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A B S T R A C T   

Methanethiol, a gas with the characteristic smell of rotten cabbage, is a product of microbial methionine 
degradation. In the human body, methanethiol originates primarily from bacteria residing in the lumen of the 
large intestine. Selenium-binding protein 1 (SELENBP1), a marker protein of mature enterocytes, has recently 
been identified as a methanethiol oxidase (MTO). It catalyzes the conversion of methanethiol to hydrogen sulfide 
(H2S), hydrogen peroxide (H2O2) and formaldehyde. Here, human Caco-2 intestinal epithelial cells were sub-
jected to enterocyte-like differentiation, followed by analysis of SELENBP1 levels and MTO activity. To that end, 
we established a novel coupled assay to assess MTO activity mimicking the proximity of microbiome and in-
testinal epithelial cells in vivo. The assay is based on in situ-generation of methanethiol as catalyzed by a bacterial 
recombinant L-methionine gamma-lyase (MGL), followed by detection of H2S and H2O2. Applying this assay, we 
verified the loss and impairment of MTO function in SELENBP1 variants (His329Tyr; Gly225Trp) previously 
identified in individuals with familial extraoral halitosis. MTO activity was strongly enhanced in Caco-2 cells 
upon enterocyte differentiation, in parallel with increased SELENBP1 levels. This suggests that mature enter-
ocytes located at the tip of colonic crypts are capable of eliminating microbiome-derived methanethiol.   

1. Introduction 

Selenium-binding protein 1 (SELENBP1) was previously hypothe-
sized to act as a tumor suppressor [1], and to be involved in intracellular 
protein degradation and transport [2,3]. It is not a selenoprotein but was 
proposed to bind selenium in the form of selenite [4], although it has not 
been fully elucidated yet how selenium affects its biological activities. 
Recently, SELENBP1 was identified as a methanethiol oxidase (MTO), 
catalyzing the conversion of methanethiol (H3C-SH) to hydrogen sulfide 
(H2S), hydrogen peroxide (H2O2) and formaldehyde (HCHO) [5]. 
Methanethiol is a volatile and toxic gas with the characteristic smell of 
rotten cabbage, contributing to the manifestation of extraoral halitosis 
in humans [5]. Although mitochondrial degradation of methionine was 
reported as a cellular source of methanethiol in mammals [6], this 
pathway appears to be of some significance only under conditions of 
methionine excess and deficiencies in the transsulfuration pathway [7, 

8] (for a recent review, see Ref. [9]). Thus, in humans, the vast majority 
of methanethiol is produced by the intestinal microbiome. This is sup-
ported by reports on lowered methanethiol production in humans un-
dergoing antibiotic treatment [5]. Bacterial generation of methanethiol 
results from their degradation of methionine as catalyzed by methionine 
γ-lyase (MGL), an enzyme that humans are deficient in [10]. 

SELENBP1 is ubiquitously expressed, but its highest mRNA and 
protein levels were found in gastrointestinal tissues, liver and lung, as 
suggested by Pol et al. [5] and data available through the Human Protein 
Atlas (version 20.0, https://www.proteinatlas.org/ENSG00000143 
416-SELENBP1/tissue) [11]. Interestingly, SELENBP1 expression was 
described to be strongly induced in the course of cell differentiation not 
only in adipocytes [12] but also in intestinal epithelial cells [13,14], in 
the latter case resulting in an increase in SELENBP1 protein levels along 
the colonic crypt-luminal axis [13]. This would put cellular SELENBP1 
in close proximity to the gut microbiome, the major (extracellular) 
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source of its substrate, methanethiol. Conversion of methanethiol to H2S 
by colonic mucosa was reported already 20 years ago, but the enzyme in 
charge was unknown at the time [15]. 

We hypothesized that an increase in SELENBP1 levels during intes-
tinal differentiation comes with elevated MTO activity, and we devel-
oped a simple reliable enzymatic assay that imitates the in vivo situation 
(bacterial generation of methanethiol and mammalian degradation of 
methanethiol) to test this hypothesis. Moreover, we used this assay to 
evaluate the impact of amino acid exchanges in SELENBP1 on its MTO 
activity. 

2. Materials and methods 

2.1. Cultivation and differentiation of Caco-2 cells 

Caco-2 human colon adenocarcinoma cells (German Collection of 
Microorganisms and Cell Cultures, DSMZ, Braunschweig, Germany) 
were a kind gift of Dr. R. Schins (Leibniz Research Institute for Envi-
ronmental Medicine, IUF, Düsseldorf, Germany). Cells were cultivated 
as previously described [16] in Minimum Essential Medium Eagle 
(MEM, #M4655; Sigma-Aldrich, Deisenhofen, Germany) supplemented 
with 20% (v/v) fetal bovine serum (FBS, #S0615; Sigma-Aldrich), 1% 
non-essential amino acids (#M7145; Sigma-Aldrich) and 1% pen-
icillin/streptomycin (#P4333; Sigma-Aldrich) at 37 ◦C in a humidified 
atmosphere with 5% (v/v) CO2. For the experiments, cells (6 × 104/cm2) 
were seeded in 10 cm (diameter)-dishes and grown either to confluence 
at day 0 (undifferentiated cells) or until day 14 after reaching confluence 
(differentiated cells that acquired a colonocyte/enterocyte-like pheno-
type). The culture medium was replaced every 2–3 days, with FBS 
lowered to 10% after cells had reached confluence. At day 0 or day 14, 
respectively, cells were washed once with PBS and scraped from the 
dishes, using HEPES-buffered saline (HBS; 50 mM HEPES, 150 mM NaCl, 
pH 7.4). Cells were then lysed by freezing/thawing and sonication, 
followed by centrifugation and determination of protein concentrations 
in the supernatants using the BCA protein assay kit (Thermo Fisher 
Scientific; Waltham, MA). 

2.2. Construction of MGL and SELENBP1/MTO bacterial expression 
plasmids 

Total RNA was isolated from differentiated human Caco-2 cells. 
Following reverse transcription, the coding sequence for human 
SELENBP1/MTO was amplified by PCR and ligated into the Twin-Strep- 
tag pASG-IBA102 vector (IBA Lifesciences, Göttingen, Germany; #5- 
4102-001) and subsequently into the DHFR control template vector 
(New England Biolabs, Ipswich, MA; #E6800S). For generation of 
SELENBP1 mutants (Gly225Trp, His329Tyr), site-directed in vitro 
mutagenesis was achieved by PCR using Phusion DNA Polymerase 
(Thermo Fisher Scientific) and subsequent digestion of the template 
strand with DpnI (Thermo Fisher Scientific). The coding sequence for the 
Brevibacterium aurantiacum MGL [17], with an added 5′-terminal 
NdeI-site and a 3′-terminal Twin-Strep-tag and XhoI site was synthesized 
by ProteoGenix (Schiltigheim, France) and also ligated into the DHFR 
control template vector. 

2.3. Bacterial overexpression and isolation of recombinant proteins 

E. coli strains BL21 (New England Biolabs) and KRX (Promega, 
Madison, WI, USA) were transformed with the obtained plasmids. Bac-
teria were grown at 37 ◦C and 200 rpm in Luria/Miller LB medium (Carl 
Roth, Karlsruhe, Germany) supplemented with 3% ethanol and 50 μg/ 
ml Carbenicillin (Carl Roth) until they reached an OD600 of 0.8. The 
temperature was then lowered to 22 ◦C, and biosynthesis of recombinant 
proteins was induced by adding 0.6 mM (final concentration) isopropyl 
β-D-1-thiogalactopyranoside (IPTG; Serva Electrophoresis, Heidelberg, 
Germany) for the BL21 or 0.06% (w/v) rhamnose (Carbolution 

Chemicals, St. Ingbert, Germany) for the KRX strain. After 3 h of incu-
bation in the presence of the inducers, bacteria were centrifuged 
(6000×g; 4 ◦C; 5 min), and the pellets were frozen at − 80 ◦C. For protein 
purification, bacteria were resuspended in HBS and lysed by sonication 
(58% output; 10 s pulse; 10 times). The soluble fraction was separated 
by centrifugation (4 ◦C; 16000×g; 15 min) and transferred to a Strep- 
Tactin XT gravity flow column (IBA Lifesciences). Protein purification 
was accomplished according to the manufacturer’s protocol, with an 
additional washing step with 4 ml HBS containing 0.5% Tween 20 
(Sigma-Aldrich). Alternatively, we washed three times using 1 ml HBS 
containing 20 mM MgCl2 (Carl Roth) and 5 mM ATP (Carl Roth) to elute 
contaminating proteins. Recombinant proteins were eluted using HBS 
containing 50 mM biotin (IBA Lifesciences). Buffer change of the protein 
solution was accomplished through ultrafiltration using a Vivaspin ul-
trafiltration column (cutoff: 10 kDa; Sartorius, Göttingen, Germany). 
Protein solutions were then aliquoted to avoid multiple freeze/thaw 
cycles and enzyme activity loss. 

2.4. Methanethiol oxidase (MTO) assay: detection of the MTO reaction 
products H2S and H2O2 

MGL and MTO enzymatic reactions were set up in a 384-well plate 
(Greiner Bio-One, Frickenhausen, Germany; Fig. 1C). First, an MTO re-
action well (yellow well in Fig. 1C) was prepared in a total volume of 40 
μl/well, containing SELENBP1 or mutants thereof (at a final protein 
concentration of 0.225 mg/ml) or the soluble protein fraction of Caco-2 
cell lysates (at a final protein concentration of 1 mg/ml) in HBS. Where 
indicated, the catalase inhibitor 3-amino-1,2,4-triazole (AT; Fluka/ 
Sigma-Aldrich, #9540) was added to the Caco-2 lysates (1 mM final 
concentration). The MTO samples were applied as duplicates or tripli-
cates in the vicinity of MGL wells, according to the scheme depicted in 
Fig. 1C. Thereafter, the MGL reaction was started by adding substrate 
solution (L-methionine in HBS) to MGL solution (MGL in HBS). In early 
experiments, the MGL cofactor pyridoxal phosphate (PLP, 1–2 mM; 
Sigma-Aldrich, #P9255) was added to the substrate solution. Later, it 
was left out as it made no difference; MGL was sufficiently saturated 
with PLP already after isolation. For experiments described in Fig. 2, 60 
μl of substrate solution and 4.8 μl of MGL solution were combined, 
resulting in final concentrations of 0.154 mg/ml MGL and 20 mM 
methionine (Carl Roth, #1702.1) in HBS in a total volume of 64.8 μl. For 
experiments with Caco-2 lysates (Fig. 3), 13 μl of substrate solution and 
27 μl of MGL solution were combined, resulting in final concentrations 
of 0.225 mg/ml MGL and 10 mM methionine in HBS in a total volume of 
40 μl. The assay negative control was set up on a separate 384-well plate; 
here, the MGL reaction was initiated either without MGL or without 
methionine in the reaction mix. Empty wells adjacent to the reaction 
area were filled with 20 μl H2O. 

After adding the MGL substrate solution, the plate was quickly 
covered by the lid, with Pb(II) acetate indicator paper for detection of 
H2S generation fixed underneath (see Fig. 1C), and sealed with adhesive 
tape. The indicator paper was prepared by soaking Whatman qualitative 
filter paper, grade 3 (Sigma-Aldrich, #1003-150) in 20 mM Pb(II) ace-
tate (Sigma-Aldrich, #215902) for 30 min, followed by drying on a 
heating plate at 80 ◦C for 30 min [18]. The enzymatic reactions took 
place at 37 ◦C and under shaking at 200 rpm for 3 h (isolated SELENBP1 
and variants) or 4 h (cell lysates). Thereafter, PbS spots on the indicator 
paper were detected with a ChemiDoc MP analyzer and Image Lab 
software (Bio-Rad Laboratories; Munich, Germany), and H2O2 generated 
during the MTO reaction was measured using the Fluorimetric Hydrogen 
Peroxide Assay Kit (# MAK165, Sigma Aldrich) at ʎex = 540 nm and ʎem 
= 590 nm in a microplate reader (CLARIOstar; BMG Labtech; Ortenberg, 
Germany). 

2.5. Detection of methanethiol using Ellman’s reagent (DTNB) 

To assess to what extent volatile methanethiol is available as MTO 
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substrate when generated in an adjacent well of the 384-well plate, 
methanethiol-induced reduction of DTNB (5,5′-Dithiobis-2-nitrobenzoic 
acid; Carl Roth) to 2-nitro-5-thiobenzoate (TNB) was followed. The 
assay was prepared as described above, with 40 μl of DTNB solution (4 
mg/ml DTNB in 0.1 M potassium phosphate buffer; 1 mM EDTA; pH 8.0) 
added instead of MTO samples in wells next to the MGL reaction well. In 
negative controls, the MGL reaction well contained methionine solution 
only, without added MGL. After starting the reaction (at 37 ◦C), aliquots 
were taken at different times, diluted 1:50 in potassium phosphate 
buffer (equilibrated to room temperature) and absorption was measured 
at 412 nm. Using the TNB extinction coefficient of 14,150 M− 1 cm− 1 

[19], available methanethiol concentrations were assessed. 

2.6. Detection of methanethiol by GC-MS 

A 200 μl reaction mix containing 0.225 mg/ml of enriched MGL 
protein and MGL substrate solution (10 mM methionine, 1 mM PLP in 
HBS) was set up as described above. Incubation took place at 37 ◦C for 
15 min in a 4 ml glass vial closed by a screw cap with a Teflon septum. 
Subsequently, a polydimethylsiloxane solid phase microextration 
(SPME) fiber (Supelco; Bellefonte, PA) was introduced into the head-
space for 5 min at room temperature. The fiber was introduced into the 
hot (250 ◦C) injection port of the gas chromatograph in splitless mode. 
Analytes were separated with a Trace GC Ultra (Thermo Fisher Scien-
tific) gas chromatograph equipped with a Zebron ZB-SemiVolatiles 
column (Phenomenex; Torrance, CA) with a linear temperature 
gradient (50–270 ◦C; 25 ◦C/min) and helium as carrier gas (1.2 ml/min). 
Detection of MT was carried out using an ISQ™ EC Single Quadrupole 
mass spectrometer (Thermo Fisher Scientific) with an electron impact 
(70eV) ionization source at 250 ◦C. 

2.7. SDS-PAGE and immunoblot analysis 

SDS-PAGE and immunoblotting were performed as previously 
described [12], with minor modifications. Cell lysates or enriched pro-
teins were run on SDS-polyacrylamide gels and electroblotted onto 

PVDF membranes (Carl Roth). Proteins in the gels and on the mem-
branes were stained with Coomassie Brilliant Blue (Sigma-Aldrich). The 
following mouse monoclonal antibodies were used for detection: 
anti-SELENBP1 (4D4; MBL Nagoya, Japan, #M061-3), 
anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH; 
GAPDH-71.1, Sigma-Aldrich, #G8795), anti-E-cadherin (67A4, Santa 
Cruz Biotechnology, Dallas, TX, USA, #sc-21791), anti-Strep-Tag II/S-
trepMAB (IBA Lifesciences), and horseradish peroxidase (HRP)-coupled 
anti-mouse IgG (Thermo Fisher Scientific). SuperSignal West Substrate 
(Thermo Fisher Scientific) was used for immunodetection on a Chem-
iDoc MP analyzer with Image Lab software (Bio-Rad Laboratories). 

3. Results and discussion 

3.1. Recombinant MGL as source of methanethiol, the substrate for a 
coupled MTO assay 

To assess MTO activity of mammalian cells, we sought to provide 
substrate through enzymatic generation rather than via bulk application 
of methanethiol, a gas that is not trivial to handle. In line with microbial 
degradation of methionine being the major source of methanethiol in 
humans, we chose to generate methanethiol through a bacterial enzyme, 
MGL. To that end, we produced MGL from Brevibacterium aurantiacum 
[17] as a recombinant epitope-tagged protein with a predicted molec-
ular mass of 43.8 kDa in E. coli (Fig. 1A). For analysis of MTO activity, 
methanethiol production was coupled to MTO-catalyzed oxidation, 
generating H2S, H2O2 and formaldehyde, followed by detection of H2S 
and H2O2 (Fig. 1B). Coupling of the two reactions was achieved through 
positioning the two reaction mixtures in separate, but adjacent wells of a 
384-well plate (Fig. 1C): generated volatile methanethiol (green wells, 
Fig. 1C) diffuses to the neighboring well that contains the putative MTO 
(yellow wells, Fig. 1C). The 384-well plate is tightly sealed, but sufficient 
headspace is left above wells for diffusion of methanethiol. In order to 
adjust for potential inhomogeneity in methanethiol diffusion, a layout as 
described in Fig. 1C was chosen, with three technical replicates of the 
solution of the putative MTO positioned next to the MGL-containing 

Fig. 1. Coupled MTO assay, with in situ-generation 
of methanethiol through MGL-catalyzed methionine 
degradation. 
(A) MGL from Brevibacterium aurantiacum was 
epitope-tagged, expressed in E. coli and analyzed by 
immunoblotting (0.5 μg protein/lane) and staining 
of SDS-PAGE gels (2 μg protein/lane), respectively. 
(B) Reaction scheme of the coupled MTO assay. (C) 
Schematic layout of the MTO assay established 
here. (D) The MGL reaction releases methanethiol, 
as demonstrated by GC-MS-analysis. Extracted ion 
chromatogram (EIC) from the mass range 
47.5–48.5, which corresponds to the molecular ion 
of methanethiol. Blue: reaction mixture containing 
MGL and Met (and PLP); red: reaction mixture 
without methionine. AU: arbitrary units. Bottom 
panel: corresponding mass spectrum of the MGL/ 
Met reaction, which fits to the reported mass spec-
trum from the NIST-library (version 2016). (E) 
Methanethiol availability in MTO reaction wells, as 
assessed using DTNB. Blue: reaction mixture con-
taining MGL and Met; red: reaction mixture without 
MGL. Data given as means ± SD of three indepen-
dent measurements. (For interpretation of the ref-
erences to color in this figure legend, the reader is 
referred to the Web version of this article.)   
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well. A dry filter paper with lead acetate (PbAc2) was fixed on the bot-
tom of the lid of the 384-well plate, covering the wells containing the 
samples. MTO-induced H2S release will result in black lead sulfide 
precipitates as indicated in Fig. 1C. H2O2 generated during MTO activity 
was detected from the same wells, but in a separate reaction: aliquots 
were taken from the wells containing the putative MTO and analyzed for 
the presence of H2O2 through peroxidase-catalyzed oxidation of a suit-
able probe. 

To establish that methanethiol is generated in the MGL-catalyzed 
reaction, we tested for the release of methanethiol using GC-MS. A 
methanethiol-specific signal and mass fragmentation pattern resulted 
from analysis of the headspace above a solution containing MGL and 
methionine (Fig. 1D, blue line), but not in the absence of methionine 
(red line). Also, the formation of methanethiol was noticeable through 
its characteristic cabbage/cheese-like smell. To further demonstrate that 
methanethiol, once generated, also reaches the adjacent well (i. e. a 
yellow well in Fig. 1C), we tested for thiol-induced DTNB reduction in 
such a well, which, under the conditions employed here, in fact appears 
to occur in a linear fashion for at least an hour after starting the MGL 
reaction (Fig. 1E). Methanethiol concentrations achieved are in the 
millimolar range, likely allowing for sufficient saturation of SELENBP1, 
as the estimated Km-value of SELENBP1 for methanethiol is in the 
nanomolar range [5]. In summary, methanethiol is generated and is 
available as MTO substrate, using this experimental setting. Interest-
ingly, supplementation of the MGL reaction mixture with the MGL 
cofactor, pyridoxal phosphate (PLP), did not have a significant effect on 
the results of the MTO assay (data not shown), suggesting that MGL 
isolated after bacterial overexpression was already sufficiently saturated 
with its cofactor. 

3.2. Analysis of MTO activity of isolated wild-type and mutant human 
SELENBP1 

We cloned and isolated bacterially expressed human SELENBP1 and 
generated two mutants thereof (Gly225Trp and His329Tyr) that were 
previously described in individuals suffering from familial extraoral 
halitosis [5]. Recombinant epitope-tagged proteins with a predicted 
molecular mass of 55.6 kDa were enriched as shown in Fig. 2A, with a 
purity of approximately 80–85% for wild-type SELENBP1. Impurities 
consisted of mainly one constituent that was identified by mass spec-
trometry as the 60 kDa bacterial chaperonin GroEL/Hsp 60. 

Interestingly, despite several attempts at enriching the His329Tyr 
variant of SELENBP1, we achieved a purity of only approx. 30%, which 
may imply decreased stability or proteolytic clearance of this mutant 
protein during heterologous expression. 

Oxidation of methanethiol through MTO activity of SELENBP1 yields 
three products (Fig. 1B); two of these are being detected as part of the 
MTO assay presented here: H2S is trapped as black PbS that can be 
detected colorimetrically, and H2O2 is determined using a peroxidase- 
based fluorimetric assay. 

Analysis of MTO activity of recombinant human SELENBP1 as well as 
the above-referenced mutants demonstrates that, while SELENBP1 is an 
active MTO, the Gly225Trp and His329Tyr variants are MTO-deficient 
versions of SELENBP1. H2S release (Fig. 2B) and H2O2 generation 
(Fig. 2C) were detected in SELENBP1-containing solutions, whereas the 
Gly225Trp variant yielded no detectable H2S or H2O2 production. The 
His329Tyr variant appeared to have some minute residual activity, as 
some H2O2 generation was detectable (Fig. 2C). The H2O2 production 
rate through MTO-catalyzed methanethiol oxidation is constant for up 
to 3 h (Fig. 2C, inset). 

3.3. Enterocyte-like differentiation of Caco-2 cells is accompanied by 
parallel increases in SELENBP1 protein levels and MTO activity 

Next, the established MTO assay was applied to test whether high 
SELENBP1 levels, previously reported for colonic enterocytes both in 
human colorectal tissue samples and in Caco-2 cells [13,14], come with 
elevated MTO activity. Confluent Caco-2 cells were held in culture for 
another 14 days, a procedure known to stimulate spontaneous 
enterocyte-like differentiation [20]. Maturation (truncation) of the cell 
adhesion protein E-cadherin occurs in Caco-2 cells [21], indicating 
differentiation [16]. Here, E-cadherin cleavage was also increased in 
differentiated cells at 14 days post-confluence compared to confluent 
cells (Fig. 3A). In parallel, SELENBP1 levels were upregulated about 
five-fold (densitometric analysis: 5.2 ± 1, means ± SD, n = 3; Fig. 3A), in 
line with previous proposals on SELENBP1 as a suitable marker of dif-
ferentiation/maturation [12–14]. 

Analysis of MTO activities in the soluble fractions of Caco-2 cell ly-
sates yielded a clear pattern: both H2S (Fig. 3B) and H2O2 (Fig. 3C) 
generation were significantly enhanced in lysates from differentiated 
(day 14 post-confluence), relative to those of undifferentiated (day 0) 
cells. 

Fig. 2. MTO activity of SELENBP1 and two variants 
found in individuals with extraoral halitosis. 
(A) SELENBP1 (wild-type, WT) as well as 
SELENBP1(Gly225Trp) and SELENBP1(His329Tyr) 
were epitope-tagged, expressed in E. coli and 
analyzed by immunoblotting (0.5 μg protein/lane) 
and SDS-PAGE (2 μg protein/lane), respectively. (B) 
Detection of H2S released during MTO reaction 
catalyzed by SELENBP1 (or its variants) as pre-
cipitates of PbS after interaction of H2S with lead 
(II) acetate. Data shown are representative of three 
independent experiments. (C) H2O2 released during 
3 h of SELENBP1-catalyzed methanethiol oxidation 
as detected through HRP-catalyzed oxidation of a 
fluorescent probe. Values were normalized for 
content of the respective SELENBP1 variant and 
expressed as relative values, with data for WT- 
SELENBP1 set to 1. Inset: H2O2 concentrations in-
crease linearly for at least 3 h during the assay. Data 
are given as means ± SD of three independent 
measurements (inset, 30 min: two measurements ±
maximum deviation).   
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Lead sulfide precipitates resulting from hydrogen sulfide release 
using lysates of differentiated cells were strong and clearly discernible 
from control (i. e. without MGL added to the assay; not shown) and 
“undifferentiated” conditions (day 0, Fig. 3B). Low background signals 
were detectable also in undifferentiated cells, whereas negative controls 
(i. e. any samples without methionine added to the MGL reaction of the 
assay) were without discernible PbS precipitates (not shown). The weak 
PbS signals in undifferentiated cells likely reflect the low SELENBP1 
levels found in these cells (Fig. 3A). 

The generation of H2O2, the second MTO product tested for in our 
assay, was also enhanced in lysates of differentiated cells (Fig. 3C). 
Unlike H2S formation, increases in H2O2 generation were observed 
against a high background of basal H2O2 production in lysates also 
under control conditions (Fig. 3C). The overall increase of H2O2 release 
measured through the MTO assay was thus less extensive than the 
enhancement of H2S signals. This implies that both products should al-
ways be measured when performing an MTO assay, as sensitivity of the 
assay would be impaired to some extent, if only H2O2 were monitored: 
even under conditions causing a drastic difference in H2S release, the 
changes in H2O2 production were moderate. 

Two factors are likely to cause the H2O2 response being moderate in 
the assay setup when analyzing MTO activity in cell lysates. First, the 
basal hydrogen peroxide generation appears to be slightly elevated in 
lysates of differentiated cells (Fig. 3C, black bars), implying that other 
peroxide-generating enzymatic systems are present in the lysates that 
are induced during differentiation. Second, basal hydrogen peroxide- 
reducing activities contribute to a dampened H2O2 signal in our assay: 
adding a catalase inhibitor, 3-aminotriazole (AT), to lysates prior to 
analysis of MTO activity significantly enhanced H2O2 signals (Fig. 3C), 
while leaving H2S generation unaltered (Fig. 3B). Addition of AT ap-
pears to increase assay sensitivity with respect to H2O2 formation: the 
differentiation-induced increase in MTO activity resulted in a 69% in-
crease in H2O2 signal in the presence of AT, compared to only 35% in its 
absence (Fig. 3C, right panel). 

Future investigations are warranted regarding a potential role of 
selenium and/or metal ions for the MTO activity of SELENBP1. Even 
though SELENBP1 was originally identified based on its capability to 
bind 75Se-labeled selenite [4], a more recent study found that it may also 

associate with zinc, copper and magnesium [22]. Moreover, binding of 
copper has been reported to be essential for the MTO activity of a bac-
terial SELENBP1 ortholog isolated from a Hyphomicrobium species [23]. 
Selenium, on the other hand, appears to bind to SELENBP1 mainly if 
applied at non-physiologically high doses [24]. Thus, SELENBP1 might 
provide an intracellular selenium buffer to cope with cytotoxic effects of 
selenite, as proposed for the C. elegans ortholog [25,26] rather than 
being dependent on selenium for its MTO activity. This idea is supported 
by a report showing SELENBP1 induction in human gastric cancer cells 
that were exposed to a cytotoxic dose of 30 μM selenite [27], whereas an 
adequate dose of 100 nM selenite did not result in elevated SELENBP1 
levels in murine 3T3-L1 adipocytes [12]. Similarly, the SELENBP1 
ortholog Y37A1B.5/SEMO-1 in the nematode C. elegans was increased 
only in response to high doses of selenite [26]. 

4. Conclusions 

We here introduce a coupled enzyme assay for the detection of 
methanethiol oxidase activity. We applied this assay to recombinant 
human SELENBP1, demonstrating that two SELENBP1 mutants identi-
fied in individuals with extraoral halitosis, SELENBP1(Gly225Trp) and 
SELENBP1(His329Tyr) are MTO-inactive and of strongly decreased re-
sidual activity, respectively, in comparison to wild-type SELENBP1. 
Aside from a characteristic malodor, individuals harboring these altered 
SELENBP1 versions showed no apparent phenotypic alterations [5]. 
Similarly, Selenbp1-deficient mice also displayed no major phenotypical 
differences as compared to wild-type mice [5,28]. Gly-225 is evolu-
tionarily conserved throughout all putative SELENBP1 orthologs, while 
His-329 is conserved only in eukaryotes [5,25]. 

We also demonstrate that differentiation of cultured Caco-2 cells to 
an enterocyte/colonocyte-like phenotype comes with an enhanced 
specific MTO activity in parallel with SELENBP1 induction. Our assay 
imitates the in vivo-situation of SELENBP1 being located in direct 
proximity to the intestinal microbiome, a major source of methanethiol 
(Fig. 4): in vivo, a significant portion of methionine ingested as part of 
the diet is not absorbed within the small intestine and is then degraded 
by bacteria in the colon, resulting in methanethiol release; Citrobacter 
freundii, Morganella morganii and several Proteus species were described 

Fig. 3. Both SELENBP1 levels and MTO activity 
increase in Caco-2 intestinal epithelial cells during 
differentiation. 
Caco-2 cells were cultured until reaching conflu-
ence (day 0) or until day 14 post confluence, fol-
lowed by cell lysis. (A) SELENBP1, E-cadherin (as 
control for differentiation) and the housekeeping 
protein GAPDH (as control for equal loading) were 
detected in Caco-2 cell lysates by immunoblotting. 
(B, C) For the MTO assay, the soluble protein frac-
tion of cell lysate (1 mg/ml) was incubated in the 
presence or absence of 1 mM of the catalase inhib-
itor 3-amino-1,2,4-triazole (AT). Samples were 
incubated with or without methionine (Met) as 
MGL substrate. (B) H2S was detected through pre-
cipitation as lead sulfide (PbS) upon interaction 
with lead (II) acetate. (C) H2O2 was quantitated in 
an enzymatic assay using a fluorescent probe, with 
data given as means +SD of three biological repli-
cates. Values were normalized relative to the 
respective methionine negative control. Right 
panel: Data are differences between MTO and 
Control treatments, normalized to the treatment at 

day 0 without AT. Data are significantly different from each other if no labeling letter (a, b, or c) is shared between groups (p < 0.05 as determined by ANOVA, 
followed by Student-Newman-Keuls test).   
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as being among the intestinal bacteria contributing to this methanethiol 
generation [29]. 

The upregulation of SELENBP1 during cell differentiation along the 
crypt-lumen axis, which entails high SELENBP1 levels in cells at the 
upper end of the crypts close to the colonic lumen (Fig. 4), suggests that 
intestinal SELENBP1 serves the purpose of coping with bacteria-derived 
methanethiol. It is, however, unclear whether this is to be understood as 
a protective mechanism against this toxic volatile molecule, as neither 
humans nor mice with SELENBP1 deficiency do appear to suffer from 
gastrointestinal issues [5,28]. An alternate view would focus on the 
products of the MTO reaction. In this regard, both H2O2 and H2S are 
redox signaling molecules, affecting regulatory pathways implicated in 
cell proliferation and differentiation, such as in adipocytes and colonic 
enterocytes [12,30–32]. SELENBP1/MTO could therefore be a cellular 
source of these signaling molecules in some tissues. In line with this 
notion, SELENBP1-generated H2S was recently shown to promote adi-
pogenesis and lipid accumulation in adipocytes [33]. On the other hand, 
decreases in SELENBP1 levels have been reported for many types of 
cancer, including colorectal carcinomas. It has been hypothesized that 
down-regulation of SELENBP1 may contribute to the aberrant prolifer-
ation of tumor cells [13,34]. Given the close association between 
SELENBP1 expression and MTO activity demonstrated here, our MTO 
assay may allow for a more rapid, simple and quantifiable determination 
of SELENBP1 levels in tumor tissue than the conventionally used 
methods of immunoblotting and immunohistochemistry. This type of 

screening for SELENBP1/MTO may be of interest as low SELENBP1 
levels in tumor tissue are associated with poor prognosis for patients 
[13,34]. 

Declaration of competing interest 

The authors have no conflict of interest to declare. 

Acknowledgements 

This study was funded by Deutsche Forschungsgemeinschaft (DFG, 
Bonn, Germany) through Research Training Group “ProMoAge” (RTG 
2155, to L.O.K.). 

References 

[1] N.M. Pohl, C. Tong, W. Fang, X. Bi, T. Li, W. Yang, Transcriptional regulation and 
biological functions of selenium-binding protein 1 in colorectal cancer in vitro and 
in nude mouse xenografts, PloS One 4 (2009), e7774. 

[2] A. Porat, Y. Sagiv, Z. Elazar, A 56-kDa selenium-binding protein participates in 
intra-Golgi protein transport, J. Biol. Chem. 275 (2000) 14457–14465. 

[3] J.Y. Jeong, Y. Wang, A.J. Sytkowski, Human selenium binding protein-1 (hSP 56) 
interacts with VDU1 in a selenium-dependent manner, Biochem. Biophys. Res. 
Commun. 379 (2009) 583–588. 

[4] M.P. Bansal, C.J. Oborn, K.G. Danielson, D. Medina, Evidence for two selenium- 
binding proteins distinct from glutathione peroxidase in mouse liver, 
Carcinogenesis 10 (1989) 541–546. 

Fig. 4. Schematic representation of the proposed role of SELENBP1 as a methanethiol oxidase (MTO) in the colon. 
SELENBP1 (blue protein symbol) expression in intestinal epithelial cells increases along with their differentiation. Highest SELENBP1 levels are found in the 
epithelial cells closest to the colonic lumen [13] and the microbiome, a major source of methanethiol. Upon diffusion into the epithelial cells, methanethiol is 
converted by SELENBP1 to hydrogen peroxide, hydrogen sulfide and formaldehyde. The reaction products, in turn, may affect cellular proliferation and differen-
tiation by acting as redox signaling molecules. Scheme created with BioRender.com. (For interpretation of the references to color in this figure legend, the reader is 
referred to the Web version of this article.) 

T.M. Philipp et al.                                                                                                                                                                                                                              

http://refhub.elsevier.com/S2213-2317(21)00120-8/sref1
http://refhub.elsevier.com/S2213-2317(21)00120-8/sref1
http://refhub.elsevier.com/S2213-2317(21)00120-8/sref1
http://refhub.elsevier.com/S2213-2317(21)00120-8/sref2
http://refhub.elsevier.com/S2213-2317(21)00120-8/sref2
http://refhub.elsevier.com/S2213-2317(21)00120-8/sref3
http://refhub.elsevier.com/S2213-2317(21)00120-8/sref3
http://refhub.elsevier.com/S2213-2317(21)00120-8/sref3
http://refhub.elsevier.com/S2213-2317(21)00120-8/sref4
http://refhub.elsevier.com/S2213-2317(21)00120-8/sref4
http://refhub.elsevier.com/S2213-2317(21)00120-8/sref4
http://BioRender.com


Redox Biology 43 (2021) 101972

7

[5] A. Pol, G.H. Renkema, A. Tangerman, E.G. Winkel, U.F. Engelke, A.P.M. de 
Brouwer, K.C. Lloyd, R.S. Araiza, L. van den Heuvel, H. Omran, H. Olbrich, 
M. Oude Elberink, C. Gilissen, R.J. Rodenburg, J.O. Sass, K.O. Schwab, H. Schafer, 
H. Venselaar, J.S. Sequeira, H.J.M. Op den Camp, R.A. Wevers, Mutations in 
SELENBP1, encoding a novel human methanethiol oxidase, cause extraoral 
halitosis, Nat. Genet. 50 (2018) 120–129. 

[6] P.W. Scislowski, K. Pickard, The regulation of transaminative flux of methionine in 
rat liver mitochondria, Arch. Biochem. Biophys. 314 (1994) 412–416. 

[7] J.T. Dever, A.A. Elfarra, L-methionine toxicity in freshly isolated mouse 
hepatocytes is gender-dependent and mediated in part by transamination, 
J. Pharmacol. Exp. Therapeut. 326 (2008) 809–817. 

[8] H. Yamada, N. Akahoshi, S. Kamata, Y. Hagiya, T. Hishiki, Y. Nagahata, 
T. Matsuura, N. Takano, M. Mori, Y. Ishizaki, T. Izumi, Y. Kumagai, T. Kasahara, 
M. Suematsu, I. Ishii, Methionine excess in diet induces acute lethal hepatitis in 
mice lacking cystathionine gamma-lyase, an animal model of cystathioninuria, 
Free Radic. Biol. Med. 52 (2012) 1716–1726. 

[9] M.H. Stipanuk, Metabolism of sulfur-containing amino acids: how the body copes 
with excess methionine, cysteine, and sulfide, J. Nutr. 150 (2020) 2494S–2505S. 

[10] D. Sato, T. Nozaki, Methionine gamma-lyase: the unique reaction mechanism, 
physiological roles, and therapeutic applications against infectious diseases and 
cancers, IUBMB Life 61 (2009) 1019–1028. 

[11] M. Uhlen, L. Fagerberg, B.M. Hallstrom, C. Lindskog, P. Oksvold, A. Mardinoglu, 
A. Sivertsson, C. Kampf, E. Sjostedt, A. Asplund, I. Olsson, K. Edlund, E. Lundberg, 
S. Navani, C.A. Szigyarto, J. Odeberg, D. Djureinovic, J.O. Takanen, S. Hober, 
T. Alm, P.H. Edqvist, H. Berling, H. Tegel, J. Mulder, J. Rockberg, P. Nilsson, J. 
M. Schwenk, M. Hamsten, K. von Feilitzen, M. Forsberg, L. Persson, F. Johansson, 
M. Zwahlen, G. von Heijne, J. Nielsen, F. Ponten, Proteomics. Tissue-based map of 
the human proteome, Science 347 (2015) 1260419. 

[12] H. Steinbrenner, M. Micoogullari, N.A. Hoang, I. Bergheim, L.O. Klotz, H. Sies, 
Selenium-binding protein 1 (SELENBP1) is a marker of mature adipocytes, Redox 
Biol 20 (2019) 489–495. 

[13] T. Li, W. Yang, M. Li, D.S. Byun, C. Tong, S. Nasser, M. Zhuang, D. Arango, J. 
M. Mariadason, L.H. Augenlicht, Expression of selenium-binding protein 1 
characterizes intestinal cell maturation and predicts survival for patients with 
colorectal cancer, Mol. Nutr. Food Res. 52 (2008) 1289–1299. 

[14] B. Speckmann, K. Gerloff, L. Simms, I. Oancea, W. Shi, M.A. McGuckin, G. Radford- 
Smith, K.K. Khanna, Selenoprotein S is a marker but not a regulator of endoplasmic 
reticulum stress in intestinal epithelial cells, Free Radic. Biol. Med. 67 (2014) 
265–277. 

[15] M.D. Levitt, J. Furne, J. Springfield, F. Suarez, E. DeMaster, Detoxification of 
hydrogen sulfide and methanethiol in the cecal mucosa, J. Clin. Invest. 104 (1999) 
1107–1114. 

[16] B. Speckmann, A. Pinto, M. Winter, I. Forster, H. Sies, H. Steinbrenner, 
Proinflammatory cytokines down-regulate intestinal selenoprotein P biosynthesis 
via NOS2 induction, Free Radic. Biol. Med. 49 (2010) 777–785. 

[17] D. Machover, L. Rossi, J. Hamelin, C. Desterke, E. Goldschmidt, B. Chadefaux- 
Vekemans, P. Bonnarme, P. Briozzo, D. Kopecny, F. Pierige, M. Magnani, 
R. Mollicone, F. Haghighi-Rad, Y. Gaston-Mathe, J. Dairou, C. Boucheix, R. Saffroy, 
Effects in cancer cells of the recombinant l-methionine gamma-lyase from 
Brevibacterium aurantiacum. Encapsulation in human erythrocytes for sustained l- 
methionine elimination, J. Pharmacol. Exp. Therapeut. 369 (2019) 489–502. 

[18] C. Hine, J.R. Mitchell, Endpoint or kinetic measurement of hydrogen sulfide 
production capacity in tissue extracts, Bio Protoc 7 (2017). 

[19] P. Eyer, F. Worek, D. Kiderlen, G. Sinko, A. Stuglin, V. Simeon-Rudolf, E. Reiner, 
Molar absorption coefficients for the reduced Ellman reagent: reassessment, Anal. 
Biochem. 312 (2003) 224–227. 

[20] M.J. Engle, G.S. Goetz, D.H. Alpers, Caco-2 cells express a combination of 
colonocyte and enterocyte phenotypes, J. Cell. Physiol. 174 (1998) 362–369. 

[21] L. Vazquez-Iglesias, L. Barcia-Castro, M. Rodriguez-Quiroga, M. Paez de la Cadena, 
J. Rodriguez-Berrocal, O.J. Cordero, Surface expression marker profile in colon 
cancer cell lines and sphere-derived cells suggests complexity in CD26(+) cancer 
stem cells subsets, Biol Open 8 (2019). 

[22] C.P. Braga, J.C.S. Vieira, R.A. Grove, C.H.T. Boone, A.L. Leite, M.A.R. Buzalaf, A.A. 
H. Fernandes, J. Adamec, P.M. Padilha, A proteomic approach to identify 
metalloproteins and metal-binding proteins in liver from diabetic rats, Int. J. Biol. 
Macromol. 96 (2017) 817–832. 

[23] O. Eyice, N. Myronova, A. Pol, O. Carrion, J.D. Todd, T.J. Smith, S.J. Gurman, 
A. Cuthbertson, S. Mazard, M.A. Mennink-Kersten, T.D. Bugg, K.K. Andersson, A. 
W. Johnston, H.J. Op den Camp, H. Schafer, Bacterial SBP56 identified as a Cu- 
dependent methanethiol oxidase widely distributed in the biosphere, ISME J. 12 
(2018) 145–160. 

[24] R.F. Burk, K.E. Hill, Regulation of selenium metabolism and transport, Annu. Rev. 
Nutr. 35 (2015) 109–134. 
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