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Oxidation of phosphite (HPO 7) to phosphate (HPO4 7) releases electrons at a very low
redox potential (E;= -690 mV) which renders phosphite an excellent electron donor for
microbial energy metabolism. To date, two pure cultures of strictly anaerobic bacteria
have been isolated that run their energy metabolism on the basis of phosphite oxidation,
the Gram-negative Desulfotignum phosphitoxidans (DSM 13687) and the Gram-positive
Phosphitispora fastidiosa (DSM 112739). Here, we describe the key enzyme for dissimi-
latory phosphite oxidation in these bacteria. The enzyme catalyzed phosphite oxidation
in the presence of adenosine monophosphate (AMP) to form adenosine diphosphate
(ADP), with concomitant reduction of oxidized nicotinamide adenine dinucleotide
(NAD") to reduced nicotinamide adenine dinucleotide (NADH). The enzyme of
P, fastidiosa was heterologously expressed in Escherichia coli. It has a molecular mass
of 35.2 kDa and a high affinity for phosphite and NAD". Its activity was enhanced
more than 100-fold by addition of ADP-consuming adenylate kinase (myokinase) to
a maximal activity between 30 and 80 mU x mg protein™'. A similar NAD-dependent
enzyme oxidizing phosphite to phosphate with concomitant phosphorylation of AMP
to ADP is found in D. phosphitoxidans, but this enzyme could not be heterologously
expressed. Based on sequence analysis, these phosphite-oxidizing enzymes are related to
nucleotide-diphosphate-sugar epimerases and indeed represent AMP-dependent phos-
phite dehydrogenases (ApdA). A reaction mechanism is proposed for this unusual type
of substrate-level phosphorylation reaction.

substrate-level phosphorylation | ADP formation | Phosphitispora fastidiosa |
Desulfotignum phosphitoxidans | early biochemical evolution

Phosphorus (P) is an essential element for the metabolism of all life forms. It was isolated
first from human urine in 1669 (1) and makes up 0.09% by mass of the Earth’s crust (2).
Due to its high reactivity, phosphorus is never found as a free element in nature but occurs
as inorganic phosphate, phosphite, hypophosphite, phosphine, as well as yhosphate esters
and organic phosphonates containing C-P linkages. Phosphates (PO,”") are the most
stable and the most important phosphorus compounds on Earth and are essential con-
stituents of DNA, RNA, ATP (adenosine triphosphate), ADP (adenosine diphosphate),

AMP (adenosine monophosphate), phospholipids, etc; there is no life without phosphate
(3-5). Beyond phosphate, recently, phosphite (PO3 ") has been detected at low levels in
aquatic ecosystems such as oceans, lakes, rivers, and sewage treatment plants (6). Phosphite
was probably more abundant in the Archean period when the Earth’s crust was less oxidized
than today and played perhaps a key role in the early evolution of life (3, 7-9). Phosphite
is formed naturally by lightning and volcanic eruptions (10); it is also produced industrially
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as a constituent of fertilizers and pesticides (11, 12). Treatment of crop seeds with phos-
phite fertilizers can increase production yields, and phosphite production is expanding
gradually with its possible application in agriculture (13).

Under phosphate limitation, several bacteria can use phosphite as an alternative phos-
phorus source (14). This assimilatory phosphite oxidation was described first in 1953
(15). For a Pseudomonas strain (16), an NAD-dependent phosphite dehydrogenase was
enriched and characterized (17, 18). For a Bacillus caldolyticus strain, also the use of further
reduced inorganic phosphorus sources was reported, and this capacity was attributed to
a hypophosphite oxidase which oxidized both hypophosphite and phosphite to orthophos-
phate (19). Phosphite assimilation was further reported for an anaerobic Bacillus strain
(20). More detailed studies on the assimilation of reduced phosphorus compounds were
carried out with Escherichia coli (21), Pseudomonas stutzeri (14), and Klebsiella aerogenes
(22). In these bacteria, oxidation of phosphite to phosphate is catalyzed by an
NAD'-dependent phosphite dehydrogenase (PtxD) which was heterologously expressed
in E. coli, purified, and characterized in detail (23). Phosphite oxidation with NAD" by
this enzyme is an irreversible reaction due to the low redox potential of phosphite oxidation
(Ey=-690 mV) compared to that of the NAD*/NADH couple (-320 mV). This enzyme
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is specific for phosphite as an electron donor and is related to
D-2-hydroxyacid dehydrogenases. Three different mechanisms for
this reaction have been discussed so far, of which two involve an
initial nucleophilic attack of NAD" on the phosphorus atom and
subsequent hydride transfer. The third one includes a primary
hydride transfer from phosphite to NAD; this mechanism appears
to be substantiated by kinetic data (24). Moreover, an alkaline
phosphatase was described for E. coli which can also act as a
phosphite-dependent hydrogenase (25).

Phosphite could also be an excellent electron donor for micro-
bial energy metabolism. A first dissimilatory phosphite-oxidizing
bacterlum the strictly anaerobic Desulfotignum phosphitoxidans
FiPS-3" was isolated from marine sediment (26, 27) and oxidizes
phosphite to phosphate with simultaneous reduction of sulfate to
sulfide, or with homoacetogenic reduction of CO, to acetate. The
phosphite oxidation capacity of this bacterium appeared to be
associated with four genes (pzxD-ptdFCG) which when transferred
to a phosphite-oxidation negative acceptor bacterium conferred
assimilatory phosphite oxidation but did not allow for the use of
phosphite as an electron donor for chemolithotrophic growth
(28). A further strictly anaerobic d1s31m11atory phosphite-oxidizing
bacterium, Phosphitispora fastidiosa DYL19", was isolated recently
from anaerobic sludge of a sewage treatment plant (29). It uses
only phosphite as the electron donor and carbon dioxide as the
electron acceptor in its energy metabolism; no alternative sub-
strates are known (29). Comparably high growth yields of these
cultures with phosphite indicated that they can efficiently exploit
the bioenergetic potential of phosphite oxidation, and a direct
linkage between phosphite oxidation and ATP synthesis was antic-
ipated by Wolfgang Buckel (30). Dissimilatory phosphite oxida-
tion has been described also for some anaerobic enrichment
cultures (31, 32).

In the present paper, we describe enzyme assays, heterologous
expression, purification, and characterization of AMP-dependent
phosphite dehydrogenases (ApdA) in P fastidiosa and D. phosphi-
toxidans which combine AMP- and NAD"-dependent phosphite
oxidation with the conservation of metabolic energy by formation
of an energy-rich phosphoanhydride linkage, thus catalyzing a
substrate-level phosphorylation.

Results

Phosphite-Dependent NAD" Reduction in Cell-Free Extracts of
D. phosphitoxidans and P. fastidiosa Is Stimulated by Addition of
AMP. Spectrophotometric assays for phosphite-oxidizing enzyme
activity were carried out with cell-free extracts of D. phosphitoxidans
FiPS-3 and P fastidiosa DYL19 grown with phosphite as the sole
electron donor. We applied strictly anoxic conditions throughout
cell harvest, cell-extract preparation, and enzyme assays. Phosphite-
dependent acceptor reduction was observed only with NAD" as
the electron acceptor (33). Alternative electron acceptors such as
methyl viologen, benzyl viologen, flavin mononucleotide, flavin
adenine dinucleotide, or phenazine methosulfate were not reduced.

Specific phosphite-dependent NAD" reduction was shghtly higher
in extracts of P fastidiosa (4.9 + 0.4 mU x mg protein” ") than i in
extracts of D. phosphitoxidans (1.88 + 0.3 mU x mg protein” h.

Addition of AMP enhanced the activity by 63 and 88%, respectively.
ADP and ATP addition inhibited the activity by about 50% and up
to 100%, respectively. UMP stimulated the reaction in a manner
similar to AMP; UDP and UTP inhibited the reaction. GMP,
TMP, pyruvate, acetate, sodium sulfide, coenzyme A, coenzyme
M, serine, cysteine, hydroxocobalamine, and thiamine diphosphate
as cofactors had no influence on the rate of phosphite-dependent

NAD" reduction (33).

https://doi.org/10.1073/pnas.2309743120

Identification of a Candidate Phosphite-Oxidizing Enzyme
in P. fastidiosa. To search for enzymes involved in phosphite-
driven energy metabolism of P, fastidiosa cells, its proteome after
growth with phosphite was analyzed in cell-free extracts; lack
of an alternative energy substrate for P fastidiosa did not allow
for a differential proteomics approach. In the proteomics data,
the abundance of a protein is represented as the corresponding
cumulative peak-area of its peptides identified by mass
spectrometry. Area values of six biological replicates (n = 6) were
sorted by descending order (Dataset S1). In all cases, a protein
that had been automatically annotated as NAD(P)-dependent
oxidoreductase and nucleoside-diphosphate-sugar epimerase-
family protein (NAD"-dependent epimerase/dehydratase family,
PF01370) (IMG gene ID 2888954517) was the most abundant
protein, as illustrated in Fig. 14 by the average total-peak area
of all identified peptides for all six replicates. It has a predicted
molecular weight of 35.198 kDa (see below). Enzymes of the
Wood-Ljungdahl pathway were also highly abundant (Fig. 14). An
interesting candidate for interconversion of adenine nucleotides,
an adenylate kinase (myokinase, IMG gene ID 2888951025),
was highly expressed, as the top-17th most abundant protein as
judged by the average peak area (Fig. 14).

We next evaluated the soluble protein extract of 2 fastidiosa by
denaturing protein electrophoresis [SDS-PAGE (sodium dodecyl
sulfate polyacrylamide gel electrophoresis)] for its most prominent
proteins (Fig. 1B). The most prominent band was visible at about
36-kDa molecular weight, and it was excised and submitted to
proteomics analysis, which identified the above-mentioned
nucleoside-diphosphate-sugar epimerase family protein (IMG
gene ID 2888954517) (Dataset S2). For staining of phosphite-
oxidizing enzyme activity, the native gel after electrophoresis was
transferred into an anoxic tube and incubated with phosphite as
the electron donor, NAD" as the intermediate electron carrier, and
iodonitrotetrazolium chloride (INT) as the terminal electron
acceptor to form a purple formazan dye. A slightly stained band
(SI Appendix, Fig. S1A) was excised and analyzed by proteomics,
which again identified the nucleoside-diphosphate-sugar epime-
rase family protein mentioned above (IMG gene ID 2888954517)
as one of the most prominent proteins present (Dataset S3). A
homolog of this protein has previously been identified as specifi-
cally and most strongly expressed protein during growth of D.
phosphitoxidans FiPS-3 with phosphite as the electron donor (34)
(IMG gene ID 2523425543 /2515197609), though its function
and role in phosphite-driven energy metabolism remained unclear
(27, 28, 34, 35). This protein represented the most prominent
band visible after SDS-PAGE of cell-free extract of phosphite-grown
D. phosphitoxidans at about 38 kDa (Fig. 1B) (see also refs. 27 and
34), as confirmed by proteomics (Dataset S4). In addition, after
native-PAGE and activity staining, a slightly stained band was
visible (87 Appendix, Fig. S1B), which was excised and also con-
firmed by proteomics to contain the nucleoside-diphosphate-sugar
epimerase family protein as the most prominent protein

(Dataset S5).

Heterologous Expression and Activity of the Candidate
Phosphite-Oxidizing Enzyme of P. fastidiosa. The genes from
both bacteria were cloned each into the expression plasmid pET-
28a(+) in-frame with the N-terminal His,-tag included in pET-
28a(+). After growth and induction with IPTG or cultivation in
autoinduction medium, no protein was produced by several tested
E. coli expression strains with the construct carrying the gene of
D. phosphitoxidans. In contrast, the synthetic gene for the nucleoside-
diphosphate-sugar epimerase-like protein of P fastidiosa with a
molecular mass of 37.7 kDa including the Hisg-tag was successfully
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Fig. 1. Excerpt of total proteomics data for cell-free extract of D. fastidiosa DYL19 grown with phosphite (A) and SDS-PAGE gel (B) for cell-free extracts of
strain DYL19 and of D. phosphitoxidans FiPS-3 grown with phosphite. (A) The top 20 most abundant proteins are shown, with protein abundance evaluated
by the corresponding cumulative peak-area of their peptides identified by mass spectrometry. The error bars indicate SDs calculated for six replicates (n = 6)
of individually grown DYL19 cultures. The four-digit gene numbers used (locus tags) are referring to the IMG annotation of the D. fastidiosa DYL19 genome;
the IMG gene-ID prefix 288895xxxx has to be included for accessing the gene information (https://img.jgi.doe.gov/cgi-bin/m/main.cgi?section=GeneSearch).
A predicted nucleoside-diphosphate-sugar epimerase protein (IMG gene ID 2888954517) was indicated as the most abundant protein (bold blue) in the cell-
free extracts. Enzymes of the Wood-Ljungdahl pathway were among the highest abundant proteins (indicated in green) as well as a predicted adenylate kinase
(myokinase) protein (1,025) (see main text and Dataset S1). A predicted MFS transporter gene (4,518) coencoded in the same gene cluster with the predicted
nucleoside-diphosphate-sugar-epimerase gene (S/ Appendix, Fig. S11) was also highly expressed (Dataset S1). (B) Proteins in cells-free extracts were separated
by denaturing SDS-PAGE against molecular weight markers (Left, in kDa). Each most prominent band was excised and submitted to proteomic analysis (see main
text). The black arrow points at the most prominent band excised for D. fastidiosa and the gray arrow at the most prominent band excised for D. phosphitoxidans.

produced and could be purified to near homogeneity. The protein
preparations and enzyme assays were initially done under strictly
anoxic conditions until we later realized that the enzyme was not
sensitive to oxygen (see below). The protein preparations still
contained several contaminating proteins of E. coli (SI Appendix,
Fig. S2). To avoid protein precipitation, addition of 10% (v/v)
glycerol to all buffers used for purification was necessary.
Activity of the recombinant protein was first tested in spectro-
photometric enzyme assays by monitoring NADH production
upon addition of phosphite. When measured with cell-free extracts
of the E. coli strain producing the P, fastidiosa enzyme, the reaction
exhibited a high affinity for phosphite (app. K, = 0.059 mM) and
for NAD" (app. K, = 0.024 mM). There was no epimerase activity
with UDP glucose and NAD" detectable, compared with cell-free
extract prepared from noninduced and nonproducing E. coli.
Specific activities of the purified recombinant protein in the
absence or presence of AMP, NAD", phosphite, and/or the absence
or presence of auxiliary ADP-consuming enzymes such as myoki-
nase (see also below), were assayed under anoxic conditions, as
shown in Fig. 24 for a representative enzyme Preparation. Highest
activity (here, 29.1 + 1.1 mU x mg protein™") was observed only
if active recombinant enzyme (ApdA), NAD", AMD, phosphite,
and myokinase as auxiliary enzyme were combined in one assay,
whereas the activity without myokinase was lower than in control
experiments without phosphite or AMP (Fig. 24). In control
assays without phosphite, an initial background activity was
observed, which ceased to 3.3 + 1 mU/mg (yellow bar, Fig. 24)
after around 500 s, but increased to full activity after addition of
phosphite. Similar observations were made in control assays with-
out AMP (light blue bar, Fig. 24). The latter two results were
interpreted as background activities in assays with myokinase.
When heat-inactivated ApdA was added to assay mixtures, a slight

PNAS 2023 Vol.120 No.45 e2309743120

decrease in absorption was observed which was attributed to sed-
imentation of precipitated, denatured protein (Fig. 24).

With NADP" instead of NAD", the specific activity was reduced
by 99% (0.74 + 0.08 versus 79.3 + 8.6 mU x mg protein”, as
measured for a different enzyme preparation in the presence of
myokinase). Further, with ADP instead of AMD, the activity was
reduced by 97% (1 + 0.18 versus 29.1 + 1.1 mU x mg protein’l)
and with UMP instead of AMP by 98% (0.05 + 0.06 mU x mg
protein™'). Hence, AMP was the only nucleoside phosphate
known which supported the enzyme activity. Therefore, the
enzyme was termed ApdA.

Purified recombinant ApdA maintained its activity also when
the enzyme was purified and stored under oxic conditions; there-
fore, all subsequent assays were done under air. The activity was
stable under air for at least 48 h, no matter whether it was stored
at 4 °C or -20 °C; at room temperature, a decrease of activity by
about 20% and protein precipitation was observed (S/ Appendix,
Fig. §3).

For oxic enzyme assays with recombinant ApdA and myokinase
as auxiliary enzyme, ATP formation could be detected qualitatively
by coupling the reaction with luciferase (Fig. 2B). Only in assays
with 1 mM NAD", 1 mM AMP, 5 mM phosphite, 100 to 125 ug
ApdA, and 20 units myokinase and luciferase, an increase in
chemiluminescence up to 55,000 relative luminescence units
(RLU) was observed within 62 min. Various control assays, in
which at least one of the assay components was omitted, showed
no significant increase in chemiluminescence (Fig. 2B).

Testing Alternative Auxiliary Enzymes. As described above, when
ApdA was assayed without myokinase, only little activity was
detectable as measured via NADH-formation (0.5 + 0.3 mU/mg,
see Fig. 2A4), while in the presence of myokinase, ApdA activities

https://doi.org/10.1073/pnas.2309743120 3 of 11
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were in the range of 30 to 80 mU x mg protein™" for the different
recombinant enzyme preparations, thus around 100-fold higher
than the ApdA activity in the absence of myokinase. When ApdA
was assayed with pyruvate kinase as an alternative ADP-consuming
enzyme [in the presence of phosphoenolpyruvate (PEP) as the
substrate in reverse] or hexokinase as an ATP-consuming enzyme
(in the presence of glucose), activities were 2.5 + 1.1 mU x mg
protein'1 and 4.3 + 0.2 mU x mg protein'l, respectively. Hence,
myokinase could not be replaced by these enzymes. When both
myokinase and hexokinase (plus glucose) were added, the activity
was 97 + 2 mU x mg protein”', thus appeared to be higher than
with myokinase alone. In addition, the absorption change with
myokinase as the sole auxiliary enzyme was linear only within the
first 50 s after reaction start and decelerated afterward (S Appendix,
Fig. S4A), while in assays with both myokinase as ADP-consuming
and hexokinase as an additional ATP-consuming enzyme, the
absorption change was linear over more than 400 s until a final

absorption higher than 1 was reached (87 Appendix, Fig. S4B).

Discontinuous Enzyme Assays with ApdA of P. fastidiosa. ApdA
reactions were followed in discontinuous enzyme assays in which
samples were taken at intervals from the reaction mixture and
the substrate conversion and product formation were analyzed by
HPLC. In assays without myokinase and each 20 mM phosphite,
NAD" and AMP as substrates, formation of peaks corresponding
to ADP and ATP was detectable after several hours of incubation
(SI Appendix, Fig. S5); however, only a net accumulation of 57.3
uM ADP over 6 h could be quantified, as well as of 13.6 pM
ATP; the specific activity determined via the ADP formation
was 70.8 + 2.8 uU/mg protein™" (ST Appendix, Fig. S6). Note
that disappearance of substrates could not be quantified in these
experiments by HPLC due to their high concentrations and thus
detector overload.

In discontinuous assays using 10 mM phosphite, 2 mM NAD",
and 2 mM AMP in the presence of myokinase, 0.6 mM NADH
was produced within 5 h (Fig. 34), while in assays with both
myokinase and hexokinase, 1.7 mM NADH was produced in the
same time (Fig. 3B). Simultaneously, ADP accumulated to 1.6 mM
concentration within 5 h while almost no ATP was detected in
assays with both myokinase and hexokinase (Fig. 3B). In the pres-
ence or absence of hexokinase, 2.2 mM phosphite was consumed.
Conversion of 0.5 mM AMP within 5 h could be observed only
in assays with myokinase as the sole auxiliary enzyme (Fig. 34). In
assays with myokinase as the sole auxiliary enzyme, accumulation
of an unidentified anionic compound was observed in IEX-HPLC.
Its retention time (11.1 min) was closest to that of hypophosphite
(11.3 min), but this compound could not yet be identified
(SI Appendix, Fig. S7). For analytical reasons, phosphate and
hypophosphite could not be measured in assays with both myoki-
nase and hexokinase. Pyrophosphate (retention time 7.7 min,

https://doi.org/10.1073/pnas.2309743120

SD of triplicates; most error bars are smaller than
symbol size. Abbreviations used: Phi, phosphite;
MK, myokinase; RLU, relative luminescence units.
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shortly after the injection peak) was never found as a reaction prod-
uct. Assays without phosphite showed no disappearance of sub-
strates or formation of products (S Appendix, Fig. S8).

2 12
A f --NADH -o-AMP -o-ADP ATP -e-phosphite
[
1.5 -
L g S
\O\.\ é
s 2
£ <
=1 - L6 2
9 )
3 <
S 2
1 a e
,/0/" S
0.5 -
- 2
0 + T T r T 0
0 1 2 3 4 5
time (h)
B 2 12
--NADH -o-AMP -o-ADP ATP -®-phosphite
1.5
s
£
% £
-
=1 S
9 o
< <
S =
o
c
)
o
0.5

0 ~ — ¢ ’ ? .~ 0
0 1 2 3 4 5
time (h)

Fig.3. Discontinuous enzyme assays with ApdA of P. fastidiosa and myokinase.
(A) The 2 mL assay mixture in 25 mM HEPES-KOH, pH 8.0, 3 mM MgCl, contained
2 mM NAD', 2 mM AMP, 10 mM phosphite, 20 units myokinase, and 409 pg of
recombinant purified ApdA. (B) The 2 mL assay mixture in 25 mM HEPES-KOH,
pH 8.0, 3 mM MgCl, contained 2 mM NAD®, 2 mM AMP, 10 mM phosphite,
20 units myokinase, 20 mM glucose, 20 units hexokinase, and 409 pg ApdA.
Shown are mean values + SD of triplicates. Some error bars are smaller than
symbol size.
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Fig. 4. Bioinformatic analysis of ApdA enzymes of P. fastidiosa and D. phosphitoxidans. (A) P. fastidiosa and D. phosphitoxidans ApdA enzymes aligned to their five
closest homologs with known structures. Residue numbering by P. fastidiosa sequence. Colors indicate the degree of similarity: dark yellow, 100% conservation;
medium yellow, conservation between groups of strongly similar properties; light yellow- conservation between groups of weakly similar properties. Binding
residues (boxed) defined by PDB sequence annotations: NAD*-binding residues are shown in black bold, and nucleotide phosphate (UDP or UPG) binding residues
(type indicated far right) are shown in red bold letters. Dual binders are shown in blue. M. tuberculosis residues are shown in gray, where it is not possible to
assess nucleotide phosphate binding as the sugar pocket is in the apo state. A green dot above a residue position indicates that the residue in both ApdA
enzymes is found in one of the homologous sequences. A red dot highlights the variant residue in the nucleotide phosphate-binding site. (B) PfAPD AlphaFold
model. The crystal structure 4ZRN was structurally aligned and NAD" shown as sticks. Residues discussed in the text are shown as pink spheres. The substrate
binding site indel loop is in pink. (C) Overview of the catalytic core. Residues in text shown as sticks colored as in A. UDP-glucose (UPG) from 4ZRN (yellow) and
residue R222 (blue) are shown as sticks colored by heteroatom.

Sequence Analysis and a Structural 3D Model of P. fastidiosa ApdA.  Typically, these enzymes perform epimerization reactions on sugar
ApdA of P fastidiosa, and its close homolog in D. phosphitoxidans, substrates. For nucleotide-sugar 4-epimerases, this usually involves
arehomologous to members of thelarge short-chain dehydrogenases/  changing UDP-glucose to UDDP-galactose, an intramolecular
reductases (SDR) family of NAD(P)-dependent oxidoreductases ~ oxidation-reduction reaction, as a pivotal step in D-galactose
and nucleotide-sugar 4-epimerases (~35 to 60% sequence identity). metabolism (36). Alignment of the ApdA sequences with their
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five closest homologues with known 3D structures (Fig. 4), which
are all UDP-binding epimerases, revealed high conservation,
particularly in regions involved in substrate binding (e.g.,
PfApdA and Mycobacterium tuberculosis UDP-glucose 4-epimerase
GalEl share 32% seq. id.; Thermotoga maritima UDP-Glucose
4-Epimerase, 32% seq. id.; B. thuringiensis Pal, 31% seq.
id.s  Methanothermobacter  thermautotrophicus UDP-GalNAc
4-epimerase, 26% seq. id.; and Plesiomonas shigelloides UDP-
GalNAc 4-epimerase, 28% seq. id.).

There were, however, three significant sequence differences
observed in substrate binding groups (Fig. 44, red sphere). These
are i) residue (M/L) in position 16 of the ApdA of P fastidiosa
within the glycine-rich GxxGxxG motif involved in NAD" bind-
ing, which in other sequences is a G (36); 77) absence of the cata-
lytic serine in the canonical SYK triad (36), which in this case is
substituted for P; and ii7) a serine (position 212 in PfApdA)
instead of the typical arginine involved in B-phosphate coordina-
tion of the UDP-sugar substrate (37).

To better understand the possible functional consequences of
these residue exchanges, structural 3D models of both ApdA
enzymes were calculated using AlphaFold2 (38) (ST Appendix,
Fig. S9) and the sequence differences compared in a structural
context. The similarity of their sequences (seq. id. 62%) was
reflected in the high similarity of their predicted 3D-folds
(RMSD,4 = 0.56 A). The models were then superimposed onto
the top five structural homologues (S7 Appendix, Fig. S10), allow-
ing for a comparison of sequence differences within a structural
context. The 3D-fold of NAD(P)-dependent oxidoreductases and
nucleotide-sugar 4-epimerase enzymes of the SRD family com-
prises two lobes, with the active site at their center. The N-terminal
lobe, which binds NAD", is highly conserved across prokaryotes
and eukaryotes (37). The high conservation of the fold and its
NAD"-binding residues allowed us to model the binding of
NAD" by the ApdAs with high reliability. In both enzymes, the
characteristic GxxGxxG motif that binds the phosphate groups
of NAD" is degenerated to GxxGxx(M/L) (Fig. 44). Despite its
strict conservation in the top 100 homologues of ApdA, the third
glycine is located away from the NAD" binding site (Fig. 4B, blue
sphere) and does not directly interact with the cofactor. Therefore,
the functional consequence of a variant in this position, if any,
is unclear. The N-terminal lobe typically contains a characteristic
SYK catalytic triad (located in loop 122 to 127 of PfApdA).
However, both ApdAs have an incomplete triad, retaining the
YxxxK residues, but with the serine being substituted by a proline
(Fig. 44). The absence of the triad’s serine may explain the
observed lack of epimerase activity in the ApdAs. In E. coli GalE,
the mutation of this serine to alanine reduces its epimerase activ-
ity almost 3,000-fold (39). However, some family members lack-
ing this residue still exhibit catalytic activity, such as WbmF from
Bordetella bronchiseptica (PDB 2Q1T), which has an alanine
residue in this position (Fig. 44) (40). However, WbmF is spec-
ulated to catalyze a 3,5-epimerization reaction instead of
4-epimerization. Interestingly, the ApdA models show the pres-
ence of an arginine (R126) close to the absent catalytic serine
(Fig. 4B, pink sphere behind yellow spheres), near the catalytic
tyrosine. This arginine could potentially contribute to the diver-
gent catalytic activity of these enzymes. The C-terminal lobe, in
structural homologues of known function, is associated with
UDP-sugar binding, typically glucose or galactose. UDP binding
residues (Fig. 44, red residues) are highly conserved in the two
ApdA enzymes and their homologues, except at position 212
(PfApdA residue numbering). In ApdA, this position contains a
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serine, whereas homologous sequences exhibit a conserved argi-
nine (83% of the top 100 BLAST hits; 33 homologues with
known structures). This arginine coordinates the -phosphate of
the UDP/UDP-sugar; in ApdAs, it may contribute to an altered
substrate specificity. Furthermore, residues N176-E184 in the
C-terminal lobe (Fig. 4B, pink loop) form an extended indel,
which is variable in other homologues, and may play a role in
substrate selectivity or binding regulation.

Discussion

In the present paper, we describe a phosphite-oxidizing enzyme
that couples the oxidation step with substrate-level phosphoryla-
tion, to form an energy-rich phosphoanhydride bond. The free
energy available from the electron transfer from the phosphate/
phosphite couple (£, = -690 mV) to the NAD*/NADH couple
(Ey = -320 mV) is AGO = -71.4 kJ per mol; this is more than
sufficient to form under physiological conditions a phosphoan-
hydride bond as present in, e.g., ADP or ATP (41). The enzyme
catalyzing this type of phosphite-dependent formation of ADP
from AMP is present in both strains of anaerobic bacteria that
have been described so far to be capable of dissimilatory phosphite
oxidation, i.e., the gram-negative D. phosphitoxidans (26, 27)
and the gram-positive P fastidiosa (29). The ApdA protein of
D. phosphitoxidans has been identified earlier as the most promi-
nent, inducibly expressed protein during growth with phosphite
as the electron donor (34), as well as an alternative NAD-
dependent phosphite dehydrogenase encoded in the same gene
cluster (PtxD; see ST Appendix, Fig. S11 and ref. 28). In the light
of the results of this study, we consider it most likely that the PexD
of D. phosphitoxidans represents an assimilatory phosphite dehy-
drogenase homologous to the one of P stuzeri WM 88 (23), which
was detectable also in the proteome of P fastidiosa at very low
abundance (as the 716th most abundant protein; Dataset S1).
Candidate ApdA genes were found in a metagenome-assembled
genome (MAG) that was obtained from a community enriched
for phosphite oxidation coupled to CO, reduction (31), as well
as in two MAGs of Bradyrhizobium spp. (SI Appendix, Fig. S11).
These ApdA candidates are also coencoded with homologs of the
MEFS-transporter gene that is highly expressed in P fastidiosa
(Fig. 1A) as well as with candidate genes for PexD (S Appendix,
Fig. S11).

Total proteome analysis of P fastidiosa indicated that ApdA is
the most abundant enzyme in phosphite-grown cells and that also
myokinase (adenylate kinase) is present at overaverage abundance.
Remarkably, the phosphite-dependent NAD*-reducing activity
of ApdA can be measured at high rates only in the presence of
ADP-consuming myokinase, or myokinase plus ATP-consuming
hexokinase, or myokinase plus ATP-consuming luciferase (see
reaction equations below). Assays with pyruvate kinase or hexoki-
nase alone exhibited much lower activity. For myokinase from
yeast, the Ky, values K,pp = 0.27 mM and K1 = 0.054 mM were
reported (42), and the Ky values of pyruvate kinase from rabbit
muscle and hexokinase from yeast are K,pp = 0.357 mM and K,
= 0.063 mM, respectively (43, 44). Thus, differences in the Ky,
of these enzymes cannot explain the different activities of these
auxiliary enzymes when coupled to ApdA. Moreover, ADP can
accumulate during the ApdA plus myokinase reactions (Fig. 34),
and, hence, ADP does not appear to inhibit the ApdA reaction
per se. One explanation may be that myokinase needs to interact
spatially with ApdA, for example, to withdraw the reaction prod-
uct directly from its catalytic site.
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The equations for the different enzyme reactions involved in
this study can be considered as follows:

both ADP and ATP can be released from the ApdA enzyme, with
ADP as the predominant product. In the assays with myokinase as
the coupling enzyme, disappearance of AMP concomitant with

myokinase: 2 ADP < AMP + ATP, [1]
pyruvate kinase: phosphoenolpyruvate + ADP — pyruvate + ATP, (2]
hexokinase: glucose + ATP — glucose — 6 — phosphate + ADP, (3]
luciferase: ATP + luciferin + O, — AMP + oxyluciferin + pyrophosphate + CO, + light, (4]
ApdA + myokinase: 2 AMP + 3 NAD™ + 3 phosphite = ADP + ATP + 3 NADH, (5]

ApdA + myokinase + hexokinase: 2 AMP + 3 NAD" + 3 phosphite + glucose = 2 ADP + 3 NADH + glucose — 6 — phosphate,

ApdA: AMP + NAD? + phosphite — ADP + NADH. [7]

Luciferase and hexokinase use exclusively ATP while pyruvate
kinase uses only ADD, and all three reactions are considered to be
irreversible (Eqs. 2—4). With luciferase as auxiliary enzyme, light (and
thus ATP), was produced only if the ApdA reaction (Eq. 7) and
myokinase reaction (Eq. 1) were combined (Eq. 5) (Fig. 2B). The
only enzyme in the in vitro experiments of this study that truly
enhanced the activity of ApdA was myokinase. Myokinase reacts
reversibly into an equilibrium of ATP and AMP with 2 ADP (Eq. 1)
and possibly enables as such the ApdA reaction by withdrawing
reaction product(s) from ApdA: We observed that ApdA in the
absence of auxiliary enzymes produced at the very least micromolar
concentrations of ADP when artificially high substrate concentra-
tions were used (20 mM each), but also some ATP formation was

detected (81 Appendix, Figs. S5 and S6), and we thus conclude that
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formation of ADP and ATP was observed (Fig. 34) as expected, but
the reason why the AMP concentration did not change in our assays
with both myokinase and hexokinase remains unclear. It can be
expected that a proportion of ADP will be converted back to AMP
by myokinase; however, an overall decrease of AMP should be detect-
able as ADP and ATP were formed as the final products of the
reaction (Fig. 3B). These so-far unbalanced stoichiometries in our
enzyme assays remain enigmatic until further experimental elucida-
tion. They may be explained for example by yet uncharacterized side
reactions of the up to three different enzymes in these assay systems
or the effect of reaction products, but also of salts concentration or
of pH, on the state of the myokinase equilibrium.

The tight functional dependence of ApdA on auxiliary ADP-
and/or ATP-consuming reactions as observed in our in-vitro
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Fig. 5. Suggested reaction mechanism of phosphite oxidation by AMP-dependent phosphite dehydrogenase ApdA. The yellow object represents the enzyme.
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enzyme experiments emphasizes that this type of substrate-level
phosphorylation with phosphite may also in P fastidiosa be
dependent on a tight coupling with its ATP-consuming anabolic
reactions during growth (45). Such a challenge of catalyzing
phosphite-driven substrate-level phosphorylation might further
be reflected in the considerable investment of P fastidiosa into the
biosynthesis of ApdA, being the most abundant protein in these
cells and, hence, providing for a high amount of catalyst for this
reaction to proceed efficiently in situ.

For phosphite oxidation by the unusual enzymes described in
this study, we propose a reaction mechanism as shown in Fig. 5.
First, the enzyme associates with the oxygen atom of phosphite;
then, electrons are transferred from the phosphorus atom to the
double bond of oxygen. Second, the oxygen atom of AMP attacks
the central phosphorus atom of phosphite. Finally, the hydrogen
atom leaves the phosphite residue as a hydride to NAD", to form
NADH, which is reoxidized through the Wood-Ljungdahl path-
way (S Appendix, Fig. $12). ADP, ATT, and NADH thus formed
are used mainly for synthesis of cell matter; in D. phosphitoxidans,
some electrons can also flow into reduction of sulfate to sulfide.
All enzymes necessary for cell matter synthesis from carbon diox-
ide through the Wood-Ljungdahl pathway were identified in the
proteome and genome of both bacteria.

In conclusion, the ApdA enzymes described here are homo-
logues to nucleotide-diphosphate-sugar epimerases of the SDR
superfamily of NAD(P)-dependent oxidoreductases. Binding of
the NAD cofactor in these enzymes is highly conserved and likely
to be identical in both ApdA enzymes. Although the UDP-
sugar-binding lobe is also well conserved, a notable change of a
phosphate-coordinating arginine into a small serine and the
extended loop at the entry of the substrate-binding pocket may
explain the altered substrate binding of the two ApdA enzymes.
Furthermore, the loss of the catalytic triad serine and possible
subsequent placement of an arginine into the active center may
explain the lack of epimerase activity and the observed function
described in this paper.

In the Archean period, phosphite was more widespread on
Earth than it is today (3, 6). The dissimilatory phosphite oxidation
in the two bacterial strains known so far may be a remnant of these
times and may indicate that phosphite played an important role
in the early development of life. Further, both phosphite-oxidizing
bacteria use the Wood-Ljungdahl pathway (SI Appendix, Fig. S12)
that is assumed to be the oldest pathway of autotrophic cell matter
synthesis (46, 47). Our present study adds a further reaction to
the existing models for formation of phosphoanhydride bonds
(9). It may contribute to the development of our understanding
of the early evolution of life on Earth and can perhaps provide
potential chemical markers relevant to the detection of life also in
extraterrestrial environments.

Materials and Methods

Cultivation. P fastidiosa strain DYL19" (DSM 112739, GDMCC 1.2680) was cul-
tivated under strictly anoxic conditions in sulfide-reduced, bicarbonate-buffered
freshwater mineral-salts medium with 10 mM sodium phosphite as the sole
electron donor and with CO, as the electron acceptor and sole carbon source
for growth, as previously described (29). D. phosphitoxidans strain FiPS-3 (DSM
13687,0CM 818) was grown with 10 mM sodium phosphite as the sole electron
donorand CO, as the electron acceptor in sulfide-reduced, bicarbonate-buffered
marine mineral-salt medium (27). Cultures were incubated unshaken in the dark
at 30 °C for about 20 d. All £. coli strains used in this study were cultivated with
LB-medium (10 g/Ltryptone, 5 g/Lyeast extract, and 10 g/LNaCl) in the presence
of 50 or 100 pig/mL kanamycin to increase the plasmid copy number; aqueous
50 mg/mL kanamycin stocks were filter-sterilized.
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Preparation of Cell-Free Extracts and Soluble Fraction (SF). Anaerobic cul-
tures of P fastidiosa or D. phosphitoxidans had a volume of 0.5 to 1 Land were har-
vested in the late exponential growth phase, i.e., atan 0D, of around maximally
0.3 for P, fastidiosa and maximally 0.6 for D. phosphitoxidans; this corresponds to
dry weight concentration of approximately 75 mg/Lfor P, fastidiosa and 150 mg/L
for D. phosphitoxidans (48). Harvested P, fastidiosa and E. coli cells were washed
once with 25 mM N-(2-hydroxyethyl) piperazine-N’-(2-ethanesulfonic acid)
(HEPES) buffer, pH 8.0 (adjusted with KOH), containing 3 mM MgCl,, by centrifu-
gationat 7,000 x g for 20 min at4 °C. D. phosphitoxidans cells were washed once
with 3-(N-morpholino) propanesulfonic acid (MOPS), pH 7.2 (NaOH adjusted),
containing 3 mM MgCl, and 17 mM NaCl, by centrifugation at 7,000 x g at4 °C.
The cells were resuspended in 3 to 5 mL of the same buffer and then disrupted by
three or four passages through a cooled French Press Cell (SLM Aminco, Cat. No.
FA003, Urbana, IL) at 104 MPa pressure. After removal of cell debris and intact cells
by centrifugation at 16,000 x g for 30 min at 4 °C, the soluble protein fraction
was separated from the membrane fraction by ultracentrifugation at 104,000 x
g for 30 min at 4 °C.Typical protein concentrations in SFs for P fastidiosa were 2.8
mg/mLand for D. phosphitoxidans 7.9 mg/mL, as estimated by the Bradford assay.

Total Proteome Analysis and Database Search. For total proteome analysis of
cell-free extracts of P, fastidiosa, samples were digested with trypsin and analyzed
by mass spectrometry at the Proteomics Facility of the University of Konstanz
(www.biologie.uni-konstanz.de/proteomics-centre/) and the peptide fingerprints
matched against a local database of all predicted proteins of the JGI's isolate
genome annotation as described previously (49-51). Mass spectrometry was
done with a LTQ Orbitrap Discovery with an Eksigent 2D-nano HPLC (Thermo
Fisher Scientific, Waltham, MA, United States) or a Q-Exactive HF mass spectrome-
ter (Thermo Fisher Scientific, Bremen, Germany) interfaced with an Easy-nLC 1200
nanoflow liquid chromatography system (Thermo Scientific, Odense, Denmark).
The peptide digests were reconstituted in 0.1% formic acid and loaded onto the
analytical column (5 pm, 100 A pore size C;g resin ina 75-um i.d. x 15-cm-long
piece of fused silica capillary, Acclaim PepMap100, Thermo Scientific). Peptides
were resolved at a flow rate of 300 nL/min using a linear gradient of 6 to 40%
solvent B (0.1% formic acid in 80% acetonitrile) over 75 min. Data-dependent
acquisition with full scans in 350 to 1,500 m/z range was carried out using the
Orbitrap mass analyzer at a mass resolution of 120,000 at 200 m/z. The 20 most
intense precursor ions were selected for further fragmentation. Only peptides
with charge states 2 to 6 were used, and dynamic exclusion was set to 30 s.
Precursor ions were fragmented using higher-energy collision dissociation with
anormalized collision energy set to 28%. Fragment ion spectra were recorded at
aresolution of 15,000.The Mascot search engine (Matrix Science, London, United
Kingdom) was used to match each peptide fingerprint against the protein data-
base of the IMG-annotated draft genomes of P, fastidiosa (GOLD Analysis Project
ID Ga0451573; IMG genome ID 2888950683) and of D. phosphitoxidans (GOLD
Analysis Project ID Ga0012722; IMG genome ID 2523231053). Relative protein
abundances were expressed by the peak area of the peptides of each protein
measured by the Eksigent 2D-nano total ion count. The term “area” here refers
to the mean value of the two or maximally three most intense peptide intensities
per protein, if at least two peptides per protein were identified. If no peptide was
identified, the area value of the corresponding protein was set to zero.

Molecular Cloning. Genes for ApdA of P, fastidiosa or D. phosphitoxidans were
cloned into pET-28a(+) in-frame with the N-terminal 6xHis-tag by conventional
cloning techniques, i.e., restriction digests and DNA-ligase reactions with genes
amplified by PCR with Phusion Polymerase (New England Biolabs) and with the
primers listed in S/ Appendix, Table S1. In two separate constructs, the two apdA
homologs were also cloned into pET-28a(+) as genes that were codon-optimized
for E. coli and synthesized under contract with BioCat (Heidelberg, Germany,
SI Appendix, Supporting Information Data S6). All constructs used in this study
were transformed either into £. coli NovaBlue DE3 as storage strain and into
E. coli Rosetta gami DE3 or E. coli Shuffle T7 as expression strains. Stock cultures
of the strains were prepared by mixing 900 pL of LB-grown culture with 100 pL
pure DMSQ in cryotubes and frozen at —80 °C.

Overexpression and Purification of ApdA. Precultures for overexpression were
prepared by removing a small aliquot of cell paste from the frozen stock solution
of the respective expression strain with a pipette tip and transferred to a sterile,
closed culture tube containing 5 mL LB medium with 100 ug/mL kanamycin. This
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preculture was incubated overnight on an orbital shaker at 200 rpm and 37 °C.
On the following day, 500 to 1,000 mL of MagicMedia autoinduction medium
(Thermo Fisher Scientific Inc., Karlsruhe, Germany) and 100 pg/mL kanamycin was
inoculated with the complete preculture in a 2-L baffle flask shaking overnight
(between 16 and 20 h) on an orbital shaker at 200 rpm and 37 °C. All subsequent
manipulations were done either under oxic conditions on a regular laboratory
bench or anoxic conditions in an anoxic chamber under an atmosphere of 95%
N,/5% H, as described previously (48). Cultures were dispensed into sterile cen-
trifugation vessels and harvested by centrifugation at 7,000 x g for 20 min at
4°Cusing a F10-6x500y FiberLite rotor operated in a RC 5C Plus Sorvall centri-
fuge (Thermo Fisher Scientific Inc., Karlsruhe, Germany). Pellets were suspended
in 3 mLlysis/binding buffer[25 mM HEPES-KOH, pH 8.0, 3 mM MgCl,, 10% (v/v)
glycerol, 20 mM imidazole]. The pH values of all purification buffers had to be
readjusted to 8.0 after addition of the strongly alkaline imidazole. Bacteria were
lysed by three passages through a French Pressure Cell (Aminco, Silver Spring,
MD, United States) operated at 137 MPa as described before (48). The lysate was
spun down in a table-top centrifuge for 1.5 mLtubes at maximum speed (14,100
x g, MiniSpinPlus centrifuge, Eppendorf, Hamburg, Germany) for 5 min at room
temperature to remove nonlysed cells and debris. Thereafter, membrane particles
were removed in an Optima MAX-TL ultracentrifuge with aTLA 110 rotor (Beckman
Coulter GmbH, Krefeld, Germany)at 100,000 x g for 60 min and the supernatant
transferred to either a glass vial with butyl rubber stopper (anoxic storage) or a
15 mL polypropylene tube (SARSTEDT AG & Co. KG, Niimbrecht, Germany) and
termed SF. For one typical example, the protein concentration of the SFfroma 1-L
culture as measured by the bicinchoninic acid assay was 31.5 mg/mLin avolume
of 12 mL, thus a total protein amount of 378 mg. All protein samples were stored
on ice in between manipulations. For small-scale protein preparation, His spin
trap centrifugation columns (Cytiva, Freiburg, Germany) were used according
to the manufacturer's instructions and for larger-scale production, protein was
purified with 1-mL His-Trap FF columns (Cytiva, Freiburg, Germany) operated
manually with syringes. The SF (5 to 10 mL) was applied to the column with a
flow rate of approximately 1 mL/minin 2 mLincrements and flushing the column
in between with lysis/binding buffer. The column flow through (FT) was collected
and stored on ice. The column was flushed with 6 mLwash buffer (25 mM HEPES-
KOH, pH 8.0, 3 mM MgCl,, 10% (v/v) glycerol, and 40 mM imidazole), and the
wash fraction (WA) was also collected and stored on ice. His-tagged protein was
eluted from the column with 3 mL elution buffer [25 mM HEPES-KOH, pH 8.0,
3 mM MgCl,, 10% (v/v) glycerol, and 400 mM imidazole]. The resulting protein
preparation was termed ApdA and was stored on ice until further use.

Protein Gel Electrophoresis, Activity Staining, and Identification of
Protein Bands. Precast SDS-PAGE gels were run at 30 mA per gel for 1 h on
a BioRad Ready Strip IPG/Protean Il system. Gels were stained with ReadyBlue
Protein Gel Stain (Sigma-Aldrich). Enzyme activity staining was performed with
Native-PAGE gels and cytoplasmic cell fractions under anoxic conditions (52).
P fastidiosa phosphite-oxidizing activity was stained by immersing the gel strips
in 25 mM HEPES buffer, pH 8.0, containing 3 mM MgCl,, and D. phosphitoxidans
phosphite-oxidizing activity in 25 mM MOPS buffer, pH 7.2, containing 3 mM
MgCl, and 17 mM NaCl, each with addition of 2 mM AMP, 2 mM NAD", 10 mM
sodium phosphite, and 0.4 mM iodonitrotetrazolium chloride (INT) as the final
electron acceptor in order to indirectly detect NADH formation. Protein bands
excised from stained Native-PAGE gels and SDS-PAGE gels were identified by pep-
tide mass fingerprinting at the Proteomics Facility of the University of Konstanz.

Photometric Enzyme Assays. Activity of ApdA was routinely measured in a
V-630 spectrophotometer (Jasco, Pfungstadt, Germany) at 30 °C either under air
in 1-mL polystyrene cuvettes (SARSTEDT AG & Co. KG, Niimbrecht, Germany) or
under anoxic conditions in 1-mL Quartz cuvettes stoppered with natural rubber
and flushed with 100% N,. Enzyme kinetics were recorded at 340 nm following
the formation of NADH from NAD™ (e, = 6.3mM ™" cm ™", 53). The Time Course
Measurement software of the Jasco Spectra Manager software package, version
2.10.01, was used. Each 1 mLfull-activity assay in 25 mM HEPES-KOH, pH 8.0,
with 3 mM MgCl, consisted of 2 mM NAD*, 2 mM AMP, 10 mM phosphite, 20
units myokinase (adenylate kinase), and approximately 200 to 250 pg ApdA
enzyme applied ina 50 uLaddition per 1 mLassay. In assays with pyruvate kinase
or hexokinase as sole auxiliary enzymes, myokinase was omitted and 2 mM PEP
plus 20 units pyruvate kinase or 20 mM glucose plus 20 units hexokinase was
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added. Additions were made either by micropipettes or by syringes and needles
(Hamilton, Bonaduz, Switzerland). For negative controls, individual compounds
were omitted as indicated in the Results section. Small aliquots of ApdA were
denatured at 99 °Cfor 5 min and added to enzyme assays to test for background
reactions (heat-inactivated control). In additional assays, the reversibility of the
enzyme activity was tested by observing NADH depletion at 340 nm or 365 nm.
Data of each time course measurement were transferred to the Spectra Analysis
software implemented in the Spectra Manager package, and the slope of each
measurement (absorption per min) was calculated with the Kinetics tool.

Discontinuous Enzyme Assays. For discontinuous quantification of reactants,
2 mLor 3 mLassays were prepared either in oxic plastic tubes or in anoxic glass
vials with butyl rubber stoppers flushed with 100% N, at 30 °C. The assay mixture
contained the same components as for the photometric enzyme assays described
above or, where indicated, increased substrate concentrations (20 mM NAD™,
20 mM AMP, and 20 mM phosphite) in order to allow detection of products
formed by ApdA in the absence of auxiliary enzymes. In experiments with
increased substrate concentrations, direct 20-pLinjections into the HPLC system
were made from assay mixtures set up in HPLC vials. In all other experiments,
and where indicated, assays were sampled before and after addition of ApdA,
and the respective loss in volume was compensated by addition of assay buffer.
At specific time intervals, 200 L or 300 uL samples were withdrawn with either
micropipettes or syringes and transferred to a 1.5 mL tube. For analysis of AMP,
ADP, ATP, phosphite, and phosphate, 100 pL samples were mixed with 10 plL of
350 mM H,S0, to denature protein by acidification. Precipitated protein was
partially removed by centrifugation in a table-top centrifuge at 14,100 x g for
5to 10 min. Supernatants were transferred to HPLC vials with crimp septa and
analyzed as outlined below. Calibration standards were treated in the same way.
Control samples with the nucleoside phosphates in buffer or water with or without
prior acidification exhibited only minor variations even after prolonged storage
in the autosampler at room temperature, indicating that these compounds were
stable under slightly acidic conditions. The remaining 100 uL sample was used for
NADH analysis by mixing with 900 uL oxic assay bufferand measuring the absorb-
ance at 340 nm in a Jasco V-730 spectrophotometer with Fixed Wavelength
Measurement software of the Spectra Manager package, version 2.14.06 (Jasco,
Pfungstadt, Germany).

Analytical Procedures. Nucleoside phosphates (AMP, ADP, ATP) were analyzed
by reversed-phase HPLC on a LiChrosorb RP18-5 column, 250 x 4.6 mm (Merck)
fitted with a C-12 guard column (Phenomenex, Aschaffenburg, Germany) as
described previously (54). A Shimadzu Prominence HPLC system consisting of
two gradient pumps (LC-20AT), an autosampler (SIL-20A), a PDA-detector (SPD-
M20A), an oven at 25 °C(CTO-10ACvp), and operated with the LCsolution software
version 1.25, was used (Shimadzu, Munich, Germany). Each chromatography run
was performed isocratically with 100% solvent A (potassium phosphate buffer, 0.1
M, pH 6.0, containing 4% methanol or, where indicated, 3% methanol in ultrapure
water)for 13 min ataflow of 1 mL/min.Then, the concentration of solvent B(100%
methanol) was raised to 50% within 0.1 min and maintained at 50% for 2.5 min,
in order to clean the column in between runs, followed by re-equilibration of
the column for 2.5 min with 100% solvent A. Thereafter, the flow was stopped
for 1 min to allow for decompression of the resin; this helped to improve the
reproducibility of retention times. Each 10 uL of sample or standards was injected.
Luciferase assays were performed with an ATP Determination Kit PRO (Biaffin
GmbH & Co KG, Kassel, Germany). Assay working reagents consisting of reac-
tion buffer, DTT, D-Luciferin, and firefly luciferase were prepared according to
the manufacturer's instructions. ApdA assays and the corresponding controls
were set up in a total volume of 1 mL each in HEPES buffer and with the same
concentrations as described in the enzyme assay method section. Each 50 pl
assay mixture or control was transferred to a well of a white bottom 96-well plate
(ThermoFisher Scientific/NuncA/S, Roskilde, Denmark), and immediately thereaf-
ter, 50 uL luciferase assay working reagent was added to each well, thus reducing
the ApdA-assay reagents concentrations by 50%. The plate was shaken for 30 s
in a SpectraMax iD3 plate reader operated with the SoftMax Pro 7.1 software
(Molecular Devices GmbH, Miinchen, Germany), and the chemiluminescence
of triplicate, lidded wells was recorded at 560 for 62 min in 2-min intervals.
Phosphite and phosphate were analyzed with Rezex™ RHM-Monosaccharide
HC (8%) ion exchange resin (LC column 300 mm x 7.8 mm, 00H-0132-K0,
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Phenomenex, Aschaffenburg, Germany) with 30 mM H,S0, in ultrapure water as
the mobile phase on an HPLC system equipped with a refractive index detector as
described before (55). Each 20 plL of sample or standard was injected.

Protein concentrations were estimated by either the Bradford assay (56) with
bovine serum albumin as standard, or the Pierce BCA Protein Assay Kit according
to the manufacturer's manual (Thermo Fisher Scientific Inc., Karlsruhe, Germany).

Protein purity was assessed by SDS-PAGE using the Mini-PROTEAN 3
System (Bio-Rad Laboratories GmbH, Feldkirchen, Germany) and 4 to 15%
Mini-PROTEAN TGX™ precast gradient protein gels, 10-well, 30 uL, according
to the manufacturer's manuals. Samples (5, 10, or 20 ul) were mixed with 50
uL SDS-loading dye with 3-mercaptoethanol as the reducing agent in at least
equal volumes and incubated at 99 °C for 5 min in a Thermomixer comfort
(Eppendorf, Hamburg, Germany). After cooling on ice, 5 to 20 L of these sam-
ples was loaded on the gels and run for 55 min at 20 mA per gel. Gels were
removed from the gel cassette, rinsed in deionized water for at least 5 min
to remove SDS, and stained with ReadyBlue Protein Gel Stain (Merck/Sigma-
Aldrich, Darmstadt, Germany) for 2 h to overnight on a rocking shaker. Stained
gels were imaged with an HP Scanjet G4050 scanner at a resolution of 600 dpi
against a white background and with auto-adjustments of the software turned
off. Scanned images were saved as JPEG files, cropped, and labelled without
manipulating contrast or brightness.

Analysis of Sequence Conservation. To identify homologues of the ApdA
enzymes with known 3D-structure, the sequence of these enzymes was used in
a search of the Protein Data Bank (PDB; https://www.rcsb.org) using BLAST (57)
as search engine. Of the top hits, the following structures were selected as they
had the highest sequence similarity to the P, fastidiosa ApdA: P shigelloides UDP-
GalNAc 4-epimerase (UniProtKBQ7BJX9), M. thermautotrophicus UDP-GalNAc
4-epimerase (UniProtkB 026475), Bacillus thuringiensis Pal (UniProtkB Q3ESA4),
T. maritima UDP-glucose 4-epimerase (UniProtkB Q9WYX9), M. tuberculosis
UDP-glucose 4-epimerase GalE1 (UniProtkB POWN67). Their sequences were
then aligned using Clustal omega (58).

To identify the conservation of residue 212 the P fastidiosa ApdA, the
sequence was used to identify protein homologs from the nonredundant pro-
tein database in the BLAST webserver (57). The position was examined for the
top 100 homologous sequences (which included DpApdA). Residues involved
in substrate interactions were determined using the annotation in the sequence
inspector of the PDB (59), confirmed through visual inspection of 3D-structures
in UCSF Chimera (60).
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Prediction of 3D Models using AlphaFold. 3D models of the ApdA enzyme of P
fastidiosa (NCBI entry WP_231685625.1) and of D. phosphitoxidans (UniProtKB
S0G1B2) were predicted using AlphaFold version 2.1.1(38). AlphaFold calcula-
tions were executed at the University of Konstanz on a customized computer
server (consisting of a processor AMD Ryzen Threadripper Pro 3975 wx equipped
with graphics card Nvidia GForce RTX 3090 and 256GB RAM running the Ubuntu
20.04.4 operative system).The template database included entries at the Protein
Data Bank up to 22-12-2021. For each sequence, six models were calculated,
and the relaxed model 0 was chosen for further analysis. The geometry of the
resulting models was validated using Molprobity (61).

Chemicals. Auxiliary enzymes myokinase from yeast (adenylate kinase
lyophilized powder, 475941), pyruvate kinase from rabbit muscle (type VI,
P7768), and hexokinase from Saccharomyces cerevisiae (type F-300, H4502)
were purchased from Merck/Sigma-Aldrich (Schnelldorf, Germany). All other
chemicals were obtained from the same company or from Carl Roth GmbH +
Co. KG (Karlsruhe, Germany) and were of analytical grade quality.

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