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Tungsten (W) is a metal that is generally thought to be seldom
used in biology. We show here that aW-containing oxidoreductase
(WOR) family is diverse and widespread in the microbial world.
Surprisingly, WORs, along with the tungstate-specific transporter
Tup, are abundant in the human gut microbiome, which contains
24 phylogenetically distinct WOR types. Two model gut microbes
containing six types of WOR and Tup were shown to assimilate W.
Two of the WORs were natively purified and found to contain W.
The enzymes catalyzed the conversion of toxic aldehydes to the
corresponding acid, with one WOR carrying out an electron bifur-
cation reaction coupling aldehyde oxidation to the simultaneous
reduction of NAD+ and of the redox protein ferredoxin. Such alde-
hydes are present in cooked foods and are produced as antimicro-
bials by gut microbiome metabolism. This aldehyde detoxification
strategy is dependent on the availability of W to the microbe. The
functions of other WORs in the gut microbiome that do not oxidize
aldehydes remain unknown. W is generally beyond detection (<6
parts per billion) in common foods and at picomolar concentrations
in drinking water, suggesting that W availability could limit some
gut microbial functions and might be an overlooked micronutrient.
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The group 6 metals tungsten (W) and molybdenum (Mo) are
extremely similar chemically forming isomorphic oxyanions

under biologically relevant conditions in the form of tungstate
(WO4

2-) and molybdate (MoO4
2-), respectively (1). However,

while W is generally thought to be seldom used in biological
systems, Mo is utilized by most life forms, including humans,
who contain four Mo enzymes. Over 50 types of Mo enzymes
have been characterized biochemically, and they have key roles
in the global cycles of many elements, such as N, S, As, and Se.
With the exception of nitrogenase, which contains an active-site
[MoFe7S9] cluster, all Mo enzymes incorporate Mo in their
active site as part of the organic pyranopterin cofactor. They
are divided into three phylogenetically distinct Mo-containing
families, DMSO reductase (DMSOR), xanthine oxidase (XO),
and sulfite oxidase (SO), which have different active-site config-
urations and pyranopterin cofactor modifications (1). However,
while W is typically regarded as a Mo antagonist (2), it has
been known for decades that a very limited number of members
of the DMSOR family, including some formate and formyl
methanofuran dehydrogenases, are able to incorporate W, and
the resulting W enzymes are functional (3–5).

A fourth pyranopterin-containing enzyme family that utilizes
only W but not Mo is known that was originally discovered in a
thermophilic bacterium and has been extensively characterized
in so-called hyperthermophilic Archaea (4, 6). These Archaea
grow optimally near 100 ˚C in volcanic vents, and some of them
contain five members of this tungsten oxidoreductase or WOR
family, all of which oxidize various types of aldehyde (previ-
ously known as the aldehyde oxidoreductase or AOR family)
(7, 8). The WOR family is phylogenetically unrelated to the

three major families of Mo enzyme (1), although the W in the
WOR is coordinated to the same type of pyranopterin-based
cofactor that binds Mo in the ubiquitous Mo enzymes (9). So far,
all purified members of the WOR family only contain W and not
Mo, with the exception of the WOR family member YdhV very
recently characterized from Escherichia coli. Of unknown func-
tion, this enzyme when artificially overexpressed in E. coli can
contain either W or Mo, depending on the growth conditions
(10). Two phylogenetically distinct tungstate transporters,
TupABC and WtpABC, are typically found in microorganisms
that contain WOR family enzymes or W-utilizing DMSOR family
enzymes, and these have a much higher affinity for tungstate com-
pared to molybdate (11, 12). The molybdate transporter, Mod-
ABC, which is much more ubiquitous than either the Tup or Wtp
systems in the microbial world, typically has comparable binding
affinities for molybdate and tungstate, even though in most natu-
ral environments, Mo is usually at higher concentrations by at
least an order of magnitude (13). Hence, E. coli, which has several
Mo enzymes in addition to the WOR family member YdhV, con-
tains ModABC but not TupABC or WtpABC.

Recently, two additional WOR family enzymes were charac-
terized from a cellulose-degrading thermophilic bacterium (14),
in which the WOR (termed GOR) oxidizes glyceraldehyde-3-
phosphate (GAP) in glycolysis, and from an aromatic-degrading
mesophilic bacterium (15), in which the WOR (benzoyl-CoA
reductase [BCR]) reduces an aromatic ring. BCR is the first
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example of a nonaldehyde reaction catalyzed by a WOR family
enzyme. These recent discoveries suggest that the WOR family
may be more widespread and diverse in the microbial world
than was originally thought. As shown in Fig. 1A, this is indeed
the case. We analyzed more than 4,000 WOR family members
(14) and found that they can be phylogenetically grouped into 92
clades, the vast majority of which are completely uncharacterized.
Only four of the 92 clades contain a WOR whose physiological
substrate is known [termed AOR (16, 17), GAPOR (18), GOR
(14), and BCR (15)]. A W-containing WOR family member has
also been purified from each of three other clades, but their met-
abolic roles have not been elucidated (SI Appendix, Table S1).
Nothing is known about the other 85 WOR family clades. Even
more surprising, as shown in Fig. 1A, the WOR family is well
represented in microbes that inhabit the human gut.

Our understanding of how microbes impact human health
has been revolutionized over the past decade with the develop-
ment of the NIH Human Genome Project (HMP) and related
global projects (19–23). The composition and diversity of the
human microbiome is affected by age, geography, and lifestyle
(24), and while gut microbes aid in digestion and provide us
with a variety of nutrients, they also dramatically impact a sur-
prisingly extensive range of human diseases and conditions
(25–29). Our gut is dominated by members of the phyla Firmi-
cutes and Bacteroidetes (19), while less abundant phyla include
Proteobacteria and Synergistetes; however, in virtually all cases,
the metabolisms of gut representatives and how they influence
the human condition are poorly understood. At first glance, the
idea that W may play a role in human gut microbes would
seem far-fetched, as most W-related human studies focus on
the toxic effects of W (30). Herein, we investigated whether
WOR-containing microbes representing the Firmicutes and
Synergistetes in the human gut microbiome do indeed take up
Wand incorporate it into their WOR enzymes.

Results
The WOR Family Is Diverse and Prevalent in Human Gut Microbes.
For potential W-containing WORs, we analyzed the Unified
Human Gastrointestinal Genome (UHGG) collection (23),

which is comprised of 4,644 gut prokaryotic isolates and high-
quality metagenome-assembled genomes (MAGs), and the
associated Unified Human Gastrointestinal Protein (UHGP)
catalog, which contains more than 20 million protein sequences
clustered at 95% amino acid identity (UHGP-95). We were
able to map 24 of the 92 WOR clades to at least one homolo-
gous protein in the UHGP-95 catalog, and many clades con-
tained multiple proteins (Fig. 1A and SI Appendix, Table S1).
However, only one of these 24 gut-related clades contain a
WOR of known function (AOR in clade 87), leaving 23 WOR
family clades in gut microbes with no functionally characterized
members. In terms of tungstate transport, among the 4,644
unique species (760 unique genera) in the UHGG collection,
109 species (57 genera, 8%) contain the tungsten-specific TupA
(COG2998), although no homologs to WtpA were found (using
Pyrococcus furious WtpA as the WtpA family has no COG),
and 1,243 species (336 genera, 44%) contain ModA
(COG0725; e-value ≤ 1 e�50, coverage ≥ 75%; SI Appendix,
Tables S2 and S3). Hence, the TupA transporter is ∼20% as
abundant as the ModA transporter in gut genomes. These data
beg the questions, do gut microbes utilize W and incorporate
into WORs, and what do their WORs do?

The distribution of WOR enzymes (COG2414) in the
UHGG collections relative to the ubiquitous Mo-containing
enzymes represented by the DMSOR (COG0243 + COG5013),
XO (COG1529 + COG4631), and SO (COG2041) families (21,
24) was determined. Of the 4,644 unique species (760 unique
genera), 185 species (83 genera, 11%) contain at least one
WOR family member, while 1,476 species (386 genera, 51%)
contained either a DMSOR, XO, or SO family member (e-value
≤ 1e�50, coverage ≥ 75%) (SI Appendix, Tables S2 and S3). The
abundance of WOR relative to the three Mo enzyme families is
therefore similar to the relative abundance of the TupA to the
ModA proteins (∼20%). The diversity of the WOR family also
extends into uncultured gut microbe genomes. More than
60,000 MAGs have been reconstructed from 3,810 human fecal
metagenomes to yield 2,058 new species-level, operational taxo-
nomic units, most of which are uncultured (31). Perhaps not
surprisingly, given how little we know about them, both WOR

Fig. 1. Phylogenetic tree of tungsten-containing WOR family enzymes and proposed physiological roles of representative members of key WOR clades in
aldehyde detoxification. (A) The phylogenetic tree is comprised of 4,063 member proteins (Dataset S1) and systematically classified into 92 clades. The
clades and single leaf nodes are numbered from 1 to 92, starting at the root and proceeding clockwise. Only five clade numbers are shown at the tip of
clades for simplicity. Four clades (20, 22, 62, and 87) have a WOR whose physiological substrate and function are known, and these are indicated with an
asterisk. The 24 leaves or clades shown in red contain one or more proteins with BLASTP E-values of 0 and an identity >45% to a UHGP-95 protein. Actual
numbers of UHGP-95 proteins in each clade are given in SI Appendix, Table S1. The outer triangles (green) indicate the clades that contain the five WORs
in A. mobile (clades 48 and 52 currently have no UHGP-95 members). The clade shapes indicate the estimated branch lengths of the protein members
within the clade (long clades for long branch lengths). The phylogenetic tree and the associated bootstrap values are found in Dataset S2. (B) Proposed
roles of bifurcating (BF-WOR) and nonbifurcating (WOR) types of tungsten-containing oxidoreductase in the detoxification of gut aldehydes.
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and TupA family members are more abundant in the uncultured
MAGs than in cultured ones, whereas the opposite is true for
Mo enzymes (DMSOR, XO, SO, and ModA; SI Appendix,
Table S4).

To assess the average gene copy number per cell of WOR in
human gut microbes, we used the MetaQuery tool (32), which
provides access to 1,267 metagenomes and 511 genomes cover-
ing 9.9 million nonredundant genes in 36,489 gene families.
The WOR family (COG2414) abundance (0.081) was higher
across these human gut metagenome samples than that of the
SO family (COG2041, 0.024) but lower than the diverse
DMSOR (COG0243 and COG5013, 0.49) or the XO families
(COG1529 and COG4631, 0.63; SI Appendix, Table S5). The
abundance of the DMSOR family member nitrate reductase
(NarG, COG5013; 0.043) was about half that of WOR. In
terms of the prevalence of these enzyme families (percentage
of metagenome samples with at least 0.001 gene copies per
cell), the WOR family was nearly ubiquitous in the samples
with a prevalence of 99.9%, while the DMSOR and XO fami-
lies were at 100% (SI Appendix, Table S5). Thus, WOR family
genes are extremely prevalent in human gut samples, even if
not quite as abundant as the Mo enzyme families in general in
terms of copy number.

To estimate the prevalence of WOR and W transporters at a
transcript and protein level in gut microbes, we analyzed a com-
prehensive metatransciptomics dataset of 735 gut microbiome
samples (indexed with enzyme commission (EC) numbers) and
an analogous proteomics dataset of 450 samples (33). WOR
(EC 1.2.7.5) transcripts were present in 25 samples, whereas
transcripts of the DMSOR enzyme family members formate
dehydrogenase and nitrate reductase (1.17.1.9 and EC 1.7.5.1)
and of the SO family (EC 1.8.3.1) were not detected in any
sample. Curiously, XO (EC 1.17.1.4) transcripts were in 588
samples (or 80% of the total). In contrast, the proteomics anal-
yses did not reveal any WOR (K03738), SO (K07147), or TupA
(K05772) protein, and of the 450 samples analyzed, only one
(XO, K00087; or 0.2% of the total), two (ModA, K02020), and
three (DMSOR/NarG, K00370) of them had detectable
amounts of the indicated protein. In addition, the analogous
metagenome dataset from the same gut microbiome samples
presumably has similar levels of abundance for these W and
Mo proteins as those described above for the general UHGG
collections, and so it is not clear why these three omic-related
datasets are not all consistent with each other (33).

Model Gut Microbes Incorporate W in Multiple WORs. Do gut
microbes really incorporate W into their WOR family enzymes,
and, if so, what are the functions of this ubiquitous and diverse
group of enzymes? To represent the dominant Firmicutes in the
gut microbiome, we chose human feces isolate Eubacterium
limosum American Type Culture Collection (ATCC) 8486 (34),
whose genome encodes two WOR family enzymes (SI Appendix,
Table S1). For the important Synergistota phylum, the UHGG
lists only one culturable member, Acetomicrobium hydrogenifor-
mans ATCC BAA-1850, which was isolated from an oil well and
is used as a stand-in for other noncultured phylum members in
the NIH HMP catalog (35). However, the A. hydrogeniformans
genome is incomplete, although it contains four WOR family
members representing three clades (Nos. 6, 73, and 87) as well
as TupABC. We therefore chose the closely related Acetomi-
crobium mobile ATCC BAA-54 isolated from a wastewater
treatment plant (36). Its genome is complete, and it contains
five WORs, including homologs of the A. hydrogeniformans
WORs in five distinct clades that include clades Nos. 6, 73, and
87 as well as TupABC (Fig. 1A and SI Appendix, Table S1).

Although E. limosum contains genes encoding a Mo enzyme
and the molybdate transporter ModABC, in addition to the
two WORs and TupABC, we show here that it has a strong

preference to assimilate W rather than Mo. Soluble cell extracts
of E. limosum cells grown with and without 100 nM Mo and/or
100 nM Wadded to the growth medium (containing 10 nM Mo
and 5 nM W as contaminants) were measured by inductively
coupled plasma mass spectrometry (ICP-MS) for their Mo and
W contents (Fig. 2A). Equivalent amounts of W and Mo were
assimilated by E. limosum even when only Mo was added to the
growth medium. Additionally, when both Mo and W were
added, approximately three times more W was assimilated by
the organism. When the soluble extract of E. limosum, grown
in the presence of 100 nM W and 100 nM Mo, was separated
by anaerobic anion exchange chromatography (AEC), and the
fractions measured for metals by ICP-MS, multiple W peaks
were observed compared to insignificant amounts of Mo, indi-
cating that there are multiple intracellular proteins present that
had incorporated W (Fig. 2B). It should be noted that all previ-
ously characterized WOR family enzymes are inactivated by
exposure to oxygen (7), hence herein all preparations of soluble
cell extracts of E. limosum and also of A. mobile, as well as the
purification of their WORs by multistep chromatography, were
all carried out under anaerobic conditions.

Even though A. mobile contains ModABC and five Mo
enzymes in addition to five WORs and TupABC, it also has a
strong preference to assimilate W. Its ability to take up 5 nM
tungstate (no W was added to the growth medium) was unaf-
fected by a 200-fold excess of Mo (1 mM; SI Appendix, Fig. S1)
and only increased threefold when a 200-fold higher W concen-
tration was added (1 mM), indicating that the organism has a
very high affinity for tungstate. In fact, ICP-MS analysis of
AEC-fractionated soluble extract of A. mobile grown with 1 mM
W and 1 mM Mo revealed five W peaks (Fig. 3A) that were
comparable in concentration to nickel peaks assumed to arise
from the two predicted NiFe hydrogenases in this organism
(SI Appendix, Fig. S2).

That there are abundant tungsten-containing WORs in A.
mobile was confirmed by resolving the major AEC W peak by
size-exclusion chromatography (SEC) into two W peaks, which
we term AmWOR1 and AmWOR2 (Fig. 3A). Fractions eluting
from the first AEC step exhibited a single peak of
2-furaldehyde [furfural, a common aldehyde found in cooked
foods (37)], oxidation activity that coincided with the major W
peak (Wc), and this was resolved into two furfural activity
peaks on the SEC column with the corresponding W peaks of
AmWOR1 and AmWOR2 (Fig. 3A). Both AmWOR1 and
AmWOR2 were purified from the soluble, cell-free extract by
four column chromatography steps by following furfural oxida-
tion activity. The resulting AmWOR1 and AmWOR2 enzyme
preparations were analyzed by SDS-gel electrophoresis, and the
visible protein bands were analyzed by tandem mass spectrome-
try (MS/MS) (Fig. 3C). All major bands identified in the larger
AmWOR1 enzyme preparation corresponded to the five pro-
teins encoded in one of the five WOR operons in the A. mobile
genome (Anamo_0073 to Anamo_0077; molecular weight
(MW) 195 kDa) (Fig. 3 B and C). This enzyme eluted from a
calibrated SEC column with an apparent mass of ∼400 kDa,
suggesting that it is a decamer consisting of a dimer of pentam-
ers. A metal analysis of the purified AmWOR1 preparation
resulted in a Fe:W ratio of 35.1:1 in reasonable agreement with
the predicted value of 46:1 (SI Appendix, Table S6). An analysis
of the smaller AmWOR2 enzyme preparation (∼80 kDa by
SEC analysis) by SDS-gel electrophoresis identified two pro-
teins corresponding to those encoded in a second WOR operon
(Anamo_1466 and Anamo_1467; MW 96 kDa). Another pro-
tein copurified with AmWOR2 (Fig. 3C) that was identified by
MS as an enoyl-(acyl-carrier-protein) reductase (Anamo_0617),
but this is thought to be unrelated to the WOR2 enzyme in
terms of function. A metal analysis of the purified AmWOR2
preparation resulted in an Fe:W ratio of 20.8:1 in excellent
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agreement with the predicted value of 20:1 (the contaminating
protein [Anamo_0617] is not predicted to contain Fe [or W];
Fig. 3B and SI Appendix, Table S6).

Most characterized WORs are homomeric (7, 8), and so,
based on the heterodimeric WOR (GorLS) purified from a
cellulose-degrading thermophilic bacterium (14), the large
catalytic W-containing subunit of AmWOR2 is designated as
WorL, while the smaller subunit is termed WorS. WorS is pro-
posed to transfer electrons to and from the catalytic site in WorL
via multiple [4Fe-4S] clusters to the external electron carrier, the
iron–sulfur redox protein ferredoxin (Fig. 4A). In addition to
WorL and WorS, WOR1 contains three more subunits that we
designate WorABC, as they are highly homologous to the three
subunits (HydABC) of the H2-evolving, bifurcating FeFe-
hydrogenase of Thermotoga maritima (38) (Fig. 4A). However,
WOR1 is not a hydrogenase, as its WorA subunit lacks the
domain in HydA that coordinates the hydrogenase Fe-containing
catalytic site. From the operon structures, E. limosum WOR1
(ElWOR1) is also predicted to be pentameric (ElWorLSABC),
as it is homologous to AmWOR1 (both clade 87), including the
presence of the three HydABC-like subunits, while ElWOR2 is
predicted to be heterodimeric (ElWor2LS), but it is distinct from
the A. mobile enzyme (clade 6), as it is found in yet another
uncharacterized WOR clade, clade 81 (SI Appendix, Fig. S3 and
Table S6). The AmWOR2 operon contains another gene that we

designate worX, which is also found in the operons encoding
AmWOR3, ElWOR1, and ElWOR2 (SI Appendix, Fig. S3).
WorX is likely a W-pyranopterin–processing protein, as it con-
tains a sulfur carrier protein InterPro domain (IPR003749) that
is also found in the Mo-pyranopterin–processing protein encoded
by moaD (39). WorX was not detected in purified AmWOR2
fractions by MS/MS analysis, which is consistent with WorX
being a processing protein and not a subunit of any WOR.

Some WORs in Gut Microbes Catalyze Aldehyde Oxidation. What
reactions are catalyzed by AmWOR1 and AmWOR2, and what
are their physiological functions in the gut? Six of the seven
types of WOR family enzymes characterized so far (SI
Appendix, Table S1) oxidize distinct sets of aldehydes of various
types to their corresponding acid using ferredoxin as the elec-
tron acceptor, although the metabolic roles of only two of the
six are known (14, 16–18). The other WOR family enzyme of
known function is BCR (15), demonstrating that not all WORs
that are part of the WOR family oxidize aldehydes. To deter-
mine if A. mobile and E. limosum contain aldehyde-oxidizing
WORs, a 96-well plate anaerobic assay was devised with benzyl
viologen, an artificial dye, as a substitute for ferredoxin.

A total of 34 aldehydes have been identified in human feces
(40), and soluble cell extracts of both A. mobile and E. limosum
oxidized a wide range of these aldehydes, including 14 fecal

Fig. 2. E. limosum assimilates W and oxidizes a wide range of gut-relevant aldehydes. (A) E. limosum assimilates W over Mo from the growth medium. The
assimilation of intracellular Mo when grown with 100 nM added Mo (blue bars) and the assimilation of intracellular W when grown with 100 nM added W
(red bars) are pictured. (B) E. limosum incorporates W into intracellular proteins. Cytosolic extracts from cells grown in a medium containing added W (100 nM)
and Mo (100 nM) were fractionated using AEC, and the W (red symbols) and Mo (blue symbols) contents of the fractions were determined by ICP-MS. The base
medium without added Mo or W contains ∼5 nM W and 10 nM Mo for both A and B. (C) Aldehyde oxidation activities (units/milligram) of soluble cell extracts
of A. mobile, E. limosum, and E. coli to 23 different gut-related aldehydes. Activities were measured anaerobically at 25 °C in 96-well plates using 0.25 mM indi-
cated aldehyde as the substrate and 1 mM benzyl viologen as the electron acceptor. The results are expressed as units/milligram in which one unit is equal to
the reduction of 1 μmol benzyl viologen/min. The errors represent the SD of three independent replicates of each assay. Aldehydes highlighted in blue were
detected in the human gut metabolome, while those in green indicate that the corresponding acid was detected (40). Aldehydes highlighted in salmon are
common in cooked foods (37). The color gradient of activities is based on activities ≥3.0 (darkest green), 50th percentile of the activities listed in the column
(midpoint yellow), and <0.1 (gray). (D) The detoxification of propionaldehyde by E. limosum is affected by the presence of W in the growth medium. The con-
version of added propionaldehyde (5 mM) to either propanol (blue and red triangles) or propionate (blue and red circles) by growing cultures of E. limosum in
medium containing no added W (blue) or 100 nM added W (red) are pictured. The medium without added Mo or W contains ∼5 nM W and 10 nM Mo.

4 of 10 j PNAS Schut et al.
https://doi.org/10.1073/pnas.2109008118 Tungsten enzymes play a role in detoxifying food and antimicrobial aldehydes

in the human gut microbiome

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
30

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109008118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109008118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109008118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109008118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109008118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109008118/-/DCSupplemental


www.manaraa.com

aldehydes that were tested along with seven aldehydes in which
the corresponding acid has been detected in feces (Fig. 2C).
Soluble cell extracts of both organisms also oxidized furfural and
5-hydroxymethylfurfural (HMF), which are ubiquitous in cooked
but not raw foods (37). The exposure of both soluble cell extracts
to air for 5 min led to a complete loss of their aldehyde oxidation
activities, consistent with oxygen-sensitive WORs catalyzing
these reactions. We then verified that these aldehyde oxidation
reactions generated the corresponding acid and that the reac-
tions were reversible (SI Appendix, Fig. S4). A. mobile–soluble
cell extract was much more active with furfural than E. limo-
sum–soluble cell extract (2.1 versus 0.2 units/mg protein), but
neither oxidized a range of other nongut-related aldehydes,
including GAP, glyceraldehyde, indole-3-carbaldehyde, glyoxal,
2-ethylhexanal, 3,5-dimethoxy-4-hydroxy-cinnamaldehyde, ter-
ephthalaldehyde, phthaldialdehyde, 3,4-dihydroxybenzaldehyde,
2-methoxy- and 2,5-dimethoxybenzaldehyde, octenal, decanal,
nonanal, trans-2-octenal, dodecanal, and methylglyoxal, suggest-
ing a high degree of specificity for gut-related aldehydes.

E. coli–soluble cell extract did not oxidize any of the aldehydes
tested (Fig. 2C). The AEC fractions from the A. mobile–soluble
cell extract containing the other three W peaks (Wa, Wb, and
Wd, Fig. 3A) did not oxidize furfural or phenylacetaldehyde,
which were the gut-related aldehydes that supported the highest
activity of the extract (Fig. 2C). These additional W-containing
proteins in A. mobile, which are assumed to be WORs, therefore
oxidize yet to be identified aldehydes, or they do not catalyze
such reactions.

Purified AmWOR1 (clade 87) and AmWOR2 (clade 6) each
oxidized a subset of the aldehydes oxidized by the A. mobile–soluble
cell extract (Fig. 3D) as well as some aromatic aldehydes not
known to be gut related (SI Appendix, Table S7). Neither
enzyme used four of the 21 gut-related aldehydes oxidized by
the soluble cell extract, indicating that A. mobile contains other
enzymes that catalyze such reactions. These are predicted be
AmWOR3 (clade 73), AmWOR4 (clade 48), and/or AmWOR5
(clade 52; SI Appendix, Fig. S3), although we cannot rule out
that enzymes lacking W are also involved. Both AmWOR1 and

Fig. 3. Purification of two WORs from A. mobile by column chromatography and coelution of W and furfural oxidation activity. Cells were grown with
added W (1 mM) and Mo (1 mM). (A) The soluble cell extract was separated by AEC (QHP anion exchange) followed by separation of the major W peak
(Wc) by SEC (HiLoad Superdex 200). For fractions from both columns, the tungsten content (micromolar, red) and furfural oxidation activity (units/millili-
ter, purple) are indicated. (B) Gene contents of the operons encoding WOR1 and WOR2 from A. mobile. The corresponding cofactor contents of the pro-
teins encoded by each gene are shown in SI Appendix, Table S6. (C) Identification of WOR1 and WOR2 from A. mobile. Fractions of the two W-containing
proteins isolated after four column chromatography steps were analyzed by SDS-gel electrophoresis, and protein bands were subjected to peptide mass
fingerprinting and in-solution liquid chromatography MS/MS, and the corresponding subunits that were identified are indicated (subunits L and B and S
and C of WOR1 have comparable masses and are not resolved. The WOR2 sample contains a copurifying protein (indicated with an asterisk) correspond-
ing to a putative enoyl-(acyl-carrier-protein) reductase encoded by Anamo_0617. (D) Oxidation of gut-related aldehydes by AmWOR1 and AmWOR2 of A.
mobile. Activities were measured anaerobically at 25 °C in 96-well plates using 0.25 mM indicated aldehyde as the substrate and 1 mM benzyl viologen as
the electron acceptor. The results are expressed as a percentage based on the most active substrate (11.8 units/mg for AmWOR1 and 0.04 units/mg for
AmWOR2). The error represents the SD of three independent replicates of each assay. Aldehydes highlighted in blue were detected in the human gut
metabolome, while those in green indicate that the corresponding acid was detected (40). Aldehydes highlighted in salmon are common in cooked foods
(37). The color gradient is based on activities: 100% (darkest green), 50th percentile of all activities (midpoint yellow), and <1% (gray).

M
IC
RO

BI
O
LO

G
Y

Schut et al.
Tungsten enzymes play a role in detoxifying food and antimicrobial aldehydes
in the human gut microbiome

PNAS j 5 of 10
https://doi.org/10.1073/pnas.2109008118

D
ow

nl
oa

de
d 

at
 P

al
es

tin
ia

n 
T

er
rit

or
y,

 o
cc

up
ie

d 
on

 N
ov

em
be

r 
30

, 2
02

1 

http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109008118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109008118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109008118/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2109008118/-/DCSupplemental


www.manaraa.com

AmWOR2 also oxidized furfural, a key food-derived aldehyde
(37). However, the activities observed for AmWOR2 were
much lower than those measured for AmWOR1 (Fig. 3D), sug-
gesting that the true physiological aldehyde substrate for
AmWOR2 has yet to be identified. A similar situation has been
reported with some characterized members of the WOR family
that have low activities with a distinct set of aldehydes that are
likely chemically related to the true substrate, which has yet to
be determined, for example, with P. furiosus WOR5 (7, 8). For
AmWOR2, these substrates included hydroxylated aromatic
and C5-10 straight chain aldehydes (Fig. 3D and SI Appendix,
Table S7).

AmWOR1 and ElWOR1 are both found in WOR family
clade 87 (Fig. 1A) and are heteropentameric enzymes (Fig. 4A)
that, as noted above, contain three subunits (WorABC) homol-
ogous to those (HydABC) of bifurcating hydrogenases (38).
Among the 444 members of clade 87, 35 contain WorABC and
form a cohesive subclade phylogenetically distinct from the sub-
clades containing the two characterized WORs (SI Appendix,
Fig. S5) (16, 17). This suggests that, during evolution, a subset
of clade 87 WOR family enzymes acquired the ability to couple
aldehyde oxidation to electron bifurcation reactions. Bifurca-
tion is a recently described type of energy conservation reaction
in microbial metabolism in which a single enzyme couples an
endergonic reaction (D ! A) to an exergonic reaction (D !
B) to generate a net reaction (2D $ A + B) with minimal free
energy change (41). Hence, the HydABC hydrogenase couples
the oxidation of H2 gas to the reduction of Fd and NAD+. The
question is, therefore, do these WOR1-type enzymes in these
gut-related microbes carry out a similar type of bifurcating
reaction in which the oxidation of the aldehyde simultaneously
reduces Fd and NAD+ (Eq. 1 and Fig. 4C), or can Fd or
NADH act as sole electron acceptors? We found that the

former is the case. As shown in Fig. 4B, purified WOR1 of A.
mobile was unable to reduce NAD+ with furfural at a significant
rate unless A. mobile Fd was also present. Similarly, the puri-
fied enzyme did not reduce A. mobile Fd at a significant rate
until NAD+ was added (SI Appendix, Fig. S6). NADP+ was not
reduced when it replaced NAD+ in either assay, and so the
enzyme is NAD+ specific. Among the 444 members of clade 87,
35 contain WorABC subunits and form a cohesive subclade
phylogenetically distinct from the subclades containing the two
characterized WORs (SI Appendix, Fig. S5) (16, 17). This sug-
gests that during evolution, a subset of clade 87 WOR family
enzymes acquired the ability to catalyze an aldehyde-linked
electron bifurcation reaction (Eq. 1) by incorporating the ABC
subunits.

2 RCHO þ 2 H2O þ Am Fdox þ NADþ

! 2 RCOO� þ Am Fdred þ 2Hþ þ NADH: [1]

W-Dependent Microbial Metabolism and W Availability. Knowing
that A. mobile and E. limosum extracts oxidize aldehydes likely
in part or completely by W-dependent WOR enzymes, we
sought to determine the effect of W on detoxification mecha-
nisms in a “good” gut microbe (42). E. limosum, whose soluble
cell-free extracts have high propionaldehyde oxidation activity
(Fig. 2C), was grown on glucose in the presence of propional-
dehyde (5 mM) with and without 100 nM W. Without W, the
organism reduced the aldehyde to propanol, but in the pres-
ence of W, it was oxidized to propionate (Fig. 2D). Clearly, if
W is available, E. limosum prefers to incorporate the metal into
WOR and oxidize the aldehyde (Eo’ > �500 mV) to the acid
and generate reduced ferredoxin (Em ∼500 mV) rather than
reduce the aldehyde using NADH (Eo’ �320 mV) to the

Fig. 4. Representation of the subunits and cofactor contents of WOR1 and WOR2 of A. mobile and of the bifurcating (BF)-hydrogenase of Thermotoga
maritima and the aldehyde-dependent BF activity in A. mobile. (A) Homologous subunits between the three enzymes have the same color, and the cata-
lytic W-pterin sites in the WORs and the catalytic H-cluster sites in the BF-hydrogenase are indicated. For WOR1 and WOR2, the colors of the subunits
match the colors of the genes in the operons that encode them (Fig. 3B). The potential sites of interaction of the electron acceptors (NAD+ and ferre-
doxin, Fd) are indicated, but these have not been confirmed experimentally. (B) BF activity with purified WOR1 from A. mobile. The 400-mL reaction mix-
ture contained 4 mg AmWOR1, A. mobile ferredoxin (17 mM), furfural (25 mM), and 0.5 mM NAD+. The reaction was initiated by the addition of oxidized
Fd (Fdox). (C) The pathway of electron bifurcation where aldehyde oxidation is coupled via a BF site to the simultaneous reduction of NAD+ (an exergonic
reaction) and Fdox (endergonic).
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potentially toxic alcohol (Eo’ �170 mV). Since W is obviously
utilized if available by both of the model gut microbes under
study, which are representative of the abundant Firmicutes and
the important Synergistetes in the human gut, it was also rele-
vant to consider how much W we consume in a normal diet. In
a previous nutritional balance study, human dietary ingestion of
W was lower (8 to 13 μg/d) than that of Mo (100 to 270 μg/d),
and the excretion of both elements in urine and feces corre-
lated with ingestion (43). However, the W content of individual
foods and drinking water has not been reported. We therefore
analyzed representative samples, but we could not detect W
(<6.5 ppb or mg/kg) in 14 of the 15 common foods tested,
although Mo was readily measured in 12 of them (>>13 ppb;
SI Appendix, Table S8). The W content of several types of water
sample ranged from 24 to 180 pM, while Mo ranged from 13 to
14 nM (SI Appendix, Table S8). Other essential metals besides
Mo, including Co, Ni, and Fe, were also measured, but, in con-
trast to W, significant amounts of all of them were found in
multiple foods. Hence, based on this limited sampling, human
consumption of W is likely one or more orders of magnitude
lower than those of other trace metals.

Discussion
Aldehydes of various types are abundant in the gut. They are
chemically reactive and potentially toxic to humans as well as to
gut microbes (40). A total of 34 aldehydes were measured in
feces, together with 911 organic acids, many potentially from
the corresponding aldehyde (40). Some gut microbes are
known to produce aldehydes as antimicrobials that inhibit
potential pathogens (44, 45). For example, probiotic bacteria,
such as Lactobacillus reuteri, produce high amounts of the anti-
microbial 3-hydroxypropionaldehyde from glycerol to promote
a “healthy” microbiome (46). Aldehydes are also produced by
bacteria that contain microcompartment systems to utilize pro-
panediol, ethanolamine, choline, fucose, and rhamnose. Interest-
ingly, microcompartments enabling propanediol utilization are
present in E. limosum and A. mobile (47). Humans also consume
a diverse range of aldehydes because the cooking process results
in their accumulation in foods. Furfural and HMF are generated
during baking (37, 48, 49). HMF is not found in uncooked foods
and is a reported mutagen (50). Cooking oils also contain a
remarkable 32 aliphatic aldehydes (alkanals, alkenals, and di-
and trienals), some of which are toxic. Essential oils used for
their antimicrobial activities in medicine, agriculture, and food
preservation also contain a range of aldehydes, including cinna-
maldehyde, citral, 4-anisaldehyde, vanillin, hexenal, hexanal, and
cuminaldehyde (51, 52). Hence, aldehydes from digested foods
as well as antimicrobials are potentially toxic to healthy gut
microbes. The results presented herein show that aldehyde
removal in the two representative gut microbes examined is pre-
dominantly, if not totally, a W-dependent process. The phyloge-
netic analyses (Fig. 1A) would suggest that this ability is
widespread in the human gut microbiome.

We also show that, if W is available, the gut microbe E. limo-
sum prefers to use it, presumably by incorporating the metal
into its WORs, to oxidize the aldehyde (Eo’ > �500 mV) to the
acid and generate reduced ferredoxin. It is interesting that in the
absence of W, E. limosum reduces the aldehyde to the potentially
toxic alcohol (Eo’ �170 mV) using NADH (Eo’ �320 mV) as the
electron donor. Hence, removing the toxic aldehyde by generating
an acid also generates intracellularly a strong reductant (reduced
ferredoxin, Em ∼500 mV), which can be used by the organism to
drive thermodynamically unfavorable metabolic reactions, such as
H2 production and NADPH generation (for biosynthesis), reac-
tions that cannot be driven solely by NADH. The human gut is, in
general, an anaerobic environment, and many gut microbes
require reduced Fd for these key metabolic reactions. Aldehyde

oxidation provides a mechanism to do so while removing toxic
and reactive metabolites.

As shown in Fig. 1B, two types of WOR are proposed to
remove toxic aldehydes generated from cooked foods and micro-
bial metabolism. Like several of the characterized WORs from
nongut species (4, 6), monomeric (such as the predicted
AmWOR4) and heterodimeric (such as AmWOR2 and the pre-
dicted AmWOR5 and ElWOR2, SI Appendix, Fig. S3) enzymes
oxidize the aldehyde and reduce Fd. However, herein we have
discovered a type of aldehyde-oxidizing WOR in the form of the
pentameric bifurcating WOR1-type enzyme of A. mobile. This
was shown to catalyze a bifurcating reaction in which aldehyde
oxidation is coupled to the simultaneous reduction of both Fd
and NAD+ (Fig. 1B). The same is predicted for the ElWOR1
enzyme, which has the same pentameric structure.

The obvious question is why aldehyde oxidation by gut
microbes should be an electron bifurcation reaction in addition
to the more-established Fd-dependent reaction? The reduction
potential (Eo’) of the R-CHO/R-COO� couple, for example,
for benzaldehyde and acetaldehyde, is typically �510 mV (16,
17) but can vary by more than 100 mV depending on the alde-
hyde in question (53). The answer might be that bifurcation
with NAD+ (Eo’ = �320 mV but E ∼ �280 mVat physiological
concentrations) and Fd (Em ∼ �500 mV) could enable WOR1-
type enzymes to efficiently detoxify either an aldehyde with a
significantly more positive potential (Eo’ > �500 mV) than Fd
or, more likely, oxidize an aldehyde at very low concentrations
and/or with a very high acid:aldehyde ratio (where E > �500
mV). This would be akin to the bifurcating NADH ferredoxin
NADP+ oxidoreductase (Nfn) which, under physiological
conditions, NADH (E ∼ �280 mV) is able to reduce NADP+

(Eo’ = �320 mV but E ∼ �380 mV at a high-NADPH/NADP+

ratio) when coupled to NADP+ reduction by Fd (54). In addi-
tion, with a bifurcating WOR, the tightly coupled Fd and NAD+

reaction under such physiological conditions would prevent the
reverse reaction, the formation of potentially toxic aldehydes from
organic acids, which has been shown to occur with nonbifurcating
Fd-dependent WOR enzymes (55). Hence, bifurcation in the gut
microbes could enable efficient removal of even sub-mmolar con-
centrations of gut aldehydes by their oxidation even in the pres-
ence of high concentrations of the corresponding acid when cou-
pled to the simultaneous reduction of both Fd and NAD+.

Short-chain fatty acids (SCFAs), such as butyrate, propio-
nate, and acetate, are produced by various human gut
microbes, including the Eubacterium species, from complex car-
bohydrates (56). SCFAs are very important in human gut health
and prevent a variety of clinical conditions including inflamma-
tion and colorectal cancers (56, 57). Indeed, SCFAs produced
by the model organism used in this study, E. limosum, have spe-
cifically been shown to have beneficial effects on gut inflamma-
tion in colonic cells in vitro and in mouse models (56, 58).
There are several pathways known by which gut microbes can
convert sugars to propionate and butyrate, including CoA-
transferase and propanediol pathways in Eubacterium species
(56, 59). However, based on the E. limosum growth experi-
ments showing W-dependent propionate production, we pro-
pose a third pathway that allows for the direct conversion of
aldehydes, both microbially produced and ingested from
cooked foods, into the corresponding SCFA by WOR family
enzymes. Moreover, this W-dependent process may therefore
be beneficial for humans by not only removing toxic aldehydes
but by also adding to the pool of beneficial organic acids. An
analysis of the gastrointestinal (GI) tract of mice showed that,
compared to germ-free (GF) mice, specific pathogen-free
(SPF) mice containing a diverse gut microbiome including Fir-
micutes had significantly higher concentrations and diversity of
metabolites, including propionate and butyrate, showing that
the gut microbiota contribute to the production of colonic
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metabolites (60). According to our model (Fig. 1B), we predict
that aldehyde concentrations would be higher in GF mice than
in SPF mice, as this aldehyde-dependent reaction is specific to
microbial WORs. In addition, we would predict that the
addition of tungstate to the mouse diet would decrease the con-
centration of harmful aldehydes in the gut while increasing
beneficial SCFAs.

We have shown herein that aldehyde oxidation activity by
cell extracts of the two model gut microbes was abolished after
short-term exposure to air, and it is generally known that WOR
family enzymes and ferredoxin-dependent reactions in general
are highly sensitive to oxygen. In the healthy GI tract, there is
an oxygen gradient along the length of the intestine with close
to aerobic concentrations in the stomach, leading to anaerobic
conditions in the colon (61). Consequently, both the diversity
and concentrations of SCFAs increases the further in the GI
tract that samples are taken for analysis (60). Based on our
model (Fig. 1B), we predict that aldehyde concentrations
derived from food would be relatively high in the aerobic small
intestine but much less in the anaerobic large intestine where
they are converted to acids by WORs. Indeed, intestinal dysbio-
sis of inflammatory bowel disease is specifically associated with
changes in the anaerobicity of the colon, with a concomitant
shift from obligately anaerobic Firmicutes such as E. limosum
to facultative anaerobes, including the Enterobacter species
(62). Notably, Crohn’s disease (CD) patients have significantly
lower concentrations of certain fecal metabolites, including
butyrate, pentanoate, hexanoate, and heptanoate, when com-
pared to healthy controls (63). Ingestion by CD patients of an
oligofructose-enriched prebiotic led to significantly increased
concentrations of fecal acetaldehyde with decreased levels of
acetate. This suggests that the sugar gave rise to increased alde-
hyde production in both CD and healthy individuals but that it
accumulates in the former because of the low (or no) WOR
activity in the facultative anaerobes, while in the latter individu-
als, the aldehyde is converted to acetate by WOR in the obli-
gate anaerobes (63). These results therefore suggest that the
oxidation of aldehydes to their corresponding organic acids in
the gut is specific to the presence of anaerobic microbes, and
we propose that this process is at least in part W dependent
involving W-containing WORs.

In conclusion, the results presented herein suggest that resis-
tance by healthy members of the human gut microbiome to
both aldehyde-based antimicrobials and toxic aldehydes pro-
duced from cooked foods involves certain members of the vast
W-containing WOR family. We propose that simple monomeric
and heterodimeric Fd-reducing enzymes (AmWOR2-like) oxi-
dize aldehydes to the acid generating needed reduced Fd, while
pentameric bifurcating versions (AmWOR1-like) enable low
concentrations of reactive aldehydes to be efficiently removed
(Fig. 1B). Given that W is utilized by the abundant Firmicutes
and other phyla in the human gut, it was somewhat surprising
to find that W is generally beyond detection in common foods
in contrast to some other trace metals including Mo
(SI Appendix, Table S8). Human gut microbes are not usually
thought of as being limited for trace metals, but these data sug-
gest that this might be the case with W based on the limited
food and water sources that were analyzed.

Materials and Methods
Phylogenetic Analysis. The WOR proteins family members (4,063 unique
sequences in 4,108 protein accessions listed in Dataset S1) were selected
because they each have at least two highly specific InterPro domain signa-
tures, an aldehyde ferredoxin oxidoreductase, N-terminal (IPR013983) entry
and an aldehyde ferredoxin oxidoreductase, C-terminal (IPR001203) entry.
The phylogenetic analysis of the W family members is based on the phyloge-
netic tree that was previously described (14) with the following modifications
to facilitate a systematic classification of theWOR protein clades. The tree was

not re-rooted, and the bootstrap values used for defining clades are given in
Dataset S2. The clades were formed by the collapsing members that had an
average branch length distance less than two—this distance was optimal for
minimizing the total number of clades while maintaining distinct clades for
the majority of WOR members with known activities. The clades are arbitrary
orderedwith the branches with fewer leaf nodes near the top. Each clade and
single leaf node were then numbered from 1 to 92, starting at the root and
proceeding clockwise. The UHGP-95 reference proteins and the proteins from
the two model organisms, E. limosum and A. mobile, were mapped to the
WOR tree protein members and then into clades using BLASTP (e-value = 0
and identity > 45%). Only the top hit to a WOR tree protein for each refer-
ence andmodel protein was retained.

Microorganisms. A. mobile ATCC BAA-54 was obtained directly from the Ger-
man Collection of Microorganisms and Cell Cultures. Eubacterium limosum
ATCC 8486was obtained directly from the ATCC.

Growth of Microorganisms. The growth medium for A. mobile contained
5 g/L fructose, 0.5 g/L yeast extract, 1 g/L cysteine, 1 g/L sodium bicarbonate,
10 mM 3-(N-morpholino)propanesulfonic acid (MOPS), 1 mM KH2PO4, and a
salts solution containing at 1× concentration 9.3 mM NH4Cl, 4.4 mM KCl, 1.6
mM MgCl2 6H2O, and 1.0 mM CaCl2 2H2O, with vitamins and trace elements
prepared as described (64), except that W or Mo were not added. The pH of
the medium was adjusted to pH 7.0 before filter sterilization using a 0.2 mM
filter. A. mobile was routinely grown anaerobically with a headspace of 20%
CO2 and 80% N2 at 55 °C with shaking (120 rpm). When grown in the 20 L fer-
mentor, 10 g/L peptone from meat extract and 2 mL/L V8 juice (Campbell
Soup Company) were added to the medium. The fermentor was stirred at 150
rpm and was sparged with 20% CO2 and 80% N2 at a rate of 1.5 L/min. The
growth medium for E. limosum (64) was the same as that for A. mobile except
5 g/L glucose was used in place of fructose. E. limosum was routinely grown
anaerobically with a headspace of 20% CO2 and 80% N2 at 37 °C with shaking
(120 rpm). When grown in the 20 L fermentor, 10 g/L casein enzymatic digest
and 2 mL/L V8 juice were added to the medium. The fermentor was stirred at
150 rpm andwas spargedwith 20% CO2 and 80%N2 at a rate of 1.5 L/min.

Column Chromatography. Fermentor-grown A. mobile and E. limosum cells
were harvested by centrifugation (10,000 × g in a continuous flow Sharples
Centrifuge) and were subsequently frozen in liquid N2 and stored at
�80 °C. All of the following purification steps were performed anaerobi-
cally either in a Coy anaerobic chamber (95% Ar and 5% H2) or using sealed
serum bottles with an Ar headspace using media degassed with Ar under
positive pressure with a constant flow of Ar. All fractions were collected in
Ar-flushed serum vials sealed with butyl rubber stoppers and were stored
at 4 °C. Cells (∼20 to 40 g wet weight) were resuspended in 100 mL buffer
(50 mM Hepes pH 7.5, 5% glycerol, 5% trehalose, 1 mM cysteine, 0.1 mM
phenylmethylsulfonyl fluoride (PMSF), and 50 mg/L deoxyribonuclease
(DNase) I). Cells were broken on ice by sonication (30-s intervals, amplitude
60; Qsonica, model Q55). A soluble cell extract was prepared by ultracentri-
fugation at 100,000 × g for 1 h. AEC was carried out using a 50-mL Q
Sepharose high-performance (QHP) custom column (XK 26/20 Cytiva) equil-
ibrated with 25 mM Hepes, pH 7.5 containing 2.5% glycerol, 2.5% treha-
lose, and 1 mM cysteine. Bound proteins were eluted with a linear gradient
from 0 to 500 mM NaCl in the same buffer, and with A. mobile, two alde-
hyde oxidation activities eluted as ∼250 and ∼300 mM NaCl were applied
to the column. SEC was carried out using a HiLoad Superdex 200 prepgrade
XK 16/60 column (Cytiva) with a running buffer of 25 mM Hepes, pH 7.5,
containing 300 mM NaCl, 2.5% glycerol, and 2.5% trehalose at a flow rate
of 1.25 mL/min. The aldehyde oxidation active QHP fractions that eluted
from the SEC step corresponded to molecular masses of ∼400 and 80 kDa.
The 400 kDa and the 80 kDa Superdex S200 fractions were each loaded on
a custom 25-mL hydroxyapatite (Bio-Rad) column equilibrated with Hepes
pH 7.5 containing 2.5% glycerol and 2.5% trehalose and were eluted with
a 0- to 500-mM gradient of sodium phosphate, pH 7.5. The WOR1 protein
eluted as ∼25 mM phosphate and the WOR2 protein eluted as ∼75 mM
phosphate were applied to the column. A 10-mL monoQ (Cytiva) equili-
brated with Hepes, pH 7.5, containing 2.5% glycerol and 2.5% trehalose
was used as the final purification step for each enzyme. WOR1 and WOR2
eluted as ∼300 and ∼350 mM NaCl were applied to the column. We
obtained ∼3.0 and 1.5 mg of WOR1 and WOR2, respectively, from 40 g
(wet weight) of cells. A. mobile ferredoxin was purified from the same
batch of cells. It copurified with WOR1 on the anion exchange column but
separated on the Superdex S200 column eluting with mass corresponding
to ∼10 kDa. It was judged pure by gel electrophoresis and ultraviolet/visible
(UV/Vis) spectroscopy.
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Aldehyde Oxidation Assays. Individual aldehyde oxidation assays were per-
formed in an Agilent Cary 100 UV/Vis spectrometer by following the reduction
of benzyl viologen at 600 nm (ε = 7,400 cm�1 � M�1), the formation of NADH
(340 nm, ε = 6,200 cm�1 � M�1), or the reduction of ferredoxin (425 nm and
Δε = 13,000 cm�1 � M�1). The reaction mixture (2.0 mL) contained 50 mM
Hepes, pH 7.5, 1 mM benzyl viologen, ∼4 mM sodium dithionite, and the
enzyme sample, and the reactionwas initiated by the addition of various alde-
hyde substrates (0.5 mM) as indicated. Assays for A. mobilewere conducted at
50°C, while those for E. limosum were performed at 35°C. The reverse reac-
tions were performed with A. mobile–soluble extracts using methyl viologen
(100 mM) and Ti(III)citrate (2 mM) in the presence of NADH in order to link the
aldehyde formation to the alcohol dehydrogenase activity present in the
extracts. Activity is reported in units where one unit (U) catalyzes the reduc-
tion of 1 mmol benzyl viologen/min. Specific activity is calculated based on the
concentration of protein measured using the Bradford reagent (Bio-Rad). For
the bifurcating assay, the reduction of Fd was monitored at 425 nm. The reac-
tion mixture (400 mL) contained A. mobile ferredoxin (∼17 mM), 1 mM NAD+,
10 mM flavin mononucleotide (FMN) , and 25 mM furfural. The reaction was ini-
tiated by the addition of NAD+. The reaction was also measured by following
the formation of NADH at 340 nm in which the reaction is started by the addi-
tion of Fd (∼17 mM). For the 96-well plate aldehyde oxidation assay, aldehyde
stock solutions (50 mM) were made in ethanol. Assays were conducted at
room temperature in a Coy anaerobic chamber (5% H2 and 95% Ar). A total
of 20 mL each aldehyde stock solution was arrayed in a 2-mL deep-well 96-well
plate to which 980 mL assay buffer (50 mM Hepes, pH 7.5) was added. A multi-
channel pipette was used to transfer 50 mL working substrate stock solutions
to a clear flat-bottom Costar 96-well assay plate. A master mix was then pre-
pared containing 10 mL anaerobic assay buffer, 1 mM benzyl viologen,
enzyme (1 to 100 mg protein), and ∼4 mM dithionite (which resulted in a light
blue color from a small amount of reduced benzyl viologen). At time 0, 150 mL
master mix was multichannel pipetted into the assay plate, and the plate was
covered with an airtight clear membrane before transferring out of the anaer-
obic chamber. The increase in absorbance at 600 nm compared to control
assays in the absence of substrate was measured in a Molecular Devices Spec-
tra Max 190 UV-Vis spectrophotometer. Assays for soluble cell-free extracts
are reported as specific activities, while purified enzymes are reported as per-
cent activity compared to the most active substrate. Assays for soluble cell-free
extracts and purified enzymes were performed in triplicate, and SDs between
the replicates are reported. Aldehydes, alcohols, and organic acids were mea-
sured using an Agilent 7890A GC equipped with a Carbowax/20m column
(Restek) and a flame ionization detector (FID) detector.

Metal Determination. Cultures (1 L) of A. mobile and E. limosum were grown
in their respective media as described in the Growth of Microorganisms

section, except either no Mo or W were added or one or both metals were
added (at 100 nM or 1 mM). Cells were harvested in late log phase and were
washed three times with 20 volumes of 1× medium salts before being resus-
pended in three volumes of lysis buffer (50 mM Tris/HCl, pH 8.0). DNase (0.5
mg) was added to each cell suspension, which was transferred to a 15-mL MP
Biomedicals TeenPrep lysing matrix B tube before freezing at �80 °C. Frozen
cells were lysed in a MP Biomedicals FastPrep-24 using three to five 20-s cycles
at 4.0 M/s, placing the cell solution on ice for 5 min between cycles. After lysis,
the cell extract was centrifuged in a Beckman Coulter Optima L-90K ultracen-
trifuge at 31,000 rpm for 1 h. For A. mobile, the resulting supernatant (soluble
cell extract) was prepared for ICP-MS analysis as described below, and the
micromole of Mo or W/gram protein in the cell-free extract is reported with
SDs derived from three biological replicates. For E. limosum, the cell-free
extract was separated on a 1-mL QHP column as described above, and the Mo
andW content of the resulting fractions weremeasured by ICP-MS.

Liquid samples for metal analysis were diluted between 1:20 and 1:100
into 2% (volume/volume) trace-grade nitric acid (VWR in acid-washed
15-mL polypropylene tubes, depending on the expected metal and salt
concentration. Samples were incubated at a 37 °C temperature with shak-
ing for at least 1 h before centrifugation at 5,000 rpm for 20 min to pellet
debris. Samples were analyzed by an Agilent 7900 ICP-MS fitted with
MicroMist nebulizer, ultra-high matrix introduction (UHMI) spray cham-
ber, platinum (Pt) cones, x-lens, and an Octopole Reaction System colli-
sion cell with He mode (Agilent Technologies). To determine the metals
in foods, store-bought samples were baked to dryness in a 102 °C oven
for 48 h. At total of ∼0.25 g dried food was microwave digested in 10-mL
concentrated trace-grade nitric acid (VWR). After microwave digestion,
samples were diluted to 100 mL total volume with ddH2O resulting in 2%
(volume/volume) nitric acid in the samples. These samples were further
diluted 1:5 into 2% (volume/volume) trace-grade nitric acid in acid-
washed 15-mL polypropylene tubes before ICP-MS analysis.

Data Availability. All study data are included in the article and/or supporting
information.
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