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Summary

Colorectal cancer pathogenesis and progression is
associated with the presence of Fusobacterium
nucleatum and the reduction of acetylated deriva-
tives of spermidine, as well as dietary components
such as tannin-rich foods. We show that a new tan-
nase orthologue of F. nucleatum (TanBF,,) has sig-
nificant structural differences with its Lactobacillus
plantarum counterpart affecting the flap covering the
active site and the accessibility of substrates. Crys-
tallographic and molecular dynamics analysis
revealed binding of polyamines to a small cavity that
connects the active site with the bulk solvent which
interact with catalytically indispensable residues. As
a result, spermidine and its derivatives, particularly
N&-acetylated spermidine, inhibit the hydrolytic activ-
ity of TanBF,,,, and increase the toxicity of gallotan-
nins to F. nucleatum. Our results support a model in
which the balance between the detoxicant activity of
TanBF,, and the presence of metabolic inhibitors
can dictate either conducive or unfavourable condi-
tions for the survival of F. nucleatum.

Introduction

Fusobacterium are anaerobic, gram-negative bacteria
known for a long time as pathogens linked to oral dis-
eases. In the last decade, several studies have also
noted the presence of F. nucleatum outside its usual oral
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cavity niche its association with colorectal cancer (CRC)
(Kostic et al., 2013; Rubinstein et al., 2013; Yachida
et al., 2019). Intriguingly, F. nucleatum increased tumour
multiplicity in a mouse model of intestinal tumorigenesis
(Kostic et al., 2013). Although the biological explanation
of the carcinogenic effect of this bacterium remains elu-
sive, potential underlying mechanisms are the generation
of a pro-inflammatory microenvironment through recruit-
ment of immune cells, in particular macrophages, and
different oncogenic responses predominantly mediated
by the FadA adhesin (Brennan and Garrett, 2019). New
studies have also pointed to F. nucleatum as both a key
species that allows CRC early stage detection and as a
bad prognostic biomarker of CRC survival (Zeller et al.,
2014; Mima et al., 2016; Yamaoka et al., 2018). A recent
study has described the presence of F. nucleatum and
its accompanying microbiome in distal metastases of
CRC. Moreover, the treatment of mice-bearing colon
cancer xenografts with antibiotics specific for F. nuclea-
tum resulted in decreased bacterial loads, diminished
cancer proliferation and delayed tumour growth (Bullman
et al, 2017). These studies underscore the importance
of this tumour-associated pathogen during disease
development and progression.

Detrimental F. nucleatum expansion and activity in the
intestine might be associated with nutritional determi-
nants, since diet is recognized as one of the most impor-
tant environmental risk factors for CRC (Mehta et al.,
2017). Understanding the microbial metabolism of dietary
components is critical to comprehend gut ecological
dynamics in response to the diet. Phenolics and gal-
lotannins, in particular, are relevant components of the
chemical composition of some fruits and raw vegetables,
which affect their organoleptic properties and health
effects (Barbieri et al, 2017). These compounds are
transformed within the gut due to the action of a vast
array of microbial enzymatic activities, rendering some
metabolites with antimicrobial activity, such as pyrogallol
or phloroglucinol (Kolodzeij et al., 1999; Buzzini et al.,
2008; Redondo et al, 2014). These antimicrobial
metabolites might affect microbial ecosystems and there-
fore F. nucleatum settlement and expansion. The role of
other diet-related metabolites such as biogenic amines
remains almost completely unexplored in relation to F.
nucleatum dynamics. However, some studies have pos-
tulated a potential participation of spermidine and putres-
cine in CRC (Soda, 2011; Madeo et al., 2018).

Among the enzymes that play a critical role in the
release of bioactive compounds from gallotannins, tan-
nases are essential due to their role as first-line
degradative enzymes of high molecular weight gallotan-
nins, making these compounds accessible for subse-
quent downstream transformation (Jimenez et al,
2014b). Tannases are esterases present in different

microorganisms that are capable of breaking the ester
bonds (esterase activity) and depside bonds (depsidase
activity) of gallic acid (Haslam and Stangroom, 1966).
However, although different microbial tannase enzymes
have been described and characterized (de Las Rivas
et al., 2019), including the F. nucleatum subsp. polymor-
phum tannase, TanBg,, (Toméas-Cortazar et al., 2018),
studies addressing their prevalence and their role in
human microbiota ecosystems are lacking. Despite the
implications of these proteins in diet—bacteria interac-
tions, functional and structural studies of bacterial tan-
nases of gut pathogens or relevant microorganisms in
the gut environment are missing. To date, only one bac-
terial tannase belonging to the probiotic bacterium, Lac-
tobacillus  plantarum TanA,, has been structurally
characterized (Ren et al., 2013; Wu et al., 2013).

Here, we describe and characterize a new tannase
from F. nucleatum subsp. nucleatum (TanBg,,) and
study its distribution among the bacteria taxa present in
a human cohort as well as the prevalence and abun-
dance of tannase orthologues in the human population.
Furthermore, we show that TanBg,, is active against
phenolic compounds when present in the culture med-
ium and propose the adaptative advantage through gal-
lotannin  detoxification as the origin of the high
prevalence of these genes in CRC-associated oral
pathobionts. In order to get a deeper understanding of
the mechanism of action of TanBg,,, we solved its crys-
tal structure, which permitted the identification of previ-
ously unknown regulatory mechanisms of the enzymatic
activity for this group of proteins. Based on structural
information as well as enzymatic assays and molecular
dynamics simulations, we describe the interaction of the
enzyme with the biogenic amine spermidine and its
acetylated derivatives. These data unveil the inhibitory
interactions that modulate the survival of F. nucleatum in
the presence of gallotannins.

Results

Tannase is a core protein in human microbiota and
might be relevant for niche adaptation of oral pathogens

Since its initial description in Staphylococcus lugdunen-
sis, the presence of tannase activity in bacteria has been
repeatedly linked to CRC-associated microorganisms
(Noguchi et al., 2007; Lopez de Felipe et al, 2014).
However, the importance of this enzyme for human dis-
ease has not been addressed to date. The increased
abundance of tannase orthologues among bacteria spe-
cies that are overrepresented in CRC has been hypothe-
sized (Lopez de Felipe et al, 2014) as well as the
elevated presence of oral microorganisms in tumours
(Flemer et al., 2018). We first assessed the presence of
gene orthologues for the tannase gene (using the
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Fig. 1. Estimated abundance of tannase proteins across 1267 human gut metagenomes in a human cohort.A. Estimated average tannase
copies per cell and ranking position of the mean abundance of tannase proteins across the whole metagenome.B. Percentage of samples
(prevalence) among human gut metagenomes with a determined minimum abundance.C. Abundance (gene copies per cell) in control popula-
tion individuals and CRC disease patients in a CRC disease cohort. The average + SD copies were 5.8 x 10 + 1.9 x 107 for the control
group and 1.6 x 10 + 8.2 x 10 for the CRC group. *Wilcoxon rank-sum test, P = 0.025.

previously characterized L. plantarum tannase Ip_2956,
fanL -UniProt ID: FOQUS92_LACPL-, as reference and
30% of identity as the minimum threshold), using
metagenomic faecal data from 1872 individuals sampled
in six countries across three continents (Nayfach et al.,
2015). Species harbouring orthologous tannase proteins
were detected in several bacterial genera present in the
oral niche that are associated with CRC (Flynn et al.,,
2016; Bullman et al, 2017), including Fusobacterium,
Veillonella, Aggregatibacter, Selenomonas and Mit-
suokella (Table S1). Furthermore, the analysis of the
abundance of tannase orthologues showed that this
gene was present in most of the analysed populations
(Fig. 1A), with a mean abundance among samples of
0.03 gene copies per eukaryotic cell. Therefore, tan-
nases can be considered core genes of the human
microbiota, although their abundance is variable across
the population. Furthermore, we found that 95.7% of the
population harbours at least 1 gene copy per 1000
eukaryotic cells (Fig. 1B).

We have recently cloned and characterized a tannase
from F. nucleatum subsp. polymorphum, a clinically rele-
vant Fusobacterium subspecies, TanBg,, (Tomas-
Cortazar et al., 2018). We then proceeded to the identifi-
cation and cloning of the gene encoding a homologous
tannase enzyme (TanBg,,) from F. nucleatum subsp. nu-
cleatum 23726, due to the relevance of this microorgan-
ism in CRC development and progression (Liu et al.,
2019). Figure S1 shows a schematic representation of
the genetic context of the tanBryngene Within the F.
nucleatum genome. We also determined the abundance
of highly similar (> 80%) orthologues of the F. nucleatum
subsp. nucleatum tannase in a set of CRC patients and
healthy individuals (Feng et al, 2015). CRC patients
showed a significantly higher abundance of tannase
orthologues than the control group (P value = 0.025;
Fig. 1C), suggesting a positive correlation between this
enzyme and the disease.

TanBegn, is capable of degrading dietary gallotannins and
provides protection against their toxicity

Mounting evidence indicates a role for tannase activity
in the adaptation of oral pathogens to the oral niche,
an environment rich in phenolic compounds (Jimenez,
2014). More importantly, a putative role for microbial
adaptation to the CRC niche when phenolics reach the
gut has also been demonstrated (Reveron et al.,
2013). To further explore the adaptive implications of
TanBgn,, the enzyme was studied in detail. The coding
gene was cloned into Escherichia coli, and the activity
of the purified protein (Fig. S2) was tested. HPLC
analysis confirmed that TanBg,, is an esterase, active
against different food substrates including wine and tea
gallotannins as well as gallic acid esters used as addi-
tives in the food industry (Fig. S3). TanBg,, was active
against a great variety of simple and complex tannins
rendering gallic acid (GA) as the sole product in most
of the cases. The biochemical characterization of the
enzyme showed maximal activity at 30°C in a range of
pH between 6 and 7 (Fig. S4), which is very similar to
the behaviour of TanBg,, (Tomas-Cortazar et al.,
2018), as expected due to their high amino acid
sequence identity (93%).

We next studied the capacity of the bacteria to trans-
form gallotannins in culture. Simple and complex gal-
lotannins were added to F. nucleatum cultures, and the
supernatants were subsequently analysed by HPLC after
7 days. As with the purified enzyme, both simple and
complex tannins were totally or partially hydrolysed, ren-
dering GA as the main product (Fig. 2A). The capacity of
the cultured bacteria to degrade compounds unable to
enter the bacterial cell, such as tannic acid, plus the
presence of a signal peptide in the protein sequence
confirmed the existence of an active extracellular tan-
nase in the F. nucleatum cultures. In order to ascertain
the potential role of the tannase activity in diet

© 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
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Ethyl Gallate, PG-Propyl Gallate, LG-Lauryl gallate, TA-Tannic Acid) and GA-Gallic acid (the main product of tannase activity over gallotannin

compounds) for F. nucleatum subsp. nucleatum.C. TanBg,, gene expression induction by spermidine in F. nucleatum. Mid-log cultures of F.
nucleatum were incubated for 10 min with 0.1 mM tannic acid. The bacteria were then analysed for TanBg,, gene expression levels by real-time

PCR. Gene expression levels were calculated relative to the 16S rRNA gene. The results represent the average + of three independent cul-

tures.

*Student’s t-test, P < 0.05.

component detoxification, we determined the minimum
inhibitory concentrations (MICs) and the minimum bacte-
ricidal concentrations (MBCs) of the substrates and prod-
ucts of the enzyme. F. nucleatum tolerated much higher

concentrations of GA in the medium than simple and
complex gallotannins (Fig. 2B). Bacterial growth was not
inhibited in the presence of gallic acid concentrations up
to 15 mM, while all dietary substrates inhibited the

© 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.



growth of the bacteria in concentrations ranging from
0.47 to 3.75 mM. Similarly, the analysis of MBCs
showed that all gallotannin substrates induced a much
higher toxic activity than GA on F. nucleatum. On the
other hand, the analysis by real-time PCR of the expres-
sion level of TanBg,, in F. nucleatum exposed to tannic
acid showed its upregulation after 10 min of incubation
(Fig. 2C), showing that the bacterium responds to the
presence of the toxicant increasing the expression of the
tannase gene. Overall, these results suggested a detoxi-
fication role of the enzyme.

Crystal structure of TanBg,,,
We solved the crystal structure of TanBg,, by

molecular replacement using the atomic coordinates

Table 1. Crystallographic data collection and refinement statistics.

Parameter TanBgn,

Data collection statistics
Wavelength (A) 0.97926
Space group P 24

Unit cell dimensions
a, b, c (A) 71.84, 91.07, 124.07
o, B,y (°) 90, 101.696, 90
Temp (K) 100

X-ray source i
Resolution range® (A)
No. unique reflections

Synchrotron
47.79-(2.46-2.40)
60,889 (6,014)

Completeness 99.1 (97.8)
Multiplicity 6.5 (6.6)
Roim® 0.074 (0.319)
<l/s(l)> 13.3 (3.7)
CC1/2° 0.981 (0.874)
Refinement statistics
Resolution range (A) 47.79-2.40
Ruor! Riree” 0.17/0.25
No. of atoms
Protein 11,264
Water 407
Other 31
RMS deviations _
Bond length (A) 0.008
Bond angles (°) 0.99
Ramachandran plot
Favoured/outlier (%) 94.80/0.56
Monomers per AU 3
PDB code 6YQ4

a. Values between parentheses correspond to the highest resolution
shells.

b. Ry,m measures the precision of averaged intensities. Rp.i.m.=(3 -
hkltn — 1¥i = 1nli(hkl)—<I(hkl)>)/(3hkIY.i = 1nli(hkl)), where li(hkl)
is the i measurement of reflection hkl, <I(hkl)> is the weighted
mean of all measurements, and n is the redundancy for the hkl
reflection.

c. CC1/2 is the correlation coefficient between intensity estimates
from half data sets.

d. Rwork = (X hklIFo — Fcl)/Y IFol, where Fo is the observed struc-
ture factor amplitude and Fc the calculated value. The Riee value is
calculated identically but using a small subset (5%) of randomly
selected reflections that are set aside from the beginning and not
used in the refinement of the structural model.

A detoxicant tannase from Fusobacterium 5

of the tannase from Lactobacillus plantarum WCFS1
as a search model (PDB code: 4J0D; 42%
sequence identity). Details from the crystallographic
studies are provided in Experimental Procedures,
and data collection and refinement statistics are
shown in Table 1.

The three independent protein molecules within the
asymmetric unit of the TanBg,, crystal were essentially
indistinguishable (the maximum root-mean-square devia-
tion — rm.s.d. — for 478 alpha carbon (Ca) positions is
0.69 A). Analysis of the crystal protein packing with PISA
(Krissinel and Henrick, 2007) indicated the absence of
oligomeric assemblies, in agreement with our gel filtra-
tion observations showing that TanBg,,, is monomeric in
solution (Fig. S2).

TanBg,, belongs to the o/B-hydrolase superfamily
(Nardini, 1999; Ollis et al., 1992), which is structurally
characterized by a central and almost parallel eight-
stranded p-sheet surrounded by five o helices, two
located in the concave side of the sheet (a2 and «a17)
and three in the convex side (3, o4 and a12). Insertions
of new strands (one at the N-terminal end for TanBg,,)
or large domains, mainly located at the C-terminal end
of strands, are well tolerated by this central core (Nar-
dini, 1999). For TanBg,, a large insertion appeared
between strands p7 and $14 comprising the residues
207-438, which amounts to 47% of all its residues.

A search for structural homologues with the DALI ser-
ver (Holm and Rosenstrom, 2010) revealed that the tan-
nase from Lactobacillus plantarum WCFS1 (TanA.,) is
the closest structural homologue of TanBg,, (r.m.s.d. =
2.7 A for 458 Cua atoms). Nevertheless, despite this
overall structural similarity, superimposition of both struc-
tures revealed the existence of large, local structural
deviations between them, both within the o/p-hydrolase
core and in the inserted domain (Fig. 3). Surprisingly,
the largest structural deviation affected the flap covering
the active site of the enzyme, together with modifications
in the adjacent p4-a2 and p1-p2 connecting loops. These
structural differences are remarkable since, when taken
as a whole, reveal an unexpected complexity in the way
tannases work (see below). Finally, TanBg,, contained
an insertion of a 19 residue stretch (residues 391-409)
(Fig. S5A), which as indicated above, is only partially
observed in the electron density map, most probably due
to its intrinsic flexibility.

The catalytic machinery of TanBg,, and TanA,, was
found to be strictly conserved (Fig. S5B). The residues
forming the catalytic triad in TanBg,, correspond to
Ser'®® His*"® and Asp***, respectively, and those which
would interact with the three hydroxyl groups of ethyl
gallate (EG), Asp**®, Lys*®' and GIu®**® (Ren et al,
2013). Interestingly, Asp*** from the catalytic triad in
TanBg,, is stabilized by a 2.8 A hydrogen bond with a

© 2020 The Authors. Microbial Biotechnology published by Society for Applied Microbiology and John Wiley & Sons Ltd.
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flap

loop-a7-B11

{/\4

Fig. 3. Comparison of the three-dimensional structures of TanBgn, and TanA,. Superimposition of the structures of TanBg,, (blue, ribbon
model) and TanA_, (orange, ribbon model) reveals significant differences between both protein predominantly found in the loops p1-2 and p4-
a2, in the flap region (in particular in the loops p10-a7 and o7-f11) and in the a13 helix (shown from left to right). For clarity, two opposite views

are depicted for each distinct region.

water molecule, similarly to what is found in the struc-
tures of other esterases such as hormone-sensitive
lipases (Hemila et al, 1994; Alvarez et al, 2014).
Finally, the well-defined sphere of electron density
observed in the a3-p8 connecting loop has been tenta-
tively modelled as a Mg®" ion since this provides the
best agreement between B-factor values of neighbour
atoms with the carboxylate moiety of the Asp'®° side
chain as the main protein-ligand for metal binding.

An active site blockage system in TanBg,,

The flap located over the active site of TanA, is formed
by a long and twisted p-hairpin (strands p8 and p9)
whose conformation results in the formation of an open
tunnel (Fig. 4A) (Ren et al., 2013). Most probably, this
arrangement facilitates the catalytically competent bind-
ing of substrates such as tannic acid (TA) into the active
site. Unlike TanA, the flap in TanBg,, adopts a differ-
ent conformation. It folds over the active site and covers
both sides of the tunnel, resulting in the partial occlusion
of the active site (Fig. 4B).

The flap in TanBg,, is formed by a proximal, two short
stranded p-sheets (strands 10 and p11) followed by two
irregular regions and a distal, short helix (a7). As a result
of this new conformation, the environment of catalytically
essential residues changes, in particular those from the
nucleophile Ser'®® and the catalytically essential residue
Asp**® (Fig. 4C). Hence, the OG atom of the side chain
of Ser'® is located at hydrogen bond distance (3.7 A) to
the OD1 atom of the side chain of Asn®** from helix o7
of the flap, and the carboxyl group of Asp**® forms a
strong ion pair with Arg®*® that also belongs to the flap

(distance of 2.2 A between NH and OD2 atoms respec-
tively). This interaction is facilitated since the guani-
dinium moiety of Arg®*® is highly oriented towards
Asp**® by a cation-r interaction with the aromatic ring of
Phe®** and a 3.2 A hydrogen bond between its NE nitro-
gen atom and the main chain carbonyl oxygen of Tyr?*3
(Fig. 4C). In addition, a large part of the substrate-bind-
ing site is occupied by the bulky side chains of Phe®®*
and Tyr**3, hindering the catalytically competent binding
of big substrates.

The disappearance of the tunnel resulted from the new
conformation of the irregular regions situated between
strand p10 and helix a7 and between helix a7 and strand
p11 respectively. With respect to TanA,,, the latter region
moves towards the $15-a17 connecting loop, resulting in
a partial closure of this side of the tunnel, whereas the
first region approaches helix a12 and the loop between
strands p5 and 6. Notably, this new arrangement results
in the development of a small cavity (inner diameter of
around 8 A and 15 A depth) that connects the active site
and in particular, the nucleophile Ser'®® and the side
chains of the catalytically essential residues, Lys®®' and
GIu®®S, with the bulk solvent. This explains the presence
of a glycerol in the active site in a conformation that mim-
ics the gallate-binding mode (Fig. S5B), similarly to
TanA,, (Matoba et al., 2013). Remarkably, a region of
elongated, well-defined electron density is observed along
the cavity of one of the TanBg,, independent molecules
of the asymmetric unit (further details below), whereas in
the other two molecules the equivalent density is discon-
tinuous and hardly interpretable.

Since TanBg,, is active against small substrates such
as alkyl gallates and much larger substrates such as
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tannic acid (TA), it is likely that its flap must change its
conformation to permit their proficient binding of sub-
strates of different sizes into the active site. Under this
scenario, it is expected that residues from the flap occu-
pying the substrate-binding site of TanBg,, should leave
this environment before the substrate gets into the active
site and therefore would play either no direct role in
catalysis or an ancillary one, although this does not
exclude functional roles of these residues in the more
open states of the enzyme. To get some light on these
aspects, we generated the protein variants, Asp'*CAla,
Ser'®®Ala, Phe®**Ala, Tyr**Ala, Asn®***Ala  and
Arg®*®Ala, and determined their activity against both MG

and TA. As expected, the mutation of the catalytically
essential amino acid, Ser'®®, rendered the protein inac-
tive (Fig. 4D,E). On the other hand, the mutations
Phe®®*Ala and Asp'®°Ala did not affect or enhanced
slightly the activity of the enzyme, while the protein vari-
ant Asn®**Ala was almost inactive against both sub-
strates. Finally, mutations in Tyr**® and Arg®*® showed a
slightly reduced activity levels against methyl gallate
compared to the wild-type enzyme (> 75%) (Fig. 4E)
and were also active against TA, producing GA (Fig. 4
D). Overall, these results indicate that although not cat-
alytically essential, Tyr®*® and Asn®** affect the extent of
the hydrolytic activity of the enzyme likely by playing a
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role in the stabilization of this flexible region of the
enzyme. Indeed, both Tyr**® and Asn®** are highly con-
served in tannases from other members of the order
Fusobacteriales. Furthermore, the equivalent residue of
Asn?** in TanALp (Asn®%®) is located at the distal end of
the shortened flap and in contact with the p4-a1 connect-
ing loop (Ren et al., 2013), probably contributing to the
stabilization of this region.

Apart from the large structural changes observed in
the flap, three other regions of TanBg,, clearly differ
from those analogous in TanA.,. Two of them are in the
vicinity of the flap: the segment comprised by residues
Gly®' to Ala®® from the p4-a2 connecting loop and the
short p1- p2 connecting loop. Relative to TanA,,, the first
region in TanBg,, moves more than 10 A from the flap,
which permits its closure, and the second one moves
around 5 A in the same direction (Fig. 3). As a whole,
the new conformations of the flap and these two regions
suggest the possibility of a concerted movement of all of
them. Interestingly, the irregular region between helix o7
and strand p11 and the mentioned loops exhibit the
highest B-factor values of the TanBg,, structure, indicat-
ing high flexibility. Finally, the third region that clearly dif-
fers with respect to TanA,, is helix a13 and the a13-a14
connecting loop (Fig. 3), which are structural features of
tannases observed exclusively in the genus Fusobac-
terium, in particular, in F. nucleatum, F. hwasookii and F.
periodonticum, being absent in F. necrophorum and F.
massiliense. However, the current structure of TanBgn,
does not provide clues about a potential role of this last
structural element in the function of the protein.

Molecular modelling of substrates bound to TanBg,,,

The ability of TanBg,, to bind polyphenolic substrates
was investigated through microsecond molecular dynam-
ics (MD) simulations. We used first a representative
example of the small polyphenols experimentally tested,
EG. The small size and lack of significant conformational
flexibility of EG easily allowed its manual docking into
TanBg,, active site using the crystallographic structure of
TanA, in complex with EG as a reference, even with its
flap in a closed conformation (Fig. S6). It must be noted
that, as described above, for the substrates to get into the
active site, the flap must undergo very likely a conforma-
tional change into a more open state. The kinetic rate of
these conformational transitions, as well as the population
of the closed vs. open states in solution, might indeed
affect the global reaction rate and the observed catalytic
proficiency of the enzyme. This possibility is strongly sup-
ported by the reduction in tannase activity observed in the
mutants described before, in which the conformational
dynamics and thus the relative population of the open
and closed states of the flap are likely affected. In this

initial computer model, EG was bound mainly through
hydrogen bond interactions between two of its three phe-
nolic hydroxyl groups and GIu*®® of TanBg,,. However,
the significant width of the active site of this enzyme even
with the large flap covering it precluded this pose to be
maintained along different MD simulation runs, and fast
reallocation of EG by non-persistent interactions with neg-
atively charged residues GIu®®® and Asp**® were
observed (Fig. S6). In some of the trajectories, EG aban-
doned the active site and migrated to the bulk solvent
after around 700 ns. These observations suggest that
small phenolic esters, despite being able to enter the
active site of TanBg,, and undergo ester cleavage, might
not be ideal substrates for this enzyme.

Methyl digallate (MDG) was modelled in a similar way
to EG. This larger, conformationally flexible and more
densely hydroxylated substrate allowed a much more
stable binding to TanBg,, active site. Thus, a single bind-
ing pose with multiple protein-ligand contacts was
observed throughout the microsecond simulations
(Fig. S7). Of note, the flexible flap opens up at the initial
stages of the simulation and quickly closes over the sub-
strate to keep it in a stable and potentially reactive orien-
tation by means of aromatic stacking interactions with
Tyr**. This observation supports the reduced activity of
the Tyr**3Ala mutant, likely by reduction of stabilizing
interactions between the enzyme and the substrate. The
simulated binding mode of MDG to TanBg,, displays the
substrate in a reactive near-attack conformation, in which
the reacting ester group is optimally positioned for nucle-
ophilic attack from the Ser'®-His*5-Asp*** catalytic triad.
Negatively charged residues Glu®®® and Asp**® stablish
hydrogen bond interactions with the phenolic hydroxyl
groups of the reacting fragment, contributing to the proper
positioning of the substrate together with the z-r stacking
interactions exerted by the Tyr**® side chain, although
these last interactions are not catalytically indispensable
(see below). This Tyr residue also hydrogen bonds
through its hydroxyl group to the carboxyl oxygen of the
reacting ester group, likely contributing to catalysis by sta-
bilizing the negative charge developed at the phenoxide
product upon nucleophilic attack of the catalytic Ser'®.

These results strongly suggest that medium-sized
polyphenol derivatives such as digallates are ideal sub-
strates for TanBg,,. As a consequence, the degradation
of large TA derivatives by this enzyme is hypothesized
to be progressive, in such a way that the digalloyl ester
branches of tannins are initially recognized and sequen-
tially cleaved by TanBg,, to produce GA.

TanBgn, binds spermidine

As described above, one of the protein molecules of the
asymmetric unit of the TanBg,, crystal showed a region
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of elongated, well-defined electron density situated within
the cavity of the enzyme that connects the active site
with the bulk solvent (Fig. 5A). An exhaustive analysis of
the environment around this density was found to be
consistent with the presence of a spermidine (SPD)
molecule. Binding of SPD to TanBg,, in solution could
also be inferred from the analysis of the effects of the
polyamine on the thermal denaturation of the enzyme.
This process was studied by recording the temperature
dependence of the ratio of intrinsic tryptophan emission
fluorescence of TanBg,, at 350 and 330 nm, which as
expected, increased upon thermal denaturation. Thermal
unfolding of TanBg,, fitted well to a two-state process
with an apparent T, value of 59.5 + 0.1°C (Fig. S8A,B).
When incubated with SPD (50 mM), the obtained T,
value decreased to 58.5 + 0.1°C (Fig. S8C,D). The cav-
ity of TanBg,, that houses the SPD molecule shows an
anionic character, which permits the accommodation of
its positively charged amine groups. Three acidic resi-
dues decorate the entrance of the cavity (Glu***, Glu®"
and Asp%°), which would facilitate funnelling of SPD into

the cavity interior (Fig. 5B). In this conformation, one of
the terminal amine groups of SPD reaches the active
site of TanBg,, where it interacts with the carboxylate
moiety of the catalytically essential residue GIu3%®,
whereas the most exposed one remains accessible to
the solvent, close to the GIu®*® side chain and to the
positively charged Arg?®! side chain (Fig. 5B). This latter
cationic side chain is, however, highly oriented away
from the cavity as a result of its participation in a com-
plex array of interactions with Tyr*?°, Ser®2 and the
main chain carbonyl oxygen of Met®*°. Additionally, the
N* nitrogen atom of SPD, situated in the centre of the
cavity, is at hydrogen bond distance to the main chain
carbonyl oxygen of Ala®*® and also to a well-ordered
water molecule. As a result of this binding mode, 87% of
the complete surface area (296 A2 out of 340 A?) of
SPD becomes buried in the TanBg,, structure.

The structure and dynamics of the complexes between
TanBg,, and SPD or N8-acetylated SPD were further
analysed by molecular dynamics simulations starting
from the crystallographic structure of the SPD-bound
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enzyme. In all the performed simulations, SPD (Fig. 5C)
and N&-acetylated SPD (Fig. 5D) were observed to
slightly slide away from the crystallographic binding
pose, arriving at a densely negatively charged rim in
which glutamic (GIu®®®, GIu®®") and aspartic acid
(Asp®7, Asp**®) residues accumulate. The N' and N8
termini of SPD form persistent although highly dynamic
salt bridges with these negative charges, and the central
ammonium group also interacts with the backbone car-
bonyl of Pro®*. This type of binding mode involving the
interaction of the central positive charge with neutral
backbone carbonyl groups or water molecules has been
observed in the crystallographic structures of Plasmod-
ium falciparum (Sprenger et al., 2015) and Synecochoc-
cus spermidine synthases (Guedez et al., 2019).

The densely charged polyammonium character and
linear structure of these ligands was found to be critical
for their recognition by TanBg,,. Also, the spacing
between its positive charges seems to be nearly ideal in
SPD, allowing it to interact with up to four polar residues
(or even five) for the most part of the simulations. Inter-
estingly, SPD was observed to tumble inside the interac-
tion site in some simulations, alternatively exposing its
N' and N ammonium groups to the solvent. Both SPD
and NB-acetylated SPD exhibited a low residence time in
their recognition site, quickly migrating to the bulk sol-
vent after around 200 ns of simulation due to their very
high hydrophilic character. The reduced hydrophilicity of
NB-acetylated SPD might be one of the causes for its
superior inhibition properties with respect to SPD (see
below).

Molecular modelling of polyamine binding to TanBgp,,
infers the flexibility of the active site lid

Strikingly, a wide opening of the active site flap, which
was not observed in the simulations of either the unli-
ganded or substrate-bound states, was observed for the
complexes with polyamines (Fig. 6A). Of note, high flexi-
bility and plasticity was observed for this hairpin-like sub-
structure, often returning to the closed state within the
same simulation (Fig. 6B-E). This enhanced flexibility
seems to be triggered by the presence of cationic
polyamines near the negatively charged residues close
to the binding/active site, likely by disrupting their polar
interactions network either through direct contacts, long-
range electrostatic perturbation or even by solvent inclu-
sion. The observation of this type of motion involving a
quite large (30 amino acids) and structured region of the
protein in our microsecond molecular dynamics simula-
tions was unexpected, since normally they occur in the
millisecond timescale (Henzler-Wildman and Kern,
2007). Quite different amplitudes were observed for this
motion, which strongly suggests that TanBg,, is able to

recognize and bind substrates of different sizes. This
computational prediction agrees with the experimental
observation that TanBg,, is able to degrade small
(methyl/ethyl gallate) to medium (epigallocatechin gal-
late) to very large (tannins) polyphenols.

Overall, these results suggest that, in addition to the
expected blocking of the substrates access to the cat-
alytic site, polyamines binding to TanBg,, might also
induce inhibition of the enzyme by altering the dynamics
of the flexible lid and regulate the recognition of polyphe-
nolic substrates.

Inhibition of TanBg,, by polyamines affects F. nucleatum
fitness

Different biochemical experiments were carried out in
order to test the effects of SPD and its acetyl derivatives
on the enzymatic activity of TanBg,,. Both SPD and its
acetylated forms inhibited the activity of the enzyme
against MG (Fig. 7A). Among the acetylated forms of
SPD tested, N®-acetyl SPD was the most effective inhibi-
tor of the protein, completely abolishing hydrolytic activity
at the highest concentration (50 mM).

The role of different TanBg,,, residues in SPD-induced
activity inhibition was further studied based on the struc-
tural and molecular modelling data. As an initial
approach, we tested the inhibitory capacity of SPD
against the hydrolytic activity of TanBg,, single point
variants of residues located at the SPD-binding site.
Interestingly, the protein variant Phe®**Ala was almost
insensitive to SPD inhibition (Fig 7B), suggesting that
the Phe?**Ala variant populates open states in solution
at a greater extent than the wild-type enzyme.

As previously postulated, tannase activity might have
an adaptative role for F. nucleatum, increasing the
pathogen fitness in the presence of gallotannin com-
pounds. Therefore, the inhibition of tannase activity by
SPD and derivatives might also have implications for its
survival. To further corroborate a putative role for sper-
midine on the regulation of bacterial susceptibility to diet
phenolics, the maximum end-point growth capacity of F.
nucleatum at subinhibitory concentrations was studied
for MG, propyl gallate (PG) and TA in the presence and
absence of SPD. Our results showed an impaired growth
of F. nucleatum in the presence of all three compounds
when SPD was present in the culture media (Fig. 7C).
Similarly, the addition of SPD reduced the MICs (Fig. 7
D) and MBCs (Fig. 7E) of the compounds to impair the
growth of F. nucleatum and kill the bacterium respec-
tively. To further corroborate the effect of SPD on the
degradative capacity of TanBg,, in culture and its
involvement in bacterial susceptibility to gallotannins,
GA, the product of the reaction, was measured in the
culture supernatant when MG was present in the culture
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media at subinhibitory concentrations. GA measure-
ments were normalized to bacterial growth using OD
measurements. SPD reduced the capacity of the bacte-
ria to generate GA (Fig. 7F). As a whole, these results
show that the action of SPD on TanBg,, activity avoids
the clearance of MG from the culture medium and
results in increased levels of this compound in culture,
which eventually affects negatively F. nucleatum survival
and growth.

Discussion

The discovery of the role of F. nucleatum in the progres-
sion of some CRCs makes this oral bacterium a new tar-
get in order to control the disease. However, and despite

the importance of the diet in the aetiology of colorectal
malignancies, no information is available regarding the
genetic determinants that regulate the interaction of the
bacterium with food components in order to facilitate
their survival and growth within the tumour environment.
Recently, tannic acids have been demonstrated to be
cytotoxic for a panel of CRC-derived cells lines, while
their degradative product, pyrogallol, did not affect the
growth of these cells (Oehmcke-Hecht et al., 2020).
Indeed, the presence of the opportunistic gut pathogen,
Streptococcus gallolyticus, abrogated the cytotoxic
capacity of tannic acids (Oehmcke-Hecht et al., 2020).
Increasing evidence indicates that oral pathobionts found
in the gut during disorders such as CRC seem to origi-
nate from the oral niche through translocation
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mechanisms to the gastrointestinal tract that are cur-
rently unknown (Flemer et al., 2018; Schmidt et al.,
2019). The survival mechanisms of these pathogens
might therefore be important for bacteria settlement, ini-
tially, in the mouth niche, in order to handle the continu-
ous exposure to diet gallotannins and also for their
increased fitness when they reach their gut destination.
Homology with previously known tannases led us to
identify a tannase enzyme that contributes to food
metabolite detoxification as a survival advantage for F.
nucleatum in the intestinal ecosystem.

To further understand the role of tannase activities in
the mouth—gut adaptation of F. nucleatum, structural
studies were performed with TanBg,, which have identi-
fied new features of the flap covering the active site, with
direct implications in the accessibility of substrates, and
further, the existence of a polyamine binding site in
TanBg,,. Notably, molecular dynamics simulations have

also unveiled an unexpected role for SPD and its acety-
lated derivatives as modulators of the flap dynamics and
consequently of enzymatic activity. SPD and some of its
acetyl derivatives, particularly N&-acetyl SPD, inhibit the
hydrolytic activity of TanBg,, against gallate derivatives
revealing the existence of an in vitro interaction between
the protein and the metabolites. This inhibitory activity
has been confirmed using biochemical assays both with
the purified protein and in microbial cultures, in which
diet gallotannins result more toxic for the bacteria when
polyamines are present due to an impaired detoxicant
activity by TanBgn,. The reason for the differential ability
of SPD and its acetylated derivatives is unclear. One
possibility is that binding of SPD derivatives to the
active/binding site takes place predominantly through
two charged ammonium groups (the internal N4 and
either the terminal N1 or N8, Fig. S9). In N1- and N8-
acetyl SPD, one of the terminal groups is neutral due to
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acetylation, which could make these derivatives less sol-
vated (as this terminus would be quite solvent-exposed
in our proposed binding models) and thus less prone to
be detached from the active site. Related to this, the
smaller desolvation penalty upon binding expected for
N1- and N8-acetyl SPD (bearing two positive charges
each) with respect to that of SPD (bearing three positive
charges) would increase the binding affinity of the acety-
lated derivatives. On the other hand, the spacing
between the two charged ammonium groups (three
methylene groups in N8-Ac-SPD and four methylene
groups in N1-Ac-SPD) would be the main factor con-
tributing to the optimal recognition of N8-Acetyl SPD by
the binding site residues.

The role of polyamines in cancer has been widely
reported (Case ro et al., 2018). In particular, SPD and its
acetylated derivatives have been postulated as protec-
tive molecules in cancer and age-related disorders
(Madeo et al, 2018). The combined analysis of micro-
biota and metabolomics has shown increased F. nuclea-
tum abundance as CRC progresses in a large cohort of
patients (Yachida et al, 2019), while acetylated SPD
levels significantly decrease with progression. Our
results support at the molecular level the observed F.
nucleatum-SPD inverse correlation. They suggest a
mechanism by which the higher the level of SPD deriva-
tives in faeces, the lower the detoxicant activity of
TanBgn,, and, as a consequence, the fitness of the bac-
teria when diet gallotannins are present.

We previously described a tannase enzyme from a
close relative to F. nucleatum subs. nucleatum (F.
nucleatum subs. polymorphum), TanAg,, (Tomas-
Cortazar et al., 2018). Both enzymes share a high
degree of homology, especially at the regulatory flap and
SPD-binding regions. Both enzymes differ in 35 residues
out of 495 (93% sequence identity), with no differences
situated in the flap, active site or polyamine binding site
regions. Since both subspecies constitute pathogenic
microorganisms, albeit with differential associations to
disease, while exposed to gallotannins in both niches, it
is plausible to hypothesize that similar mechanisms of
detoxification are present in pathogenic fusobacteria, as
a general survival strategy in these environments. In this
regard, searches in public databases for tannases
homologous to TanBg,, within the order Fusobacteriales
reveal the presence of these enzymes exclusively in the
genera Leptotrichia and Fusobacterium. Multiple
sequence alignments reveal that those from Leptotrichia
sps. (sequence identities ranging from 40% to 58%)
have much longer N-terminal segments (L. wadei),
shorter flaps due to the lack of an a7 helix region and
finally, lack of the connecting loop formed by a13 — a14
(Fig. S10). Additionally, as described above, homologous
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tannases were also found in the bacterial genera that
are predominant in the oral cavity: Veillonella, Aggregati-
bacter, Selenomonas and Mitsuokella (with overall
sequence identities ranging from 40% to 50%). In these
cases, the most variable regions also correspond to the
putative flaps of the enzymes, while the connecting loop
a13-a14 is not observed. Remarkably, larger putative
flaps are present in the genera Selenomonas, Veillonella
and Mitsuokella (Fig. S11), pointing to specific catalytic
and/or regulatory features. These results indicate that
tannases are distributed in bacterial genera present in
the human oral cavity, most probably constituting part of
the enzymatic toolkit of this environment. A similar analy-
sis with bacterial genera of the human gut (Yachida
et al., 2019) revealed putative tannases with sequence
identities ranging from 43% to 60% (Fig. S12). We iden-
tified a high sequence variability in the equivalent flap
regions and absence of segments similar to the TanBg,,,
connecting loop a13-a14. Although the general trend in
these species is the presence of shorter or absent flaps
(Lachnoclostridium), larger putative flaps are also evi-
dent in some genera (Megasphaera and Veillonella).
This structural variability suggests the presence of a
large spectrum of a/p hydrolases in the human gut with
a broad range of substrate specificities and regulatory
characteristics.

Overall, our results describe the regulation of a micro-
bial enzymatic activity by biogenic amines and identify a
regulatory mechanism that affects a CRC-associated
pathogen survival. These results also highlight the inter-
play between the presence of protective activities
against deleterious food components for F. nucleatum
and the presence of inhibitory molecules such as polya-
mines. This balance creates the opportunity to target
therapeutically pathogen pro-survival activities and there-
fore prevent the initiation of pathogenic activities that
could potentiate pro-tumoral responses.

Experimental procedures
Bacterial strains and culture conditions

Escherichia coli strains DH5a and BL21 (DE3) were
used as transformation and expression hosts respec-
tively. Fusobacterium nucleatum subsp nucleatum Knorr
25586 was used for TanBg,, gene amplification. F.
nucleatum subs nucleatum Knorr 23726 was used in all
the experiments. E. coli was grown in LB medium or LB
medium containing ampicillin (100 ug ml™") and chloram-
phenicol (25 pg ml™') at 37°C with agitation. F. nuclea-
tum was grown under anaerobic conditions in Tryptic
Soy Broth (TSB) medium with 10% foetal bovine serum
and 10% L-Cysteine. Details about phenolic degradation
and inhibition experiments are explained bellow.
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Computational analysis of the genes in the GADP
pathway

To determine the abundance of tannase human ortho-
logues, we took advantage of the web-tool MetaQuery
(Nayfach et al., 2015), which allowed us to test its abun-
dance in 10 different publicly available human gut meta-
genomes studies, including 2271 samples from 1962
subjects. Putative orthologues were detected at the phy-
lum level via BLASTp against MetaQuery’s own data-
base with a minimum of > 30% amino acid identity, 70%
Quety and target coverage and a P value under 10°® to
account for orthologues in phylogenetic distant species.
Additionally, the web-tool MetaPhlAn (Segata et al.,
2012) allowed us to estimate the abundance of taxo-
nomic groups and performed linear regression to identify
taxa related to variations in the levels of tannase. Then
functional group annotation was performed using the
KEGG (Kanehisa and Goto, 2000) and eggNOG (Powell
et al, 2012) databases. Reference gene annotations
were retrieved from the GigaScience database (Li et al.,
2014). MetaQuery also implements Wilcoxon rank-sum
tests to identify genes, functions and taxa appearing as
differentially abundant between cases and controls.

Gene cloning

Genomic DNA from F. nucleatum subsp. nucleatum
25586 was isolated using a previously described bacteria
DNA isolation protocol (Tomas-Cortazar et al, 2018).
Standard molecular biology procedures were followed to
clone the tannase gene avoiding the signal peptide of the
protein. The gene was PCR-amplified from genomic DNA
using Phusion Hot Start Il polymerase (Thermo Fisher
Scientific, Waltham, MA, USA) with primers TanBg,, For-
ward and TanBeg,, Reverse. The PCR product was puri-
fied using a PCR purification kit (Thermo Fisher
Scientific). The 1.5 kb PCR product and the vector pHis
parallel 2 (Addgene) were digested with Ncol and Sall
and then ligated for 16 h using T4 DNA ligase (Promega,
Madison, WI, USA). The ligation mixture was transformed
into DH5a cells, and positive colonies were verified by
colony PCR and sequencing. Positive plasmids (pHIS
parallels II-TanBg,,) were finally transformed into Escher-
ichia coli BL21 (DE3) cells for protein production.

Protein production and purification

Sequence-confirmed TanBg,,-containing plasmids were
transformed into E. coli BL21 (DE3). The bacteria were
then grown in Luria—Bertani medium (Pronadisa) supple-
mented with Ampicillin and induced with 1 mM IPTG for
16 h at 20°C. The His-tag fusion protein was then purified
by nickel affinity chromatography (GE Healthcare,

Uppsala, Sweden) and eluted in 20 mM Tris (VWR, V-
0497), pH 7.5, 150 mM NaCl (Thermo Fisher Scientific,
S0520) and 250 mM Imidazole. Eluted fractions contain-
ing TanBgn, were identified by SDS-PAGE, pooled, con-
centrated and loaded onto a HiLoad 10/300 GL Superdex
75 column (GE Healthcare) pre-equilibrated in 20 mM
Tris pH 7.5, 150 mM NaCl (Thermo Fisher Scientific,
S0520), using an AKTA chromatography system (GE
Healthcare). Fractions containing TanBg,, were con-
firmed by SDS-PAGE, pooled, concentrated and stored
at —80°C until used. Protein concentration was deter-
mined using the BCA protein assay kit (Thermo Fisher
Scientific).

Determination of tannase activity

The generation of gallic acid in hydrolysis reactions was
determined in triplicate with the following assay: TanBgnn
(1 pg) in 100 pL of 50 mM phosphate buffer, pH 6.5,
was incubated with 100 pl of 25 mM methyl gallate
(1 mM final concentration) for 10 min at 37°C. After incu-
bation, 150 pl of a methanolic rhodanine solution
(0.667% rhodanine in 100% methanol) was added to the
reaction mixture. After 5 min of incubation at 30 °C,
100 pl of 0.5 M KOH (Sigma Aldrich, 1050121000) plus
900 pl of water were added and the absorbance at
520 nm was measured on a spectrophotometer. A stan-
dard curve using gallic acid concentrations ranging from
0.125 to 1 mM was prepared. One unit of tannase activ-
ity was defined as the amount of enzyme required to
release 1 pmol of gallic acid per minute under standard
reaction conditions.

Inhibition assays with SPD and derivatives were performed
as indicated above with an additional step including a pre-in-
cubation of the enzyme (Room temperature) for 30 min with
the inhibitor before the addition of methyl gallate.

Biochemical characterization

TanBgn, activity was measured at 4, 22, 30, 37, 45, 55
and 65 °C to determine the optimal temperature for
enzymatic activity. The optimum pH value for tannase
activity was determined by studying its pH dependence
within the pH range between 3 and 10. The buffers used
were the following: acetic acid—sodium acetate buffer for
pH 3-5, citric acid—sodium citrate for pH 6, sodium phos-
phate for pH 7, Tris—HCI for pH 8, glycine—-NaOH for pH
9 and sodium carbonate-bicarbonate for pH 10. A
100 mM concentration was used for all buffers. The rho-
danine assay was used for the optimal pH characteriza-
tion of TanBg,, (Jimenez et al, 2014a). Since the
rhodanine—gallic acid complex forms only under basic
conditions, after the enzymatic degradation of methyl
gallate, 100 pl of 0.5 M KOH was added to the reaction
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mixture to ensure that the same pH value (pH 11) was
achieved in all samples assayed.

For temperature stability measurements, TanBg,, was
incubated in 50 mM phosphate buffer, pH 6.5, at 22, 30,
37, 45, 55 and 65 °C for 30 min and 1, 2 and 18 h. After
incubation, the residual activity was measured as
described above.

TanBeg,, substrate specificity

The activity of TanBg,, against 27 potential substrates
was analysed. The substrates assayed were gallic esters
(methyl gallate, ethyl gallate, propyl gallate, and lauryl
gallate), benzoic esters (methyl benzoate and ethyl ben-
zoate), hydroxybenzoic esters (methyl 4-hydroxyben-
zoate, ethyl 4-hydroxybenzoate, propyl 4-
hydroxybenzoate and butyl 4-hydroxybenzoate), a vanil-
lic ester (methyl vanillate), dihydroxybenzoic esters
(methyl 2,4-dihydroxybenzoate, ethyl 3,4-dihydroxyben-
zoate or protocatechuic acid ethyl ester and ethyl 3,5-di-
hydroxybenzoate), a gentisic ester (methyl gentisate), a
salicylic ester (methyl salicylate) and ferulic esters (fer-
ulic methyl ester and ferulic ethyl ester). Tannic acid and
epigallocatechin gallate were also assayed as potential
substrates. Recombinant TanBg,, (10 pg mI™') was incu-
bated at 37°C in ammonium acetate 50 mM, pH 5 in the
presence of the substrate (1 mM). As controls, acetate
buffers containing the reagents but not the enzyme were
incubated under the same conditions. After incubation,
the samples were analysed by high-performance liquid
chromatography with diode array detection (HPLC—
DAD). A Thermo chromatograph (Thermo Fisher Scien-
tific) equipped with a P4000 SpectraSystem pump, an
AS3000 autosampler and a UV6000LP photodiode array
detector was used. A gradient of solvent A (water—acetic
acid, 98:2 [vol/vol]) and solvent B (water—acetonitrile—
acetic acid, 78:20:2 [vol/vol/vol]) was applied to a
reversed-phase Nova-pack C18 cartridge (25 cm by 4.0-
mm inside diameter [i.d.]; 4.6-um particle size) at room
temperature as follows: 0-55 min, 80% B linear, 1.1 ml
min'; 55-57 min, 90% B linear, 1.2 mlmin™;
57-70 min, 90% B isocratic, 1.2 ml min™'; 70-80 min,
95% B linear, 1.2 ml min™'; 80-90 min, 100% linear,
1.2 ml min™"; 100-120 min, washing, 1.0 ml min'; and
re-equilibration of the column under the initial gradient
conditions. Samples were injected onto the cartridge
after being filtered through a 0.45-um PVDF filter. Detec-
tion of the substrates and the degradation compounds
was performed spectrophotometrically by scanning from
220 to 380 nm. The identification of degradation com-
pounds was carried out by comparing the retention times
and spectral data of each peak with those of standards
from commercial suppliers.

A detoxicant tannase from Fusobacterium 15

Gallotannins degradative capacity of F. nucleatum

A bacterial pre-inoculum was initially grown to exponen-
tial phase without phenolic compounds. From this inocu-
lum, F. nucleatum was diluted to an optical density (OD)
of 0.1 in tubes with either 1 mM Methyl gallate, Ethyl
Gallate or Tannic acid. Tubes containing medium without
any compound and medium containing phenolic com-
pounds but without F. nucleatum were also included as
controls. Cultures were grown in the dark under anaero-
bic conditions for one week. After one week, super-
natants were collected and gallotannin transformation
was analysed using high-performance liquid chromatog-
raphy with diode array detection (HPLC-DAD) as
described above.

Minimum inhibitory and bactericidal concentration
determination

The minimum inhibitory concentrations (MICs) were
determined by a broth microdilution assay. Briefly, in a
96-well plate, serial double dilutions of the compounds
(from 30 to 0.23 mM) were prepared using fresh TSB
complemented broth. The inoculum was adjusted in
order to obtain a final optical density of 0.05 at 600 nm
in each well, and it was loaded in a final volume of
200 pl. After an incubation at 37°C for 48 h under anaer-
obic conditions, bacterial growth was recorded visually,
and the MIC was determined as the lowest concentration
of the phenolic compound at which the visible growth
was inhibited. To confirm each MIC and establish the
minimum bactericidal concentration (MBC), 5 ul of each
well showing no growth was inoculated in compound-
free agar plates and incubated at 37°C for 48 h. The
MBC values were determined as the lowest concentra-
tion that prevented the growth of the bacteria. When
combined inhibition of phenolics with spermidine was
tested, 50 mM spermidine was added in the media with
all the phenolic compounds concentrations tested. Con-
trol wells with spermidine and without phenolic com-
pound were also seeded to discard spermidine effects
on growth.

Controls were included in all cases. For the MIC deter-
mination, inoculated and uninoculated wells of com-
pound-free broth were used to control the adequacy of
the broth and to guarantee the sterility of the experiment
respectively. Also, serial double dilutions of 96% EtOH
were added to evaluate the effect of the alcohol in the
growth of the bacteria. For the MBC determination, a
positive control was used in all the cases to check and
guarantee the optimal growth conditions of the bacteria
in the agar plate. All of the experiments were performed
independently at least four times. The maximum growth
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of F. nucleatum was evaluated at subinhibitory concen-
trations of the phenolic compounds. The optical density
was recorded after 48 h at 600 nm. As controls, inocu-
lated and uninoculated wells of phenolic-free broth, as
well as uninoculated wells with the phenolic compounds,
were used. At least three independent experiments were
performed with 3 replicates each.

Transcriptional response of F. nucleatum to tannic acid

To determine the ftranscriptional response to TA, F.
nucleatum subsp. nucleatum cultures (12 ml each) were
grown in complemented TSB lacking TA to an
ODggo ~ 0.5-0.7. The cultures were then induced with
TA for 10 min at a final concentration to 0.1 mM. Control
cultures with no added TA were processed identically in
parallel. Total RNA was extracted from the bacterial pel-
lets quenched with RNAprotect Bacteria Reagent (Qia-
gen, Barcelona, Spain) using the Direct-Zol RNA
miniprep Plus kit (Zymo Research, Irvine, CA, USA),
after lysis in TRIzol (Thermo Fisher Scientific) using a
FastPrep-24 5G Homogenizer (1 cycle of 45s at 6.5 m/s

Table 2. Primers used

Target Oligonucleotide sequence

Cloning
TanBer,-F 5-CGC CAT GGG CAT GGT AAA AAA TG-3’
TanBg,R 5-CGC GGT CGA CTT ATT TTT TTA CAA C-3’
Asp'®CAla- 5-TAG ATA TCT ATA TCT TAA TGC TGA AGT
F TAT GCC AGG AGA T-3
Asp'®CAla- 5-ATC TCC TGG CAT AAC TTC AGC ATT AAG
R ATA TAG ATA TCT A-3’
Ser'®6Ala-  5-ATA ATT TCA AAT GGG ACA GCT GCT GGT
F GGT GCA TTA TCT-3
Ser'®Ala-  5-AGA TAA TGC ACC ACC AGC AGC TGT CCC
R ATT TGA AAT TAT-3’
Phe®**Ala- 5-AAT TCA TAT TCA AGA ATG GAA GCT ACT
F AGA AAT ACT TCT GCT CAA GAA-3'
Phe®**Ala- 5-TTC TTG AGC AGA AGT ATT TCT AGT AGC
R TTC CAT TCT TGA ATA TGA ATT-3'
Tyr**3Ala-  5-GAA ATA CTT CTG CTC AAG AAG CTA ACG
F ATA GAA GTT TAA CTC GTT CAA C-3’
Tyr?*Ala-  5-GTT GAA CGA GTT AAA CTT CTA TCG TTA
R GCT TCT TGA GCA GAA GTATTT C-3'
Asn®*Ala-  5-GAA ATA CTT CTG CTC AAG AAT ATG CTG
F ATA GAA GTT TAA CTC GTT CAA C-3’
Asn®*Ala-  5-GTT GAA CGA GTT AAA CTT CTA TCA GCA
R TAT TCT TGA GCA GAA GTA TTT C-3’
Arg®*®Ala-  5-GCT CAA GAA TAT AAC GAT GCT AGT TTA
F ACT CGT TCA ACT-3’
Arg?*Ala-  5-AGT TGA ACG AGT TAA ACT AGC ATC GTT
R ATA TTC TTG AGC-3'

Real-time PCR
TanBe,-F 5-TGGAGAATAAGACATGGAGCAG-3’
TanBg,R 5-CCCAAGGAGAAGCAAAGTCT-3'

16S 5-CTTAGGAATGAGACAGAGATG-3’
rRNA-F

16S 5-TGATGGTAACATACGAAAGG-3’
rRNA-R

speed, MP bio). The quantity and quality of the RNAs
were evaluated using a NanoDrop ND-1000.

RNA was reverse-transcribed using M-MLV reverse
transcriptase (Thermo Fisher Scientific). Real-time PCR
was then performed using the SYBR Green PCR Master
Mix (PerfeCTa® SYBR® Green SuperMix, Low ROX™,
Quanta Biosciences) on a QuantStudio™ 6 Real-Time
PCR System (Thermo Fisher Scientific). Fold induction
of the genes was calculated relative to 16s rRNA using
the 2722C method. The primers used are listed in
Table 2.

Protein mutagenesis

Single point TanBg,, mutants were constructed by a
site-directed mutagenesis PCR using the plasmid pHIS
parallels II-TanBg,, as template. The mutagenic primers
used to introduce the amino acid changes are described
in primers Table. PCR-like products were then digested
with Dpnl and transformed into E. coli as previously
described. The mutated TanBg,, genes were sequenced
to verify the expected nucleotide changes.

X-ray crystallography

Initial crystallization conditions for TanBg,, were per-
formed by the sitting-drop vapour diffusion method at
291 K using commercial screenings from Hampton
Research (Riverside, CA, USA) and Qiagen in Inno-
vaplate SD-2 96-well plates set up using an Innovadyne
Nanodrop robot. Each drop consisted of 250 nl protein
solution (10 mg ml™") in Tris—HCI buffer (20 mM Tris—HClI
pH 8.0 containing 0.1 M NaCl) and 250 nl reservoir solu-
tion. Drops were equilibrated against 65 ul reservoir solu-
tion. Crystals were observed in 25% (w/Vv) PEG 3350,
0.1 M Tris—HCI pH 8.5 and in 25% (w/v) PEG 3350,
0.1 M Hepes, pH 7.5. Scaling up and optimization of the
crystallization conditions using hanging drops in 24-well
VDX plates required the removal of the N-terminal His-
tag by proteolytic treatment with TEV endoprotease
(Angulo et al., 2011). The best crystals were finally
obtained in 25% (w/v) PEG 3350, 0.1 M Tris—HCI pH 8.5
(1:1 protein:precipitant volume ratio; total volume 2 pl).
Crystals were cryoprotected in the precipitant solution
supplemented with 20% (wv) glycerol prior to flash cool-
ing at 100 K. Diffraction data were collected in the BL-13
XALOC beamline at the ALBA synchrotron (CELLS-
ALBA, Spain), using a Pilatus 6M detector (Area Detec-
tor Systems Corp.) and a wavelength of 0.97926 A. The
best data set consisting of 2400 images taken with a
0.15° oscillation angle and a crystal-to-detector distance
of 368.08 mm was processed with XDS (Kabsch, 2010)
and Aimless (Evans and Murshudov, 2013). Crystals dif-
fracted up to 2.4 A resolution and belonged to the
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monoclinic space group P 24 with unit cell dimensions of
a=7184, b=91.07, c=12407 A, b= 101.696°.
Three TanBg,, molecules were found in the asymmetric
unit yielding Matthews coefficient of 2.28 A%Da. The
structure of TanBg,, was solved by molecular replace-
ment using Phaser (McCoy et al., 2007). Refinement
and manual model building were performed with Phenix
(Adams et al., 2010) and Coot (Emsley et al, 2010)
respectively. The stereochemistry of the final model was
checked with MolProbity (Chen et al., 2010). The final
model of the structure included all residues of the
polypeptide chain (495 amino acids) except the four N-
terminal residues, the C-terminal residue Lys*®® and the
segment comprising residues Arg®®® to 1le*®”. The 2F,-
F. electron density map showed continuous density for
the rest of the protein, although some exposed side
chains from residues situated in the connecting loops
p1-p2 (Asn®® and Lys?®) and o7-p11 (Thr**° and Arg?®?)
were not well defined in the electron density map. Data
collection and processing statistics are shown in Table 1.
Figures of protein models were prepared with PyMOL
(The PyMOL Molecular Graphics System, version 2.0.
Schrédinger, LLC, Mannheim, Germany).

Thermal denaturation determination

Thermal denaturation assays were performed with a
Tycho NT 6.0 (Nanotemper technologies, Munich). Pro-
tein thermal unfolding was studied by measuring the
ratio of the intrinsic tryptophan fluorescence at 350 and
330 nm upon excitation at 295 nm. The change in the
signal ratio was monitored from 35 to 95°C. Analysis of
the thermal curves was performed using the software of
the instrument. Protein concentration was 0.2 mg ml™ in
the absence or presence of 50 mM spermidine.

Molecular dynamics (MD) simulations

A nearly full-length model of TanBg,, was obtained by
homology modelling using Schrodinger Suite and the X-
ray structure determined in this work as a template, thus
reconstructing the unresolved flexible loop between resi-
dues Tyr®®* and 11e?°®. Catalytic His*’® was modelled in
its N-8 tautomeric form to preserve the integrity of the
catalytic triad. Simulations were run both in the presence
and absence of the Mg®* crystallographically determined
to be bound to residues Asp'*® and GIu'®!, without
observing noticeable differences in the dynamic beha-
viour of both types of protein complexes. Unconstrained
MD simulations in water were performed using the GPU
accelerated code (pmemd) (Gotz et al., 2012; Pierce
et al., 2012; Le Grand et al., 2013) of the Amber 18 and
AmberTools 19 packages (Case et al., 2005). Parame-
ters for ethyl gallate, spermidine and NB8-acetylated
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spermidine were generated within the antechamber mod-
ule using the upgraded version of the general Amber
force field (gaff2) (Wang et al, 2004), with partial
charges set to fit the electrostatic potential generated at
the HF/6-31 G(d) level by the RESP (restrained electro-
static potential) model (Bayly et al., 1993). The charges
were calculated according to the Merz—Singh—Kollman
scheme (Besler et al., 1990; Singh and Kollman, 1984)
using the Gaussian 16 package (Frisch et al.,, 2016).
Each protein complex was immersed in a pre-equili-
brated cubic box with a 10 A buffer of TIP3P water mole-
cules using the leap module, resulting in the addition of
around 20 000 solvent molecules. The systems were
neutralized by addition of explicit counter ions (Na* and
CI"). All subsequent calculations were done using an
evolved version of the Stony Brook modification of the
Amber 99 force field (ff14SB) (Maier et al., 2015). A two-
stage geometry optimization approach was performed.
The first stage minimizes the positions of solvent mole-
cules and ions imposing positional restraints on solute
by a harmonic potential with a force constant of
500 kcal mol~' A2, and the second stage was a mini-
mization of all the atoms in the simulation cell. The sys-
tems were gently heated under periodic boundary
conditions at a constant pressure of 1 atm. Water mole-
cules were treated with the SHAKE algorithm such that
the angle between the hydrogen atoms was kept fixed.
Long-range electrostatic effects were modelled using the
particle mesh Ewald method (Darden et al, 1993). An
8 A cut-off was applied to Lennard—Jones and electro-
static interactions. Harmonic restraints of 10 kcal mol™
were applied to the solute, and the Andersen equilibra-
tion scheme was used to control and equalize the tem-
perature. The time step was kept at 1fs during the
heating stage, allowing potential inhomogeneities to self-
adjust for 100 ps. Each system was then equilibrated for
2 ns with a 2 fs time step at a constant volume and tem-
perature of 300 K. Production trajectories were run for
1.0 ps under the same conditions.

Statistical analysis

The results are presented as means + SE (standard
error). Significant differences between means were cal-
culated with Student’s t-test. Multiple comparisons were
analysed by ANOVA, followed by pairwise comparisons.
A P value < 0.05 was considered significant. All statisti-
cal calculations were performed with GraphPad Prism
ver. 8 (Graphpad Software, San Diego, CA, USA).
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Fig. S1. Genetic context of the tannase gene (FN_0616)
within the F. nucleatum subsp. nucleatum 25586 genome.
Fig. S2. TanBg,, is monomeric in solution.

Fig. S3. TanBg,, substrate specificity.

Fig. S4. Biochemical properties of TanBgqy.

Fig. S5. Amino acid sequence and active site comparisons
between TanBg,, and TanA,,.

Fig. S6. Representative snapshots of three different 1
microsecond MD simulations of ethyl gallate (EG, in red)
bound to TanBg,,,.

Fig. S7. Representation of MD simulations of methyl digal-
late (MDG, in red) bound to TanBgp.

Fig. S8. SPD interacts with TanBgp,.

Fig. S9. Structure of spermidine and its N1 and N8-acety-
lated derivatives in their charged form at neutral pH.

Fig. S10. Multiple sequence alignment of TanBg,, with
homologs found within the Fusobacteriales, particularly,
from the genus Leptotrichia: Leptotrichia sp. OH3620_COT-
345 (WP_125237392.1); L. wadei (WP_146961278.1); L.
massiliensis (WP_071123737.1); L. buccalis
(WP_157859547.1).

Fig. S11. Multiple sequence alignment of TanBg,, with
homologs from bacterial genera that are prevalent in the
oral cavity: Aggregatibacter (WP_006718097.1); Selenomo-
nas (WP_051586482.1); Veillonella (WP_127058572.1); Mit-
suokella (WP_118475533.1).

Fig. S12. Multiple sequence alignment of TanBg,, with
homologs from bacterial genera present in the human gut:

Leptotrichia (WP_157859547.1); Veillonella
(WP_127058572.1);  Megasphaera (WP_044503365.1);
Roseburia (WP_173884414.1); Bacteroides

(WP_164733466.1); Parabacteroides (WP_172733427.1);
Lachnoclostridium  (WP_087219107.1);  Fusicatenibacter
(WP_173816499.1); Dorea (WP_161159564.1); Blautia
(WP_095175021.1); Lactobacillaceae (WP_054397147.1);
Sutterella (GenBank: RGU74189.1).

Table S1 (related to Figure 1). Species harboring ortholo-
gous tannase proteins.
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