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An extended bacterial reductive pyrimidine degradation
pathway that enables nitrogen release from 3-alanine
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The reductive pyrimidine catabolic pathway is the most wide-
spread pathway for pyrimidine degradation in bacteria, ena-
bling assimilation of nitrogen for growth. This pathway, which
has been studied in several bacteria including Escherichia coli
B, releases only one utilizable nitrogen atom from each mol-
ecule of uracil, whereas the other nitrogen atom remains
trapped in the end product B-alanine. Here, we report the
biochemical characterization of a B-alanine:2-oxoglutarate
aminotransferase (PydD) and an NAD(P)H-dependent malo-
nic semialdehyde reductase (PydE) from a pyrimidine degra-
dation gene cluster in the bacterium Lysinibacillus massilien-
sis. Together, these two enzymes converted f3-alanine into
3-hydroxypropionate (3-HP) and generated glutamate, thereby
making the second nitrogen from the pyrimidine ring available
for assimilation. Using bioinformatics analyses, we found that
PydDE homologs are associated with reductive pyrimidine
pathway genes in many Gram-positive bacteria in the classes
Bacilli and Clostridia. We demonstrate that Bacillus smithii
grows in a defined medium with uracil or uridine as its sole
nitrogen source and detected the accumulation of 3-HP as a
waste product. Our findings extend the reductive pyrimidine
catabolic pathway and expand the diversity of enzymes involved
in bacterial pyrimidine degradation.

Pyrimidines are a rich source of nitrogen available for assim-
ilation by bacteria (1). Three bacterial pathways are known for
the degradation of the stable aromatic pyrimidine ring, as
exemplified by the degradation of uracil (Fig. 1). These are
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known as the pyrimidine utilization (RUT),* oxidative, and
reductive pathways. The RUT pathway is present in certain
Proteobacteria, including Escherichia coli K-12, and utilizes a
C4a-flavin peroxide for pyrimidine ring opening, releasing two
utilizable nitrogen atoms in the form of ammonia (Fig. 14) (2).
The oxidative pathway has only been reported in a limited
number of bacteria, including Rhodococcus erythropolis and
Enterobacter aerogenes, and proceeds through the oxidation of
uracil to barbiturate, yielding two utilizable nitrogen atoms
subsequent to hydrolysis of urea (Fig. 1B) (3, 4).

The reductive pathway (Pyd) is the most well-studied and wide-
spread pyrimidine degradation pathway and, in addition to bacte-
ria, also occurs in archaea and eukaryotes. It proceeds through the
reduction of uracil to dihydrouracil by dihydropyrimidine dehy-
drogenase (PydA), followed by two hydrolytic steps catalyzed by
dihydropyrimidinase (PydB) and ureidopropionase (PydC) (5). In
many bacteria, including E. coli B, the reductive pathway releases
only one utilizable nitrogen atom per uracil, the other being
trapped in the end product B-alanine (Fig. 1C) (6).

Pathways for the degradation of B-alanine are known in
eukaryotes (7) and certain bacteria (8) and involve B-alanine
aminotransferase, generating the toxic intermediate malonic
semialdehyde. There are several known mechanisms for the
degradation of malonic semialdehyde generated in various bio-
chemical pathways. These include reduction to 3-hydroxypro-
pionate catalyzed by the short-chain alcohol dehydrogenase/
reductase YdfG in the RUT pathway (Fig. 14) (2), oxidation to
malonyl-CoA catalyzed by malonic semialdehyde dehydroge-
nase (9), and decarboxylation to acetaldehyde catalyzed by
malonic semialdehyde decarboxylase (10). Therefore, it is con-
ceivable that, in some bacteria, the Pyd pathway may include
additional enzymatic steps for the acquisition of nitrogen from
B-alanine by transamination followed by degradation of malo-
nic semialdehyde. However, the association of B-alanine degra-
dation enzymes with the Pyd pathway in bacteria has not been
systematically investigated.

The study of bacterial pyrimidine degradation has relied on
the isolation and culturing of bacteria for their ability to utilize

“The abbreviations used are: RUT, pyrimidine utilization; CAPSO, 3-(cyclo-
hexylamino)-2-hydroxy-1-propanesulfonic acid; BME, B-mercaptoethanol;
CV, column volumes; GLDH, glutamate dehydrogenase; PLP, pyridoxal
phosphate; Tricine, N-[2-hydroxy-1,1-bis(hydroxymethyl)ethyllglycine;
3-HP, 3-hydroxypropionate; DNPH, 2,4-dinitrophenylhydrazine.
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Figure 1. Three pathways for uracil degradation in bacteria. A, RUT pathway; B, oxidative pathway; C, reductive (Pyd) pathway.

pyrimidines as a nitrogen source (1). However, the increasing
volume of publicly available genetic sequences presents the
opportunity to systematically investigate bacterial pyrimidine
degradation gene clusters using bioinformatics. While studying
the distribution of aminoethylsulfonate (taurine) degradation
enzymes, we observed the occurrence of close homologs of
some of these enzymes in Pyd gene clusters. For example, the
Lysinibacillus massiliensis Pyd gene cluster contains a putative
aminotransferase and a metal-dependent alcohol dehydroge-
nase related to Bifidobacterium kashiwanohense taurine:oxogl-
utarate aminotransferase (BkToa) (11) and sulfoacetaldehyde
reductase (BkTauF) (12), respectively (Fig. 24). Because of the
structural similarity between taurine and 3-alanine, we hypoth-
esized that these two enzymes could play a role in nitrogen
acquisition from B-alanine produced in the Pyd pathway (Fig.
2B). Here, we report the biochemical characterization of these
two enzymes, a [-alanine:2-oxoglutarate aminotransferase
(PydD) and a malonic semialdehyde reductase (PydE), which
extend the Pyd pathway by converting B-alanine into 3-HP,
generating glutamate for nitrogen assimilation. We further
explored the prevalence of this extended pathway in bacteria
through bioinformatics. The physiological relevance of this
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extended pathway was supported by the growth of Bacillus
smithii with uracil or uridine as the sole nitrogen source,
accompanied by the secretion of 3-HP.

Results
Recombinant production of PydD and PydE

L. massiliensis PydD and PydE with an N-terminal His, tag
were recombinantly produced in E. coli. Both proteins were
purified to near homogeneity with a TALON Co?* -affinity col-
umn, with an additional anion-exchange chromatography
employed for the purification of PydE (Fig. S1). The yields of the
proteins are 52 and 75 mg/liter of cell culture for PydD and
PydE, respectively. The UV-visible spectrum of the purified
recombinant PydD contains characteristic absorbance values at
330 and 410 nm, which correlate with the enolimine and ketoe-
namine forms of the pyridoxal phosphate (PLP) cofactor,
respectively (Fig. S2).

B-Alanine:2-oxoglutarate aminotransferase activity of PydD

PydD catalyzed the formation of L-glutamate from B-alanine
and 2-oxoglutarate, as detected by an assay with glutamate de-
hydrogenase (GLDH) (Fig. S3 and Fig. 34). PydD also catalyzed
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Figure 2. Association of PydD and PydE with reductive pyrimidine catabolism. A, genome neighborhoods of close homologs of PydA and PydB in different
bacteria with some containing PydD and PydE. B, proposed pathway for B-alanine degradation by PydDE.

the formation of L-alanine under similar reaction conditions
when pyruvate was used as the amine acceptor, although with a
lower conversion (Fig. S3). Incubation of PydD together with
PydE, B-alanine, 2-oxoglutarate, and NADPH led to the time-
dependent consumption of NADPH (Fig. 3B), suggesting that
following the reversible conversion of (-alanine to malonic
semialdehyde by PydD, the reaction is pulled forward by the
NADPH-dependent reduction of malonic semialdehyde by
PydE. Further characterization of PydD was carried out using
this PydE-coupled spectrophotometric assay, at the optimal pH
of 8.0 (Fig. S4).

The Michaelis—Menten kinetic parameters of PydD were de-
termined for different amine donor (B-alanine, taurine) and
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acceptor (2-oxoglutarate, pyruvate, oxaloacetate) substrates (Fig.
S5) and summarized in Table 1. With B-alanine as the amine
donor, the highest activity was obtained with 2-oxoglutarate as the
amine acceptor (Figs. S5 and S6), suggesting that 2-oxoglutarate is
the physiological substrate for PydD. The apparent k_, /K, for
pyruvate was 63-fold lower than that for 2-oxoglutarate (Table 1).
Under the same reaction conditions, the activity was the lowest for
oxaloacetate (Fig. S6), and its apparent k_,,/K,, was not deter-
mined. The sulfonate-containing analog taurine also served as a
substrate by PydD with 2-oxoglutarate as the amine acceptor (Fig.
S3). Its apparent k_,,/K,,, was ~60-fold lower than that for -ala-

nine, consistent with our hypothesis that $-alanine is the physio-
logical substrate of PydD.
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Figure 3. PydD activity assays. A, detection of L-glutamate as a reaction product of PydD-catalyzed B-alanine:2-oxoglutarate transamination. Assays monitor
NADH formation accompanying L-glutamate oxidation by GLDH. B, coupled activity assays for PydD, detecting malonic semialdehyde generated by PydD-
catalyzed B-alanine:2-oxoglutarate transamination. Assays monitor NADPH consumption accompanying malonic semialdehyde reduction by PydE. Error bars,

S.E.

Table 1
Michaelis-Menten kinetic parameters of PydD (error values reported
are the S.E. for the fits)

Table 2

Michaelis-Menten kinetic parameters of PydE (error values reported
are the S.E. for the fits)

Enzyme Substrate Keat K, ket K,,, Enzyme Substrate Kear K, keat! K,y
st mm u st 5! mm mts™!
PydD B-Alanine 5.6 *0.2 23+ 04 2400 * 500 PydE NADP™; 3-HP 423 £0.07 7.4 =04 (3-HP) 570 = 30
2-Oxoglutarate 56+02 33*03 1700 = 200 PydE NADP™; isethionate  3.07 = 0.09 55 = 3 (isethionate) 56 * 4
PydD  B-Alanine; pyruvate 1.25 = 0.06 46 * 5 (pyruvate) 27 *3 PydE NAD™; 3-HP 34+02  40=*07(NAD") 680+ 160
PydD Taurine; 2-oxoglutarate 0.51 + 0.02 12 * 2 (taurine) 41 *7 PydE NADP™; 3-HP 29 *0.1 3.4+ 0.5 (NADP") 840 + 130

Malonic semialdehyde reductase activity of PydE

PydE catalyzed the NADPH-dependent reduction of malonic
semialdehyde, generated in situ in the presence of excess PydD,
B-alanine, and 2-oxoglutarate (Fig. S7). PydE also catalyzed the
reverse reaction, NADP " -dependent oxidation of 3-HP, with
an optimum pH of 10.0 (Fig. S8). The Michaelis—Menten

SASBMB

kinetic parameters of PydE were determined for different alco-
hol and nucleotide (NAD " and NADP™) substrates (Fig. S9 and
Table 2). The apparent k., /K,, for the sulfonate-containing
analog 2-hydroxyethylsulfonate (isethionate) was ~10-fold
lower than that for 3-HP. PydE exhibited comparable activities
with both NAD" and NADP™ (Fig. S9 and Table 2).
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Figure 4. LC/MS analyses of product formation in PydD- and PydE-catalyzed reactions. A, elution profiles of the LC/MS assays for the PydDE-catalyzed
B-alanine degradation, monitoring the absorbance at 360 nm. The complete assay contains both PydD and PydE, and controls omitting both enzymes and
omitting PydE are included. B, elution profiles of the LC/MS assays for PydE-catalyzed 3-HP oxidation, monitoring absorbance at 360 nm. Reaction products
were derivatized with DNPH prior to LC/MS analyses. The break in the vertical axis of the plot is indicated in dotted lines.

LC/MS analyses of the PydD and PydE-catalyzed reactions

The PydD- and PydE-catalyzed reactions were analyzed by
derivatization with 2,4-dinitrophenylhydrazine (DNPH) fol-
lowed by LC/MS. The DNPH (compound 1) and acetaldehyde-
DNPH (compound 2) standards eluted at 11.3 and 19.5 min
(Fig. 4A), and their identities were confirmed by electrospray
ionization-MS (m/z) (Fig. S10, A and B). 2-Oxoglutarate-
DNPH (compound 3) eluted at 10.6 min, was prominent in the
assay mixture without enzymes (Fig. 44 and Fig. S10C). In the
assay containing PydD but not PydE, the 2-oxoglutarate-DNPH
peak was diminished, accompanied by the appearance of a peak
eluting at 13.2 min, corresponding to malonic semialdehyde-
DNPH (compound 4, Fig. 44). The negative ion mass spectrum
of this peak suggested decarboxylation accompanying the ion-
ization process (Fig. S10D). A peak corresponding to acetalde-
hyde-DNPH was also present in this assay, suggesting sponta-
neous decarboxylation of malonic semialdehyde during the
reaction or workup (Fig. 44). In the complete assay containing
both PydD and PydE, the malonic semialdehyde-DNPH peak
was eliminated, consistent with PydE-catalyzed malonic semi-
aldehyde reduction. The 2-oxoglutarate-DNPH peak was also

15666 . Biol. Chem. (2019) 294(43) 15662—15671

further diminished, suggesting that PydE drives the reaction
toward completion.

The PydE-catalyzed NADP*-dependent oxidation of 3-HP
was also analyzed. A peak corresponding to malonic semialde-
hyde-DNPH, eluting at 13.2 min, was present in the complete
reaction mixture (Fig. 4B) and confirmed by electrospray ion-
ization-MS (m/z) (Fig. S11B). Similar to the PydD assay, a peak
corresponding to acetaldehyde-DNPH was also observed (Fig.
4B and Fig. S11C). The malonic semialdehyde-DNPH and acet-
aldehyde-DNPH peaks were absent in negative controls omit-
ting either PydE or 3-HP.

Taken together, these observations are consistent with our
hypothesis that PydD catalyzes the transamination reaction
converting B-alanine and 2-oxoglutarate to glutamate and
malonic semialdehyde, which is then reduced by PydE to 3-HP.

Use of pyrimidines as the sole nitrogen source supports
growth of B. smithii

Next, we investigated the physiological relevance of the
extended Pyd gene cluster in pyrimidine nitrogen assimilation
in bacteria. Despite our attempts, we were unsuccessful in

SASBMB
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Figure 5. Enzymatic detection of the presence of 3-HP in bacterial culture
media. All assays were performed with PydE monitoring the increase of A5,
representing the formation of NADPH. The sole nitrogen source used in each
of the culture media was as labeled. Error bars, S.E.

growing L. massiliensis using defined medium with uracil or
uridine as the sole nitrogen source. However, we were able to
grow B. smithii, which contains an extended Pyd gene cluster
similar to that in L. massiliensis (66.3 and 43.1% identity
between B. smithii and L. massiliensis PydD and PydE, respec-
tively). This enabled us to assay the spent medium for 3-HP,
the predicted end product of the extended Pyd pathway.
Using an enzymatic assay with PydE, 3-HP was detected in
the spent medium with uracil or uridine as the sole nitrogen
source (Table S2 and Fig. 5), providing evidence for our pro-
posed pathway. Conversely, 3-HP was not detected in the spent
media with ammonium or cytidine as the nitrogen source
(Table S2 and Fig. 5). This is consistent with the fact that utili-
zation of cytidine/cytosine as a nitrogen source only requires
hydrolysis of the 4-amino group (e.g. by cytidine/cytosine
deaminase) and does not necessarily require the Pyd pathway.

PydDE is present in the Pyd gene clusters of many bacteria in
the phylum Firmicutes

Having established that PydDE form a viable pathway for
nitrogen acquisition from (-alanine, we next investigated the
occurrence of PydDE in Pyd gene clusters in different bacteria.
We examined the 236 PydD homologs in the UniRef cluster
UniRef50 AOAOH4P1N9 (where each member shares =50%
sequence identity and =80% overlap with the seed sequence of
the cluster (13)). A maximum likelihood phylogenetic tree of
representative PydD homologs is given in Fig. 6. Of these
sequences, 93 fall within gene clusters containing homologs of
PydA, PydB, and PydC (Table S3 and Fig. 6).

Of the 93 PydABCD clusters, 88 contain a metal-dependent
alcohol dehydrogenase in the same family of PydE. 90 belong to
bacteria in the phylum Firmicutes, with 82 in the class Clos-
tridia and 7 in the class Bacilli (Table S3). This provides evi-
dence for the prevalence of the extended Pyd pathway in Firmi-
cutes bacteria.

Discussion

The biochemical characterization of the B-alanine:2-oxogl-
utarate aminotransferase PydD and the malonic semialdehyde
reductase PydE, associated with the PydABC gene cluster in
L. massiliensis, provides evidence for an extended Pyd pathway
that allows the acquisition of both nitrogens from the pyrimidine
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ring. The physiological relevance of this pathway is supported by
the production of 3-HP by B. smithii when uracil or uridine is used
as a nitrogen source. Our inability to grow L. massiliensis in
defined medium with uracil or uridine as the sole nitrogen source
might be due to an unknown growth requirement of this bacte-
rium or a different function of the Pyd pathway in this bacterium
(e.g recycling of intracellular pyrimidines).

The occurrence of the standard and extended variants of the
Pyd pathway is unlike the other pyrimidine degradation path-
ways, where degradation is concomitant with the release of
both nitrogen atoms of the pyrimidine ring. In the oxidative
pathway, two equivalents of ammonia are released upon hydro-
lysis of urea. In the RUT pathway, ammonia is released on the
hydrolysis of ureidoacrylate and on hydrolysis of the unstable
intermediate aminoacrylate. For the Pyd pathway, the presence
of the standard or extended variant in different bacteria might
reflect the balance between cellular requirement for nitrogen
and the costs of producing two additional enzymes PydD and
PydE. The extended pathway might be advantageous under
conditions of extreme nitrogen limitation.

Our study also deepened the link between enzymes involved
in the metabolism of sulfonic acids and structurally similar car-
boxylic acid substrates. PydD possesses taurine:2-oxoglutarate
aminotransferase activity, and the PydD UniRef50 AOAOH4P1N9
cluster contains the previously reported B. kashiwanohense
taurine:2-oxoglutarate aminotransferase (11), thought to be
involved in taurine nitrogen assimilation. Many of the members
of UniRef50_A0AOH4P1N9 that are not associated with Pyd
appear to be associated instead with taurine degradation genes.
Similar promiscuity has been observed with sulfoacetaldehyde
reductases (12, 14), and this observation will aid future bioin-
formatics-based enzyme function prediction.

Compared with PydD, the sequences of candidate PydE in
the Pyd clusters are much more divergent. Malonic semialde-
hyde as an intermediate in pyrimidine degradation is also pro-
duced by the E. coli RUT pathway and yeast URC pathway,
where it is reduced to 3-HP by YdfG (2) and URCS (15), respec-
tively. Both YdfG and URCS belonging to the short-chain de-
hydrogenase/reductase (SDR) family are structurally unrelated
to PydE. 3-hydroxyacid dehydrogenases belonging to the SDR
family are widespread in bacteria and are specific to using
NADPH as a reductant. Malonic semialdehyde reductases
belonging to the metal-dependent alcohol dehydrogenase fam-
ily have been reported in the archaea, such as Metallosphaera
sedula (16) and Nitrosopumilus maritimus (16), involved in
CO, fixation through the 3-HP pathway, with a preference for
NADPH as a reductant. To our knowledge, PydE is the only
bacterial malonic semialdehyde reductase belonging to this
enzyme family reported to date. Its ability to use both NADH
and NADPH might find applications in the biotechnological
production of 3-HP, an industrially important chemical.

Materials and methods
General

L. massiliensis (DSMZ 27596) was purchased from DSMZ
(Deutsche Sammlung von mikroorganismen und Zellkulturen
GmbH). B. smithii (CGMCC 1.3752) was purchased from

J. Biol. Chem. (2019) 294(43) 15662-15671 15667
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Figure 6. Maximum likelihood phylogenetic tree of representative PydD homologs belonging to UniRef50_A0AOH4P1N9. Klebsiella oxytoca taurine

2-oxoglutarate aminotransferase (Toa) and Bilophila wadsworthia taurine:pyruvate aminotransferase (Tpa) were included as an outgroup. Labels of known
enzymes are colored green (taurine aminotransferases) and red (3-alanine aminotransferases). @, sequences containing PydABC homologs in their genome

neighborhood, within a 10-ORF window.

CGMCC (China General Microbiological Culture Collection
Center). Lysogeny broth (Difco™") was purchased from BD
Biosciences. CASO medium for the growth of L. massiliensis
was prepared by dissolving 15 g of peptone from casein, 5 g of
peptone from soymeal, and 5 g of NaCl in 1 liter of distilled
water and adjusting the pH to 7.3. Nutrient broth for the
growth of B. smithii was prepared by dissolving 5 g of pep-
tone (Bacto™, BD Biosciences), 3 g of meat extract (AoBox,
Beijing), 0.1 g of agar, and 10 mg of MnSO,'H,0O in 1 liter of
distilled water and adjusting the pH to 7.0. Defined medium
was prepared as specified in the supporting Methods.
Acetonitrile and methanol were purchased from TJConcord
Technology (Tianjin, China). Formic acid was purchased from
Merck. TALON resin was purchased from CLONTECH. All
protein purification chromatographic experiments were per-
formed on an AKTA pure or AKTA prime plus FPLC machine
equipped with appropriate columns (GE Healthcare). Protein
concentrations were calculated from their absorption at 280
nm measured using a Nanodrop One (Thermo Fisher Scien-
tific). NAD(P)H-coupled activity assays were carried out by
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monitoring the absorbance at 340 nm using a plate reader
(Tecan M200).

Cloning, expression, and purification of PydD and PydE

L. massiliensis cells (DSMZ 27596) were streaked on a CASO
agar plate. Colony PCRs were performed to amplify the pydD
and pydE genes using the primer pairs 1F/1R and 2F/2R (Table
S1), respectively. The amplified DNA fragments were inserted
by Gibson assembly into the Sspl site of a modified pET-28a(+)
vector (HT), containing an N-terminal His, tag followed
by a tobacco etch virus protease cleavage site (17). The
resulting plasmids HT-PydD and HT-PydE were confirmed
by sequencing.

For the recombinant production of PydD and PydE, E. coli
BL21 (DE3) cells were transformed with the plasmids HT-PydD
and HT-PydE, respectively. The transformants were grown in
lysogeny broth supplemented with 50 ug/ml kanamycin (1 liter
in a 2.6-liter flask) at 37 °C while being shaken at 220 rpm.
When A, reached ~0.8, the temperature was decreased to
16 °C, and isopropyl 3-p-1-thiogalactopyranoside was added to
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a final concentration of 0.3 mMm to induce the production of the
proteins. After 18 h, cells were harvested by centrifugation
(8000 X g for 15 min at 4 °C).

The cell paste was resuspended in lysis buffer (5 ml/g of cell
paste) containing 50 mm Tris-HCI, pH 8.0, 1 mMm phenylmeth-
anesulfonyl fluoride, 0.4 mg/ml lysozyme, 0.03% Triton X-100,
and 0.03 mg/ml DNase I (Roche Applied Science). The cell sus-
pension was frozen in a —80 °C freezer and then thawed and
incubated at 25 °C for 40 min to allow for lysis. A 6% solution of
streptomycin sulfate in water was added to a final concentra-
tion of 1% to precipitate the DNA. The precipitate was removed
by centrifugation (12,000 X g for 10 min at 4 °C). The superna-
tant was then filtered through a 0.45-um filter. 3-Mercaptoeth-
anol (BME) was added to a final concentration of 5 mMm, and the
sample was loaded onto a 10-ml TALON Co* " -affinity column,
pre-equilibrated with buffer A (20 mm Tris-HCI, pH 7.5, 5 mm
BME, and 0.2 M KCI). The column was washed with 10 column
volumes (CV) of buffer A, and then the protein was eluted with
5 CV of buffer A containing 150 mm imidazole. The eluted
protein (~20 ml) was dialyzed against 2 liters of buffer A to
remove imidazole (3 hat 4 °C). The dialyzed PydD was frozen in
aliquots with liquid nitrogen and stored at —80 °C until further
use. The dialyzed PydE was diluted 4-fold with buffer B (20 mm
Tris-HCL, pH 7.5, 5 mMm BME) and loaded onto a 10-ml Q col-
umn, pre-equilibrated with buffer B. The column was washed
with 10 CV of buffer B and eluted with 10 CV of buffer B con-
taining a linear gradient of 50—500 mm KCl. PydE eluted at
~270 mm KCL. PydE (~30 ml) was then dialyzed against 2 liters
of buffer A for 3 h at 4 °C. The purified PydD and PydE were
quantified using their calculated extinction coefficients (€,5, =
46,760 and 29,340 M~ ' cm ™, respectively). The purity of both
proteins was assessed by SDS-PAGE.

Determination of the amine acceptor of PydD

GLDH was purchased from Sigma (catalogue no. 2626). The
procedure for production of recombinant Bacillus subtilis
alanine dehydrogenase (18) is described in the supporting
Methods.

To carry out the transamination reaction, a 200-ul reaction
mixture containing 100 mm HEPES, pH 8.0, 20 um PLP, 5 mm
2-oxoglutarate or pyruvate, 5 mm B-alanine, and 1 um PydD
was incubated in a 35 °C water bath for 30 min. The enzyme was
then heat-inactivated in a boiling water bath for 2 min. To
detect the amino acid product, 100 ul of the reaction mixture
was mixed with a 100-ul solution containing 10 mmM NAD " and
72 milliunits of GLDH or alanine dehydrogenase in the same
reaction buffer. Absorbance at 340 nm was monitored over 10
min.

Activity assays for PydD

A PydE-coupled spectrophotometric assay was used to
assay the B-alanine:2-oxoglutarate aminotransferase activity of
PydD. In a typical assay, a 200-ul reaction mixture containing a
limiting amount (0.1 um) of PydD and excess (0.5 um) PydE, 10
uM PLP, 25 mMm 2-oxoglutarate, 25 mm B-alanine, and 0.4 mm
NADPH in 100 mm HEPES, pH 8.0, was prepared, and the
decrease in absorbance at 340 nm was monitored over 3 min.

SASBMB

The optimal pH of PydD was determined by carrying out the
PydD activity assay in a 100 mm concentration of different buf-
fers: MES, pH 6.0; HEPES, pH 7.0, 7.5, and 8.0; Tricine, pH 8.5;
Tris/HCl, pH 9.0. The ability of PydD to use different amine
acceptors was determined with pyruvate or oxaloacetate in
place of 2-oxoglutarate. The taurine:2-oxoglutarate amino-
transferase activity of PydD was determined with taurine in
place of B-alanine. Higher concentrations of enzymes (0.5 or 1
uM PydD and 2.5 uM PydE) were used for these experiments.

To obtain the Michaelis—Menten kinetic parameters of
PydD, the concentration of one substrate (3-alanine/taurine or
2-oxoglutarate/pyruvate) was fixed at 25 mM while varying the
concentration of the other substrate. The B-alanine:2-oxogl-
utarate aminotransferase assay was conducted with 0.1 pm
PydD. The B-alanine:pyruvate and taurine:2-oxoglutarate ami-
notransferase assays were conducted with 0.5 um PydD. Data
analysis was conducted with GraphPad Prism version 6
(GraphPad Software, La Jolla, CA).

Activity assays for PydE

Malonic semialdehyde is chemically unstable and was gener-
ated in situ by PydD to assay the malonic semialdehyde reduc-
tase activity of PydE. The PydE assay conditions were identical
to that of PydD, except that a limiting amount (0.05, 0.1, and 0.2
M) of PydE and excess (10 um) PydD were used.

To assay the 3-HP dehydrogenase activity of PydE, the
200-ul reaction mixture contained 0.25 um PydE, 100 mm
3-HP, 15 mm NADP™, 0.2 m KCl, and 40 mm different buffers
(HEPES, pH 7.0 and 8.0; Tris/HCI, pH 9.0; CAPSO, pH 10.0 and
11.0). To obtain the Michaelis—Menten kinetic parameters of
PydE for 3-HP oxidation, the assay was conducted with 0.25 um
PydE at the optimal pH of 10.0, and the concentration of one
substrate was varied while the concentration of the other sub-
strate was fixed (3-HP at 50 mMm or NADP ™ at 15 mm). Kinetic
parameters for other substrates, including isethionate and
NAD™, were also measured.

LC/MS detection of malonic semialdehyde

To detect malonic semialdehyde produced as an intermedi-
ate in the PydD-PydE reaction, 200-ul reaction mixtures con-
taining 100 mm HEPES, pH 8.0, 10 um PLP, 5 mMm 2-oxogl-
utarate, 5 mMm 3-alanine, and either 1) no enzyme, 2) 2 um PydD,
or 3) 2 um PydD, 10 um PydE, and 5 mm NADPH were incu-
bated at 35 °C for 30 min. To detect malonic semialdehyde pro-
duced by oxidation of 3-HP by PydE, a 200-ul reaction mixture
containing 40 mm CAPSO, pH 10.0, 2 mm NADP™, 50 mm
3-HP, and 2 um PydE was incubated at room temperature for 15
min.

The product was derivatized with DNPH (J&K) (19) prior to
LC/MS analysis. After the enzyme reaction, 100 ul of reaction
solution was mixed with 1.1 ml of 0.73 M sodium acetate buffer,
pH 5.0, followed by 800 ul of freshly prepared DNPH solution
(40 mg dissolved in 100 ml of methanol), and the mixture was
incubated at 50 °C for 1 h and then filtered. A commercial acet-
aldehyde-DNPH standard (Sigma) (40 mg in 100 ml of metha-
nol) was also prepared. LC/MS analysis was performed on an
Agilent 6420 Triple Quadrupole LC/MS instrument (Agilent
Technologies). The drying gas temperature was maintained
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at 350 °C with a flow rate of 12 liters min~ ' and a nebulizer
pressure of 25 p.s.i. LC/MS analysis was carried out on an
Agilent ZORBAX SB-C18 column (4.6 X 250 mm, product
number 880975-902). A linear gradient of acetonitrile (25—
85% in H,O) containing 0.1% formic acid and a flow rate of
1.0 ml/min for 30 min were used to elute. UV detection was
set at 360 nm.

Bacterial culture using pyrimidine as the sole nitrogen source

B. smithii was grown in nutrient broth at 55 °C overnight. A
50-ul portion of the culture was then transferred into defined
medium with different nitrogen sources (20 mM ammonium
chloride, 10 mM uracil/uridine, or 6.7 mm cytidine). Cells were
incubated for a further 3-5 days.

To detect 3-HP produced, the bacterial cultures were centri-
fuged at 20,000 X g, and 20 ul of supernatant was added to an
assay mixture, with a final volume of 200 ul, containing 40 mm
CAPSO, pH 10.0, 2 mm NADP ™, and 2 pum PydE. The absor-
bance at 340 nm was monitored over 5 min.

Bioinformatics

The genome neighborhoods of several PydD homologs were
examined by using the web-based Enzyme Function Initiative
Genome Neighborhood Tool (20) to identify homologs of Pyd A
(belonging to the “dihydroorotate dehydrogenase” PF01180
and 4Fe-4S dicluster PF14697 Pfam families), PydB (amido-
hydrolase family PF01979), PydC (peptidase family M20
PF01546), and PydE (metal-containing alcohol dehydrogenase
family PF00465), within a 10-ORF window.

Phylogenetic tree construction

A maximum-likelihood phylogenetic tree was constructed
using PhyML (21) with the WAG substitution model (22).
The unequal rate of variation among amino acid sites was
modeled with a vy distribution with a shape parameter (23) of
0.932. The level of confidence for the branches was deter-
mined based on 100 bootstrap replicates (24). The resulting
consensus tree (Fig. 6) was rendered using the web-based
program iTOL (25).
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