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Clostridioides difficile infection (CDI): an Urgent
Threat with Limited Narrow-spectrum Antibiotics

New Drug Development is
urgently needed
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www.cdc.gov/DrugResistance

CDC. Antibiotic Resistance Threats in the United States, 2019. Atlanta, GA: U.S. Department of Health and Human Services, CDC; 2019.
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Ibezapolstat (IBZ; ACX362E) B2 ( D

* Deoxyguanosine triphosphate (dGTP) analog i N/’J
* Small-molecule competitive inhibitor of the i’L [ )
PolC-type DNA Polymerase Il (PolC) g
* PolC is essential for replication of low G+C
genome Gram-positive bacteria (Bacillota)
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https://www.nature.com/articles/d43747-021-00149-0

The PolC-type DNA Polymerase III (PolC) 1s the
catalytic subunit of the Bacillota Replisome
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polC 1s found 1n
Bacillota,

not Proteobacteria,
Bacteroidetes or
Actinobacteria
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IBZ Clinical update

* Phase 1, Healthy Volunteer: Completed

* IBZ 450 mg twice daily chosen for phase 2 studies
* Garey et al. J Antimicrob Chemother 2020

* *Microbiome evaluations predicted an anti-recurrence effects due narrower than expected spectrum of activity
* *McPherson et al. Antimicrob Agents Chemother 2022

* Phase 2a (n=10): Completed

* *10 of 10 patients experienced clinical cure with no recurrence.

* Narrower than expected spectrum of activity also observed
* *Garey et al. Clin Infect Dis 2022

* Phase 2b: Completed
e IBZ 450 mg twice daily vs. vancomycin 125 mg PO four times daily
« ClinicalTrials.gov ldentifier: NCT04247542
« See poster being presented at lunch today

*In phase I/l studies, an IBZ selective spectrum of activity to certain Bacillota



Lachnospiraceae, Ruminococcaceae and Erysipelotrichaceae
increased 1n CDI patients treated with Ibezapolstat (IBZ)
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Garey KW, McPherson J, Dinh AQ, et al. Clinical Infectious Diseases. 2022.



IBZ-mediated Increases in Specific Sub-taxa
of Commensal Bacillota Confirmed by gPCR

Bacteroides
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Specific Aims

The global aim of my project is to determine the narrower than
expected spectrum of IBZ

* Determine the structure, binding pocket and drug-binding residues of
the C. difficile PolC-IBZ complex
* Cryogenic-electron microscopy (cryo-EM): Work in progress

* |n silico prediction: Presenting today
* PolC Phylogenetics
* In silico binding prediction



In silico Methods

* PolC sequence relatedness: mmSeqs2 MSA, Neighbor-joining, and
Jukes-Cantor

* 3D protein structure prediction: AlphaFold2 (ColabFold)

* Cavity-detection blind drug docking: CB-Dock?2: CurPocket,
AutoDock-Vina

* Homology modeling: CLC Genomics (Qiagen), Maestro
(Schrodinger), UCSF ChimeraX



Sequence Relatedness of the PolC does

not predict IBZ susceptibilit

P

olC Clade 3: Eubacteriales, Erysipelotrichales

Erysipelotrichaceae/Coprobacillaceae

Thomasclavelia ramosa (formerly £. ramosum)
IBZ Non-susceptible (MIC >128 pg/mL)

Lachnospiraceae
Blautia coccoides (formerly C. coccoides)
IBZ Non-susceptible (MIC >128 pg/mL)

Peptostreptococcaceae
Clostridioides difficile
IBZ Susceptible (MIC <2 pg/mL)

Clostridiaceae
Clostridium butyricum
IBZ Susceptible (MIC 1 - 4 pg/mL)

Staphylococcaceae
Staphylococcus aureus
IBZ Susceptible (MIC 2 - 8 pg/mL)

PolC Clade 1: Bacillales (*and Oscillospiraceae)

Bacillaceae
Bacillus subtilis
IBZ Susceptible (MIC 0.25 - 1 ug/mL)

Oscillospiraceae
(Ruminococceaeae)

Clostridium leptum
Pending susceptibility

Definition of in vitro Susceptibility: IBZ
Susceptible = MIC < 8 ug/mL; IBZ Non-
Susceptible = MIC = 16 pg/mL

o.

Pending susceptibility

Lactobacillaceae
Lactobacillus acidophilus
Pending susceptibility

Enterococcaceae
Enterococcus faecalis
Enterococcus faecium

IBZ Susceptible (MIC 4 pg/mL)




IBZ selectivity 1s likely related to unique
binding residues present in select Bacillota taxa

Fig. 3a) Overview of in silico chemistry Fig. 3b) Protein Structure Prediction using

AlphaFold2 Homology Modeling

Fig. 3c) Drug-binding residue detection
using CB-Dock?2, AutoDock-Vina, and PLIP
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PolC may have (3) 'de-sensitizer residues”:

Two lysine "hooks" [CdiPolCK"™#*¥137] present in C. difficile that may bind the IBZ 3,4-
dichlorophenyl are not conserved in B. coccoides, C. leptum, and 7. ramosa, and may
contribute to non-susceptibility. Additionally, CdiPolC™**! that may bind the IBZ 2-
methylamino is conserved across most representative species of Bacillota families except
for 8. coccoides, C. leptum, and T. ramosa.

PolC may have (1) 'enhancer residue”:
CdiPolC'#*" that may bind the IBZ 7-morpholinoethyl is instead an aliphatic valine or
isoleucine across most representative Bacillota species, except for C. difficile and 7. ramosa.

pending

S Bacillaceae, BSuPoIC “ n il "

AF2_CdPolC_ADV_|BZ



In silico (predicted) IBZ drug-binding residues are conserved
across most Firmicutes except Lachnospiraceae,
Ruminococcaceae, Erysipelotrichaceae

Site of Bacillus
subtilis HPUra
resistant mutant
(azp-12) in the
catalytic pocket

A

CB-Dock2 [CurPocket + AutoDock-Vina] of IBZ to AF2-CdiPolC
Jumper J, Evans R, Pritzel A, et al. Nature. 2021 13

Eberhardt J, Santos-Martins D, Tillack AF, Forli S. Journal of Chemical Information and Modeling. 2021 Liu'Y, Yang X, Gan J, Chen' S, Xiao ZX, Cao Y. Nucleic Acids Res. 2022



caipoic1148 cdirolc 1291 cdiroic 13371 ~
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Bacillus subltilis subsp. subtilis NCIB 3610 = ATCC 6051 =DSM 10 GTREN

Lachnospiraceae: Blautia coccoides, [Clostridium] scindens
Ruminococcaceae: [Clostridium] leptum
Erysipelotrichaceae: Thomasclavelia ramosa

CB-Dock2 [CurPocket + AutoDock-Vina] of IBZ to AF2-CdiPolC
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My hypotheses after in silico studies

1. The C. difficile PolC catalytic pocket contains a ‘sensitizer residue’
(CdiPolC™129Y)that increases the relative potency of IBZ towards C.
difficile

2. Lachnospiraceae, Oscillospiraceae, and Erysipelotrichaceae PolC

catalytic pockets contain ‘de-sensitizer residues’ (CdiPolCYYs!148
CdiPolCYs1327 CdiPolC™1331) that confer IBZ non-susceptibility



Conclusions

* Using in silico modeling, we were able to predict the narrower than
expected spectrum of activity of IBZ

* Sensitizer and de-sensitizer residues were identified
* MIC work to date has helped confirm these predictions
* Cryo-EM work to validate this work ongoing
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Comparative Structural Biology to determine the
Gram-positive selective spectrum activity of PolC
inhibitors

CryoEM of the
C
Peptostreptococcaeae ?
Bacillaceae ?
Lactobacillaceae ?
Lachnospiraceae ?
Ruminococcaceae ?
Erysipelotrichaceae ?
q—
o0)
X

Cao X, Boyaci H, Chen J, Bao Y, Landick R, Campbell EA. Nature. 2022



Enzyme Kinetics of Inhibition
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Structural Biology of PolC Pharmacology

* In collaboration with the University of Texas McGovern School of
Medicine cryo-EM core facility

Stay tuned




Clostridioides difficile 1s a Gram-positive Bacillota
pathobiont that leads to antibiotic-associated diarrhea,
pseudomembranous colitis, colectomy and death

=
Health care

Animals

Stomach
Elimination of vegetative cells

Spore
o®eo

Smits, W., Lyras, D., Lacy, D. et al. Nat Rev Dis Primers (2016)



Oral Antibiotics Damage the
Human Gut Microbiome

Urgent threat
Clostridioides difficile

Carbapenem-resistant
Enterobacteriales

Serious threat

ESBL-producing Enterobacteriales

Vancomycin-resistant Enterococcus

Drug-resistant Campylobacter,
Salmonella and Shigella

-4 b

I
I
Bacteroidetes Firmicutes i Actinobacteria Proteobacteria Verrucomicrobia

Fishbein, Mahmud, & Dantas, Nat Rev Microbiol (2023). 22



The PolC-type DNA Polymerase I1I (PolC) 1s the
catalytic subunit of the Firmicute Replisome

ANCs, AUs, guanine inhibitors, SSB-PPI Fluoroguinolones,
adenosine analoguesfl | non-nucleobase inhibitors inhibitors NBTIs

1 1 L 1 1

ligase catalytic subunit of processivity SSB gyrase
DNA polymerase clamp protein topoisomerase IV

Griselimycins

‘Ancient DnaE Hypothesis’
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van Eijk, E., Wittekoek, B., Kuijper, E. J., & Smits, W. K. Journal of Antimicrobial Chemotherapy (2017). Koonin EV, Bork P. Trends Biochem Sci 1996 23



Ibezapolstat (IBZ) 1s a dGTP-mimetic inhibitor of

the C. difficile PolC
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https://www.sciencedirect.com/science/article/pii/B9780123919090500062

C. difficile PolC and DnaN beta sliding-clamp
expression and purification

POL C=162,307 Da

162.3kDa

» (-) = Uninduced
Sample,
(+) = Induced sample

» The expression
level of POL Cis
evident

Pre-SEC Gel

Project : DNA Polymerase III-POL rification

POL C= 162 kDa

-Zli0 Method: StrepTrap XT 1ml column, RUN 1

. e i il k . * :

S| » Single peak, fractions from A2-B7
= » Did Nanodrop and Gel run

Post-SEC peak, Superdex 200 pg

)
~

» 4 PEAKS, peak of concern 1% -
% Ran two Gel, 1** Gel contained all sample fractions of 1* peak

» 270 Gel contains all fractions from 2 peak,

and 3 sample fractions from 37 and 4% peak

#POOLED 19 Fractions , A8- A12, B1-B12, C1 and C2 =19 ml

POL C 162 kDa
Pure

Beta subunit 41kDa
+ 75kDa Dimer ==

-
l + 10F +1/10t \ -

75kDa
—>
41kDa —
Pure

» 0.5ul, 1ul and 2ul are
protein amount

So, finally, the protein was
diluted, and established
concentration = 1 mg/ml

=23 tubes,
each having 100ul

-~



Inspiration from Fidaxomicin

@
& cuif ' i Commensal gut bacteria

@
CDI gut microbiome

Healthy microbiome

Cdiff recurrence

CryoEM of the FDX-bound Cdiff RNAP I

26
Cao X, Boyaci H, Chen J, Bao Y, Landick R, Campbell EA. Nature. 2022



Microbial Bile Salt Metabolism Suppresses
C. difficile Germination and Outgrowth

C. difficile C. difficile
(spore) (vegetative)

Germination ‘ Outgrowth
© u ' |

® |© ©

(for example, taurocholate, cholate) (e.g. chenodeoxycholate)

C. difficile

(vegetative)

A J

(for example, deoxycholate, lithocholate)

Amino acids

Liver

Conjugated primary , Unconjugated primary —» Unconjugated secondary
Bile acid | Conjugated secondary ~ Microbial bile ~ Unconjugated secondary ™~ Microbial
secretio salt hydrolases

dehydroxylases,
epimerases, etc.

]- X Antibiotics — 1

Proximal gut Distal gut

Schnizlein, M.K., Young, V.B. Nat Rev Gastroenterol Hepatol (2022)



Lachnospiraceae and Ruminococcaceae arc
the dominant Bacillota of the Large Intestine

Common regional taxa

Stomach

' Small intestine ' Large intestine
Helicobacter . Streptococcaceae . Bacteroidaceae
Streptococcus . Veillonellaceae . Lachnospiraceae
Prevotella

' Enterobacteriaceae ' Ruminococcaceae

Fundus

Antrum

Stomach | Duodenum | Jejunum | lleum

[} | |
' Caecum | Colon . Rectum

Bacterial load

PO, o
PH

Mucus type
and thickness

McCallum, G., Tropini, C. Nat Rev Microbiol (2023) 28



Lachnospiraceae (C. scindens) protects
against CDI via bile acid metabolism

Human Murine

Clostridium scindens (OTU 6)
Blautia hansenii (OTU 5) . :
Clostridium populeti (OTU 10) C. populeti  _C. scindens (OTU 6)
Clostridium vincentii (OTU 63) Interaction against  (OTU 10) o
Eubacterium contortum (OTU 14) C. difficile
Clostridium irregulare (OTU 13) ~0.60 o
Ruminococcus torques (OTU 19) _0.45 o o £ @il
Pseudoflavonifractor capillosus (OTU 32) _0'30 - avium
Clostridium clariflavum(OTU 33) ~0.15 o} (OTU 2)
Akkermansia muciniphila (OTU 20) -0.03 4 o
Lactobacillus reuteri (OTU 11) 0.03
Blautia hansenii (OTU 39) 0.15 o 0 o
Barnesiella intestihominis (OTU 9) 0.30 C. difficile
Turicibacter sanguinis (OTU 3) 0.45 o '} Secondary bile acid biosynthesis
Porphyramonas catoniae (OTU 17) 0.60 o gene family Primary bile salts
Klebsiella oxytoca (OTU 49) | 0.75 (o)
Enterococcus faecalis OTU8) | | 090 ¢ Bile-salt hydrolases 1
Anaerostipes caccae (OTU 53) 1.00 o 9 Bre s blle aclds
Lactobacillus johnsonii (OTU 1) o & _
Clostridium cadaveris (OTU 24) o e e Multi-step
Enterococcus avium (OTU 2) o P 7-dehydroxylation
Streptococcus thermophilus (OTU 7) _ Secondary bile acids
Glyceroltransferase F51 1

-1.0 -0.5 0.0 0.5
Spearman correlation (p)

Buffie, C., Bucci, V., Stein, R. et al. Nature (2015) 29



Targeting the Bacterial Replisome

Leading Pol Il core

A strand ——
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Lewis, Jacob S., et al Elife 6 (2017): e23932. 30



