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Plant Polyphenols Stimulate Adhesion to Intestinal Mucosa
and Induce Proteome Changes in the Probiotic Lactobacillus
acidophilus NCFM

Hasan Ufuk Celebioglu, Marta Delsoglio, Susanne Brix, Enrica Pessione,
and Birte Svensson*

Scope: Plant phenolics, known to exert beneficial effects on human health,
were supplemented to cultures of the probiotic bacterium Lactobacillus
acidophilus NCFM (NCFM) to assess their effect on its adhesive capacity and
the abundancy of individual proteins.

Methods and results: The presence of resveratrol and ferulic acid during
bacterial growth stimulated adhesion of NCFM to mucin and human
intestinal HT-29 cells, while tannic acid improved adhesion only to HT-29
cells and caffeic acid had very modest effect overall. Some dosage
dependence was found for the four phenolics supplemented at 100, 250, and
500 ng mL~" to the cultures. Notably, 500 ug mL~" ferulic acid only
stimulated adhesion to mucin. Analyses of differential whole-cell as well as
surface proteomes revealed relative abundancy changes for a total of 27 and
22 NCFM proteins, respectively. These changes include enzymes acting in
metabolic pathways, such as glycolysis, nucleotide metabolism, and stress
response, as well as known moonlighting or surface-associated proteins.

pathogenic microorganisms and insects
in plant defense.”! We selected five com-
mon plant phenolics to explore their im-
pact on the widely used probiotic bac-
terium Lactobacillus acidophilus NCFM
(NCFM). Resveratrol (3,5,4'-trihydroxy-
trans-stilbene) is found in grapes, wine,
peanuts, pistachios, and berries and has
been reported to have a large number
of health-promoting effects as an an-
tioxidant, anti-inflammatory, antitumor,
anti-platelet aggregation, cardioprotec-
tive, and longevity agent.”] Tannic acid
belongs to tannins, widely distributed
in plant-based human diet, and pos-
sesses radical scavenging, antimicrobial,
and anti-carcinogenic properties.) Caf-
feic acid (3,4-dihydroxycinnamic) found
in cereals, berries, herbs, and spices is

Conclusion: The five plant phenolics found in various foods stimulate the
adhesive capacity of NCFM in diverse ways and elicit relative abundancy
changes of specific proteins, providing molecular level insight into the
mechanism of the putative beneficial effects of the polyphenols.

1. Introduction

Plant phenolics are secondary metabolites abundant in foods
and beverages where they confer bitterness, astringency, color,
flavor, odor, and oxidative stability.l!! Polyphenols can interact
with molecular targets in various organisms and compete with
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produced in the shikimate pathway® and
can be esterified by quinic acid to chloro-
genic acid in fruits, vegetables, coffee,
and tobacco.’! The closely related fer-
ulic acid (4-hydroxy-3-methoxycinnamic
acid) together with dihydroferulic acid is
abundant in plant cell walls as a constituent of lignocellulose.”!
Ferulic acid is identified as monomer, dimer, free oligomer
or in polymers esterifying polysaccharides, polyamines, and
glycoproteins,® and high amounts are found in common foods
such as bran, vegetables, fruits, and herbs.”! Finally, salicin, a
phenolic glycoside from willow bark that possesses analgesic and
anti-rheumatic activities,'” can be carbon source for NCFM.

NCFM is a Gram-positive, homofermentative, rod-shaped
lactic acid bacterium (LAB) residing in the gastrointestinal
tract!'!) and used in dairy products and dietary supplements.!'
NCFM has excellent ability to adapt its metabolism in re-
sponse to gut nutrients by negative transcriptional regulation en-
abling survival in nutrient-scarce competitive environments.!'?!
Its adaptation to the gastrointestinal tract (GIT) involves mucus-
binding proteins belonging to the surface layer, as previously
identified."**) NCFM shows excellent stability in dairy and fer-
mented products.®!

Phenolics and probiotics are very important food components
residing in the same environment (the GIT) and providing health
benefits to humans. The present study describes effects of typical
food phenolics on the adhesive capacity of NCFM toward mucin
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and intestinal HT-29 cells and gains insights into the molecular
mechanisms involved in adhesion by analysis of whole cell and
surface-associated proteome changes.

2. Experimental Section

2.1. Growth Conditions

L. acidophilus NCFM (1.50 x 10'® CFU g~!, DuPont) was grown
aerobically without shaking at 37 °C in 50 mL batch culture on
semisynthetic lactic acid bacteria medium (LABSEM)!! contain-
ing 1% glucose as carbon source. Stock solutions of phenolics
were prepared in ethanol (50 mg mL™"), except tannic acid (pre-
pared in distilled water). Different cultures from the same bacte-
rial stock were supplemented with final concentrations of 100 or
250 g mL™! resveratrol (Veri-te resveratrol; kind gift of Evolva,
Denmark) or tannic acid (Sigma); 100, 250, and 500 ug mL™!
caffeic or ferulic acids (both Sigma) and were sub-cultured for
three cycles. NCFM release glucose from salicin (1%) that was
used as sole carbon source and compared to glucose-grown bac-
teria. Cells for proteome analyses were grown in the presence of
100 g mL~! resveratrol or tannic acid and 500 ug mL~! caffeic
or ferulic acids and were sub-cultured for three cycles. Cultures
(glucose-grown) without phenolics served as control.

2.2. In Vitro Adhesion to Mucin and HT-29 Cells

Adhesion was measured as previously™ described with some
modification.'>?% Briefly, freshly late-log phase grown NCFM (20
h, OD 0.5 for tannic acid; 24 h, OD 1.0-1.1 for control and resver-
atrol; 24 h, OD 1.4-1.5 for caffeic and ferulic acids) was labeled
with 100 peM 5(6)-carboxyfluorescein diacetate (Sigma-Aldrich) in
PBS (37 °C, 30 min), washed twice and resuspended in PBS to
ODyo 0.5 £ 0.05. A 96-well microtiter plate (Greiner Bioone) was
coated with porcine mucin (1 mg mL™!, Sigma-Aldrich) in PBS
(200 L well™!; 4 °C, overnight). After decanting the mucin solu-
tion, wells were washed with PBS, added labeled NCFM (200 pL,
ODyqp 0.5), incubated (2 h, 37 °C), followed by decanting the bac-
terial suspension and washing of wells thrice with PBS. Adhered
bacteria were lysed by 1% (w/v) SDS in 0.1 m NaOH (200 uL;
1 h, 37 °C) and quantified by fluorescence measurements (Cy-
tation5 Cell Imaging Multi-Mode Reader, BioTek) using 485 nm
and 538 nm as excitation and emission wavelengths, respectively.
Adhesion was expressed as the percentage of fluorescence re-
covered from the lysed bacteria that were bound versus the flu-
orescence of the total bacterial suspension added to the wells.
Three independent experiments were conducted, each in qua-
druplicate, and data were subjected to one-way ANOVA using
OriginPro v9. Human colonic HT-29 cell line (American Type
Culture Collection, ATCC HTB38) was cultured and maintained
according to the supplier’s instructions. HT-29 cells in complete
growth medium containing McCoy’s 5a medium (ATCC) sup-
plemented with 10% heat-inactivated fetal bovine serum (Sigma-
Aldrich) and 1% penicillin-streptomycin (Lonza) were seeded in
24-well plates and cultivated until a confluent state, followed by
removing the medium and washing with PBS to remove remain-
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ing antibiotics. Labeled NCFM (500 L, ODgy 0.5) was added to
the wells (2 h) and adhesion analyzed as in mucin adhesion assay.

2.3. Sample Preparation for Proteome Analyses

NCFM in late-log phase (ODgg 0.5-1.6, Supporting Information
Figure 1) was harvested by centrifugation (3200 x g, 10 min)
and washed with 0.9% NaCl. Extracts were prepared by me-
chanical grinding (5 x 1-min vortex at maximum speed) with
a small amount of acid-washed glass beads (<100 ym diam-
eter; Sigma) in sample buffer (28 mwm Tris-HCl, 22 mwm Tris-
base pH 8.5, 100 mm DTT) containing protease inhibitors (com-
plete, MiniProtease Inhibitor Tablets, Roche). Following heating
(100 °C, 2 min) and addition of rehydration buffer (7 M urea, 2 m
thiourea, 2% CHAPS, 20 mm DTT), mixtures were vortexed, cen-
trifuged (10 000 x g, 10 min), and supernatants were collected.
Surface proteomes were prepared by incubating cell pellets with
5 M lithium chloride (Sigma-Aldrich) (30 min, R.T.) and collect-
ing supernatants after centrifugation (15 000 x g, 15 min).?!l Pro-
teins were precipitated by TCA/acetone,?”l washed with acetone,
dissolved in rehydration buffer and concentrations were deter-
mined by using 2D Quant Kit (GE Life Sciences).

2.4. CyDye Labeling and Differential Gel Electrophoresis (DIGE)

Proteins in whole cell extracts were CyDye minimal-labeled for
DIGE analysis using a dye-swapping approach.'”-?*l Briefly, pro-
tein aliquots (50 ug) from four biological replicates were labeled
interchangeably with 250 pm of either Cy5 or Cy3, vortexed, and
left in the dark (30 min, 4 °C). For internal standard aliquots from
both samples (25 pg protein of each) were combined and labeled
with 250 pm Cy2. Labeling was quenched by 1 uL 10 mm ly-
sine in the dark (10 min). Labeled internal standard and samples
were mixed and adjusted to 450 L with rehydration buffer (8 m
urea, 2 M thiourea, 33 mm CHAPS, 195 mm DTT, 1% pharma-
lyte pH 4—7; GE Life Sciences). Separation in the first dimen-
sion (IEF) using IPG strips (pH 3—10; 18 cm Ettan IPGphor;
GE Lifesciences) was performed after rehydration (20 °C, 12 h,
30 V) at a total of 65 kVh. Subsequently, the strips were equili-
brated 2 x 15 min in 5 mL equilibration buffer (6 m urea, 30%
glycerol, 50 mm Tris—-HCI, pH 8.8, 2% SDS, 0.01% bromophe-
nol blue) supplemented with 65 mm DTT and 135 mwm iodoac-
etamide in first and second step, respectively. The second di-
mension (12.5% SDS-PAGE) was run overnight (EttanDALTsix
Electrophoresis unit; GE Lifesciences) at 1 W/gel until the dye
front reached the gel bottom. The gels were image-analyzed im-
mediately after the second dimension, using excitation/emission
wavelengths of Cy2 (488/520 nm), Cy3 (532/580 nm), and Cy5
(633/670 nm) (100 pm resolution; Typhoon 9410 Variable Mode
Imager; GE Lifesciences).

2.5. 2-DE PAGE

First-dimension separation was performed using IPG strips (pH
3-10, 11, or 18 cm; GE Healthcare) on Ettan IPGphor (GE
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Healthcare) to a total of 65 kVh and subsequently the strips were
treated as in Section 2.4 first with DTT and then with iodoac-
etamide. Second dimension (SDS-PAGE) was run with 12.5%
Tris-HCI gels for 45 min at 2 W/gel and 4 h at 12 W/gel. The
gels were stained by colloidal CBB?* and scanned (Microtek Scan
maker 9800 XL; Microtek).

2.6. Image Analysis

Gel images were aligned by automated calculation of manu-
ally assigned landmark vectors (Progenesis SameSpots v3.3).
Scanned gels were analyzed by intra-gel (difference in-gel) and
inter-gel (biological variance) analysis. Spot volume ratio change
of >1.3 fold and ANOVA p < 0.05 were chosen as criteria for
identification of proteins showing abundancy differences.

2.7. In-Gel Digestion and Protein Identification by MS

Differentially abundant spots were excised manually from gels,
subjected to in-gel digestion by trypsin and MS identification.'’)
Briefly, gel pieces were washed in 40% ethanol until colorless, fol-
lowed by 100% ACN, incubated with 5 L 12.5 ng mL™! trypsin
(Promega) in 10 mmM ammonium bicarbonate (45 min, on ice),
added 10 mm ammonium bicarbonate for rehydration, and kept
at 37 °C overnight. Supernatant (1 ©L) was applied onto an An-
chor Chip target (Bruker-Daltonics), added 1 uL matrix (0.5 mg
mL~! @-cyano-4-hydroxycinnamic acid in 90% ACN, 0.1% TFA)
and washed with 2 4L 0.02% TFA. MALDI-TOF MS spectra were
obtained (Ultraflex II; Bruker-Daltonics) in auto-mode using Flex
Control v3.0 and processed by Flex Analysis v3.0 (both Bruker-
Daltonics). Spectra were externally calibrated using a trypsin di-
gest of B-lactoglobulin (5 nMm). MS spectra were searched against
the NCBI database for bacteria using the MASCOT 2.0 soft-
ware (http://www.matrixscience.com) integrated with BioTools
v3.1 (Bruker-Daltonics). Protein identifications by PMF were con-
firmed with a MASCOT score of 80, p < 0.05 and a minimum of
six matched peptides.

3. Results

The effects of five plant phenolics on the probiotic L. acidophilus
NCFM were monitored by determining adhesive capacity onto a
mucin coating and an HT-29 cell layer as well as by differential
whole cell and surface proteome analyses.

3.1. Effects of Phenolics on Adhesion

The adhesive ability of NCFM varied with the different phenolics
and their concentrations supplemented during growth. Resver-
atrol (100 pug mL™) significantly increased (p < 0.05) adhesion
to mucin and HT-29 cells by +2.4 and +1.4 fold, respectively,
and tannic acid (100 ug mL™") increased the adhesion to HT-
29 cells by +5.1 fold, compared to a control grown on glucose
alone (Figure 1). By contrast, ferulic acid (100 g mL!) and tan-
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nic acid (250 ug mL™!) reduced (p < 0.05) adhesion to mucin by
—1.4 and —3.2 fold, respectively, whereas caffeic and ferulic acids
(250 ug mL™') increased (p < 0.05) adhesion to mucin by +1.3
and +2.0 folds, respectively. Notably, adhesion to HT-29 cells in-
creased significantly after growth in the presence of 250 ug mL™!
resveratrol (+2.3 fold) and ferulic acid (+1.6 fold). At the highest
phenolic concentration (500 ug mL™!) only ferulic acid stimu-
lated adhesion and only to mucin (+1.3 fold). Although salicin
was used previously as carbon source for selective enumeration
of NCFM,®! growth in 1% salicin did not modulate adhesion
(Figure 2).

3.2. Effects of Phenolics on the Whole-Cell Proteome

Phenolic-treated bacteria and controls were analyzed by com-
parative proteomics. Growth at the presence of 100 pug mL™!
resveratrol (Supporting Information Figure 1) altered relative
abundancies of 12 protein spots in the whole-cell proteome
(Figure 2, Table 1, Supporting Information Table 1, Supporting
Information File 1a), 11 showing +1.3 to +2.0 fold increase (pre-
protein translocase subunit SecA, multiple sugar-binding ABC-
transporter ATPase, tRNA N6-adenosine(37)-threonylcarbamoyl
transferase complex transferase subunit TsaD (two spots), oxalyl-
CoA decarboxylase, ribokinase, molecular chaperone Hsp33, and
alanyl-tRNA synthetase), whereas a spot containing one of sev-
eral glyceraldehyde-3-p dehydrogenase (GAPDH) forms present
in the proteome showed —1.5 fold lower relative abundance com-
pared to the control.

Tannic acid (100 ug mL~!, Supporting Information Figure 1)
similarly altered abundancy for 11 protein spots (Figure 2,
Table 1, Supporting Information Table 2, Supporting Informa-
tion File 1b). Ten increased +1.4 to +2.1 fold (DNA-binding
response regulator, prolyltRNA synthetase, pyruvate kinase,
GAPDH (two spots), glutamyl-tRNA synthetase, oligoendopep-
tidase F, and adenylosuccinate lyase), whereas tRNA (guanine-
N(7)-)-methyltransferase was —3.0 fold less abundant.

Growth in the presence of caffeic acid (500 ug mL~", Support-
ing Information Figure 1) slightly increased abundancy for p-
lactate dehydrogenase (+1.4 fold) and elongation factor Ts (+1.3
fold), while it decreased abundancy for GAPDH (—2.3 fold), 50S
ribosomal protein L1 (—1.5 fold), and heat shock protein Hsp33
(—1.3 fold) (Figure 3, Table 1, Supporting Information Table 3,
Supporting Information File 1c). Ferulic acid (500 ug mL~!, Sup-
porting Information Figure 1) increased transcriptional regulator
LBA0733 (+1.9 fold), while purine trans-deoxyribosylase, 50S ri-
bosomal protein L1, fructokinase, ribose-p-pyrophosphokinase,
and phosphomethylpyrimidine kinase decreased in abundancy
(—1.4 to —1.7 fold) (Figure 3, Table 1, Supporting Information
Table 4, Supporting Information File 1d).

3.3. Effects of Phenolics on the Surface Proteome

Differential abundancies in the surface proteome were previ-
ously reported for NCFM to accompany increased adhesion when
using plant-derived oligosaccharides as carbon sources.!'”-? Ad-
dition of resveratrol (100 g mL™!) during growth altered nine
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Figure 1. In vitro adhesion of L. acidophilus NCFM. a) Adhesion to mucin coating by bacteria grown with glucose as carbon source in the presence of
resveratrol, tannic acid, caffeic acid, ferulic acid, or with salicin as carbon source. b) Adhesion to HT-29 cells by bacteria exposed during growth to the
phenolics as in mucin adhesion assay. Asterisks indicate statistically significant differences (*, p < 0.05; **, p < 0.01; *** p < 0.001) as compared to

control.
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Figure 2. Representative whole cell 2D proteome map of L. acidophilus NCFM grown with glucose as carbon source in the presence of resveratrol or
tannic acid. Numbers indicate differentially abundant spots (ANOVA p < 0.05), compared to control (non-treated), identified by in-gel digestion and
mass spectrometry. NCFM was grown in the presence of 100 ug mL™" resveratrol (Res-treated) and 100 ug mL~" tannic acid (TA-treated). Selected

spots are shown for relative abundancy.

spots in the surface proteome. Five increased in abundance
by +1.4 to +2.1 fold (pyruvate kinase, 50S ribosomal protein
L7/L12, elongation factor P, 50S ribosomal protein L22 and hy-
pothetical protein LBA1769) and four decreased —2.0 to —1.4
fold (GAPDH (two spots), adenylosuccinate synthetase, and
6-phosphofructokinase) (Figure 4A, Table 2, Supporting In-
formation Table 5, Supporting Information File 2a). Tannic
acid (100 pg mL™!) slightly increased relative abundancy of
aminopeptidase and glycoprotein endopeptidase by +1.4 and
+1.3 fold, while elongation factor G and manganese-dependent
inorganic pyrophosphatase decreased by —2.0 and —1.5 fold, re-
spectively (Figure 4A, Table 2, Supporting Information Table 6,
Supporting Information File 2b). Caffeic acid (500 g mL™!) af-
fected nine surface protein spots, of which Glutamate tRNA lig-
ase increased +1.5 fold, whereas eight decreased in abundancy
from —1.5 to —2.2 fold (p-lactate dehydrogenase, elongation fac-
tor Tu, triosephosphate isomerase, 30S ribosomal protein S1,
adenylosuccinate synthetase, lysine tRNA ligase, elongation fac-
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tor P, aspartate tRNA ligase (Figure 4B, Table 2, Supporting In-
formation Table 7, Supporting Information File 2c). Ferulic acid
(500 ug mL~') only caused seven protein spots to reduce in abun-
dancy including 1-lactate dehydrogenase (—1.6 fold), oligoribonu-
clease (—1.8 fold), and pyruvate kinase (—1.6 fold) (Figure 4B,
Table 2, Supporting Information Table 8, Supporting Informa-
tion File 2d).

4. Discussion

The daily intake of polyphenols varies a lot, typically ranging
from <100 mg to >2 g. Over 95% of the phenolics in the diet
supposedly reach the colon and become metabolized by the gut
microbiota.?®) Although phenolics are generally known to ex-
ert positive human health effects, their efficacy depends on the
bioavailability of different forms—esters, glycosides, polymers—
which must be hydrolyzed by intestinal enzymes or the
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Table 1. Protein identifications of differentially abundant spots (ANOVA p < 0.05) of whole-cell proteins of L. acidophilus NCFM grown in the presence
of resveratrol (100 ug mL™"), tannic acid (100 ug mL™"), caffeic acid (500 g mL™"), and ferulic acid (500 g mL™") compared to non-treated control.
Protein identifications were confirmed with MASCOT score of 80 for peptide mass fingerprint, ANOVA p < 0.05, and a minimum of 6 matched peptides.

Protein name Gene Fold change Fold change Fold change Fold change
in resveratrol in tannic acid in caffeic acid in ferulic acid

(spot no.) (spot no.) (spot no.) (spot no.)

L-lactate dehydrogenase Iba0271 +2.0 (R2)

Preprotein translocase subunit SecA 1ba0673 +1.7 (R3)

Ribonucleoside triphosphate reductase 1ba0041 +1.6 (R4)

Multiple sugar-binding ABC-transporter ATPase Iba1645 +1.5 (R5)

GAPDH 1ba0698 —1.5 (R6) +1.5 (T6-T7) —23(C1)

TsaD Iba0390 +1.4 (R7-R8)

Oxalyl-CoA decarboxylase 1ba0396 +1.4 (R9)

Ribokinase 1ba0587 +1.4 (R10)

Molecular chaperone Hsp33 ba0279 +1.4 (R11) —1.3 (C5)

Alanyl-tRNAsynthetase Iba0417 +1.3 (R12)

tRNA (guanine-N(7)-)-methyltransferase Iba1582 -3.0(T)

DNA-binding response regulator Iba1820 +2.1 (T2)

tRNA-specific 2-thiouridylase MnmA 1ba0822 +1.7 (T3)

Prolyl-tRNA synthetase 1ba1262 +1.6 (T4)

Pyruvate kinase Iba0957 +1.6 (T5)

Glutamyl-tRNA synthetase Iba0347 +1.5 (T8)

Oligoendopeptidase F Iba1763 +1.5 (T9)

Adenylosuccinate lyase 1ba1891 +1.4 (T10)

Phosphoglycerate kinase 1ba0699 +1.4 (T17)

50S ribosomal protein L1 1ba0360 -1.5(C2) -1.7 (F2)

D-Lactate dehydrogenase Iba0055 +1.4 (C3)

Elongation factor Ts Iba1269 +1.3 (C4)

Purine trans-deoxyribosylase Iba0145 —1.4 (F1)

Transcriptional regulator LBA0733 1ba0733 +1.9 (F3)

Fructokinase 1ba0016 —1.4 (F4)

Ribose-p-pyrophosphokinase Iba0224 —1.6 (F5)

Phosphomethylpyrimidine kinase Iba1879 —1.4 (F6)

microbiota prior to absorption.*”! Phenolics and probiotic bacte-
ria have been shown to interact with each other when coexisting
in food products, dietary supplements, or in the gastrointestinal
tract.8

The presence of plant phenolics did not inhibit the growth of
NCFM cells (Supporting Information Figure 1). However, tan-
nic acid had some growth-reducing effects on NCFM. In general,
to survive in tannic acid, organisms express tannase but this is
not the case of NCFM that did not display tannase activity. On
the other hand, NCFM cells can protect themselves by produc-
ing exopolysaccharides, which can help the cells growing in the
presence of tannic acid.?>3% This is probably the reason why the
growth is decreased but not fully inhibited.

Adhesion of microorganisms to the intestinal mucosa is im-
portant for GIT residence time and correlated to the ability of the
strains to beneficially influence host health including immune
modulation and competitive exclusion of pathogens.[?”-2831:32] Fa.
vorable effects of polyphenols were reported for the probiotic
Lactobacillus rhamnosus 299 enhancing proliferation and adhe-
sion simultaneously with inhibition of growth and adhesion of
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pathogens.l® The impact largely depended on the phenolic struc-
ture and its dosage,?¥ as also found in our study to represent
important factors in conferring beneficial effects.

To gain deeper insight into modulation of epithelial adhe-
sion and changes in relative protein abundancies in the bacte-
rial whole cell and surface-associated proteomes, four pheno-
lics were individually added to NCFM growing with glucose as
carbon source (Supporting Information Figure 1), while salicin
was used as carbon source. The mechanism of bacterial adhe-
sion to the gastrointestinal mucosa is complex and includes non-
specific electrostatic and hydrophobic interactions along with
specific phenomena sustained at the molecular level by bacte-
rial adhesins and mucosal receptors.*>*%l Indeed, the most im-
portant bacterial determinants for mucosa adherence are cell-
wall components and adhesins. Both specific and nonspecific
mechanisms apply to the interaction of NCFM with the intesti-
nal mucosa involving molecules of different nature, including
proteins, lipids, and carbohydrates.> Whole-cell proteome com-
parison indicated that plant polyphenols can alter abundance
of NCFM proteins involved in energy metabolism, general and
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Figure 3. Representative whole-cell 2D proteome map of L. acidophilus NCFM grown with glucose as carbon source in the presence of caffeic acid or
ferulic acid. Numbers indicate differentially abundant spots (ANOVA p < 0.05), compared to control (non-treated), identified by in-gel digestion and
mass spectrometry. NCFM was grown in the presence of 500 ug mL™" caffeic acid (CA-treated) and 500 ug mL~! ferulic acid (FA-treated). Selected
spots are shown for relative abundancy.

oxidative stress responses, transcription and translation pro-
cesses, as also observed in previous proteomics studies on phe-
nolics and LAB.74)

Preprotein translocase subunit SecA is coupled with the Se-
cYEG channel to transport polypeptides from the inside to
the outside of the cell playing a central role in bacterial pro-
tein secretion.'!! The mechanism by which SecA cooperates in
this function includes two phases: i) SecA (alone or together
with chaperones) aids the targeting of extracellular-located pro-
teins from the ribosome to the membrane and then ii) uses
ATP for translocation of the preproteins through the SecYEG
channel.™l Increased abundancy of SecA induced by resvera-
trol may be a first step in the adjustment of NCFM to envi-
ronmental changes as extracellular proteins are crucial for this
adaptation.*!

tRNA N6-adenosine(37)-threonylcarbamoyl transferase com-
plex transferase subunit TsaD (TsaD), also annotated as
endopeptidase*’! and DNA-binding/iron metalloprotein/AP en-
donuclease (NCBI Reference Sequence: YP_193312.1) is univer-
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sally occurring. Its exact function is unknown, but it is thought
to participate in the modification of adenosine in tRNAs reading
codons beginning with adenine,* as well as in the modification
of cell-wall peptidoglycan connected with cell division.*>! Resver-
atrol is known to reduce negative effects of oxidative stress on
DNA and RNA and also interacts with tRNA synthetasel*l and
tRNAs!*” and the increased abundancy of TsaD may protect RNA
against oxidative stress. Secondly, cell-wall stability may be main-
tained during environmental changes through increased abun-
dancy of TsaD.

Oxalyl-CoA decarboxylase together with formyl-CoA trans-
ferase is responsible for catabolism of oxalate, a toxic compound
in normal human diet.*¥! Oxalate is a strong chelator of cations,
especially Ca’", and can lead to severe pathologies such as hy-
peroxaluria, urolithiasis, and renal failure. Oxalate is primarily
absorbed in the colon and the gut microbiota has evolved to de-
grade it.*¥) Even though the main organism for this degradation
is Oxalobacter formigenes, also probiotic bacteria belonging to Bi-
fidobacteria and Lactobacilli genera, encode genes responsible for
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Figure 4. Surface proteomes of L. acidophilus NCFM grown with glucose as carbon source in the presence of phenolics. Numbers indicate differentially
abundant spots (ANOVA p < 0.05), compared to control (non-treated), which were identified by in-gel digestion and mass spectrometry. NCFM was
grown in the presence of a) 100 ug mL™" resveratrol (Res-treated) and tannic acid (TA-treated) or b) 500 ug mL~" ferulic acid (FA-treated) and caffeic

acid (CA-treated).

removal of oxalate.**>% NCFM is known for this activity!*®l and
the increase in oxalyl-CoA decarboxylase concurs with the health-
promoting potential of resveratrol.

DNA-binding response regulator is a component of bacterial
two-component signal transduction pathway involved in sens-
ing and responding to environmental changes.’! It is coupled
with histidine kinase, a transmembrane protein responsible for
recognition of signals from the extracellular environment by
autophosphorylation. This phosphoryl group is transferred to
the response regulator for activation, which once phosphory-

Mol. Nutr. Food Res. 2018, 62, 1700638
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lated initiates differential gene transcription to trigger metabolic
reactions.”!) NCFM responds to tannic acid by increasing abun-
dance of this protein.

The glycolytic enzymes pyruvate kinase (PK) and GAPDH both
increased in tannic acid-treated NCFM, indicating elevated ATP
production necessary for dealing with environmental stress, as
observed in other phenolic-LAB interactions.?*®#052 By contrast,
abundancy of GAPDH was lower when resveratrol or caffeic acid
were present during the NCFM culture. As it has been hypothe-
sized that multiple GAPDH forms have different functions,?’!
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Table 2. Protein identifications of differentially abundant spots (ANOVA p < 0.05) of surface proteins of L. acidophilus NCFM treated with resveratrol (100
ug mL~"), tannic acid (100 ug mL™"), caffeic acid (500 jug mL~"), or ferulic acid (500 g mL™"), compared to non-treated control. Protein identifications
were confirmed with MASCOT score of 80 for peptide mass fingerprint, ANOVA p < 0.05, and a minimum of 6 matched peptides.

Protein name Gene Fold change Fold change Fold change Fold change
in resveratrol in tannic acid in caffeic acid in ferulic acid

(spot no.) (spot no.) (spot no.) (spot no.)

Pyruvate kinase Iba0957 +2.1 (RS1) —1.6 (FS4)

50S ribosomal protein L7/L12 1ba0370 +2.0 (RS2)

GAPDH 1ba0698 —2.0 (RS3), —1.6 (RS6)

Elongation factor P Iba1668 +1.7 (RS4) —1.7 (CS8)

50S ribosomal protein L22 1ba0296 +1.6 (RS5)

Adenylosuccinate synthetase Iba1892 —1.5 (RS7) —1.5 (CS6)

Hypothetical protein LBA1769 Iba1769 +1.4 (RS8)

6-phosphofructokinase 1ba0956 —1.4 (RS9)

Elongation factor G 1ba0289 —2.0 (TST1)

Mn-dependent inorganic pyrophosphatase Iba1125 —-1.5 (TS2) —1.5 (FS2)

Aminopeptidase Iba1849 +1.4 (TS3)

Glycoprotein endopeptidase 1ba0388 +1.3 (TS4)

Glutamyl-tRNA synthetase Iba0347 +1.5 (CST)

D-Lactate dehydrogenase 1ba0055 —1.5 (CS2)

Elongation factor Tu Iba0845 —1.8 (CS3)

Triosephosphate isomerase 1ba0700 —2.0 (CS4) —1.7 (FS5)

30S Ribosomal protein S1 1ba0968 —1.8 (CS5) —1.7 (FS6)

Lysine tRNA ligase 1ba0281 -1.9 (CS7)

Aspartate tRNA ligase 1ba0936 —2.2 (CS9)

L-Lactate dehydrogenase 1ba0271 —1.6 (FS1)

Oligoribonuclease Iba0415 —1.8 (FS3)

Trigger factor 1ba0846 —1.7 (FS7)

these results suggest that the individual plant phenolics
influence occurrence of distinct GAPDH forms and hence differ-
ent cellular functions. Different GAPDH forms of altered abun-
dancy were derived from the same gene and appeared in several
spots probably reflecting various posttranslational modifications.

Elongation factor Ts during translation escorts aminoacyl tR-
NAs to the ribosome as it proceeds along the mRNA. Studies on
LAB showed that acid stress and also tannic acid induce elonga-
tion factor proteins®3$54 and the increased abundancy of elon-
gation factor Ts by caffeic acid may be a defensive response. Fur-
thermore, 508 ribosomal protein L1 plays a role in the structure
and activity of the ribosome and can participate in the mecha-
nism of stress adaptation as shown in L. plantarum.>

The chaperone Hsp33, which was +1.4 fold increased in
resveratrol- and —1.3 fold decreased in caffeic acid-treated bac-
teria, deals with misfolded proteins and provides an immediate
response to oxidative stress. Under oxidative conditions, Hsp33 is
activated by disulfide bond formation, while under non-stressed
conditions, it is deactivated by elimination of disulfide bonds with
reversal of conformational changes.>®

Remarkably, proteins changing in abundancy differ for resver-
atrol and tannic acid, suggesting that these polyphenols have dif-
ferent roles in molecular reactions eliciting beneficial effects and
thus act in a cooperative manner.

Regarding the surface protein profiles, some interesting obser-
vations emerge. Actually, several moonlighting or putative moon-
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lighting proteins known to play a role in adhesion®” undergo
abundancy changes in phenolics-stimulated NCFM. Surface pro-
teomes after resveratrol treatment revealed increase in PK that
may be responsible for adhesion, being identified as a moon-
lighting protein in adhesion to mucin, HT-29 cells, and yeast
mannan.”®>% Other higher-abundant proteins, such as elonga-
tion factor P (EF-P) and ribosomal proteins are putative moon-
lighting proteins previously found on bacterial surfaces.” Elon-
gation factors besides participating in protein synthesis are often
described as moonlighting, especially elongation factor Tu (EF-
Tu) that promoted adhesion of L. johnsonii to human tissues,®
thus contributing to its health-promoting effect. Similarly, EF-
Ts and EF-G, seen in the exoproteome of Bacillus anthracis®!
were referred to as signal peptide-lacking exoproteins in Staphy-
lococcus aureus.|®?! The very interesting protein trigger factor be-
haves in Lactobacillus reuteri NCIB11951 as a collagen I binding
protein® and cooperates in Streptococcus mutans with surface ad-
hesin P1.4 Notably NCFM EF-P is more abundant after resver-
atrol treatment, stimulating adhesion to both mucin and HT-29
cells, and less abundant in caffeic acid-treated NCFM not show-
ing improved adhesion. It is tempting to hypothesize that differ-
ent plant phenolics influence synthesis of EF-P in NCFM in dif-
ferent ways or regulate secretion of EF-P to the outside of the cell,
thus controlling adhesion to host and tissue components such
as mucin and collagen. The lack of effect of caffeic acid on ad-
hesion at 500 ug mL~! agrees with low abundancy of EF-Tu.l%%
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Remarkably, improved adhesion by resveratrol treatment does
not fit with the well-known moonlighting adhesive protein
GAPDH being less abundant.®”) Probably several proteins in-
cluding EF-P and PK support the adhesive effect.

Apart from the EF-P and EF-Tu discussed above connected
with the good (resveratrol) or poor (caffeic acid) adhesive ca-
pabilities of stimulated NCFM, it can be underlined that other
elongation (EF-G) and trigger factors are of low abundancy in
the surface proteome of tannic and ferulic acid-stimulated bac-
teria, respectively. In the case of ferulic acid (500 ug mL™?), re-
duced abundancy of PK is also consistent with poor adhesion to
HT-29 at this concentration. By contrast, improved binding to
HT-29 resulting for tannic acid, probably is due to other com-
ponents, maybe exopolysaccharides often reported as involved in
cell adhesion.!®> This hypothesis is supported by the fact that cells
stimulated with tannic acid did not adhere to mucin and possibly
factors stimulating adhesion to HT-29 are unfavorable for bind-
ing to mucin.

Finally, it is worth considering that both ferulic acid and resver-
atrol seem to preferentially influence 1-lactate dehydrogenase (L-
LDH) synthesis, whereas caffeic acid seems to specifically control
p-lactate dehydrogenase (p-LDH) abundancy. Curiously, caffeic
acid causes enhancement of intracellular p-LDH and decreases
abundance of surface p-LDH, suggesting that it directs the cellu-
lar location of this enzyme rather than stimulating the synthesis.

In conclusion, the present study has brought new knowl-
edge to elucidate complex interactions occurring in the human
gut between health-promoting bacteria and diet components.
It has been demonstrated that some plant phenolics (but not
all) can improve the adhesive capabilities to mucin and HT-29
cells of NCEFM probably by inducing biosynthesis or secretion of
moonlighting proteins engaged in adhesion. Among these com-
pounds, resveratrol proved most effective.

Abbreviations
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