI
confirmed by MALDI -TOF MS (calculated [M +H]*=1396.7 observed [M +H]* =1396.3.

/ OUDPI Pl Ewx] xUPEI Uwpbl Ul wOadOxi PODal EwWEOEwWUUOUI Eu

2.6.3.3 Discontinuous CPAF activity assay

HPLC-based CPAF activity assays were conductel as described previously at
room temperature in a buffer containi ng 50 mM Tris (pH 7.5), 150mM NacCl, and 5 mM
DTT with CPAF (1 nM) and varying concentrations of 1 (0.23¢1.50 mM) in a total

YOOUOI wol.ikmrely yMichaelist Menten 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.

_ Vinax[S]
K 48]

Equation 1

2.6.3.4 Continuous CPAF activity assay

Fluorescencequenching CPAF activity assays were conductel in black 96-well
plates (Corning) at room temperature in a buffer containing 50 mM Tris (pH 7.5), 150
mM NacCl, and 5 mM DTT with CPAF (1 nM) and varying concentrations of 3 (0.23 +1.50
mM). Reactions were initiated by the addition of substrate, and the plate was
immedi ately read at a kinetic interval 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*3¢ as described previously .129
Michaelist Menten kinetic para meters 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 3.5 12.0 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 NacCl, and 5 mM DTT) was used for the pH range of 3.5t 7.5, and the

MTCN buffer system (50 mM MES, 25 mM Tris, 25 mM CAPS, 150 mM NacCl, and 5mM

DTT) was used for the pH range of 6.0t 12.0143 These buffers provide an area of overlap

in the tested pH range while maintaining a constant ionic strength. The pH dependence

assayswere cOOEUE Ul EwbDUT wUI EOOEPOEOUW" / %whyud, AwE O

the discontinuous HPLC -basedassay.

2.6.5 pHirate profiles

Based on the stdilit y analysis, all reactions for the pH#1 rate profile were
performed at room temperature usi ng recombinant CPAF (1 nM) and 1 (0.23 1.50 mM)
from pH 5.0 to 10.0 in 0.5 pH unit increments at a constant ionic strength. The pH
dependence assays were conductedhs described above and analyzed by HPLC.
Michaelist Menten plots at each pH were generated byfittin g initial r ates ard substrate
concentrations to Equation 1. The pH dependence profiles of keat and kea/ Km were fit to
Equation 2, where yobs is the measuredkeat or Keat /Km valu e, ymax is the maximum, pH -
independent keat Or keal Km, Ka is the acid dissodation constant, and [H+] is the

concentration of protons in solution.

61



Y
1 _ max :
08 Vi (71+ K[ +]) 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 D20-containing buffer to fa cilitat e amide and side chain
hydrogen t deuterium exchange. MTCN buffer (pH 8.5) was freeze-dried by va cuum
lyophilization and subsequently resu spended in an equal volume of D20. The pD of the
D20 buffer was adjusted using DCIl and NaOD to 8.1 (pD = measured pH + 0.4)14DTT
and 1 were dissolved in 100% D20 and allowed to equilibrate for 60 min. Isotope eff ect
assays were perfamed in MTCN buffer (pH 8.5 ) and DTT (5 mM) with recombinant
CPAF (1 nM) and 1 (0.23 1.50 mM) at 25 °C. Reations 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 wereprepared in 100% H20
and 99.9% DO and incubated for 30 min to allow for hydrogen ¢ deuterium ex change.
The 100% stocks were combined in appropriate volumes to yield solution s with 10¢90%
D20/H20 (v/v), in 10% increments. CPAF activity was measured using the discontinuous

HPLC-based assay. Observed rées were normalized to the rate observed in 100% HO
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and plotted against the mole fraction of D 20. The resulting data were fit t o the Grosst
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 DO percentage, ko
is the observed rate in 100% HO, n is the fraction of D20 in solution, and f1 and f2 are the
fractionation factors f or the protons being transferred.38 An extra sum-of-squares F test

was performed to identify the best fit model for the data. 145

K
k—:(l-n+n xf) Equation 3
0

ki
k_oz(l_n+nxfl)(1-n+nxf2) 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 kineticsunder multipl e-turnover conditions. Syrin ges A and B
were loaded with reaction buf fer containing 50 mM HEPES (pH 75), 150 mM NacCl, and

5 mM DTT. Syringe C was loaded with 1.2 M H Cl as the quenching agent. Sample lines

Pl Ul wxUDPOI EwbPPUT w"/ %wpl YowkuffeX The EpBcerttati gnroiu O, A wb O w

CPAF was determined by titration us ing the tight binding peptide in hibitor Pep2.13
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Discontinuous ti me points were measured by mixing CPAF and substrate, followed by
rapid quenching with HCI. 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 afunction of time, [E] is the enzyme
concentration, kacy and kaeacyr are the rate constants for acylation and deacylation,

respectively, and t is the time.

2
_ kacylkdeacyl[E]f n (kacyl) [E] [1- e‘(kacyl ! kdeacyl)f]

t
k.1 Tk g 2
acyl deacyl (kacyl lkdeacyl)

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 sto chlamydial
pathogenesis, the development of a selectivesmall molecule inhibitor has remained
elusive to date. To address this unmet need,w e 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 tropicavas optimized. Salinosporamide A was subsequently valid ated asan
inhibitor of C PAF peptide hydrolysis using a continuous fluore scenceassayplatform. In
the absence of sufficient salinosporamide A titers to support a semisynthetic
derivatization campaign, a library of salinosporamide derivatives was screenedfor
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 & 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 proteasé!8that is secreted into thehost cell to cleave
a suite of substrates tousurp normal functions. In recent years,experiments with the
CPAF-deficient mutant™ of C. trachomat have broadened our knowledg e of the roles of
CPAF in host modulation and solidified the proteaseg status as a key pgayer in
chlamydial virulence. Specifically, CPAF is responsible for dismantling several elements
of the host immune response including ¢ hemical-mediated neutrophil activa tion®2 and
production of chemokine CXCL10,% and disrupting the integrity of the host cytoskeleton
and nuclear membrane.” Despite these contributions to virulence, a missing tool in the
study of CPAF is a selectiveinhib itor of its proteoly tic activity.

The absene of an adequateinhibitor is problematic for both chemical biology -
basedevaluations of the functions of CPAF and advancement of avirulence -based
therapeutic. A chemical genetics approachoffers several advantages and
complementary features to traditional genetics analyses with the CPAF-deficient
mutant. A chemical inhib itor of CPAF could be addedto C. trachomés-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 mitigate the catalytic
activity of CPAF without physic ally removing the protein, thus retaining any roles
CPAF plays in protein complexes.t#¢ Inhibitor development is critical for exploring the

possibility 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 different strains of
C. trachomatisvith ease, whereasa mutation has to be re-introduced in each strain of
interest. Evaluation against speciesacross theChlamydiagenus would be beneficial for
assessingthe 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 resistanceto a suite of canonical protease
inhibitors in both recombinant enzyme assay$2°and cell-based assayg8° Protease
inhibito rs of many classes havebeentested, 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) Proteaseinhi bitors of numerous classes have been
tested against CPAF in recombinant enzyme assay$?°and in cell lysates,’8%but largely
lack activity. (B) The small molecule omuralide "¢7¢and CPAF zymogen-derived peptide
inhibitor P ep235 are the major successful CPAF inhibitors reported to date. ICso values
shown are previously publi shed values obtained using the discontinuous HPLC -based
assy.1ss

The only small molecule inhibitor reported to date is omuralide, U1 -QEHE UG O1 Oww
lactam proteasome inhibitor (Figure 27B) that inhibits CPAF via acylation of catalytic
nucleophile S4997 Previous work in the McCafferty lab by Bednar and co-workers
established that omuralide inhibi ts CPAF with an IC s0 of 10.2+ 2.3uM using the

discontinuous HPLC-based assay'®>However, a lack of seledivi 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 proteasomet22with a p reviously reported IC so
of 57 £ 6 nM against the enzymez chymotrypsin -like activity .*47 The 20Sproteasome is
an esential component of the host machinery for degradation of unne eded or abnormal
proteins,“8and as suchhas beenextensively pursued as an arti-cancerdrug t arget.149.150
Currently, several small molecule proteasome inhibitors are clinically approved for the
treatment of multip le myeloma.5%153 Becausehost 20S proteasone inhibition is an
undesirable off-target effect, omuralide is not an ideal antichlamydial agent.

Another previously characterized CPAF inhibitor is Pep2(Figure 27B), a 25
amino acid peptide designed from the sequence of theCPAF zymogen inhibitory helix
(residues 258 283).76.135Pep2 exhibits an I1Cso 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 reachtranslational significance.
Peptide inhibitors possessinherent liabilities such aslimited bioavaila bility and
susceptibility to degradation , presenting concerns for use in cellular infection models
and beyond .15 Becawse asmall molecule has the potential to overcome theseissues,
omuralide provides a solid foundation to expand upon for the dev elopment of selective

inhibitors and was therefore selected asa starting point.

70



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.. OUUE OP E | wE Q40| pdattan(sdaffola ¢
characteristic of salinosporamides, a class ofmarine natural products produced by
members of the genusSalinispora The archetypal member of this compound class is
sdino sporamide A, a small molecule produced by the marine actinomycete bacterium
Salinispora tropicand an irreversible inhibitor of the 20S proteasome.’s5 As
salinosporamide A sharesthe ¢-O E E U G&btar®aorm® of omuralide, acylation of the
catalytic nucleophile is the first step of the salinosporamide A inhibition mechanism
(Scheme2). However, salinosporamide A also possessesa 2-chloroethyl substituent that
is poised for nucleophilic displacement and cyclic ether formation . The intramolecular
cyclization prevents the ¢-lactone from re-forming and ousts hydrolytically active water

molecules, thus irreversibly inhibiting the 20S praeasome?s¢

Scheme 2. Salin osporamide A irrev ersibly inhi bits the 20S proteasome through
acylation of acatalytic threonine residue and subsequent cyclic ether formation .
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We postulated that the multi -step inhibition mechanism of salinosporamide s
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 California at San Diegg). Salinosporamide X4
is an analogue isolated from a genetically modified strain of S. tropicathat 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
assay8and ICso values were calculated (Figure 28A).

When the salinosporamide ICso values were compared to the previously reported
ICso 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 (ICso of 10.2
+ 2.3 uM), followed by the cyclohexene-containing salinosporamide A (ICso of 2.0+ 0.50
KM). Interestingly, salinosporamide X4, containing a C5 phenyl ring, was the most
potent, yield ing the only ICsoin the nM range (62+45nM).1% The acquired ICso values
for CPAF in hibition we re then compared to those reported for inhibition of the
chymotrypsin -like activity of the 20S proteasomeby Macherla et al.**” (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 pioteasome 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.

A B
100000 mm CPAF
10,200 20S proteasome
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10 26 c
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20S proteasome + salinosporamide A

Figure 28. Prelimin ary data suggest that salinosporamides can be optimized to tune
affinity and selectivity for CPAF and the 20S proteasome based on structural
differences in the enzyme active sites. (A) Relative ICso 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),’®
whereas (C) the cydohexene moiety of salinosporamide A is positioned 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 thatselectivity patterns could be attributed to
differences in the active sitesof CPAF and the 20Sproteasome. In the crystal structu re of
omuralide bound to CPAF (PDB 3DPM), a large hydrophobic pocket in the active site
loosely surrounds the omuralide isopropyl substituent (Figure 28B).7¢ In contrast, the
crystal structure of the 20S proteasome with salinosporamide A (PDB 2FAK) shows the
cyclohexene moiety fitting optimally into its binding pocket (Figure 28C).15%¢ 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 .15 To interro gate
this hypothesis, we aimed to 1) design and accesssalinosporamide analogues with
derivatization at C5, 2) evaluate the compoundszactivity against CPAF in enzyme
activity assays and molecular docking experiments, and 3) explore potential off-target

effectsto maximize the translational prospectsof 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 astotal synthesis and semisynthesis.16° Severaltotal syntheses of
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salinosporamide A have beenpublished to date,'6%#168 gnd their synthetic strategies have
beenreviewed by Potts and Lam.16° Despite the development of multiple syntheses
accesing salinosporamides hasremained 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).16° The
synthetic route first required access toa late-stage aldehydeinter mediate from the
Fukuyama total sy nthesis of salinosporamide A.165Addition of an organozinc reagentto
the aldehyde intermediate could then yield a broad scope of functionalities (R:) 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).16° Subsequent
deprotection, lactonization, and chlorination stepsultimately would allow for

completion of 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
from the Fuk uyama synthesis of salinosporamide A. 165(A) By varying the zinc reagent
added to the aldehyd e intermediate , numerous derivatives functionalized at the C5
position will be accessible.(B) Progress toward a branched derivative by Dr. Katherine
Alser Kim demonstratesthe feasibility of the proposed synthetic route.1® (C) Proposed
derivati ves contain various sterically bulky moieties (R:) at C5.

Although the divergent synthesis offers an opportun ity to increase eficiency by
producing derivatives from a common intermediate , multiple synthetic steps are still
required to generate the late-stagealdehyde before derivatization can occur.'®5As a
result, we turn ed to semisynthesisto generate salinosporamide analoguesin a more

efficient manner. Semisynthesis is asynthetic strategy wherein a compound isolated
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from natural sourcesis used as the sarting material for a chemical reaction.1’ Suchan
approach offered several advantages overtotal synthesis for the development of
salinosporamide derivatives . Firstly, salinosporamide A can beisolated from cultures of
native producer S. tropicato serve asa semisynthetic precursor.t’* Functional group
conversions easily accessed from the natural product can then beperformed to produce
new analogues. Significantly, semisyntheti ¢ salinosporamide derivatives have been
previously evaluated in an SAR campdgn against the 205 proteasomeby Macherla and
colleagues (Table 2).24 This SAR study not only provide s semisynthetic routes for the
production of salinosporamide analogues functionalized at the C5 position ,14716put also
reports inhibi tion data to inform prioritization of poor 20S proteasane inhibit ors for

evaluation against CPAF.

Table 2. Semisynthetic salinosporamides functionalized att he C5 position have been
screened for 20S proteasome inhibition by Macherla and co-workers. 147

20S proteasane

N
ame Structure ICso (NM)
salinosporamide A 2.6+0.2
NP1-2076 >20,000
NPI-2062 8,200+ 600




NP1-2060

NPI-2061

NPI-2064

NPI-2157

NPI-2167

6.3+0.6

91+8

8,200+ 3,000

nira

n/r
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an/r (not reported): derivatives that have been accessed semisynthetically,
but for which an ICso against the 20Sproteasome 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 secordary
hydroxyl group. The reactivity of the cyclohexene ring facilitate s the generation of a
variety of derivatives, including epoxides on both faces of th e ring (NPI- 2060 and NP}
2061) a chlorohydrin (NPI -2064), and two cycbhexenones (NPF2157 and NPI-2167). The
cyclohexenone derivatives were not tested againstthe 20S proteasomé!®© but the SAR of
the chlorohydrin and epoxide analoguesafford s some insight as to what types of

derivatizations are tolerated. Specifically, NP1-2060 was the most potent inhibitor, while



NPI-2061 and NPF2064, which introduced functionali zation on the opposite side of the
ring from NPI -2060, saw redictions 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 functionalization , 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.1’ Howe ver,
Macherla and colleagues werestill able to generateepimer (NPI1-2076 and ketone (NPI-
2062) derivatives, with d ecreases in potency of several ordes 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 salinosporamidesfor CPAF
inhibition, it is o f particular significa nce that only the two epoxide derivatives had ICso
values in the nM range against the 20S proteasomewhile all other derivatives were less
potent and exhibited uM inhibition constants . We thus sought to prio ritize the
chlorohydrin , epimer, and ketone analogues, as well asthe previously untested

cyclohexenone derivatives, for CPAF inhibition .
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3.3 Isolation of salinosporamide A from the marine bacterium
Salinisporatropica

To begin constructing semisynthetic salinosporamide derivatives , the isolation of
salinosporamide A from Salinisporatropicawas first required to serve as the shrting
material in semisynthetic reactions. Extensive optimizations of S. tropicamedia
conditions have beenpreviously performed to maximize isolated yield s of
salinosporamide A. When the Salinisporagenus was first discovered from marine
sediments, seawater wasidentified asan essentid component of the culture media, as
replacement with deionized water abrogated growth .172173Shortly the reafter, several
publications by Potts and Lam reported enhancement of sdinosporamide A production
when S. tropicawas grown in media containing commercially available synthetic sea salt
Instant Ocean.t7#176 One draw back of media containing Instant Ocean isthe undefined
chemical compositi on of the synthetic salt mixture ,177 which introdu ceslot to lot
variability and thus inconsistent reproducibility of salinosporamide A production. T o
overcome this issue, Tseurg and Lam published m ultiple salt formulations with defined
chemical compositions,178179with their top media formulation resulting in ayield of 279
mg salinosporamide A per L production cultu re.1®\We sought to employ the se
optimized S. tropicamedia 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 -M S78 Salinosporamide A could then be purified from extracts

by column chromatography and RP-HPLC (Figure 30AtC).
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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. trogcaproduction cultures. (B)
S. tropicaseedand production cultures are bri ght orange. Presence of the orange color
was correlated with 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 H20).

To this end, S. tropicawas first cultured in the reported media with defined salt
formulation 1.178 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 clusterregulation and compound production, differences from reported yields are

common.18218tMimicking the native environment of the producing organism in a
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laboratory setting can be challenging, and slight changes in environmen tal conditions
canintroduce 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
variablesinclud 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 | 178 or Instant Ocean) and
nitrogen sources (Hy Soy or peptone). Although Hy Soy and salt formulation | were
included in the optimized media condition s reported by Tsueng and Lam, incorporati on
of thesecomponents, either alone or in combin ation, failed to result in salinosporamide
A production (Table 3, Methods 1t 3). In contrast, salinosporamide A was isolated
exclusively from cultures grown in media containing both peptone and Instant Ocean.
When S. tropicawas 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 theisolated
yield of salinosporamide A .15° Similarly, we observed increasedyield s when sodium
propionate was added to productio n cultures containing peptone and Instant Ocean

(Table 3, Methods 5, & 10).
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Table 3. Optimization of sali nosporamide A production:

media components and culture ¢ ondit ions.

vetog Pobsae st seedoutwre TR POREI BRECRTET  epionate Y
source compositiona | (days) Il (days) (days) additi on (mg/mL) (mg/L)
1 Hy Soy Formulation | 3 2 6 1 0 0
2 Hy Soy Instant Ocean 3 2 6 1 0 0
3 Peptone Formulation | 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 | 4 2 4 2 1 0
7 Hy Soy Formulation | 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 | (reported by Tseung and co-wor kers)!78and Instant Oceant’” are given in Chapter 3.7.2.
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During our media s creen, we observed that siccessfulisolation of
salinosporamide A from peptone and Inst ant Ocean-containing media was consistently
associated with a bright orange oolor in the S. tropicacultu re (Figure 30B).18 As a result,
lengths of incubation for seed and production cultures and time of resin addition were
sdected based on the color of the culture. Once a seed cultureturned bright oran ge
(typically after 3t4 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 Although Tsueng and Lam reported that addition of resin after 24 h ours was the
optimal time for enhanced salinosporamide production ,17>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, 8 10). Production cultures
were grown until the broth was dark orange, at which time the resin was purple.
Combining the optimized media form ulation and growth schedule result ed in a yield of
62 mg/L (Table 3, Method 10), providing a supply of salinosporamide A to employ in
CPAF inhibition analyses.

Unfortunately, despite the development of an optimized S. tropicagrowth
protocol in our laboratory , long-term, consistent production of salinosporamide A
proved difficult . Many S. tropicaculture s failed to turn orange, and as a result no
salinosporamide A was produced . Many of the previously 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 indicate a need to control variables
beyond media composition and culture time, as factors such ashumidity, oxygenation,
and temperature can also contribute to microbial growth and natural product
production .184 Alternatively, b ecause specificcues in the aquatic microenvironment may
be critical for regulation of the salinosporamide biosynthetic gene cluster, recapitul ation
of the native bacterial community of S. tropicamay be necessary. This strategy has seen
recent succesdor other S. ropicanatural products , asseveral biosynthetic gene clusters
have been activated upon co-cultur e with marine heterotro phst# and phototrophs .18
While future 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 wasselectedfor this experiment. In this assayplatform , cleavage ofvimentin -

basedsubstrate peptide Abz-VRLRSSVPGVY(3NO2)-NH 2 (peptide 3) by CPAF relieves
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intramol ecular quenching of the Abz fluorophore by Y(3-NO2), resulting in an increase
in fluores cenceemission monitored at 420 nm (Figure 31A).118 To asemble 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, asdescribed 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 .87
Following E E E B U b O O wi@ptide!B yegidual CRAF activity was assessedthrough
fluorescence measurements acquired evey 15 secords. A decrease in CPAFactivity with
increasing salinosporamide A concentration was observed (Figure 31B), validat ing that
salinosporamide A isolated from S. tropicainhibits CPAF peptide hydrolysis . However,
low solubility in the aqueous assay buffer precluded the use of salinogporamide A
concentrations above 1 mM and subsequent calculation of an absolute 1Cso. Optimization
will be required to extend the concentration range and reach maximum inhibition of
CPAF. Nonetheless, this result confirms that the sdinosporamides possessuntapped
potential as aclass of CPAF inhibitors and lays the groundwork for future inhibition

analysesupon accessingderivatives.
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Figure 31 Salinosporamide A inhibits CPAF peptide hydrol ysis in the continuous
fluorescence assay. (A) Upon cleavage of the vimentin -based substrate peptide by
CPAF, the quenching of Abz by Y(3-NO3?) is alleviated, enabling fluorescence emission at
420 nmto be detected.(B) For the CPAF inhibition assay, enzyme reactions were
conducted with 25 nM CPAF, following pre-incubation with salinosporamide A (1 nMt1
mM) for 30 min, and initiated by addition of 100 uM substrate peptide 3. Initial rate s of
fluorescence emissionat each salinosporamide A concentration are shown relative to
that of CPAF treated with 85%DMSO in H 20, 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 assessmentof 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 .18 Each docking experiment was performed with in the
AutoDoc kTools platf orm, whic h implement s a graphical user interface for widespread
accessibility.’8* The program usesa Lamarckian genetic algorithm, which incorporates
concepts from genetics and e/olution to determine aligandz ideal bindin g mode.1%
Briefly, a ligand z ?genotype? is its conformation with respect to it s macromolecular
binding partner, and its ?phenotype? is its atomic coordinates.1*! For each ?genotype,?
AutoDockTools calculates the binding affinity , which is then used to select new
Poffspring 2 (docking poses) according to the current poseg ?fitness? to evolve low
energy conformations. Bindin g affinities are catulated using an empirical free energy
force field, which incorporates experimentally determined binding constants for a pre-
established set of protein-ligand complexes into the scoring function .19

Two pools of salinosporamide derivatives were chosen for computational
analysis with the A utoDock suite: semisynthetically accessible derivatives that
demonstrated reduced activity against the 20Sproteasome 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) 7¢to test the bound
conformation of the enzyme. Prior to docking with a salinosporamide of interest ,
omuralide was re moved 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 aswell 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 selectal. 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).

0
NH R
+ cl— e 50 tested binding scores
¥ 0770 conformations (kcal/mol)
salinosporamide
derivative
PDB 3DPM
semisynthetic derivatives divergently accessible derivatives
CHs
o]
- CHy
;\‘\ } OH . CHy
R= ™ et = A R,= whoow o O
0 cl ©
CH3
HO.. A % HC CHy HCHs
s i wl, Mo CHy wal, i #CH:

Figure 32 A library of s alino sporamide deriva tives functionalize d at C5 was
evaluated by molecular docking with the AutoDock suite 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), ¢
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 semisynthesig47.1600r
divergent syn thesis.16°

Upon employing this workflow f or the semisynthetic library, all docked
semisynthetic derivatives were predicted to bind CPAF with very similar binding
energies (-6.63to -6.08kcal/mol) and Ki values (13.83 34.96uM) (Table 4).
Salinosporamide A itself had one of the most potent binding affinities p redicted (22.46
KM), with semisynthetic mod ifications generally reducing potency (Figure 33A).
Derivatives of the C5 hydroxyl group, as in NPI-2076 and NPF2062, werepredicted to
be lessefficacious 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 secondcyclohexenone derivative, which exhibited a predicted bin ding energy
of -6.63 kcd/mol and Ki of 13.83uM. NPI-2167 will therefore be prioritized in future
semisynthetic derivatization efforts. The differential potencies of the cyclohexene
derived compounds impl y that functionalization of the ring system can tune affinity for
CPAF. Asa 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 Ki values of semisynthetic salinosporamide
derivatives from docking in the CPAF activ e site.

Binding energy

N tructur Ki (UM
ame Structure (kcal/mol) (kM)
o]
salinosporamide A W/ -6.34 22.46
Cl HsC Y (;OH
(o]
NPI-2076 NH -6.11 33.38
Cl HBC"‘O DOH
o]
NPI-2062 WH -6.08 34.96
b Ag
Cl
0 HO
NPI-2064 NH -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) NP1-2064 and (C) NPI-2167.

The divergently accessible derivatives had much wider range s of predi cted
binding energies (-7.19to -5.17 kcal/md) and Ki values (5.34 163.4/ uM) 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
derivatives 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 SatD2, 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 SatD4, which both contain phenyl ring s at C5but 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 -6.2kcal/mol, while SalD4, which has an additional 2 methyl substituents on
the C5phenyl ring , had a predicted binding energy of -6.51 kcal/mol . Thus, the addition
of steric bulk yielded a stronger binder. Becauseof previous progress toward the
synthesis of branched analogues®® docking SatD3 and Sal-D6 into the CPAF active site
was of particular interest. These two compounds afforded interesting results, as the C5
rin g systems were predicted to bind outside of the hydrophobic po cket, while the
double bondswere positioned in the pocket instead (Figure 34C). Despite this
unanticipated conform ation, SatD3 was predicted to bind with relatively high affin ity (-
6.54 kcal/md). 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 aspotentially impro ved CPAF inhibitors.

Table 5. Predicted binding energies and Ki values of diverg ently accessible
salinosporamide de rivatives from docking in the CPAF active site.

Bindin g energy

Name Structure Ki (UM
(kcal/mol) (M)
o]
salinosporamide X4 NH -6.2 28.74
Cl—HsC Y ;OH
o]
SatD1 NH ] -7.19 5.34
cl H3C‘.O (;OH
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SalD2

SalD3

SalD4

Sd-D5

Sal-D6

SalD7

SatD8

-6.9

-6.54

-6.51

-6.46

-6.29

-5.71

-5.17

8.76

16.17

16.98

18.31

24.64

65.4

163.47
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salinosporamide X4 Sal-Dé

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) SatD1, and (C) SalD6.

Collectiv ely, the docking results for both semisynthetic and divergently
accessible arivatives validated the hypothesis that derivatization a t C5 modulates
binding affinity , asstructur al changesat C5 corresponded to substantial impacts on
predicted binding energies. 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,

id entification 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 cydohexenone NPI-2167and bicyclic derivative Sal-D1 can be
accessedn the futur e through semisynth esisor divergent synthesis, respectively,

providing opportunities for improved CPAF inhibitors regardless of which approach to
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derivatization proves more efficient. These resuts 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

Beausethe salinosporamides are established inhibitors of the 20S proteasome
whi ch is essential for host cellular processes,a challenge in developing salinosporamide
derivatives as antichlamydia | agents will be reducing their activity against the 20S
proteasome.ldentificat 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 concernswith selectivity, we identified another potential tar get of
salinosporamides that could introduce a roadblock to antichlamydial applications of
these compoundst the immuno proteasome the proteasomez imm unity -associated
isoform.

Upon exposure to elevated cytokine levels during immune responses, three of
the catalytic subunits of the 20Sproteasome (¢ O w ¢ | QarerépBaeadviith three
inducible subunits of the immunoproteasome (LMP2, MECL-1, and LMP?7), altering the
function of the proteasome on enzymatic and cellular levels (Figure 35A).192194 The
constitutive proteasome subunits ¢ hd,@and ¢ koerform characteristic caspaselike,

trypsin -like and chymotrypsin -like activities, respectively, for cleavage after acidic,
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basic, and hydrophobic residues. 15 While MECL-1 and LMP7 perform the same types of
proteolytic activity as their constitutive counter parts $2 E O E wigMP2 and ¢ thave
different mechanisms .19 Constitutive subunit ¢ loleaves substratesusing caspaselike
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 becausethe major histocompatibility complex class! (MHC -1)
restricted pathway of antigen presentation favors peptides with hydrophobic amino
acids at their C-termini .19219%Therefore, introduct ion of LMP 2, which cleaves its
substratesafter hydrophobic amino acids, to the proteasome has beenimplicated in
enhandng 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.1??

Theseconnections between the immunoproteasome and the adaptive immune
responsemake 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
diseaseapplications ,19819indicating that even salinosporamides lacking 20S proteasome
activity may need to be screened g@ainst the immuno proteasomefor a thorough
evaluation of selectivity. However, chlamydial infectionsand CPAF specfically have

been demonstrated tointerrupt the host immune response, making altered
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immunoprot easomeproduction and activity during chlamydial infection a distinct
possibility . The impact of chlamydial 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 CPAFwe sought to conduct an immunoblotting
analysis of C. trachonatis-infected A2EN endocervical epithelial cell lysates. Specifically,
we elected to detect the immun oproteasome subunit LMP2 because of 1)the subunitzs
functional significance in the host immune response’% and 2) the enhanced potency of
salinosporamide A against the chymotrypsin -li ke activity of th e constitutive
proteasome.2 To this end, A2EN cells were infected at a multiplicity of infection (MOI)
of 1.0 with the CPAF-deficient strain of C. trachomatigjenerated by Snavely and co-
workers (RST17)and a CPAF-sufficient, co-isogenic strain containing the same single
nucleotide variants as RST17(RST5) to compareLMP2 levels between the two
infection s.” Uninfected A2EN cells were treated with sucrose-phosphate-glutamate
(SPQ buffer (C. trachanatisstorage buffer) as a negtive control and 200 UmL IFNwas a
positive control , as IFN@induces immunoproteasome production .20t 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 35B8). LMP2

levels were quantified by pixel density and normaliz ed to actin (Figure 35C).
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Asexpected, IFNwtreatment resulted in a 240%increase in LMP2 levels relative
to SPGbuffer treatment. However, chlamydial infection s had much smaller effects. A
24%decrease inLMP2 levels was observed upon infection with the RST5 strain of C.
traclomats 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 quantities of LMP2. This result reveals that removal of CPAF activity
restores LMP2 content and suggests a potential connection between CPAF andthe
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 comparisons 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 -positive strains of C. trachomatis . (A) When
exposed to elevated cytokine levels during an immune resp onse, threesubunits of the
constitutive 20S proteasome ae exchanged for the LMP2, MECL-1, and LMP7 subunits
of the immunop roteasome. (B) Lysates of uninfected, IFNwtreated, RST5infected, and

RST1%infected A2EN cells were analyzed by immunaoblotting for presen ce ofthe
immunoproteasome subunit LMP2, with actin monitored as a loading control. (C)

Quantification reveals that IFN tr-treated A2EN cells had approxim ately double the

LMP2 content of all other samples, while RST5infected A2EN cells had slightly less

LMP2 than RST1%infected or uninfected A2EN cells. Bands were quantified by pixel

density using ImageJ®2and 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 aclassof small molecule CPAF inhibitors.

Salinosporamide A was isolated from cultures of native producer S. tropicaand
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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 prevous SAR studies47.203providing leads that
may afford selectivity for CPAF over the 20S proteasome. Tining 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 asselective CPAF inhibitors, the first step will be to
develop a more high-throughput method to generate andogu es 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 mgof salinosporamide A per liter of S. tropicaprodu 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.
Another option to increaseyields is to culture S. tropicain 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, undersmring the
feasibility of growing the bacterium on a large scale!’® 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 latestage aldehyde intermedi ate could present challengesin
regard to time and resources aslinear syntheses are subgct 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 beutilized to accessanalogues in a more efficient manner.

If neither of the aforementioned strategies are success$ul, several other
approachesare available. M utasynthesis with a genetically modified strain of S. tropica
has been succedsllly 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 production of other natural products such as gentamicin B2%41n
conclusion, despite the challenges in accesing 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 interesf CPAF, the
constitutive 20S proteasome, and the immunoproteasomd to assess potency and
selectivity . CPAF inhibition will be evaluated using the continuous fluorescence assay as
described for salinosporamide A. Previously reported assaysto determine constitutive
proteasomeand immunopro teasane inhibition will also be performed .205.206

Once alead compound is id entified, the CPAF inhibito r will also be analyzedin
vivo in collaboration with the Duke Regional Biocontainment Laboratory. Dr. Gregory
Sempowski and coworkers have estabished anintravaginal muri ne model of
chlamydial infection by infecting female C57BI6 micewith Chlamydia muridarum(Nigg
CMO001). In this model, infection monitoring is conducted via immunofluorescence
microscopy and quantitative polymerase chain reaction (QPCR) of the major outer
membrane protein (M OMP) of the chlamydial inclusion. The host immune responseis
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 . BecauseCPAF is known to disrupt several elements of the

host immune response, we hypot hesize that CPAF inhibition could r estore theseaspects
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of immunity . While a disadvantage of this mouse model is infection by C. muridarum

rather than the human pathogen C. trachomatiswe anticipate that results obtained using

this model organism would be representative across speciesThe sequence of CPAF is

heavily conserved across the genusChlamydia(Figure 36), and the CPAF homologs from

C. trachomatiand C. muridarumexhibit remarkable structural homolo gy (Figure 37A).
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Figure 36. Sequence alignment of CPA F homologs from selected species of the genus
Chlamydia . FASTA sequences were fethed from UniProt for each CPAF homolog 27
aligned with ClustalOmega ,2°¢ and visualiz ed with JalView .2°° Catalytic residues as
identifie d in Chapter 2 are indicated with red stars and are conserved across all species
shown. UniProt accessionnumbers: Chlamydia abortu$Q5L5D2), Chlamydiaavium
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(W8JR90) Chlamydia aviae(Q822D8),Chlamydia fels (Q255J5) Chlamydiagallinacean
(AOA173DY38), Chlamydiaibidis (S7TKK63),Chlamydiamuridarum (Q9PL60), Chlamydia
pecoum (V8TQP7), Chlamydia pnemoniae(Q9Z6P3), Chlamydia psittac(A0OA2D2D9U2),
Chlamydia suigA0A1T4J207),Chlamydia trachomatiserovar A (AOAOH2X3A9 ), Chlamyda
trachomatisserovar D (084866),and Chlamydia trachomatiserovar L2 (AOA654L5P1).

To explore the potential of ultimately expanding our analysis of
salinosporamidesinto the C. muridarum murin e infection model, the C. muridarum CPAF
homolog was recombinantly expressed in BL2L(DES3) E. coliand purified using the
previously described combination of nickel affinity chromatography and size exclusion
chromatography . The protease was evaluatedfor 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 cleavesthe vimentin -based peptide
(Figure 37B). This shared substrate is a promising indicator that these homologs possess
similar activity and 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 dire ction 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 Chlamydia muridarum . (A)
Structural alignment of CPA F homologs from Chlamydiatrachomatisand Chlamydia
muridarum reveals significant homology of the full proteins and overlay of the four
catalytic residues. C. trachomatisCPAF shown is the crystal structure of the mature

enzyme (PDB 3DOR, blue), andC. muridarumCPAF shown is a homology model
constructed using SWISS-MODEL #*°with the template PDB 3DOR (cyan). (B) The CPAF
homolog from C. muridarumwas recombinantly expressed, purifie d, and evaluated in
the continuous fluorescence assay. An increase in RFU over time exclusively in the
presence of enzyme andsubstrate indicates that C. muridarum CPAF successfully cleaves
the vimentin -based subdrate peptide.

3.7 Methods
3.7.1 General methods and materials

All reagents were purc hasal from Millipore Sigma, Fisher Scientific, VWR, or
Alfa Aesar unless otherwise noted and were used without further purification. A I
solvents were ACS grade or better. Flash ctromatography was condu cted using
ultrapure silica gel (230t400 mesh, 60 A) pirchased from Bonna-Agela Technologies as
the stationary phase. Thin layer chromatography was performed with glass -backed
silica gel (60 A) plates purchased from EMD Millipore and visualized with 254 nm UV

light and ceric ammonium molybdate stain (CAM) unl essotherwise noted. All 1H NMR
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spectra wererecorded using a 400 MHz Varian NMR spectrophotometer and coupling
constants arereported in units of hertz (Hz). M ALDI-TOF mass spectometry was
performed on either a Bruker Aut oflex Speed LRF MALDI-TOF Systemor 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 Finstrument. Preparatory RP-HPLC was performed on
a Waters gystem 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. tropicagrowth consisted of 8 g L of glucose, 6 g L of
peptone (BD) or Hy Soy, 6 g L't of yeast extract (Affymetrix), and 30 g L - of Instant
Oceansea salt (Instant Ocea)'?7 or salt formulation | described by Tseung and co-
wor kers in deionized water. 78 Instant Ocean is acommercially avail able salt mixture
containing 50t 55% NaCl, 3@ 32% MgClz, 7 10%NaSO:, 2t 4% CaCk, 2t 4% KCI, 0.1 1%
Na2COs, and 0.00%0.010% HBOs.17” Salt formulation | (seed medium) contains final
concentrations of 0.41 M NacCl, 17.4 mM MgSO#&H-0, 9.3 mM KCI, 4.3mM CaCOs, 2.9

mM CaCl2#H-0, 0.72 mM KBr, 0.35 mM HBOs, N Ww 4 , 8" G- E %OWE Q& wy
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CoCl6H20.178 The production medium consisted of 10 g L of potato starch

(Affymetrix) , 4 g L of peptone or Hy Soy, 4 g L* of yeastextract, 1 g L of CaCQOs, 0.04g

Lt of Fex(SQOs)s, 01 g L1 of KBr, and 30 g L of Instant Ocean or salt formulation |

described by Tseungand co-worke rs in deionized water. Salt formul ation | (production

culture) contains 0.41 M NacCl, 9.3 mM KClI, 2.9 mM CaCl2£2H-0, 0.35 mMHsBO:O wN Ww4 , w
SICLOwt | w4 ,ndi0. 2% 0 w'E g6HLD.178 The productio n medium was also

supplemented with sodium propiona te for a final concentration of 1 mg/mL. 160

Optimization of media ¢ omponents is summarized in Table 3.

3.7.2.2 Culture conditions

A frozen stock culture of S.tropicastrain NPS021184 (ATCC) was transferred toa
flask containing 100 mL of seed medium and incubated at 28°C at 250 rpm on a rotary
shaker for 3t 4 days until a bright orange color was observed. A 5 mL aliquot of seed
culture was transferred to a flask 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 (2¢5 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 afinal 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 2¢ 3 days. Optimiza tion of culture conditions is

summarized in Table 3.

3.7.3 Extraction and purification of salinosporamide A

Amberlite resin was filtered from the cult ure using 100 mesh stainless stel
(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. Theresidu e was purified nearly to completion by
column chromatography (30% EtOAc/hexanes). This was bllowed 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 andthe follow ing gradient elution: 0%
B to 1 min, 0t 30%B to 8 min, 30t 40% B to 19 min, 40t 70% B to 27 min, 70% B to 36 min,
70t 0% B to 37 min (Solvent A: 0.1% TFA in Hz20; Solvent B:90% MeCN, 0.06% TFA in
H20). Purity was confirmed by analy tical HPLC with absorbance monitored at 210 nm
and an isocratic elution (30% MeCN, 0.06% TFA in HO). Rf = 0.18 (30% EtOAc/hexanes).
1H NMR (400 MHz, DMSO-d6A& 6 wy wN & hul 8.0, WY, 5A43 0k (G, WH), 5.54

(t, J = 8.2, 1H), 3.963.85 (m, 2H), 3.68 (t, J = 8.AH), 2.66 (t, J = 7.2, 1H), 2.28 (m, 1H),
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2.08 1.95 (m, 2H),1.84 1.81 (m, 2H), 1.7 (s, 3H), 1.4% 1.37 (m, 2H), 1.261.21 (m, 2H).

HRMS (ESI) calcd. for [M+H]* C1sH 21CINO 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. trachomatisand C.
muridarum and solid phase peptide synthesis and purification by RP-HPLC were
performed as describedin Chapter 2.6.3.1'8 Continuous fluorescencequenching CPAF
activity assas were conducted at room temperature in a buffer containing 50 mM Tris
(pH 7.5), 150 mM NaCl,and 5 mM DTT with 25 nM CPAF and 100uM peptide 3.
Reactions were initiated by the addition of substrate, and the plate was immediatel y
read at a kinetic interval of 15s 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 erswas applied 3¢ as described previously .12

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 NacCl . This buffer was used to prepare

stock solutions of puri fied CPAF (27.78nM) and peptide 3 (2 mM Abz-VRLRSSVPGV
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3NT). For ICso experiments, a stock solution of 10 mM salinosporamide A was prepared

in 85% DMSO in Hz0 and dilut ed to obtain 10 mM, 2mM, 1 mM, | Y Y wauhuyY Y ws , OQwl Y w
4, OYwsy, OQwl wsy, QOwhiwy , OQwl YY wl,. ToedoydgsighateOweli®E wl Y wo,
ablack 96wellplate PEUWEEET EwNY ws + wOil wOT T w"/ %wUUOEOwWUOC
a salinosporamide stock solution was added to each CPAF-containing well (all

conditions plated in triplicate). The plate was allowed to incubate at room temperature
for20t300DOUUT Ud w( 001 EPEUI QawEIlI I OUI wUl EEPOT wOT 1 wx ¢
added to eachwell. Final assay concentrations were 25 nM CPAF E O E w hu Yp¥ptide 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. ICso curves were fitted using GraphPad Prism with a nonlinear

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 analyseswere conducted using the AutoDo ck suite (version

4.2)18 pasedon the protocol described by Forli and co-worke rs.2t
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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 ¢ onversion
to a PDB file. Each SMLES filewas 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 annot#ed 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 Is. 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 dfinity maps. To create each grid parameter file, the PDBQT files for
CPAF and a salinosporamide derivative were selected, and a threedimensional 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.
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To createthe final docking parameter fil e,the enzyme and ligand PDBQT files
were sdected 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 asthe 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 ¢ 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 Kivalue (uM) 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. 12

3.7.6 Mammalian and chlamydial cell culture

Homo sapien8&2EN endocetrvical epithelial cellswere cultured in keratinocyte -
SFM medium ( Gibco) supplemented with 10% heat-inactivated fetal bovine serum (FBS,
Millipore Sigma) at 37 °C and 5% CQ. C. trachomatid.2 (strain 434/Bu) stocks (WT,
RST5, and RS17fwere prepared in SPGbuffer (0.25 M sucrose, 10 mM sodium
phosphate, 5 mM L-glutamic acid; pH 7) as described previously,?2and 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 nto
6-well plates at 3 x 10°cells per well and grown at 37 °C and 5% CQ:to near confluence.
The cells were then infected with RST5 or RST17 seed that had been stocein 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) IFNw (ThermoFisher) to induce
immunoproteasome expression.2! Infections were synchronized by centrifugation at 900
x g for 60 min. At 48 hpi, cells were washed with PBS and harvested byscraping in a
solution of 8 M urea and 50 mM ammonium bicarbonate (1.5 mL total per plate). Lysates
were clarified at 12,000 pm for 10 minutes. Supernatants were reserved ar flash frozen
with liquid nitrogen u ntil use in immunoblotting.

Protein content in each lysate sample was cetermined by Bradford assay!“2and
30 ug of each lysate sample was analyzed by SDSPAGE and subsequent immunobilot.
Western blot analysis was conducted using an anti-LMP2 primary antibody (Abcam) at
1:1,000 in 5% milk in TBST 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 b-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
TBST were used. Bands were quantified by pixel density using ImageJ,?2and 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. trachomatigpossessedimited metabolic
capabilities, yet its genome ercodesthe futalosine pathway for menaquinone
biosynth esis. Because he futalosine pathway is absent in humans and commensal
bacteria, the biosynthetic enzymes have promise asnarrow spectrum target s, butthe
role of chlamydial menaquinone biosynthesis in chlamyd ial infection hasyet 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 identified menaquinone-7
(MK -7) as a chlamydial quinone by tandem mass spectrometry, confirming that the
futalosine pathway is functional in C. trachomatisWe subsequently challengedC.
trachomatisinfected HelLa cells with inhibitors of the futalosine pathway identified
previously in other organisms and fo und that (42,72,10Z,137,16Z,19Z)docosa
4,7,10,13,16,1:exaenoate (DHA) treatment reduces chlamydial inclusion number,
inclusion size, and infectious progeny. The effect of DHA on i nclusion number was
rescuedby 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. trachomatighat merits
further investigation in the development of new antichlamydial agents. 119
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This chapter has been reproduced in partwith permission from the manuscript
by Dudiak, B. M.; Nguyen, T. M. N.; Needham, D.; McCafferty, D . G. ?Investigation of
the futalosine pathway for menaquinone biosynthesis as a novel target in the inhibition
of Chlamydia trachomatimfection.? To be submittg We anticipate that this work will be

submitt ed for publication in Fall 2021.

4.1 Background

As an obligate intracellular pathogen, C. trachomatigelies extensively on host-
derived nutrients for survival. C. trachomatidias a minimal genome of approximately
900protein -encoding genes?’ leaving the pathogen with limited metabolic capabilit ies.%
Based on the presere of two ATP transporters,s8 C. trachomatisvas 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 1), succinate dehydrogenase (Sdh, complex
II), cytochrome bdoxidase (CydAB, complex V), and a V-type ATPase (conplex V) in
2018 byLiang and colleaguesrevealed that C. trachomatisan generate ATP and may
have a more active energy metabolism than previously appreciated .1

For an electrontransport 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 thefull
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suite of genes required for production of the electron carrier menaquinone .11°C.
trachomatisharbors 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 is distinguished by enzymes
performing extensive radical chemistry .11t

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 MgnA
(CT427). Radical SAM enzyme MgnE (CT767)adds an adenosyl radical to produce 6-
amino-6-deoxyfutalosine, the characteristic inter mediate of the pathway .24 MgnB
(CT263), ab5emethylthioadenosine nucleosidase (MTAN) homolog, hydrolyzes the
glycosidic bond of 6-amino-6-deoxyfutalosine to yield dehypoxanthine futalosine.13
MgnC (CT426)employs a radical mechanism to generate cyclic dehypoxanthine
futalosine ,25and MgnD (CT262)catalyzes a ring-opening sequenceto yield 5,8
dihydroxy -2-naphthoic acid.226 While homologs of the first five steps of the pathway
have beenmechanistically 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 MgnP (CT219)for preny lation 27 MgnL (CT085/MgnM
(CT220) for decarboxylation, and MgnK (CT428)for methylation. Pathway product

menaquinone can be subsegently employed for electron transport .
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Figure 38. Potential biosynthetic routes to menaquinone -7 in C. trachomatis . Nine
geneshave beenassociated 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.’*” The final steps from 1,4-dihydroxy -6-naphthoic acid to menaquinone-7
(identified in this work) could occur through several possible orders: (A) condensation
with heptaprenyl pyrophosphate by the prenyltransferase MgnP, followed by
decarboxylation by the UbiX/UbiD -like decarboxylase/flavin prenyltransferase pair
MgnL/MgnM, and finally methylation by the SAM -dependent methyltransferase MgnK;
(B) decarboxylation by MgnL/MgnM, then prenylation by MgnP, and lastly methylation
by MgnK; (C) prenylation and d ecarboxylation could occur in a single step catalyzed by
MgnP (as occursin the traditional menaquinone biosynthesi s pathway),2:8followed by
methylation by MgnK.

Despite the discovery of genes encoding futalosine pathway homologs,
menagquinone biosynthesis by C. trachomatisias not been confirmed to date. However,
genomic evidence has beencomplemented by transcriptomic and biochemical analyses
which cumulatively suggestthe futalosine pathway may be fun ctional in C. traclomatis
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.2:2 Significantly , all
futalosine pathway genes are ranscribed by 16 hpi (Figure 39A). Not only does this
result suggestthe 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.10¢
Functional validation of one of the futalosine pathway genes,ct263 was performed by
Barta and colleagues.!t3 Although gene product CT263 posses&sminimal sequence
similarity to any proteins outside of Chlamydia computational modelin g suggested
potential nucleosidaseactivity . Subsequentstructural ( Figure 39B) and biochemical

analysescharacterized the enzyme as a 6amino -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, these
transcriptional and biochemical studies imply that the futalosine pathway may be active
in C. trachomatisbut chlamydial menaquinone biosynthesis hasremained relatively

unexplored to date.
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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.
trachomatidutalosine pathway genesoccurs by 16 hpi. Transcript copy humb ers were

reported by Belland et al.,2**and the heat map was generated wi th the open-source

Mor pheus program (Broad Institute) . (B) C. trachomatigutalosine pathway enzyme

CT263was crystallized in complex with the canonical MTAN substr ate 5
methylthio adenosine (PDB 4QAT).113 (C) A substrate scope analysis revealed that CT263
hydroly zes 6amino-6-deoxyfutalosine, thus acting as MgnB, 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 suchchlamydial respiratory chain
function is crucial for survival. 196107Djsrupting the biosynthesis o f menaquinone,
another key player in the electron transport chain, could therefore result in similar
detrimental effects on chlamydial in fection. The chlamydial futalosine pathway enzymes
also have promise as potential narrow spectrum targets. The futalosine pathway has
only been identified in a small group of bacteria and is not present in humans or
commensal bacterial’®Humans utilize ubiqu inone, a different electron catrrier, in the
mitochondrial electron transport chai n,'** while commensal bacteria that produce
menaquinone exclusively possess the classicabiosynthetic pathway. 220

The futalosine pathway may also have therapeutic signifi cancebecause of a
connection to the persistent phase of the chlamydial life cycle. Persistert C. trachomatis
poses a sigrificant threat to the successful treatment of chlamydial infections becauseit
is less susceptible tothe current standards of care2 The development of antichlamydial
therapeutics with efficacy against persistent C. trachomatiss therefore an urgent need.
One of the conditions that indu ces chlamydial persistence is deprivation of host-
produced tryptophan. 2 In response, C. trachomatifdopts 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.??! Inter estingly, t he amino acid
sequences of the futalosne pathway enzymes have strikingly low tryptophan content,
suggesting that menaquinone biosynthesis islikely retained in the persistent state 213
While experimental confirmation of the connection between the futalosine pathway and
persistenceis necessary the futalosine pathway enzymes hold potential as much-needed
anti-persistence targets.

Despite the promise of targeting the futalosine pathway as an antichlamydial
strategy, the effects of disrupting menaquinone biosynthesis in C. trachomatidhave yet to
be elucidated. We hypothesized that due to the importance of the respiratory chain in C.
trachomatisand the critical role of an electron carrier in electron transport, menaguinone
biosynthesis may be essential for a furctional respiratory chain and significant for
chlamydial viabi lity . As such, wesought to identify the product of the futalosine
pathway in C.trachomatisand 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. trachomatidias not been
confirmed , we sought to detect a chlamydial menaquinone speciesby 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 HelLa cell sample was included as a negative control, as
the H. sapiengervical cells are canonical chlamydial host cells?22and do not possess the
futalosine pathway. Chlamydial and uninfected HeLa cell samples were subjectedto
hexaneisopropanol extractions?23to isolate isoprenoid quinones.?? Because bacerial
menagquinones havevarying polyisoprenyl side chains ,22we employed an LC-MS/MS
precursor ion scan for the 2-methyl -1,4-naphthoquinone product ion (m/z 187.0) 226to
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, calalated
[M+H] +=649.5; observed [M+NH]*=666.3, calculated [M+NH:]*=666.5)(Figure 40A, 40B).
MK -7 extracted from C. trachomatidrad the same retention time as a commercally
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. trachomatisind
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 HelLa cell extracts as well as
an MK-7 standard. (Bt C) The mass specta 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. trachomatiswe sought to determine the
impact of its inhibition on ch lamydial infection . A small group of futalosine pathway
inhibitors have been discovered previously, including compounds identified through
forward 227230 gnd reversezt.232chemical genetic approaches.A majority of these
inhibitors were identified in a disk diffusion screen developed by Tanaka and
colleagues,??”where each compound inhibited the growth of a futalosine pathway -
containing bacterium ( Bacillus haloduran€-125 or Kitasatospora setd@Vl -6054), but not
classical menaquinone biosynthesis pathway-containing strain Bacillus subtilisH17
(Figure 41).227228\Mechanistic characterizations of futalosine pathway enzymes have also
afforded the development of inhibitors for specific pathway enzymes, with small
molecule inhibitors designed for MgnE 232233and MqgnB231.234to 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. 22 However, none of the futalosine

pathway inhibitors have been tested for antichlamydial acti vity to date.
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Bacillus disk diffusion screen for
discovery of futalosine pathway inhibitors
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Figure 41 A variety of futalosine pathway inhibitors have been previously identifie d
using a Bacill us disk diffusion screen . (A) Tanaka and colleagues designed aBacillus
disk diffusion experiment wherein a molecule targeting the futalosine pathway would
inhibit the growth of the futalosine pathway -containing B. haloduransC-125, but not the

traditional pathway -containing B. subtilis??” 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 1,228

tetramic acid antibiotics tirandamycin A and B,?2°boron-containing macrodiolides
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aplasmomycin and boromy cin,?® branched fatty acids 12-methyltetradecanoic acid and
13-methyl tetradecanoic acid 27 and poly unsaturated fatty acids docosahexaenoic acid
and eicosapentaenoic acid?28
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Figure 42. Inhibitors have been desi gned to target MgnE 232233and M gnB, 231.234the
second and thir d steps of the futalosine pathway .

A structurally diverse subset of futalosine pathway inhibitors was selectedto
evaluate againstC. trachomatisimmucillin analogue BuT -DADMe -ImmA, #5lasso
peptide siamycin |, 228 and fatty acids 12-methyltetradecanoic acid??’ and
docosahexaenoic acid PHA ) (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 an MTAN transition state analogue and therefore an inhibitor of
MqgnB.235 The remaining three inhibitors were identified in the Bacllus disk diffusion
screen, andtheir 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 MgnP 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 | has been
recently characterized as a binder of the peptidoglycan biosynthesis intermediate lipid
I, which contains an undecaprenyl pyrophosphor yl motif; 3¢ therefore, given its
structural similarity to lipid I, itis likely that siamycin | i nteracts with the MgnP
substrate heptaprenyl pyrophosphate.

To ted 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. trachomatisat an MOI of 0.5, then
treated with each inhibitor (125 pM) 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. trachomatiscell entry is a well-

established barrier to the efficacy of antichlamydial therapeutics. 2° Furthermore,
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difficulties with cellular uptake have been previo usly demonstrated for siamycin | 3¢ and
immucillin -type transition state analogues such as BUFDADMe -ImmA. 237.238

Despite these permeability challenges, the decrease in inclusion number caused
by treatment of C. trachomatisinfected HeLa cells with 125 uM 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) -
2,5diphenyl tetrazolium bromid e (MTT) assaywas performed to evaluate HelLa cell
viability over a range of DHA concentrations.2®® Notably, the viability of HeLa cells was
not compromised at the previously tested DHA concentrations , maintaining >85%

viability at 200 uM 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. trachomatisn this study : BuT-DADMe -Imma, 12-methyltetradecanoic acid,

siamycin |, and DHA . (B) C. trachomatisgnfected HeLa cells were treated with inhibitors
to characterize their effects oninclusion 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 |; 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
4 M. 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 toxicity, we sought to expand our analysis of the antichlamydial effects of DHA to
multiple characteristics of chlamydial infection. C. trachomatianfected HelLa cells were
challenged with a concentration gradient of DHA, and the effects of treatment on
inclusion number, inclusion size, and infectious progeny were determined. These three
parameters were selectedto 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 assaywas employed to
guantify both inclusion number and size, as he cellomics platform measures inclusion
area in addition to counting inclusions. After C. trachomatisnfected HelLa cells were
treated with DHA for 40 hpi, a concentration-dependent reduction in inclusion
formation was observed, including 83.0% inhibition at 125 uM DHA ( Figure 44A, 44B).
In contrast, although DHA treatment caused a 28.0% reduction in inclusion number at
the lowest tested concentration (31.3 uM), inclusion size was exclusiely affected at 125
MM, with a 40.6% decrease relative to vehicle control observed fFigure 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.24

To measure the generation of infectious progeny, C. trachomatisnfected HelLa
cells were harvested after treatment with DHA for 40 hpi , and the infection debris were
used to infect fresh monolayers of HelLa cells. A titer assay was performed with the
automated immunofluorescence platform to count recoverable inclusion-forming units
(IFUs) from each isolated sample242243The 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 uM 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 imagesof C. trachomatisnfected HelLa cells treated
with each DHA concentration and vehicle control from the inclusion number
experiment are shown. Scale bars epresent 504m. (Bt D) [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 hiological replicates + s.e.m.). Significance was
determinedby RM- - . 5 whbPUT w3 UOI az Uwx O onpari€susingU U wi OUw
JMP 244where **** = p < 0.0001, *** = p < 0.001, ** = p < 0.01, ard p < 0.05.
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