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Abstract: Anaerobic choline metabolism by human gut microbiota to
produce trimethylamine (TMA) has recently evolved as a potential
therapeutic target because of its association with chronic kidney
disease and increased cardiovascular risks. Limited examples of
choline analogs have been reported as inhibitors of bacterial enzyme
choline TMA-lyase (CutC), a key enzyme regulating choline anaerobic
metabolism. We utilized a new workflow to discover CutC inhibitors
based on focused screening of a diversified library of small molecules
for intestinal metabolic stability followed by in vitro CutC inhibitory
assay. This workflow identified a histidine-based scaffold, (compound
5), as a CutC inhibitor with an ICspvalue of 1.9 + 0.2 pM. Remarkably,
compound 5 was able to reduce the production of TMA in whole cell
assays using various bacterial strains as well as in complex gut
microbiota environment. The improved efficiency of the new scaffold
identified in this study in comparison to previously reported CutC
inhibitors would enable optimization of potential leads for in vivo
screening and clinical translation. Finally, docking studies and
molecular dynamic simulations were used to predict putative
interactions created between inhibitor and CutC.

Gut microbiota is a complex community of trillions of
microorganisms in human gastrointestinal system that plays key
roles in food digestion, regulation of intestinal mucosal barriers,
and nutrients metabolism.[-®1 Multiple lines of evidence have
recently demonstrated the association between alterations in gut
microbiota and different disorders such as cardiovascular
diseases as well as chronic kidney disease (CKD).*7] Generation
of trimethylamine N-oxide (TMAQ) by gut microbiota from various
precursors such as choline, glycine betaine, phosphatidylcholine,
and carnitine is an established pathway for the progression of
atherosclerosis and CKD. Elevated TMAO levels in animal
models have been directly linked with accelerated
atherosclerosis.*% Additionally, increased TMAO levels has been
associated with type 2 diabetes, fatty liver disease, and CKD.*
13]

Choline is considered the major source for the production of
TMAO by gut microbiota.’¥ Anaerobic choline metabolism
represents a source of carbon and energy for human gut bacteria.
The metabolic pathway starts with the cleavage of C-N bond in
choline by choline trimethylamine (TMA)-lyase (CutC) expressed
in gut microbes to produce TMA and acetaldehyde (Figure 1a).l'5!

Subsequently, TMA is oxidized to TMAO by flavin-dependent
monooxygenase 3 (FMO3) in human liver (Figure 1a).'®! These
metabolic events in gut microbiota and liver are identified as
potential therapeutic targets for cardiovascular diseases and CKD
in order to inhibit the production of TMAO.*"8 For example,
targeting hepatic FMO3 with antisense oligonucleotides reduced
TMAO levels as well as atherosclerosis in mice models.™!
Accumulation of TMA and hepatic inflammation are common side
effects for blocking FMOS3 activity, thus, targeting TMA-lyase has
evolved as a more promising approach to reduce TMAO levels.*
21]

In vitro characterization of the catalytic activity of CutC and
substrate specificity using homology modeling and mutagenesis
experiments enabled research efforts to develop CutC
inhibitors.?? The choline utilization (cut) gene cluster, identified in
human gut isolates, encodes the glycyl radical enzyme CutC as
well as its activating protein, CutD, and mediates anaerobic
metabolism of choline.['>2223 |t is proposed that CutC functions
via a glycyl radical mechanism that starts with hydrogen
abstraction from a cysteine residue (Cys489) producing a thienyl
radical intermediate which triggers the interaction with
choline.t522

The first CutC inhibitor (1 in Figure 1b), 3,3-dimethyl-1-butanol
(DMB), was designed as a structural analogue of choline by
replacing its nitrogen atom with a carbon atom.l”l Non-lethal
inhibition of TMA production was exerted by DMB in cultured
microbes. Moreover, oral administration of DMB reduced TMAO
levels in mice with access to a high choline diet.*”] However,
evaluation of the CutC inhibitory activity of DMB in vitro and in
bacterial cell culture revealed poor CutC inhibitory profile.4
These findings suggests that in vivo reduction in TMA production
might be attributed to the interaction of DMB with alternative
targets. Hazen and coworkers further reported iodomethylcholine
(IMC, 2 in Figure 1b) as a choline analogue with a demonstrated
ability to reduce TMAO production in vivo.!'8 Recently, betaine
aldehyde (3 in Figure 1b) has been reported as CutC inhibitor with
weak to moderate inhibitory activity (half maximal inhibitory
concentration (ICsp) value of 26 uM.?4l A cocrystal structure of 3
with CutC (PDB ID: 5FAU) revealed that the interaction is
mediated through a covalent thiohemiacetal linkage.?* A cyclic
analogue of choline (4 in Figure 1b) has displayed ~10-folds



improvement in in vitro CutC inhibitory activity in comparison to
3.291 However, the evaluation of the ability of 4 to inhibit the
conversion of choline to TMA ex vivo revealed half maximal
effective concentration (ECso) value of 60 uM.?% These findings
limits the potential of 4 as a lead for further structural optimization
to develop CutC inhibitors. Unlike therapeutics with established
ability to manipulate gut microbiota (e.g. antibiotics and
prebiotics), small molecules hold promise as potential gut
microbiota-targeted therapeutics with limited alteration to multiple
gut microbial activities.? Thus, there is an unmet need to identify
leads as small-molecule CutC inhibitors that possess in vitro and
ex vivo CutC inhibitory activity.
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Figure 1. (a) Two-step metabolic pathway for choline by CutC and FMO3. (b)
Chemical structures of CutC inhibitors.

The impact of gut microbiota on the metabolic stability of drugs
has been recognized as a critical factor controlling their
therapeutic outcome.?%27 Intestinal metabolism significantly
contributes to drug bioavailability and pharmacokinetics.?82!
Therefore, intestinal metabolic stability of leads as gut microbiota-
targeted small molecules is a key requirement for their in vivo
efficacy and clinical translation. Herein, we develop a workflow for
the identification of competitive inhibitors of CutC that
demonstrate intestinal metabolic stability.

The workflow adapted in this study is shown in Figure 2. A small
focused library (285 compounds) of commercially available small
molecules that maintain the basic chemical skeleton of a neutral
analog of choline was established. The recent superior CutC
inhibitory activity of a cyclic and neutral choline analogue 4 over
previously charged choline analogues 2 and 3 has directed our
efforts to this scaffold for selection of compounds.?3 The focused
library was subjected to in vitro metabolic screening using mixed
gender human intestinal S9 fraction. The compounds were tested
at a final concentration of 33 pM which is in agreement with the
estimated drug concentration in human gastrointestinal tract. %
The percentage of intact parent compound upon incubation with
intestinal ~ S9 fraction was  determined using  Liquid
Chromatography-Mass Spectrometry (LC-MS) analysis. Eight
compounds 5-12 (Figure 3) indicated ~90% intestinal metabolic
stability (i.e. 90% intact compound) as revealed by LC-MS
analysis after 2 hours incubation (Table S1, Supporting
Information). Additional screening for CutC in vitro inhibitory
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activity of compounds 5-12 identified compound 5 (Figure 3) as
an inhibitor of CutC.
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Figure 2. A schematic illustration of the workflow used in this study to identify
CutC inhibitors with in vitro intestinal metabolic stability.

Figure 3. Chemical structures of compounds 5-12.

Compounds 5-12 were initially screened for their ability to
inhibit anaerobic choline metabolism by the cut gene cluster-
containing human gut isolate Escherichia coli (E. coli) MS 200-1
using compound 4 as a positive control. The screening was
performed in a five-dose format for each tested compound by
supplementing the bacterial culture with de-choline as a substrate
for the investigated metabolic pathway. Production of do-TMA was
next assessed using Liquid Chromatography-Mass Spectrometry
(LC-MS). As shown in Table 1, compound 5 exhibited an ECs
value of 4.3 £ 0.9 uM in the whole cell assay (in comparison to
ECso value of 12 + 1.8 uM for 4). Uptake studies using E. coli MS
200-1 (Figure S1, Supporting Information) revealed no impact of



compound 5 on the bacterial uptake of different choline
concentrations (0-200 pM). Thus, direct interference of
compound 5 with choline-metabolizing enzymes rather than
altering choline uptake is likely to mediate the inhibitory effect of
compound 5 on TMA production. Compounds 6 and 7 exhibited
weak to moderate inhibitory activity on anerobic choline
metabolism. Additionally, compounds 8-12 poorly inhibited
choline metabolism in the whole cell assay (Table 1).

Table 1. Evaluation of the activity of compounds 5-12 in whole cell assay and
in vitro CutC assay.

Compound ECso against ICs0 against
E. coli MS 200-1 CutC (uM)
(uM)
4 12+1.8 41+0.3
5 43+0.9 1.9+£0.2
6 180 + 15 79+ 4.7
7 280 + 39 >500
8 >1000 >500
9 >1000 >500
10 >1000 >500
11 >1000 >500
12 >1000 >500

In vitro CutC inhibitory assay was performed for compound 5 in
order to verify that reduction in TMA production by 5 in the whole
cell assay is associated to direct CutC inhibition. Wild-type CutC
from Desulfovibrio desulfuricans strain G20 was expressed and
purified as previously described.?? The in vitro assay is based on
coupling the activity of CutC to the reduction of acetaldehyde by
NADH-dependent yeast alcohol dehydrogenase (YADH). Dose-
dependent screening of compound 5 revealed an ICso value of
1.9 £ 0.2 uM (Table 1 and Figure 4) in comparison to I1Cs value
of 4.1+ 0.3 uM for 4. Therefore, inhibition of CutC is demonstrated
as working mechanism for the ability of compound 5 to reduce
TMA production in whole cell assay. Additionally, compound 6
featured weak in vitro inhibition of CutC with ICso value of 79 + 4.7
pM. In consistence with whole cell assays, compounds 8-12 didn’t
inhibit CutC activity in vitro.
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Figure 4. Dose-response curves of compound 5 in CutC in vitro inhibition assay.
Error bars represent standard deviation (n = 3).
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To further investigate CutC inhibitory profile of compound 5, a
kinetic study for CutC activity was performed. Various
concentrations of choline, CutC substrate, were subjected to the
enzymatic reaction catalyzed by CutC in the presence and
absence ofcompound 5. Michaelis—Menten plot of the reaction
velocity against substrate concentration revealed that Vmax,
maximum rate for enzymatic reaction, was unchanged in the
absence and the presence of 6 uM of compound 5 (Figure 5).
However, Michaelis constant (Ky) remarkably increased from 395
uM to 1626 uM in the presence of 6 uM ofcompound 5 . These
findings are in consistence with the profiles of competitive
inhibitors of enzyme activities according to Michaelis—Menten
equation.B! Therefore, we propose that compound 5 functions as
a competitive inhibitor of CutC in the biochemical screening and
whole cell assay.
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Figure 5. Michaelis-Menten plot of the reaction velocity against various
concentrations of choline in the absence and presence of compound 5 (6 pM).
Error bars represent standard deviation (n = 3).

Based on the kinetic results as a competitive inhibitor,
compound 5 is expected to bind in the same pocket as choline ion.
Nevertheless, the pattern of interactions for compound 5 within
the active site is not so evident. As shown in Figure 6, substrate
and inhibitor are significantly different, not only due to their size
but importantly because of the charge distribution. Fragment of
compound 5, that mimics to some extent the structure of choline,
is modified by introduction of a carboxyl group in the place of
alcohol hence generating a strong H-bond acceptor. Moreover,
one of the three methyl groups originally attached to ethanolamine
is substituted by a hydrogen atom. Removal of steric hindrance
by the introduction of hydrogen atom ensures better access to the
positively charged nitrogen. Generally, four possible acceptors
and two donors of hydrogen bond can be identified in compound
5 in its zwiterrionic form. Modified ethanolamine group, similar as
in choline ion, can create attractive interactions with negatively
charged moieties. However, in compound 5, this group can
additionally serve as a hydrogen bond donor, unlike in the
substrate.
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Figure 6. Map of electrostatic potential generated by choline ion (on the top)
and zwitterionic form of compound 5 (on the bottom) obtained based on the
distribution of ChelpGI*? charges computed for optimized structures of substrate
and inhibitor at M06-2X13334/6-31+(d,p) level of theory in continuum water model
(CPCM)B¥538l ysing Gaussian 09.5%9

Therefore, it is expected that compound 5 creates a pattern of
interactions with the active site different from the substrate. To
identify the interactions between the proposed inhibitor and CutC,
classical molecular dynamic (MD) simulations were employed
(see Supporting Information for details). Two different conformers
of CutC were used in computational studies. The first one (closed-
CutC) represented by the crystallographic structure of the protein
from Desulfovibrio alaskensis G20 (PDB ID 5fau),® corresponds
to the conformer with the active site pocket completely closed and
perfectly fitted to the bound choline ion. The second structure
(open-CutC) was obtained by homology modelling done using
SwissModel“%44 with ‘choline-free form’ of CutC from Klebsiella
pneumoniae as a template (PDB ID 5a0z).%! This substrate-free
form of the protein is believed to possess a tunnel to the outside
that could allow for the access of large molecules to the active
site. Therefore, this structure was used to build the model of the
protein in complex with an inhibitor. Indeed, the entrance to the
binding tunnel was found to be located between two a-helices
formed by 831-839 and 703-708 residues. The entrance gate is
almost double size in the open-(11.2 A) in comparison to the
closed-CutC (6.5 A) conformation. Analysis of the structures
revealed that open and closed conformation can be achieved due
to the presence of the highly flexible backbone of C-terminus, as
shown in Supporting Information.

The putative interactions between compound 5 and the active
site of CutC were determined based on the results obtained from
unbiased MD _simulations and, subsequently, they were
compared with those established for choline ion. Protein models
in complex with choline ion and compound 5 were neutralized and
placed in a box of water molecules. Then the system was
equilibrated at 37°C employing non-accelerated classical NVT
MD with AMBERM® force field as implemented in NAMDX7]
package (see Supporting Information). The validation of the
docked pose predicted for compound 5 was done by employing
five independent MD simulations of 10ns each at 37°C, starting
from different structures generated during equilibration process in
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different temperatures (27, 32, 37, 42 and 47°C). The key
interactions of the substrate and inhibitor with the active site
delivered from these studies are shown in Figure 7.
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Figure 7. Averaged favorable interaction energies (EF®c*4W) (electrostatic and
Lennard-Jones) for a. choline ion identified over 1000 structures from one
trajectory and b. compound 5 identified over 5000 structures delivered from five
independent non-accelerated classical MD simulations, respectively together
with the representative structures of the CutC active site with bound substrate
and inhibitor.

Compound 5 was found to create several favorable interactions
with residues located in the interior of the active site. Despite the
loss of electrostatic contact with Glu491 dictated by the presence
of the negatively charged carboxylic group in the inhibitor
structure, interactions with the remaining two key residues for
substrate binding i.e. Asp216 and Thr334 were kept. Thus, same
as in case of choline ion, Thr334 was found to be still involved in
attractive interaction with the positively charged nitrogen atom of
compound 5, but with remarkably lower interaction energy. On the
contrary, the main stabilizing interaction for compound 5 was now
provided by Asp216, the residue that is involved in the formation
of a hydrogen bond with the inhibitor, as a result of methyl group
substitution by a hydrogen atom in the ethanolamine group. The
presence of a strong hydrogen bond created between Asp216
and compound 5 was observed in 88% of all structures explored
during 50ns of MD simulations. Interestingly, the contribution of
stabilizing van der Waals interactions between Met336 and
inhibitor raised meaningfully compared to those created with
choline ion. Finally, compound 5 was found to create a possible
new contact with Ser503, but this interaction was not maintained
along MD simulations and was observed in only 31% of all
generated structures.

According to the results from CAVER3 Analyst,*® the volume
of the active site must dramatically increase, from ~145 A3 in
choline bound conformer to ~783 A% in CutC in complex with
compound 5, to provide sufficient space to bind a significantly
larger molecule. However, such big pocket was not detected in
the interior of the enzyme even in the case of ‘choline-free’ CutC
(~262 A3). Thus, the process of compound 5 binding in the active
site of CutC must be coupled with large structural rearrangement
of the enzyme. Hence, it would be expected that competitive
binding of choline and compound 5 is initialized in an earlier phase



i.e. in the recognition step, that should take place on the outer,
more accessible part of the protein. This hypothesis was
confirmed by blind docking studies, as described below.

The SwissDock™*5% server was used to identify a putative
binding site of compound 5 in open conformer of CutC (see
Supporting Information for details). The final location of the
binding pockets for compound 5 in CutC was chosen based on
the top score positions generated by SwissDock with highest
FullFitness and estimated binding free energy.

Three top-scored clusters (cluster 1, 2 and 3) characterized by
very similar values of FullFitness (with difference smaller than 1
kcal-mol?) indicated the existence of two possible binding pockets
for compound 5 in open-CutC. As expected, none of the predicted
binding pockets for this inhibitor was found in the active site, due
to its relatively small size (as commented above). Therefore,
binding pocket of cluster 1 and 2 is located in a very close
surrounding of flexible a-helix formed between 831 and 839
residues of C-terminus. These clusters show different binding
poses of compound 5, as presented in Figure 8, indicating that a
large size of the binding cavity and exposition to the water solvent
permits reorientation of the inhibitor in its interior. Based on
predicted values of energies, the rearrangement of the binding
pose is expected to be energetically inexpensive. This was
confirmed by MD simulations where very random contacts were
observed between compound 5 and residues from this particular
pocket (see Supporting Information for details). On the contrary,
in cluster 3, the binding pocket for compound 5 was localized in
the interior of the protein and close to the entrance to the binding
tunnel. In this binding mode two key interactions between Arg840
and Glu836 and compound 5 were identified. These were
maintained during MD simulations as shown in Supporting
Information.

Figure 8. Predicted binding pockets for compound 5 defined by cluster 1,2 and
3 in the open-CutC protein conformer generated by SwissDock software.

Interestingly, a meaningful difference was observed for
localization of binding pockets for choline ion in closed- and open-
CutC models (see Supporting Information). While in the closed
conformer the most favorable binding site and the interactions
between the ligand and the closest residues of the protein were
identical to that observed in the X-ray structure, in the open-CutC
the choline ion was bound distinctly far from the original position,
closer to the entrance to the binding tunnel. The difference in
location of binding pockets for substrate in both conformers
confirms our previous conclusion that enzyme must undergo
meaningful conformational changes before choline could reach
the active site. Moreover, and what is crucial, it was found that the
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binding pocket predicted for compound 5 in open-CutC (in cluster
3) overlaps with the location of the cavity occupied by choline ion
in the same protein conformer, although as expected compound
5 presents a distinctly different pattern of interactions (Supporting
Information).

Thus, results from docking studies suggest that compound 5 is
capable to block TMA production by two effects. First, the
allosteric role of compound 5 that is manifested by binding close
to flexible C-terminus that could result in a loss of its plasticity.
However, the results from MD simulations studies did not provide
any clue about specific interaction pattern between compound 5
and this particular binding pocket. Hence this scenario can be
guestionable. And second, the most probable, the inhibitor is
directly involved in blocking the access of choline ion to the
binding channel of CutC and, therefore, as experimentally
observed decreasing the possibility of substrate binding. Finally,
once compound 5 enters the active site of CutC, it is capable to
establish several interactions that can favor its binding. In all, our
computational results must be considered as a prediction since
no experimental data about binding modes for compound 5 are
available yet.

Variation in the reduction of TMA levels in different bacterial
strains by small molecules targeting TMA-lyase has been
reported.'” Therefore, the ability of compound 5 to impede the
transformation of choline to TMA has been investigated in
different bacterial strains, namely; Clostridium sporogenes,
Proteus mirabilis, Klebsiella sp. MS 92-3, and E. coli MS 200-1.
As shown in Figure 9, compound 5 was able to inhibit TMA
production in all tested bacterial strains. However, the reduction
in TMA levels from Proteus mirabilis was less pronounced in
comparison to other bacterial strains. A similar attenuation in the
ability to inhibit TMA production by CutC inhibitors in Proteus
mirabilis has been previously demonstrated.?®! Finally, we
evaluated the ability of compound 5 to inhibit the conversion of
choline to TMA in human fecal suspension in order to examine its
efficacy in complex environment. Compund 5 demonstrated ECso
value of 29 * 3.4 uM in the inhibition of TMA production from
human fecal suspension in comparison to ECs value of 88 + 9.2
uM for 4. These findings hold promise for compound 5 as a
potential lead for in vivo studies and further optimization.
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Figure 9. Levels of do-TMA in Clostridium sporogenes, Proteus mirabilis,
Klebsiella sp. MS 92-3, and E. coli MS 200-1 in the absence (-) and presence
of (+) compound 5 (10 uM). Error bars represent standard deviation (n = 3). (°
p < 0.05; ™ p < 0.005 relative to untreated control).

In summary, we have identified a histidine-based inhibitor,
compound 5 , that inhibits anaerobic metabolism of choline and
consequently the production of TMA in whole cell assay. The new
scaffold inhibits CutC with an ICso value of 1.9 + 0.2 uM.
Remarkably, compound 5 demonstrated broad spectrum CutC
inhibition in various bacterial strains. Additionally, the efficacy of
compound 5 to inhibit CutC in complex environment (e.g. human
fecal suspension) was superior to previously reported CutC
inhibitors. We have utilized blind docking studies in order to
examine potential binding sites in CutC forcompound 5. These
findings as well as metabolic stability of compound 5 would further
enable the development of next generation of effective gut
microbiota-targeted small molecules based on this scaffold as
potential therapeutics for cardiovascular diseases and CKD.

Experimental Section

See the Supporting Information for experimental details and
further biochemical data.
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Inhibition of microbial choline trimethylamine(TMA)-lyase: We identified a novel scaffold that can inhibit trimethylamine (TMA)
lyase expressed by human gut bacteria with an ICsg value of 1.9 + 0.2 uM. The reported inhibitor displayed universal inhibition of
TMA lyase in multiple bacterial strains and maintained the inhibitory activity in complex biological environment.



