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ABSTRACT

Recent studies revealed that some intestinal microorganisms anaerobically convert choline to trimethylamine
(TMA) by choline TMA-lyase (cutC). TMA is further oxidized to trimethylamine-N-oxide (TMAO), by the liver
enzyme flavin-dependent monooxygenase 3 (FMO3). TMA in the serum is correlated with the risk of cardio-
vascular disease and some other diseases in human. The objective of this study is to study the expression levels of
cutC and its activating enzyme (cutD) gene for these microorganisms and their association with TMA production.
In this study, we collected 20 TMA producing bacteria strains representing 20 species, and designed primers to
evaluate their gene expression levels by reverse transcription quantitative PCR (RT-qPCR). In addition, TMA
production was analyzed by UPLC-MS/MS. Results showed that gene expression levels of most individual strains
were different when compared with the gene expression level of their glyceraldehyde-3 phosphate dehydroge-
nase (GAPDH) gene and the TMA production level of gut bacteria may not correlate with their cutC/cutD gene
expression levels. Bioinformatic analysis of the CutC protein showed conserved choline binding site residues;
cutD showed conserved S-adenosylmethionine (SAM) and two CX2-CX2-CX3 motifs. The present study reports
that the TMA production level may not only depend on cutC/cutD gene expression. Other factors may need to be
investigated.

Abbriviations: cutC, choline TMA-lyase; cutD, choline TMA-lyase
activating enzyme; TMA, trimethylamine; TMAO, trimethylamine-N-
oxide; FMO3, flavin-dependent monooxygenase 3; UPLC, ultra-
performance liquid chromatography; SAM, S-adenosylmethionine;
CVD, cardiovascular disease; cut, choline utilization; GAPDH, Glycer-
aldehyde 3-phosphate dehydrogenase

1. Introduction

The human gut flora consists of more than 1000 microbial species,
which play major roles in metabolism, immune function, digestion,
bioactivation of nutrients and vitamins (Tremaroli and Backhed, 2012).
Some gut microbes can metabolize the dietary components such as
choline, phosphatidylcholine and carnitine and utilize them as growth

* Corresponding authors.

substances (Koeth et al., 2013; Tang et al., 2013; Wang et al., 2011;
Zeisel et al., 1989). Choline is one of the essential nutrients for many
biological activities in human life, such as cell membrane function,
methyl transfer events, and neurotransmission (Zeisel and da Costa,
2009). Intestinal microbes utilize choline as a carbon and energy source
which generates the metabolite trimethylamine (TMA). Previous studies
have shown that gut microbes anaerobically convert choline to trime-
thylamine and acetaldehyde, involving an initial C-N bond-cleavage
(Hayward and Stadtman, 1959; Koeth et al., 2013; Zhang et al., 1999)
in both animal models and humans. TMA produced by gut microbes
reaches the liver rapidly via the portal circulation, further oxidized to
odorless trimethylamine-N-oxide (TMAO) by the liver enzyme
flavin-dependent monooxygenase 3 (FMO3) (Baker and Chaykin, 1962;
Krueger and Williams, 2005; Shih et al., 2015). Dietary sources
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including red meat, fish, poultry and eggs are rich in choline (Zeisel and
da Costa, 2009). Various dietary precursors including choline, lecithin,
L- carnitine or TMAO (trimethylamine-N-oxide) are metabolized to TMA
by the gut microbiota (Koeth et al., 2013; Miller et al., 2014; Zhang
et al., 1999). In addition, reports also revealed that TMA generating gut
microbes and host metabolic interaction are linked to multiple human
diseases including atherosclerosis, cardiovascular disease (CVD),
inherited metabolic disorder including trimethylaminuria (fish-malodor
syndrome), nonalcoholic fatty liver disease (NAFLD), chronic kidney
diseases and colorectal cancer (Bae et al., 2014; Christodoulou, 2012;
Dumas et al., 2006; Mendelsohn and Larrick, 2013; Tang and Hazen,
2014; Tang et al., 2015, 2013, Wang et al., 2011).

Regarding the enzymes and genes for TMA production, studies with
the choline-degrading sulfate reducing bacterium Desulfovibrio desul-
furicans discovered the genes responsible for choline metabolism named
choline utilization (cut) gene cluster (Craciun and Balskus, 2012).
Transcriptional and biochemical analysis shows that the cut cluster
consists of 19 open reading frames (ORFs) i.e., cutC, cutD, eight putative
bacterial microcompartment (BMC) shell proteins (cutAEGKLNQR), two
predicted coenzyme A (CoA)-acylating aldehyde oxidoreductases (cutB
and cutF), a phosphotransacetylase (cutH), a putative chaperonin (cutl),
an alcohol dehydrogenase (cutO), and a Ras-like GTPase (cutS) (Marti-
nez-del Campo et al., 2015). Recent studies identified a novel micro-
compartment involved in choline metabolism (Herring et al., 2018;
Jameson et al., 2016). This cluster includes cutC (Choline TMA-Lyase
activ ity) homologous to glycyl radical enzyme (GRE); cutD which en-
codes a glycyl radical-activating protein. cutC and cutD are responsible
for the initial C — N bond cleavage of choline that generates TMA and
acetaldehyde (Craciun and Balskus, 2012; Craciun et al., 2014; Thibo-
deaux and van der Donk, 2012). Bioinformatics analysis revealed that
the cut cluster was widely and discontinuously distributed in many
human gut bacteria. The majority of the cutC gene containing strains are
gastrointestinal tract isolates, cutC is also found in strains isolated from
the urogenital tract, airways, and oral cavity; (Craciun and Balskus,
2012).

In this study we attempted to evaluate the gene expression level of
cutC and cutD and their TMA production potential for 20 TMA producing
strains belonging to 20 species of the major phyla found in the human
gut, Escherichia coli, Escherichia fergusonii, Proteus mirabilis, Klebsiella
pneumoniae subsp. pneumoniae, Providencia rettgeri, Providencia alcali-
faciens, Providencia rustigianii, Clostridium sporogenes, Clostridium tetani,
Klebsiella pneumoniae subsp. rhinoscleromatis, Klebsiella variicola, Klebsi-
ella oxytoca, Anaerococcus hydrogenalis, Anaerococcus vaginalis, Anaero-
coccus tetradius, Hungatella hathewayi, Vibrio furnissii, Olsenella uli,
Proteus penneri and Yokenella regensburgi. This study focuses on the cutC
and cutD gene expression in different TMA producing species and the
association of these gene expression levels with the TMA productivity of
these bacteria. For this study, since accurate enumeration of the cell
counts for each TMA bacteria strain is important to obtain the right
conclusion, we used the gene expression level of a house keeping gene, i.
e., Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) gene, for
comparison, which has been generally used for internal control, i.e., to
indicate the bacterial counts (Kozera and Rapacz, 2013). In addition,
since many intestinal factors such as microbial population, host geno-
type, diet composition and gut environmental factors etc., all may affect
the TMA production (Romano et al., 2015), this study was performed
under in vitro conditions to eliminate the effects from these factors. So
far, although TMA or TMAO production of different TMA producing
strains have been reported (Craciun and Balskus, 2012), the association
of cutC and cutD gene expression level with their TMA production level
remains unknown.
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2. Materials and methods
2.1. Bacterial strains and growth conditions

Bacterial strains used in this study were obtained from Deutsche
Sammlung von Mikroorganismen und Zellkulturen (DSMZ, Braunsch-
weig, Germany), American Type Culture Collection (ATCC, Manassas,
VA, USA) and Bioresource Collection and Research Center (BCRC,
Hsinchu, Taiwan). Species, strain numbers and sources as well as culture
media used for the growth of each bacteria strain were listed in Table 1.
All strains were maintained at —80 °C in 50% glycerol stock. 200 pL of
each frozen culture was inoculated into 3 mL of freshly prepared sterile
medium and incubated at 37 °C for 18 — 24 hrs. 200 pL of active broth
culture was re-inoculated into 5 mL sterile broth and incubated for 18 —
24 hrs at 37 °C for serial dilution, bacteria plate counting or DNA
preparation. Nutrient broth (NB) used in this study was purchased from
Difco™ (Becton, Dickinson and Company, Sparks, MD). Tryptic soy
broth (TSB) and agar were purchased from Acumedia (Neogen, Lansing,
ML, USA). Ten-fold serial dilutions of bacterial culture were made and
100 pL each of the dilutions were plated on agar plates (1.5% (w/v)) and
colony-forming units per mL (CFU/mL) were counted. Choline-chloride
(> 99%) was purchased from Sigma-Aldrich Chemie GmbH (Riedstrasse

33519; BCRC 80855

Table 1
List of bacterial strains used in the present study.
Strains Strain No.” Medium”  Source
Proteus mirabilis ATCC 7002; NB urine of patient
BCRC10725 with kidney
stones
Klebsiella pneumoniae ATCC 33495; BCRC NB human urinary
subsp. pneumoniae 10694 tract
Escherichia fergusonii ATCC 35469; BCRC NB feces of 1-year-
15582 old boy
Escherichia coli ATCC 43888; BCRC TSB human feces
15374
Clostridium sporogenes ATCC 7955; DSM TSB -
767; BCRC 10943
Clostridium tetani ATCC 19406; BCRC TSB -
80185
Providencia alcalifaciens ATCC 9886; DSM NB human feces
30120; BCRC 13995
Providencia rettgeri ATCC 31052; BCRC NB -
12624
Providencia rustigianii ATCC 33673; DSM NB human feces
4541; BCRC 13997
Anaerococcus DSM 7454; ATCC TSB human feces
hydrogenalis 49630; BCRC 80846
Anaerococcus vaginalis DSM 7457; ATCC TSB ovarian abscess
51170; BCRC 80848
Anaerococcus tetradius DSM 2951; ATCC TSB human vagina
35098; BCRC 80847
Hungatella hathewayi DSM 13479; BCRC TSB human feces
80852
Yokenella regensburgi DSM 5079; ATCC NB human wrist
35313; BCRC 80857 wound
Vibrio furnissii DSM 19622; ATCC NB human feces
35016; BCRC 80856
Olsenella uli DSM 7084; ATCC TSB human gingival
49627; BCRC 80854 crevice
Klebsiella pneumoniae ATCC 13884; DSM NB Nose of a patient,
subsp. rhinoscleromatis ~ 16231; BCRC 17593 Sumatra
Klebsiella variicola DSM 15968; ATCC NB -
BAA-830; BCRC
80853
Klebsiella oxytoca ATCC 29516; BCRC NB -
17136
Proteus penneri DSM 4544; ATCC NB urine

@ ATCC: American Type Culture Collection (Virginia); DSM: Deutsche
Sammlung von Mikroorganismen und Zellkulturen(Germany); BCRC: Bio-
resource Collection and Research Center (Taiwan).

b Nutrient broth (NB); Tryptone Soya Broth (TSB).
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2 D-89,555 Steinheim). dg — TMA (cat no. T795807) chemicals were
purchased from Toronto Research Chemicals (TRC, Ontario, Canada).

2.2. DNA extraction

Bacterial genomic DNA was prepared using the Viogene DNA/RNA
extraction Kit Miniprep System (Viogene Laboratories, Taipei, Taiwan)
according to manufacturer’s instructions with minor modifications.
Bacterial strains were grown in the appropriate medium under the
conditions as described earlier. 1 mL of broth culture (1 — 3 x 108 CFU/
mL) was centrifuged at 12,000 x g for 5 min. The cell pellet was washed
twice with 1 mL of sterilized distilled water, and pelleted (12,000 x g for
5 min). The pellet was resuspended in 170 pL double deionized water,
followed by addition of 30 pL lysozyme (2 mg/mL, Sigma). The mixture
was incubated at 37 °C for 5 - 6 hrs followed by adjusting the volume to
500 pL with Extraction buffer (Viogene) and 20 pL proteinase K (20 mg/
mL, Merck), and incubation at 60 °C for 18 hrs (or overnight). After
incubation at 70 °C for another 30 min, total DNA was precipitated with
90% ethanol and extracted according to the manufacturer’s manual
(Viogene DNA/RNA extraction Kit). Afterwards, genomic DNA was
eluted with 40 pL double deionized water and then stored at —20 °C
until further use. DNA quality was check by gel electrophoresis using a
1.5% agarose gel.

2.3. Primer design

Nucleotide sequences coding for cutC, cutD and GAPDH gene of the
TMA producing bacteria were retrieved from Genbank (http://www.
ncbi.nlm.nih.gov/nuccore/) and European nucleotide archive (http:
//www.ebi.ac.uk/ena) files under the Accession Numbers specified in
Table 2. Multiple sequence alignments were used for cutC and cutD gene
sequence comparison. Based on the homologous sequence, PCR primers
were designed using Primer3 (http://bioinfo.ut.ee/primer3-0.4.0/).

Current Research in Microbial Sciences 2 (2021) 100043

Specificity was checked using Primer- BLAST (http://www.ncbi.nlm.nih
.gov/ tools/primer-blast/). The sequences of the primers used and their
appropriate annealing temperatures are shown in Table 2. The 25 pL
final volume of the PCR mixture consisted of 200 pM of each deoxy-
nucleoside triphosphate (PRO tech Technology Enterprise Co., Ltd.,
Taipei, Taiwan), 1 X PCR Buffer (PRO tech Technology Ent. Co.), 0.2 pM
of each primer, 0.6 units of Prozyme (PRO tech Technology Ent. Co.) and
2 pL of each target DNA (150 — 200 ng). All PCR amplifications were
performed in an Applied Biosystems 2720 thermal cycler. The thermal
cycling conditions were as follows: initial cycle at 94 °C for 7 min fol-
lowed by 35 cycles of 94 °C for 30 s, 54 °Cto 58 °C for 30's, 72 °C for 30 s
and final cycle at 72 °C for 5 min. PCR products were analyzed by
electrophoresis in 2% agarose gels, stained with ethidium bromide and
visualized under ultraviolet light.

2.4. Reverse transcription quantitative polymerase chain reaction (RT-
gqPCR)

All TMA producing bacteria were cultured under anaerobic condi-
tions with 60 mM choline under their optimal conditions using anerobic
jar (Mitsubishi™ AnaeroPack 7.0 L Rectangular Jar,) and MGC anaero
pack (Mitsubishi Gas Chemical Company, Inc., Tokyo, Japan). RNA was
extracted from 10® CFU/mL of 18 — 24 hrs culture (cultured until cells
reached stationary phase) using PureLink™ RNA Mini Kit (Ambion life
technologies, Invitrogen Life Technologies, Carlsbad, CA, USA). cDNA
synthesis was carried out with reverse transcription kit (SuperScriptIII
First-Strand Synthesis System, Invitrogen Life Technologies, Carlsbad,
CA, USA) according to the manufacture’s protocol. The cDNA was stored
at —20 °C until analysis. The quantitative real time polymerase chain
reaction (q-PCR) was carried out in an ABI 7500 real-time detection
system (Applied Biosystems, Foster, CA, USA) by using the KAPA SYBR
FAST qPCR kit (KAPA Biosystems, Woburn, MA, USA) including SYBR
Green Master mix and ROX reference dye, according to the

Table 2
Primers used in this study.

Species Acc no Cut C primers Tm Product size (bp) Reference

Escherichia coli EFJ62362 F: AGCGAACTGGGAGCGAAATA 56 421 This study
R: TACGACCACGGTTGAGGACA

Escherichia fergusonii CAQ89502 ”

Proteus mirabilis EEI47333 F: CTGGCAGAACGTTTAGTTTCA 58 492 This study
R: TGGATTACCTTCCATTGCG

Proteus penneri EEG87333 ”

Klebsiella pneumoniae subsp. pneumoniae ACI10981.1 F: TCAAGTCGGTCAGCAAGATGAA 58 300 This study
R: CCGTACGGCTGATGATCTCGTC

Klebsiella pneumoniae subsp. rhinoscleromatis EEW38822

Klebsiella variicola ADC60394

Klebsiella oxytoca EHT04374 G - ”

-A-

Providencia rettgeri EFE54165 F: CAGGGCTGATTTTCTCTGGT 54 475 This study
R: GAATTAAAGTTATGCACCA

Providencia alcalifaciens EEB46441 ”

Providencia rustigianii EFB72255

Clostridium sporogenes EDU36695 F: TCGTGAAGCAGGAGTATGGG 58 460 This study
R: GTCAACACGTCCTATAGACATACC

Clostridium tetani AA036007 ”

Anaerococcus hydrogenalis EEB36265 F: GAGTAAGCGTAGAAGATGCTAGAG 56 673 This study
R: GAAAGTGTTCCATGGCAAAGTC

Anaerococcus vaginalis EEU12078 ”

Anaerococcus tetradius EEI82584

Clostridium hathewayi EFC99034 F: GATGTGGATCACCAGCGAGG 58 284 This study
R: GCATCATCTTGATGTGGGCG

Yokenella regensburgi EHM44496 F: TGGGTGCGTGATGAACTTGA 58 317 This study
R: TCCATGCTCAGTGTGTCGAG

Vibrio furnissii ADT85554 F: ACGGTAGAAAGCACAAGCGA 54 408 This study
R: TGAACGACCTTCCCAGAACG

Olsenella uli ADK67430 F: AGCGAGATGATGTGGGTCAC 56 343 This study

R: AGCCCATCATGCAGTAGTCG



http://www.ncbi.nlm.nih.gov/nuccore/
http://www.ncbi.nlm.nih.gov/nuccore/
http://www.ebi.ac.uk/ena
http://www.ebi.ac.uk/ena
http://bioinfo.ut.ee/primer3-0.4.0/
http://www.ncbi.nlm.nih.gov/
http://www.ncbi.nlm.nih.gov/

L. Ramireddy et al.

manufacturer’s instructions. The final 20 pL volume of the real- time
PCR mixture consisted of 10 pL of 2 X KAPA SYBR FAST master mix, 2 pL
of cDNA and 0.25 mM of each of the forward and reverse primers to
amplify cutC, cutD and GAPDH genes. Using the following parameters:
denaturation for 7 min at 94 °C, followed by 35 cycles of 94 °C for 30 s,
54 °C to 58 °C for 30 s, 72 °C for 30 s and final extension at 72 °C for 5
min. Primer sequences used in this study and the real-time PCR condi-
tions are listed in Table 2. For each bacterium species, PCR products
were confirmed by agarose gel electrophoresis to yield a unique and
distinct band. Gene expression levels were compared with the GAPDH
expression which, in general, was used as the internal control of viable
cell counts (Livak and Schmittgen, 2001). The expression levels of cutC
and cutD genes were shown by delta Ct values.

2.5. UPLC/MS/MS and quantitation of TMA production from choline

Fifty micro liters of overnight cultured bacterial cells (~10% CFU/
mlL) in stationary phase were inoculated into 1 mL of medium supple-
mented with 60 mM Choline-chloride (Craciun and Balskus, 2012),
medium was filter sterilized before inoculation. All bacteria strains were
incubated anaerobically for 72 hrs at 37 °C using anaerobic jar and
anaeropack (MGC, Tokyo, Japan). The viable bacteria counts for all
bacteria were 10% CFU/mL in stationary phase after 72 hrs. Supernatant
was collected by centrifugation at 4 °C and filtered through a 13 — mm,
0.22 — pm pore-size filter (Millipore). Samples were kept in screw capped
glass vials (Agilent Technologies, Palo Alto, CA, USA; part number
5182-0714) and stored at —80 °C until analysis using UPLC-MS/MS
after derivatization using ethyl bromo-acetate.

2.5.1. Sample preparation

Derivatization of TMA was carried out using ethyl bromo-acetate
according to published methods with minor modifications (Lee et al.,
2010). Briefly, to 25 pL of samples, 10 pL of internal standard (IS/D° -
TMA /1 ppm) was added. Afterwards, 30 pL of ethyl bromo-acetate
(Sigma Aldrich Merck) (20 mg/mL in acetonitrile) and 1 pL of
ammonia solution (26%) were added. This mixture was incubated at
room temperature for 30 min in the dark. The reaction was stopped by
adding 1 mL of acetonitrile (ACN) (50% ACN in 0.025% formic acid).
The mixture was directly diluted with 100% ACN. The mixture was
centrifuged for 3 min at 13,000 rpm then 10 pL of supernatant sample
were injected and analyzed using Ultra performance liquid chromatog-
raphy - tandem mass spectrometry (UPLC/MS/MS).

2.5.2. UPLC/MS/MS conditions and analysis

Quantification of TMA was conducted using a Waters ACQUITY
UPLC system with Xevo TQ MS (mass spectrometer) (Johnson, 2008).
Chromatographic separation was achieved on an ACQUITY UPLC BEH
HILIC Column (17 um, 2.1 mm x 10 cm, Waters). The mobile phase
consisted of (A) 95% ACN with 0.1% formic acid and 5% 10 mM
ammonium formate buffer in water (B) 50 / 50 (v/v) ACN with 0.1%
formic acid and 10 mM ammonium formate in HyO. The flow rate was
maintained at 0.1 mL/min, column temperature of 30 °C. The gradient
elution program was as follows: A (100%) — B (0%) (5 min); A (25%) - B
(75%) (12.8 min); A (100%) — B (0%) (13 min) and A (100%) - B (0%)
(14 min). MS experiments were conducted using a Waters Xevo TQ MS
(Waters, Milford, MA, USA). Samples were ionized using electrospray
ionization (ESI +) in positive ion mode and the precursor ion pairs
operated in multiple reaction monitoring (MRM) mode were: m/z 146
— 118 for TMA and m/z 146.1 — 59 for do-TMA with a capillary voltage
of 3.0 kV, a source temperature of 150 °C, desolvation gas temperature
of 500 °C and desolvation gas flow rate of 1000 L/hr. Argon was used as
collision gas with flow set at 0.17 mL/min. The cone voltage was static at
5 V and the collision energy was 15 eV. Peak identification was per-
formed using the MassLynx 4.1 SCN810 software package. The method
validation including precision, accuracy, and detection limit was per-
formed according to European union commission decision
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2002/657/EC (European Commisiion, 2002). 5 ppm TMA was prepared
to determine the precision and accuracy, after three repeated results on
different days, the recovery rates are 91%, 82.7%, and 98.3%, respec-
tively, with a variance of 8.61%. The results are in compliance with the
2002/657/EC specification. The limit of detection (LOD) corresponded
to 1 ppm, the lowest TMA concentration of each standard sample. The
experimental results show that the Signal/Noise is greater than 10. This
method was used for routine inspection of quality control of the samples.
We assayed new calibration curves for each experiment using a single
measure at each calibrant concentration.

2.6. Bioinformatic analysis

2.6.1. Analysis of protein sequence and structure of cutC and cutD

The amino acid sequences were retrieved from National Center for
Biotechnology Information (NCBI (https://www.ncbi.nlm.nih.gov/
protein/)) and pairwise alignment has been conducted using Basic
Local Alignment Search Tool (BLAST (https://blast.ncbi.nlm.nih.gov/
Blast.cgi)) (Altschul et al., 1990). Multiple sequence alignment was
performed using Clustal omega (https://www.ebi.ac.uk/Tools/msa/
clustalo/) (Madeira et al., 2019) and trimmed manually and visualized
in Jalview (Waterhouse et al., 2009). Protein structure was edited and
visualized in Swiss-PDB viewer (SPDBV) (Guex and Peitsch, 1997).

3. Results

3.1. Detection of choline TMA-lyase (CutC) and its activating enzyme
(CutD)

Twenty strains of intestinal TMA bacteria collected from BCRC and
DSMZ were listed in Table 1. cutC, cutD and GAPDH gene sequences for
each bacteria species were retrieved from Genbank NCBI. Based on the
conserved regions, primer sets targeted to the cutC and cutD gene for all
these 20 bacteria species were designed. Sequences of primers and sizes
of amplified products for each bacterium were listed in Table 2. All these
primers were 100% complementary to their target gene sequences.
Some primer sets were shared by two or more bacteria species belonging
to the same genus or different genera. For example Escherichia coli and
Escherichia fergusonii shared the same cutC and GAPDH primers; whereas
Escherichia coli, Escherichia fergusonii, Klebsiella pneumoniae subsp.
pneumoniae, Klebsiella pneumoniae subsp. rhinoscleromatis, Klebsiella
variicola, Klebsiella oxytoca shared the same cutD gene primers
(Table 2.2) due to sequence homology among some TMA bacteria
species.

Table 2.1.

3.2. Expression level for genes of choline TMA-lyase and its activating
engyme

The expression level of cutC and cutD genes for each gut bacteria
strain was analyzed by reverse transcription quantitative PCR (RT—
qPCR). The cutC and cutD expression levels of each strain were compared
with each other and with the GAPDH housekeeping gene of the same
strain. The GAPDH gene has been commonly used as internal control i.
e., to indicate the bacterial counts. Difference in gene expression in
terms of delta Ct values are shown in Table 3. When Ct values of the cutC
and cutD gene of each strain were compared with each other, five strains
showed higher cutC gene expression and lower cutD expression. Six
strains showed higher cutD gene expression but lower cutC gene
expression (Table 3). Two stains showed nearly equivalent gene
expression levels for both cutC and cutD genes, i.e., the strains of
C. sporogenes and K. variicola (Table 3). Seven strains showed lower gene
expression levels for both cutC and cutD genes. Additionally, it should be
pointed out that except of strain C. sporogenes and K. variicola, the
expression level of cutC and/or cutD for most TMA producing bacteria
were not comparable with the gene expression level of their GAPDH
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Table 2.1
Primers used in this study.
Organism Acc no GAPDH Primers Tm Sizebp Ref
Escherichia coli CAR03139.2 F: CCCGTCTCACAAAGACTGGC 56 177 This study
Escherichia fergusonii M63367.1 R: AGACGAACGGTCAGGTCAAC
Klebsiella pneumoniae subsp. pneumoniae AAA25069.1 F: GATGGCCCGTCTCACAAAGA 58
Klebsiella pneumoniae subsp. rhinoscleromatis CCI76472.1 R: ACGAACGGTCAGGTCAAC 180 This study
Klebsiella oxytoca AKL36813.1 ”
Klebsiella variicola AQL15641.1 >
Yokenella regensburgi EHM47365.1 ”
Proteus mirabilis CAR43161.1 F: TGACTGGTATGTCTTTCCGTG 58 140 This study
Proteus penneri R: CAGAACGCCTTTCAGTTCGC
Providencia alcalifaciens EEB45974.1 ”
Providencia rustigianii EFB73519.1 ”
Providencia rettgeri EFE55565.1 ”
Clostridium tetani AA035015.1 CLGF: CAGCACCAGCTAAAAATGAAGA 58 246 This study
Clostridium sporogenes AKJ88346.1 CL-GR: CTGCTGCTCTTGCTCTTCTT
Anaerococcus hydrogenalis EEB36346.1 F: AAGAGGTGGTAGAGCTGCAGCAC 56
EEU12664.1 R: TTGTCATACCATGCAACAGT 360 This study
Anaerococcus vaginalis ”
Anaerococcus tetradius EEI83462.1 ”
Clostridium hathewayi CCZ63230.1 F: CGGACCGCACAGAAAAGGCG 58 162 This study
R: GTGGAACCTGTCGGAACCG
Vibrio furnissii ABK58756.1 F: TTGACGGTCCTTCTGCGAAA 54 271 This study
R: CAGTGTAGCCTAGTACGCCA
Olsenella uli ADK68376.1 F: CTCCCTCACCAACCTCTACG 56 295 This study
R: CGAAGTACTTGATGGTGCGG
Table 2.2
Primers used in this study.
Organism Acc no CutD primers Tm Sizebp Ref
Klebsiella pneumoniae subsp. rhinoscleromatis NZ_GG703531.1 EK-DF: AGTCCTGCATGATGATCTCCATC 58 202 This study
Klebsiella variicola NZ_CP010523.1 EK -DR......... AACTGCGGCGACTGCGTCA
Klebsiella oxytoca NZ_KQ088036.1/ NZ_CP011597.1 ”
Klebsiella pneumoniae subsp. pneumoniae >
Escherichia fergusonii NC_011740.1 ”
Escherichia coli CP012631.1 ”
Clostridium sporogenes NZ_CP011663.1 Cl-DF: CCACCTAATGTAACTCCACC 359 This study
Clostridium tetani NZ_JRGJ01000020.1 CI-DR......... GGAGATGGAATAAGAACTT 58
Providencia rustigianii NZ_GG703818.1 PvD-F: ACCAAGCTGGTGATAAGGTA 54 489 This study
Providencia alcalifaciens NZ_ABXW01000042.1 PvD-R: GACATTATGGGAAAAGATGTCAC

s

Providencia rettgeri

Proteus mirabilis EEI47332.1 Pr-DF: AGGCTGTAATATCCGCTGCC 54 554 This study

Proteus pennert EEG87332.1 Pr-DR......... TACGGCGGACATTCTCATTAC

Anaerococcus hydrogenalis EEB36264.1 Ah-DF: CAACGTCCATGATGGTCCAG 56 457 This study
Ah-DR......... AATTGGCATCCTTACCCTAACT 637 This study

Anaerococcus tetradius EEI82585.1 ”

Anaerococcus vaginalis EEU12077.1 Ah-DF: CAACGTCCATGATGGTCCAG 56
Ah-DR......... AATTGGCATTCTTACCCTAACT

Hungatella hathewayi ENY95336.1 HD-F: TATGCTAAAGGGGATCAACG 56 237 This study
HD-R: GTGACAGGGAACTGATACTC

Yokenella regensburgi EHM44497.1 Y-DF: AATGATGATCAACACCGCCG 58 231 This study
Y-DR........: TCGTTGAAGCCGCGAATAAG

Vibrio furnissii ADT85553.1 V-DF: CCGAAATGAAGGGACGTATT 54 159 This study
V-DR......... CATGACTCACCATGACTTGA

Olsenella uli ADK67431.1 Oul-DF: TTGAGAACGGATACAACGTC 56 201 This study

Oul-DR......... CATCCTTGATCTCGTAGTCG
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Table 3

Choline TMA-Lyase (Cut-C) and Choline TMA-Lyase activating enzyme (Cut-D) gene expression levels.
Strains cutD Ct* value (Avg)” GAPDH Ct" value (Avg)” cutC Ct* value (Avg)” cutD (A Ct)° cutC (A Ct)°
Klebsiella pneumoniae subsp. pneumoniae 22.46 25.12 21.4 —2.66 —3.72
Proteus penneri 22.99 23.35 33.27 —0.36 9.92
Anaerococcus vaginalis 24.11 24.38 29.07 -0.27 4.69
Klebsiella variicola 23.29 23.09 23.75 0.2 0.66
Clostridium sporogenes 27.45 27.21 27.03 0.24 —0.18
Yokenella regensburgi 21.73 21.44 27.59 0.29 6.15
Anaerococcus tetradius 20.42 19.56 24.65 0.86 5.09
Proteus mirabiliis 23.3 21.57 30.2 1.73 8.63
Providencia rettgeri 22.38 20.6 16.75 1.78 —3.85
Klebsiella pneumoniae subsp. rhinoscleromatis 25.25 23.39 21.39 1.86 -2
Klebsiella oxytoca 23.39 21.2 20.97 2.19 —0.23
Anaerococcus hydrogenalis 23.72 21.32 31.45 2.4 10.13
Clostridium tetani 28.99 26.25 28.47 2.74 2.22
Providencia rustigianii 24 19.9 18.83 4.1 -1.07
Escherichia fergusonii 24.92 20.35 23.36 4.57 3.01
Providencia alcalifaciens 26.77 21.73 25.43 5.04 3.7
Vibrio furnissii 29.97 24.64 27.56 5.33 2.92
Escherichia coli 24.69 19.24 23.98 5.45 4.74
Hungatella hathewayi 28.3 21.3 26.23 7 4.93
Olsenella uli 29.15 21.23 23.08 7.92 1.85

@ ¢, cycle number to reach threshold.

b Mean value for the gene expression of three runs.
¢ A Ct = gene of interest (cutC/cutD)- housekeeping gene (GAPDH).

-10 -5 1 0 1 5 10

gene which served as the internal control for viable cell count and for
gene expression (Table 3).

3.3. TMA production

For TMA production, the cell-free supernatant was derivatized,
diluted, and analyzed using UPLC-MS/MS according to the method
described earlier. The calibration curve was plotted. For calibration
standards, 25 pL of stock solution was prepared using 50% ACN con-
taining 0.025% formic acid. The calibration standards were ranged from
1 to 6 ppm TMA. The calibration curve was constructed by plotting the
peak area ratio of TMA to the internal standard concentration (TMA/IS)
(Fig. 1). The linear matrix calibration curve had an R? value of 0.99. All
bacterial strains produce TMA except of Escherichia coli, Vibrio furnissii
and Providencia rustigianii (Table 4).

The results revealed that strains with the higher gene expression
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700000
600000
500000
400000

300000
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100000

0
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3

levels of cutC did not necessarily mean that these strains produce higher
quantity of TMA. For instance, K. pneumoniae subsp. rhinoscleromatis and
K. oxytoca showed a higher cutC (A Ct: —2 and —0.2) gene expression
level than its GAPDH expression level (Table 3), but their TMA levels
were 369 and 844 ppm respectively (Table 4). For, C. sporogenes cutD
and cutC gene expression levels were equivalent; i.e., Ct values were
27.45 and 27.03, respectively. However, this strain generated the
highest TMA level from choline (8182.62 ppm, Table 4). E.coli, although
its cell counts were higher based on the Ct value of GAPDH gene
expression level (19.24), however, its cutD and cutC gene expression
were lower when compared with its cell counts, and the TMA produced
was less than 1 ppm only.

y = 128749x- 66195
R2=0,9997

4 5 6 7

Concentration (ppm)

Fig. 1. Calibration curves for trimethylamine (TMA) by LC-MS/MS. IS: internal standard.
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Table 4

Trimethylamine (TMA) production.
Strains TMA ppm*
Escherichia coli <1
Escherichia fergusonii 2718.30
Klebsiella pneumoniae subsp. pneumoniae 1439.10
Klebsiella pneumoniae subsp. rhinoscleromatis 369.26
Klebsiella variicola 1098.83
Klebsiella oxytoca 844.91
Clostridium sporogenes 8182.62
Clostridium tetani 1471.08
Anaerococcus hydrogenalis 4148.38
Anaerococcus tetradius 4765.02
Anaerococcus vaginalis 4125.42
Hungatella hathewayi 4157.40
Yokenella regensburgi 1567.02
Vibrio furnissii <1
Olsenella uli 1982.76
Providencia alcalifaciens 5786.25
Providencia rustigianii <1
Providencia rettgeri 6280.87
Proteus mirabilis 2398.50
Proteus penneri 844.91

@ PPM: parts per million.

3.4. Bioinformatic analysis

3.4.1. Pairwise alignment of cutC and cutD

The cutC gene cluster was characterized in Desulfovibrio desulfuricans
(Craciun and Balskus, 2012), we compared this sequence with our 20
TMA proucing strains. All cutC and cutD protein sequences were
downloaded and pairwise alignment with Desulfovibrio desulfuricans and
Klebsiella pneumoniae was conducted using BlastP. The resulting align-
ment showed protein sequences were highly similar. The cutC gene
cluster was originally characterized from Desulfovibrio desulfuricans, we
performed multiple sequence analysis (MSA) of 20 strains with Desul-
fovibrio desulfuricans. The cutC alignment with Desulfovibrio desulfuricans
identities ranged from 61% ~ 81%. Since protein structure of Klebsiella
pneumoniae cutC was available, we also performed MSA of 20 species
with Klebsiella pneumoniae. The result showed that the identities ranged
from 63% ~ 99% (Table S1). CutD pairwise alignment was also per-
formed, the results were shown in Table S2. BLAST hits having an
identity between 44% ~ 76% to cutD from Desulfovibrio desulfuricans and
from Klebsiella pneumoniae ranged from 43% ~ 99% (Table S2).
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3.4.2. Multiple sequence alignment of cutC and its active site

To study the conservation of the cutC protein, we performed BlastP
search against Protein Data Bank (PDB) using default parameters. Pro-
tein template structure of Klebsiella pneumoniae (PDBID:5A0U) (Kalnins
et al., 2015), was downloaded and visualized in SPDBV. Klebsiella
pneumoniae 5A0U contains eight chains (ABCDEFGH). We used chain A
to show the choline binding interactions. Active site residues were
labelled Cys771, Gly770, Glu773, Leu 980, Thr784, Tyr788, Asp498,
Tyr490, Phe677, Gly617, Thr 616, Val772, Met769, 11e982, Ser785, Phe
671, Trp661 and shown in Fig. 2. To confirm the presence of conserved
active site residues sequences, we performed a MSA of the cutC gene
using Clustal Omega. Results showed that all 20 species contain
conserved active site residues (Fig. 3). We also observed that sequence
was less similarly in N-terminal region than other region (Fig. S1).

3.4.3. Multiple sequence alignment of cutD

To understand the relationship between cutC and its activating pro-
tein cutD, we performed MSA of cutD of 20 TMA producing strains.
Results were shown in Fig. S2. The alignment results showed that all
strains possess conserved regions of glycyl radical enzyme (GRE) active
motif, S-adenosylmethionine (SAM) binding motif and two CX2-CX2-
CX3 motifs (Fig. S2). The C-terminal region has a low degree of simi-
larity to the other regions (Fig. S2).

4. Discussion

Recent published papers showed that TMA but not TMAO is delete-
rious to circulatory system, it may be a toxin and a marker of cardio-
vascular risk (Ufnal, 2020; Jaworska et al., 2019). Previous study has
indicated that gut microbial communities were differ from individual to
individual (Human microbiome project consortium). The variations in
the quantity of the TMA producing bacteria of human gut can affect the
TMA and TMAO levels in them. (Falony et al., 2015; Romano et al.,
2015).Many gut bacterial phyla i.e. Firmicutes, Proteobacteria and
Actinobacteria, possess a choline degradation pathway (cutC/cutD),
except of Bacteroidetes, the most abundant genus in human stool (Cra-
ciun and Balskus, 2012; Falony et al., 2015). In this study, we made an
effort to find the association of cutC/cutD gene expression levels with the
TMA production levels in gut bacteria. 20 TMA producing strains were
collected and performed in vitro studies, for both gene expression and
TMA production levels with varying cell culture time. 18 — 24 hrs and 72
hrs cultures were used for gene expression and TMA production
respectively, where they reached their stationary phases. NB and TSB

Fig. 2. The active site residues of choline trimethylamine-lyase (CutC) from Klebsiella pneumoniae (PDB 5A0U) (Kalnins et al., 2015). Choline is displayed in red color,

Hydrogen bonds as green dashed lines. The image was visualized in SPDBV.
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EEGBFr333,
ACITO987T.
EEW38822
ADCEO394,
EHTOL37 4.
EFESLTE5.
EEB45447.
EFBF2255.
EODU3EE95]
AAO3E007]
EEB36265.
EEUTZ2078.
EEIB2584.
EFCQ90354
EHNM44496
ADTE5554
ADKET430.

792
| *

media, having 60 mM choline were used for all strains to produce TMA
(Romano et al., 2015). Our conditions were optimized according to the
Craciun et al., 2012 and Romano et al., 2015; etc.

For the gene expression assay, degenerate cutC gene primers have
been designed and used by Martinez-del Campo et al., 2015; However,
these primers can not be useful for the quantification of the expression
level of cutC and cutD genes, since primer-template mismatches would
lead to inaccuracy in the measurement of the gene expression level or
gene quantities (Ledeker and De Long, 2013). The CutC gene showed 61
— 83% of sequence homology across different species (Craciun and
Balskus, 2012). Our bioinformatic analysis of CutC gene sequence also
showed the homology of 61 — 81% with Desulfovibrio desulfuricans. As
Klebsiella pneumoniae cutC protein structure is available (Kalnins et al.,
2015), we performed MSA with TMA producing strains used in this
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I 710 Fig. 3. Multiple sequence alignment of

choline TMA- lyase (CutC) proteins of
Escherichia coli (EFJ62362); Escherichia
fergusonii (CAQ89502); Proteus mirabilis
(EEI47333); Proteus penneri
(EEG87333);  Klebsiella pneumoniae
subsp. pneumoniae (ACI10981.1); Kleb-
siella pneumoniae subsp. rhinoscleromatis

* *

(EEW38822); Klebsiella variicola
(ADC60394); Klebsiella oxytoca
(EHT04374); Providencia rettgeri
(EFE54165); Providencia alcalifaciens
(EEB46441);  Providencia  rustigianii
(EFB72255);  Clostridium  sporogenes
(EDU36695); Clostridium tetani
(AA036007); Anaerococcus hydrogenalis
(EEB36265); Anaerococcus  vaginalis
(EEU12078); Anaerococcus tetradius
(EEI82584);  Clostridium  hathewayi
(EFC99034);  Yokenella  regensburgi
(EHM44496); Vibrio furnissii

(ADT85554); Olsenella uli (ADK67430).
Asterisks indicate conserved active site
residues Providencia rustigianii (EFB
72255) numbering is shown. Sequences
were visualized in Jalview.

study. Our in-silico study showed that 63 ~ 99% identity with Klebsiella
pneumoniae. Based on the MSA, the primers for each bacterium were
designed which would give accurate quantification of their gene
expression level. Moreover, although the bacterial count of each strain
has been adjusted to 10% CFU/mL, we used the GAPDH gene expression
level as internal control to compare the gene expression level for cutC
and cutD and to find the possible association of these gene expression
levels with the TMA production level of each strain and also as reference
gene to assure mRNA transcription (Kozera and Rapacz, 2013; Vogel and
Marcotte, 2012). Even though cutD is the gene for activating the enzyme
of cutC gene, it is interesting to note that high cutD gene expression does
not necessarily mean to have higher cutC gene expression. For example,
the Ct values for cutD gene were 23, and for cutC gene were 33 and 30 in
two strains namely Proteus mirabilis and P. penneri (Table 3).
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The whole cells of the TMA producing bacteria was used for TMA
production study. Even though the strains belong to the same cluster
their TMA production levels were different. For example, Proteus,
Klebsiella and Providencia strains belong to the same type II cut cluster
(Martinez-del Campo et al., 2015) but their TMA levels were different. It
was reported that the expression of Cut gene cluster was controlled in
organisms by two transcriptional regulatory proteins i.e. MerR and TetR
(Martinez-del Campo et al., 2015). In addition, TMA production from
choline by cutC gene was not only regulated by glycyl radical-activating
protein (cutD), but also by various other factors such as the presence of
S-adenosylmethionine (SAM) and transcriptional regulator (Craciun
et al.,, 2014). In addition, studies identified a gut microbial pathway
YeaW/X that produces TMA from various precursors i.e., yBB, L-carni-
tine, choline and betaine (Koeth et al., 2014; Zhu et al., 2014). Previous
studies also showed that conserved active site residues and difference in
the cutC gene (Martinez-del Campo et al., 2015; Bodea et al., 2016). In
the current in silico study, cutD protein showed conserved domains and
poor identical residues at c-terminal and cutC protein showed conserved
active site residues and poor sequence similarity at N-terminal. In this
study, we evaluated the gene expression levels for cutC and cutD and the
quantity of TMA produced under the optimal growth conditions. To
understand the quantity differences in gene expression and TMA pro-
duction, isolation and quantitation of the Choline TMA-lyase from each
of the strains and comparison of their activities may be needed.

To summarize, in this study, only one strain representing each spe-
cies was used due to the difficulty in collecting them. It is not known
that, if all strains of the same species would show the same gene
expression level and TMA production level. Few limitations of our study
include usage of single strain representing each species, utilization of in
vitro conditions for gene expression and TMA production studies. The
results may differ in the gut environment where thousands of bacteria
interact with each other. However, the study and analysis reported here
may be useful for further evaluation of the effect of different factors
affecting the gene expressions of cutC/cutD and TMA production.
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