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Abstract: Pyridoxal-5'-phosphate or PLP, the active form of vitamin B6, is a highly versatile cofac-
tor that participates in a large number of mechanistically diverse enzymatic reactions in basic
metabolism. PLP-dependent enzymes account for ~1.5% of most prokaryotic genomes and are
estimated to be involved in ~4% of all catalytic reactions, making this an important class of
enzymes. Here, we structurally and functionally characterize three novel PLP-dependent enzymes
from bacteria in the human microbiome: two are from Eubacterium rectale, a dominant, nonpatho-
genic, fecal, Gram-positive bacteria, and the third is from Porphyromonas gingivalis, which plays a
major role in human periodontal disease. All adopt the Type | PLP-dependent enzyme fold and

Abbreviations: AAT, aspartate aminotransferase; APS, Advanced Photon Source; ArAT, aromatic amino acid aminotransferase;
DHDH, d-2-hydroxyisocaproate dehydrogenase; DTT, dithiothreitol; EDTA, ethylenediaminetetraacetic acid; GDH, glutamate
dehydrogenase; HEPES, 4-(2-hydroxyethyl)—1-piperazineethanesulfonic acid; IPTG, isopropyl B-d-1-thiogalactopyranoside; JCSG,
Joint Center for Structural Genomics; KAT, kynurenine aminotransferase; LB, Luria-Bertani broth; LDH, lactate dehydrogenase;
MAD, multiwavelength anomalous diffraction; MDH, malate dehydrogenase; MSE, selenomethionine; NADH, nicotinamide ade-
nine dinucleotide; OAS, O-acetyl-I-serine; OPA, o-phthaldialdehyde; pArAt, Paracoccus denitrificans aromatic amino acid amino-
transferase; PCR, polymerase chain reaction; PEG, polyethylene glycol; PHP, 3-phosphohydroxypyruvate; PIPE, Polymerase
Incomplete Primer Extension; PLP, pyridoxal-5'-phosphate; PLPDE, PLP-dependent enzyme; PMP, pyridoxamine-5'-phosphate;
PP, phenylpyruvate; PS, phosphoserine; PSAT, phosphoserine aminotransferase; PSI, Protein Structure Initiative; SAM, Stanford
Automated Mounting; SDS-PAGE; sodium dodecyl sulfate polyacrylamide gel electrophoresis; SEC, size-exclusion chromatogra-
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structure-guided biochemical analysis enabled functional assignments as tryptophan, aromatic,

and probable phosphoserine aminotransferases.

Keywords: human microbiome; PLP-dependent enzymes; crystal structure; biochemical characteri-
zation; structural genomics; Protein Structure Initiative

Introduction

To contribute to structure-based functional annota-
tion of uncharacterized proteins, the Protein Struc-
ture Initiative (PSI) in PSI-1 and PSI-2 focused on
structural coverage of under-represented sectors of
protein sequence space.! For example, the PSI has
to date determined structures of ~70 novel
pyridoxal-5'-phosphate (PLP, the active form of vita-
min B6)-dependent enzymes (PLPDEs), where nov-
elty is defined as <30% sequence identity to any
structure in the PDB at the outset of the study.
Prior to structure determination, these proteins
were either annotated as proteins of unknown func-
tion or as members of the very large and diverse
aminotransferase superfamily. Forty of these PLP-
dependent structures have been determined by the
Joint Center for Structural Genomics (JCSGZ; see
TOPSAN?® page: http:/www.topsan.org/Groups/PLP-
dependent_aminotransferase).

PLPDEs are classified into five different fold
types.*™ Fold-Type I, as represented by aspartate
aminotransferase, is by far the largest group of
PLPDEs with eight known subclasses, three of
which contain aminotransferases, two contain
lyases, one contains decarboxylases, and two other
smaller subclasses include serine hydroxymethyl-
transferase and 3-amino-5-hydroxybenzoic acid syn-
thase.® These aminotransferases are obligatory
dimers since the active site spans two subunits.

Despite structural similarities within fold
types,® the catalytic activity of a particular PLPDE
cannot simply be assigned based on its fold. All
PLPDE fold types, except Type II, contain enzymes
that catalyze more than one reaction. Together,
PLPDEs catalyze up to 160 different functions by
some estimates.® Here, we describe crystal struc-
tures of three novel PLPDEs from the human micro-
biome with PLP bound. These proteins were initially
annotated as proteins of unknown function: Uni-
prot'® accession code C4ZCJ5_EUBR3 (PDB id 3ele)
and C4ZGWO0_EUBR3 (PDB id 3f0h) from Eubacte-
rium rectale (henceforth referred to by their Ordered
Locus Names EUBREC_0560 and EUBREC_2651,
respectively), a dominant nonpathogenic Gram-
positive fecal bacteria; and Q7TMUZ3_PORGI (PDB
id 3g0t) from the periodontal disease strain Porphyr-
omonas gingivalis W83 (henceforth referred to by its
Ordered Locus Name PG_1327). Their crystal struc-
tures revealed that they adopt the PLPDE Type I
fold. Through a supplement program for the bio-
chemical characterization of novel proteins whose
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structures have been determined by the PSI, we
investigated the biochemistry of these PLPDEs.

Results

Overall structure

The cloning, expression, purification, and crystalliza-
tion of EUBREC_0560, EUBREC_2651, and
PG_1327 were performed using standard JCSG pro-
tocols as described in “Materials and Methods.” All
three crystal structures were determined by the
MAD method to 2.1 A (EUBREC_0560), 1.7 A
(EUBREC_2651), and 1.75 A (PG_1327) resolution
(see “Materials and Methods”). The data collection,
model, and refinement statistics are summarized in
Supporting Information Table S1. All three proteins
adopt the PLPDE Type I fold (the aspartate amino-
transferase fold), consisting of a large domain com-
posed of a seven-stranded B-sheet (N-terminus) and
a small domain composed of a four-stranded B-sheet
(C-terminus), flanked by ~16 o-helices.® The
EUBREC_2651 (residues 1-357) and PG_1327 (resi-
dues 1-436) structures have endogenous PLP
(derived during protein expression) bound in a Schiff
base linkage to their respective active site lysine,
while the EUBREC_0560 (residues 1-397) structure
has PLP bound in the active site with no covalent
linkage. The architecture of each enzyme depicted in
Figure 1 reveals a triangular shape with the active
site (Fig. 2) residing in a cavity on the concave side.
The additional 40-residue segment in
EUBREC_0560, as compared to EUBREC_2651, con-
sists primarily of two tandem helices at the N-
terminus that are proximal to the C-terminal
domain. PG_1327 is the largest in size amongst
these three PLPDEs and the additional residues pri-
marily reside at the N-terminus where they form
three helices that pack against the C-terminal
domain.

Structure similarity searches were performed
with SSM (Secondary Structure Matching) using the
protein structure comparison service, PDBeFold
(http:/www.ebi.ac.uk/msd-srv/ssm;!* Table I). The
listed SSM hits represent biochemically character-
ized aminotransferases with an average sequence
identity of 23% and none >30%. The SSM results
indicate that EUBREC_0560 is most similar to two
aspartate aminotransferases, as well as a tyrosine
and an alanine aminotransferase. EUBREC_2651
has greater similarity to enzymes that bind smaller
substrates, including two  alanine-glyoxylate
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Figure 1. Crystal structures of (A) EUBREC_0560, (B) EUBREC_
2651, and (C) PG_1327, colored from N- to C-terminus (yellow,
red, magenta, blue, cyan, and green). PG_1327 is larger and the
extra portion consists of helices at the N-terminus that are posi-
tioned near the C-terminal domain.

aminotransferases and a 2-aminoethylphosphonate
aminotransferase. PG_1327 is most similar to an
aspartate aminotransferase and a glutamine
aminotransferase.

Pfam 27.0 (March 2013) clearly assigns both
EUBREC_0560 and PG_1327 to Pfam Aminotransfer-
ase Classes I and II family (PF00155), a family of
52,439 proteins from 5588 species for which ~90
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unique protein structures are known. EUBREC_2651
is assigned to Pfam Aminotransferase Class V family
(PF00266), which includes 23,746 proteins from 5192
species for which ~35 unique structures are known.

A multiple structure superimposition of
EUBREC_0560 and PG_1327 with 12 representative
family members with annotated function and known
structure (out of the 90 above) was performed with
POSA!? (Supporting Information Fig. S1). All share
a common core of 228 residues that can be aligned
with an average (for all residues in the common core
for all pairs) RMSD of 2.75 A based on Ca atoms. A
structure-based multiple sequence alignment with
the nearest structures (8 out of 12) from the multi-
ple structure comparison performed using T-Coffee!3
(http://www.tcoffee.org/) revealed 9 identical and 9
other highly conserved residues (Supporting Infor-
mation Fig. S2). These residues include the Schiff
base lysine, an aspartate residue interacting with
the pyridine nitrogen of PLP, and a conserved loop
that interacts with the PLP phosphate moiety.

A multiple structure superimposition of
EUBREC_2651 with 15 representative proteins from
the Pfam Aminotransferase Class V (PF00266) family
with annotated function and known structures shows
that they share a common core of 265 residues with
an average RMSD of 2.48 A based on Ca atoms (Sup-
porting Information Fig. S3). EUBREC_2651 has the
highest overall structural similarity to alanine/glyoxa-
late and serine/pyruvate aminotransferases with a
common structural core of 351 residues, and 2-
aminoethylphosphonate aminotransferase with a com-
mon core of 342 residues. A structure-based multiple
sequence alignment with EUBREC_2651 and eight of
the nearest homologous structures (Supporting Infor-
mation Fig. S4) shows 11 identical and 26 highly con-
served residues, which, as for EUBREC_0560 and
PG_1327, are mostly located in the active site.

Oligomerization and active site comparisons

All three structures are consistent with a dimer as the
likely biological unit as calculated by PISA,* with the
active sites at the interfaces of the subunits, as seen
in other PLP-fold Type I enzymes. Analytical size-
exclusion chromatography supports the assignment of
a dimer as the biological unit (data not shown).

All three enzymes contain the three structural
features identified by Singh et al.'® as being strictly
conserved in, and characteristic of, aminotransfer-
ases: (1) an aromatic residue which stacks with the
PLP pyridine ring, (2) a D-X-[A,V,I] motif where Asp
interacts with the pyridine nitrogen and Ala, Val, or
Ile interacts with the si side of the PLP ring, and (3)
either an Asn and Tyr, or Thr by itself, interaction
with the 3-O’ of PLP. The only exception is
EUBREC_0560 where a proline interacts with the si
face of PLP as noted by Singh et al. and initially
identified in kynurenine aminotransferase (KAT).

Microbiome PLP-Dependent Enzymes
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Figure 2. Active site architecture with the corresponding 2F5 — Fc electron density map contoured at 1o for (A) EUBREC_0560,

(B) EUBREC_2651, and (C) PG_1327 shows the quality of the electron density at the active site. The endogenous PLP co-factor
bound to EUBREC_0560 (A) structure is not covalently linked to the active site, as opposed to the EUBREC_2651 (B) and PG_1327
(C) structures, where it forms a Schiff base linkage with the active site lysine.

A SPASM!® search based on the 3D coordinates
of user-defined active site residues was performed
(Table II) to identify proteins with similar active site
motifs but potentially different overall architectures.
The active site residues chosen for the query were
cofactor-binding residues, and hypothetical substrate
binding residues as judged from the crystal struc-
tures. A multistructure overlay of each search query
(i.e., the active site residues used in the search) and
the associated SPASM hits are displayed in Figure 3.

The SPASM results show that the EUBREC_0560
active site is similar to aspartate and tyrosine amino-
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transferases (AAT and TAT, respectively), which are
the two enzymes that were identified in the
secondary-structure matching (SSM) search results.
PG_1327 show no overlap with the top SSM matches.
The only matches for EUBREC_2651 are two enzymes
whose functions have not been confirmed, but are cur-
rently annotated as putative aspartate and serine
aminotransferases.

Structure and function of EUBREC_0560

A qualitative transamination half-reaction activity
assay indicates that EUBREC_0560 can deaminate

PROTEIN SCIENCE ‘ VOL 23:1060-1076 1063



Table I. Biochemically Characterized, Structurally Homologous Enzymes Identified with SSM and PDBeFold

Sequence
Query (PDB ID) Name and species of hit PDB ID RMSD (A) identity Q-score
EUBREC_0560 Human tyrosine aminotransferase 3dyd 1.6 22% 0.59
Thermus thermophilus aspartate aminotransferase 1bjw 1.9 26% 0.58
Pyrococcus furiosus alanine aminotransferase 1xi9 1.8 25% 0.58
Thermotoga maritima aspartate aminotransferase lo4ds 1.9 29% 0.58
PG_1327 Thermus thermophilus aspartate aminotransferase 1bjw 1.7 18% 0.54
Thermus thermophilus glutamine aminotransferase 1v2d 1.9 18% 0.51
EUBREC_2651 Yeast alanine-glyoxylate aminotransferase 2bkw 1.5 23% 0.67
Salmonella typhimurium 2-aminoethylphosphonate 1m32 1.7 20% 0.66
transaminase
Human alanine-glyoxylate aminotransferase 3r9a 1.6 22% 0.66

13 of the 20 amino acids tested (Table III). Notably,
EUBREC_0560 is particularly active towards the
acidic residues aspartate and glutamate, and aro-
matic residues histidine, tryptophan, tyrosine, and
phenylalanine. Of the nonproteinogenic amino acids
tested, EUBREC_0560 has activity only towards L-
cysteine sulfinate—a favorable reaction due to the
irreversible release of SO,. Note that the 330 nm
absorbance peak in the UV-vis spectrum (character-
istic of PMP formation) that is observed for
EUBREC_0560 (as well as PG_1327 and
EUBREC_2651) in the presence of cysteine during
the qualitative half-reaction analysis, may be due to
the production of a thiazolidine adduct that can form
after the reaction of PLP with amino thiols.}”!®

Kinetics assays were performed to identify the
function of EUBREC_0560. In an assay for TAT
activity using a-ketoglutarate and either tyrosine or
phenylalanine as substrates, linear initial rates
were observed for the first few seconds only (data
not shown). This activity loss was not investigated
further and complete kinetic profiles with these
amino acids were not obtained. In an assay for AAT
activity with 1 mM «-ketoglutarate and aspartate as
substrates, no reaction above background was
observed (data not shown). Steady-state kinetic
parameters for EUBREC_0560 were successfully
determined with tryptophan and a-ketoglutarate as
substrates (Table IV). The micromolar binding con-
stants (60 and 140 pM for tryptophan and «-
ketoglutarate, respectively) and catalytic efficiency
on the order of 10° suggest that this substrate pair
may be the natural ligands for this enzyme.

Unlike PG_1327 and EUBREC_2651, an internal
aldimine linkage between Lys (position 247) and PLP
is not present in the crystal structure of
EUBREC_0560 (n.b. a 3.1 A gap is found between
the NZ atom and the C4' atom of PLP), although the
UV-vis spectral properties of the enzyme suggest the
enzymes exists in the internal aldimine form (likely
a hydrated carbinolamine or an enolimine,'® based
on the shift toward 340 nm) in the preparation used
for functional studies (Fig. 4). It is possible that this
disparity is due to X-ray induced structural damage

1064  PROTEINSCIENCE.ORG

during data collection, differences in the sample
preparations used for crystallization and function
studies, or the effects of the crystallization reagents
(1M LiCl, 20% PEG 6000, and 0.1 HEPES pH 7.0).

In the EUBREC_0560 active site, PLP is sand-
wiched between Phel33 via a n-stacking interaction
and Pro218 through a van der Waals interaction.
Tyr219 and Asn182 hydrogen bond with O3’ of the
pyridine ring, while Asp216 forms a salt bridge with
N1. The phosphate moiety forms an ionic pair with
Arg255 and accepts hydrogen bonds from Ser244,
Ser246, and Tyr71 and the amides of Glyl06 and
Alal07. Lys247 donates a hydrogen bond to the oxy-
gen atom in the phosphoester linkage.

Slow cooling molecular dynamics simulations
with the tryptophan external aldimine modeled into
the EUBREC_0560 active site (Fig. 5) shows that
Tyr71, Ile41, and Phel33 can make van der Waals
contacts with the side chain of the substrate. Argl8
forms a cation-n interaction with the electron-rich
indole ring suggesting this residue may be impor-
tant for the specificity towards tryptophan. Argl8
was fully modeled in only one of the four monomers
present in the asymmetric unit, and was truncated
at CB or C3 in the remaining three molecules due to
poorly defined electron density, indicating that the
side chain is mobile in the absence of bound sub-
strate. Arg371 forms an ion pair with the substrate
carboxylate. As of March 2014, only one protein was
annotated as a tryptophan aminotransferase (TrAT)
in the PDB (3bwn, and 3bwo). This enzyme, from
Arabidopsis thaliana, utilizes tryptophan as its pre-
ferred substrate.?’ EUBREC_0560 and TrAT share a
sequence identity of 15.3%. TrAT has no residue in
an analogous position to Argl8 of EUBREC_0560,
which is located at the N-terminus of a 15-residue
helix that is only present in EUBREC_0560. Instead,
Arg350 of TrAT, which is located in a conserved loop
present in both structures, may interact with trypto-
phan in a similar manner.

Structure and function of PG_1327

PG_1327 deaminated 8 of the 20 amino acids tested
in qualitative half-reaction activity (Table III).

Microbiome PLP-Dependent Enzymes
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Figure 3. The active site residues that were used in SPASM searches of EUBREC_0560, EUBREC_2651, and PG_1327 are
overlaid with their respective search results, as detailed in Table I, reveal the variation in active site structure of the homologs
that have the most similar active site architectures. (A) EUBREC_0560 (green) compared with structures with PDB codes 1BWO,
1GDE, 1VP4, 2GB3, in light gray, dark gray, orange, and dark orange; (B) EUBREC_2651 (green) compared with 2DR1, 1IUG, in
light gray, and dark gray; (C) PG_1327 (green) compared with 1W7L, 3B46, 1U08, 1YIZ, in light gray, dark gray, orange, and

dark orange, respectively.

Similar to EUBREC_0560, PG_1327 has activity
towards the acidic amino acids aspartate and gluta-
mate, and the aromatic amino acids histidine, tyro-
sine and phenylalanine. Unlike EUBREC_0560,
PG_1327 cannot deaminate asparagine, glutamine,
alanine, serine, or tryptophan.

The SPASM and SSM structural similarity
searches (Tables I and II) indicate PG_1327 may be
a KAT. However, PG_1327 is unable to deaminate
glutamine in the first half-reaction of transamina-
tion (Table III), suggesting that PG_1327 is not a
KAT, as for E. coli KAT, and all studied mammalian
KATs have glutamine aminotransferase activ-
ities.??2 Presteady-state kinetic parameters were
determined (Table V) to define quantitatively the
amino acid preference for the PG_1327 first half-
reaction. Based on the knax/Kapp for the amino acids
tested, PG_1327 has highest activity for phenylala-
nine (2.4 X 10° M~ 's™'). The high K,,, value of glu-
tamate (25 mM) suggests it is not the natural amino

Fleischman et al.

group donor in reactions catalyzed by this enzyme.
Presteady-state kinetic results show PG_1327 pre-
fers large, aromatic substrates. Steady-state k../Ky
values of 3.3 and 3.5 X 10* M1 s7! (a-ketoglutarate
and phenylalanine, respectively) (Table IV) support
the assignment of PG_1327 as an aromatic amino
acid aminotransferase (ArAT).

In each PG_1327 active site, PLP is covalently
attached to Lys259 through a Schiff base linkage.
Ala222 and Phel42 sandwich the pyridine ring from
opposite faces. Asp220 forms a salt bridge with N1, and
Tyr223 and Asn192 hydrogen bond with O3'. The phos-
phate group is anchored by hydrogen bonds from
Tyr77, Ser258, Ser256 and the Glyll2 and Serll3
amides. Arg267 forms an ionic bond with the phosphate
moiety. Tyr77 is the only phosphate interacting residue
that is not from the same subunit as the bound PLP
cofactor, suggesting that the dimer is the active form.

PG_1327 was superimposed with the aromatic
aminotransferase from Paracoccus

amino acid

PROTEIN SCIENCE ‘ VOL 23:1060-1076 1065



Table II. SPASM Search Results Using a PDB Archive from July 2008*

Query (active site residues

used in search) Name and species of hit PDB ID
EUBREC_0560 (R18, Y71, Trypanosoma cruzi tyrosine aminotransferase 1BWO
F133, D216, R371) Pyrococcus horikoshii asparate aminotransferase 1GDE
Thermotoga maritima hypothetical aminotransferase (function 1VP4

undefined)

Thermotogo maritima aspartate aminotransferase 2GB3
PG_1327 (Y77, F142, D220, Escherichia coli cystathionine beta-lyase 2FQ6
Y304, R411) Saccharomyces cerevisiae putative KAT 3B46
Escherichia coli methionine aminotransferase 1008
Human KAT 1W7L
Aedes aegypti KAT 1YIZ
EUBREC_2651 (R27, F87, Pyrococcus horikoshii hypothetical serine aminotransferase 2DR1
R90, D161, R329) Thermus thermophilus hypothetical aspartate aminotransferase 110G

? Results were filtered to display only hits below 1.5A RMSD, 3A Ca/Ca, and 3A side-chain/side-chain cutoff. Residues
were allowed substitutions as follows: Arg/His, Asp/Glu, and Phe/Trp/His/Tyr. Sequence directionality, gaps, and neighbor-
ing residues were not conserved. SPASM uses a modified version of the PDB database and this is the most recent version.

SPASM was used because overall it provided the most robust results compared with other available choices.

denitrificans (pArAT)?® (PDB id lay4) to compare
active sites and identify a potential substrate recog-
nition mechanism for aromatic substrates (Fig. 6).
The sequences are 16.5% identical and share similar
active site architectures. The aromatic substrate rec-
ognition residues of pArAT are Trpl140, Tyr70,
Ser296, Asnl42, and Leul8 and overlay with
Phel42, Tyr77, Ser308, Leul44, and Arg28 in
PG_1327, respectively. The acidic substrate recogni-
tion residue of pArAT is primarily Arg292, which
forms a salt bridge with the carboxylate of acidic
substrates.

In one established mechanism for dual aromatic
and acidic substrate specificity in ArATs, the argi-

nine residue functions as a conformational switch in
which it ion pairs with the carboxylate of acidic sub-
strates or flips out to bulk solvent to accommodate
aromatic substrates.?* In PG_1327, Tyr304 corre-
sponds to the position of Arg292, suggesting a differ-
ent mechanism is employed for dual specificity, such
as using hydrogen bonding networks that are seen
in the Pyrococcus horikoshii ArAT.?® Slow cooling
molecular dynamics simulation of the phenylalanine
external aldimine complexed with PG_1327 (Fig. 5)
shows Phel42 n-stacking against the PLP pyridine
ring in addition to van der Waals contacts with the
substrate phenyl. Tyr304, Metl114, Leul44, Val52,
Leu80, Tyr77, and Ile27 surround the phenyl side

Table III. Qualitative Transamination Half-Reaction Activity with Various Amino Acids®

Substrate

EUBREC_2651

EUBREC_0560 PG_1327

2-Aminoethylphosphonate -
Acetylserine
Alanine

Arginine
Asparagine
Aspartate

Cysteine

Glutamate
Glutamine

Glycine

Histidine
L-Cysteine sulfinate
Methionine
O-phospho-L-serine
Phenylalanine
Proline

Serine

Tryptophan
Tyrosine

Valine

B e B S e e S

+ o+ o+

+ 1
|

+ o+
+ 4+

+ o+ o+
+ o+ o+

+ |
+

+

o+ o+

2 Enzyme (0.2 mg/mL) was incubated with 1 mM substrate for 10 min. Spectra of the enzyme before and after incubation
were collected between 250 and 500 nm. Reactivity was assessed by changes in the cofactor absorbance spectrum consistent
with conversion of enzyme bound PLP to PMP. The appearance of a peak at 330 nm (PMP) when incubated with amino
acids suggests that they are aminotransferases, which produce this cofactor form as an obligatory intermediate.® A positive
result indicates the appearance of a 330 nm peak.
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Table IV. Steady-State Kinetic Parameters

Enzyme (PDB ID) Substrate(s) Feat (s Ky (mM) Feat/Kn (M 1s71)
EUBREC_0560 Tryptophan 21.6+0.5 0.06 +0.01 3.6 X 10°
a-ketoglutarate 0.14 +0.01 1.5 x 10°
PG_1327 Phenylalanine 46+ 2 1.3+0.1 3.5 x 10*
a-ketoglutarate 1.4+02 3.3 x 10*
EUBREC_2651 PS? 0.11+0.01 2.7+0.6 40.8
Glutamate 49+0.4 0.40 = 0.08 1.2 x 10*
Oxaloacetate” 24+04 2.0 X 10°

One k., value is reported for each amino acid/ketoacid pair since the enzymes use two substrates and catalyze one overall
reaction, except for the single substrate phosphate elimination catalyzed by EUBREC_2651.

2 P; elimination.

Y The reaction of glutamate and oxaloacetate showed substrate inhibition by oxaloacetate. The K; value for oxaloacetate is

13 =5 mM.

chain forming a hydrophobic pocket. Lys259 is in a
position behind the substrate to accept the Ca pro-
ton in the step that leads to the carbanionic quino-
noid intermediate in the PLP transamination
mechanism.

Structure and function of EUBREC 2651
EUBREC_2651 has activity towards 14 of the 20
amino acids tested for half-reaction activity—making
it the most promiscuous of the three enzymes. Nota-
bly, it is the only enzyme tested that produces coen-
zyme spectral changes in the presence of O-phospho-
L-serine (PS) (Table III). Otherwise, the qualitative
half-reaction activity profile of EUBREC_2651 is
almost identical to EUBREC_0560.

SPASM and SSM searches reveal
EUBREC_2651 has structural similarities to ala-
nine, 2-aminoethylphosphonate (2-AEP), and aspar-
tate aminotransferases. EUBREC_2651 was unable
to deaminate 2-AEP and, thus, is likely not a 2-AEP
aminotransferase. In stopped-flow experiments
(Table V), alanine does not saturate the enzyme;
therefore, EUBREC_2651 is not an alanine amino-
transferase. The second order rate constant for the
reaction of glutamate with the PLP enzyme in
stopped-flow experiments is high, while that for PS
is much lower. Nevertheless, the kinetic values
observed for PS are consistent with steady-state val-
ues found with other known PSATSs.26-28

Steady-state kinetic analysis of the AAT reverse
reaction (Table IV) shows that EUBREC_2651 can
utilize glutamate as an effective amino donor with a
low micromolar Ky (Bea/Ky is 1.2 X 10* and 2.0 X
10® for glutamate and oxaloacetate, respectively).
For the forward reaction, aspartate was held at
25 mM. Under these conditions, a-ketoglutarate sat-
urates the enzyme with an apparent Ky; of 5 =1 uM
and ke of 0.37+0.02 s ! Likewise, when a-
ketoglutarate was held at 100 pM, the Ky for aspar-
tate is 15+ 4 mM, and the ke, is 0.47 =0.05 s 1.
The low micromolar o-ketoglutarate Ky and the
higher Ky values for oxaloacetate and aspartate
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suggest a-ketoglutarate is the natural amino group
acceptor for this enzyme.

EUBREC_2651 was the only enzyme able to
form PMP (Tables III and V) in the presence of phos-
phoserine (PS) and, hence, is likely to be a phospho-
serine aminotransferase (PSAT). PSAT is an enzyme
in the phosphorylated pathway of serine biosynthe-
sis in which the glycolytic intermediate p—3-phos-
phoglycerate is transformed to L-serine in a three-
step process. The second step is the transamination
of glutamate and 3-phosphohydroxypyruvate (PHP)
to a-ketoglutarate and PS.2° To qualitatively test if
EUBREC_2651 can catalyze transamination
between a-ketoglutarate and PS, the enzyme was
incubated with PS and a-ketoglutarate followed by
derivatization with OPA as described in “Materials
and Methods.” The PS peak present initially disap-
pears after 2.5 h of incubation with no concomitant
formation of a glutamate peak (Fig. 4).

During attempts to assay for PSAT activity,
EUBREC_2651 was observed to catalyze the pB-
elimination of phosphate from PS generating pyru-
vate and NHj3 (Fig. 4). The steady-state parameters
of this side reaction were quantified (Table IV).
Under the same conditions, EUBREC_2651 was also
observed to eliminate acetate from O-acetyl-L-serine
(OAS; kops=0.04 s1 at 5 mM OAS). Phosphate
elimination has not been previously reported for
PSAT, but is a known side reaction of other
aminotransferases.>°

The rapid formation of PMP from the reaction
of EUBREC_2651 with PS was confirmed by HPLC
(data not shown). Combined, these results are puz-
zling: PS reacts quickly to form enzyme-bound PMP
but does not transaminate a-ketoglutarate to gluta-
mate, while in the aspartate/a-ketoglutarate reac-
tion, glutamate is formed. Others have reported
steady-state kinetic assays for PS/a-ketoglutarate
transamination that employed phosphoglycerate
dehydrogenase and NADH. The presence of the cou-
pling enzyme makes release of PHP, the product of
the PS transamination half-reaction, irreversible. In
these experiments, PHP was not trapped by a
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Figure 4. Spectral data of biochemical reactions. (A) UV-vis
spectra of EUBREC_2651 (inset), PG_1327 (solid line), and
EUBREC_0560 (dashed line). Each reaction contained 1 mg/mL
enzyme in 50 mM pH 7.2 HEPES with 100 mM NaCl. (B) HPLC
fluorescence chromatogram of EUBREC_2651 reaction with O-
phospho-L-serine (PS). (a) Spectrum of control reaction after 2.5
h with no enzyme added. (b) Spectrum of reaction with
EUBREC_2651 and PS after 2.5 h. (C) Spectra taken at various
time intervals of EUBREC_2651 with and without PS. (a) Spec-
trum prior to incubation with PS. (b) taken immediately after addi-
tion of 1 mM PS. (c) Two minutes after addition of PS, (d) 10
min, and (g) 30 min. The reaction contained 100 mM pH 7.1
HEPES, 100 mM NaCl, 1 mM PS, and 3 mg/mL EUBREC_2651.

coupling enzyme or other means and is, therefore,
stoichiometric with the PMP enzyme. We speculate
that EUBREC_2651 is indeed a PSAT, but in all of
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our experiments, the PHP likely binds tightly to the
PMP enzyme, preventing transamination of «-
ketoglutarate to glutamate. This could explain the
irreversible loss of phosphate in reactions con-
taining a-ketoglutarate: the PMP-PHP complex equi-
librates with the PLP-PS external aldimine
intermediate, with the latter the branchpoint for the
phosphate elimination reaction (Fig. 7). Unfortu-
nately, PHP was not available for testing with gluta-
mate in the physiological direction.

In the EUBREC_2651 active site, the PLP cofac-
tor is covalently attached through a Schiff base link-
age to Lys187. The pyridine ring is sandwiched
between Val163 and Phe87. N1 forms an ionic pair
with Aspl161 while O3’ interacts with Thr136. The
phosphate moiety accepts hydrogen bonds from
Thr62, Ser60, Thr235, and the amide nitrogens of
the peptide linkages between Ser60/Ser61 and
Ser61/Thr62. Arg90, which is 4.9 A away from the
central phosphorous atom, may be involved in bind-
ing both substrate and the cofactor phosphate moi-
ety. Simulated annealing with the PS external
aldimine modeled into the EUBREC_2651 active site
shows that the doubly negatively charged PS phos-
phate tightly interacts with Arg27, and to a lesser
extent Arg90. Arg27 is involved in three ion-dipole
pairs: one to the side chain of GIn231 and two to the
carbonyls in the peptide linkages between GIn231/
Thr232 and Thr232/Pro233, which fixes its position
in the active site. Phe87 stacks against the PLP

GLN 231
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[} 288A _ 4
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Figure 5. The active sites of (A) EUBREC_0560, (B)
EUBREC_2651, and (C) PG_1327 after simulated annealing
minimization with the tryptophan, PS, and phenylalanine
external aldimine intermediates (green), respectively, which
reveals details of the predicted protein-ligand interactions to
understand how the different active site residues interact with
their preferred ligands.
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Table V. Presteady-State Kinetic Parameters®

Enzyme (PDB ID) Substrate Fonax (571 Kopp (mM) Fmax/Kapp M 1s7H

PG_1327 Phenylalanine 350 + 20 1.5+04 2.4 X 10°
Tyrosine 410+ 51 5+1 8.6 x 10*
Glutamate 207+ 8 25+ 2 8.2 x 10°
Valine 19+2 7+2 2.6 X 10°
Histidine 9+1 17+4 5.3 X 102

EUBREC_2651 Glutamate 315 + 27 1.6+04 2.0 X 10°
PS 0.80 = 0.07 4+1 186.0
Alanine NsP NS 23.4

# Observed rate constants were plotted against substrate concentration. The data were fitted to: o = (Bmax [S1V/Kapp + [S]

to obtain the parameters presented here.
P NS, no saturation observed.

pyridine ring, and Arg329 binds the substrate o-
carboxylate similar to the molecular dynamics
results with the other two enzymes. The TT0402
protein from Thermus thermophilus®' has been char-
acterized biochemically and its active site is most
similar to EUBREC_2651 (Table II, Fig. 3). TT0402
has a similar high affinity for glutamate (&, ./
Kapp =35 x 10* M~ 's™ 1), but unlike EUBREC_2651
displays no activity toward PS. TT0402 is annotated
as a putative AAT, but similarly to our result, it is
suggested that a different, acidic compound may be
the substrate of this enzyme. The EUBREC_2651
crystal structure also revealed density (largely
extended in shape within a triangulated region of
~8 X 8 X 4 A®) near PLP that was modeled as an
unidentified ligand and could not be ascribed to any
of the substrates tested.

Discussion

We present biochemical, structural, and computa-
tional evidence that support our functional assign-
ment of PG_1327 as an aromatic amino acid
aminotransferase, EUBREC_0560 as a tryptophan
aminotransferase, and EUBREC_2651 as a PSAT.

TYRT7ITYRTO

PHE297

TYR223/TYR225

TYR372/PHE360

b

ARG411/ARG386

LEU140/ASN142

Figure 6. The active site of PG_1327 (green, first label) over-
laid with Paracoccus denitrificans ArAT (gray, second label)
shows the similarity of the active site architecture, which
helps to support an aromatic aminotransferase activity for
PG_1327.
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EUBREC_2651 may utilize a different amino group
donor than PS, but a-ketoglutarate is likely the nat-
ural amino group acceptor.

The wide range of activities in the qualitative
transamination half-reaction studies (Table III) that
we conducted is characteristic of only some amino-
transferases,?"32 which makes assignment of specific
function more difficult, requiring further biochemi-
cal analysis. The same will likely be true for other
uncharacterized aminotranferases. Our approach of
using structure for initial functional inference fol-
lowed by kinetic analyses and docking or molecular
dynamics should be adaptable to future functional
characterization of novel PLPDEs with known struc-
tures. In general, the flowchart presented in Sup-
porting Information Figure S5 can be used as a
general strategy for function classification of newly
discovered PLP enzymes; however, more detailed
investigations are needed to specific
functions.

Others have used computational methods to suc-
cessfully predict the specificity and/or function of
uncharacterized enzymes. Raushel and coworkers®?
docked a library of high-energy intermediates into
Tmo0936, an enzyme with a known structure but
unknown function from 7. maritima. The computa-
tional results (i.e., docking score) corresponded well
to catalytic rate constants observed during in vitro
biochemical analysis. Jacobson and coworkers®! used
homology models of a group of dipeptide epimerases
as targets for large-scale docking experiments, and
confirmed their predictions in vitro. A similar in
vitro/in silico approach could be attempted with
uncharacterized PLPDEs. For example, after identi-
fying likely aminotransferase activity through bioin-
formatics or biochemical (e.g., Table III) inference, a
large library of external aldimine intermediates
including proteinogenic and nonproteinogenic amino
acids could be used for docking calculations. This
would then be followed by in vitro experiments, sim-
ilar to those in this work, for functional confirma-
tion. A challenge for functional characterization of
PLPDEs is the vast number of reactions they

assign
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E-PLP + Pyr + NHj + P;
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0857

E-PLP + PS === E-PLP-PS === E-PMP-PHP ~==— E-PMP + PHP

\\ (tight)

E-PLP-Glu === E-PMP-cKG

Figure 7. Reaction scheme for EUBREC_2651. This scheme
explains the observations that EUBREC_2651 reacts quickly
with PS to form E-PMP but does not react further in the pres-
ence of PHP to form glutamate from «-ketoglutarate. Elimina-
tion of phosphate from the external aldimine intermediate as
a side reaction explains the spectral changes presented in
Figure 4 and the formation of pyruvate from PS.

perform as a group. An approach streamlined by
computation would be preferable to in vitro analyses
on a large number of substrates.

Analysis of the genetic context of the genes encod-
ing these proteins was performed using DOOR**~7
(http://csbl.bmb.uga.edu/DOOR/). EUBREC_2651 was
predicted to be located in a five-gene operon. The
genes immediately upstream and downstream of
EUBREC_2651 are a “hypothetical” glycerol-3-
phosphate cytidyltransferase, and a “hypothetical” glyc-
erophosphate transferase, respectively, two enzymes
that are involved in teichoic acid biosynthesis in Gram-
positive bacteria.?®3° This operon analysis suggests
EUBREC_2651 might play a yet unknown role in the
metabolism of phosphorylated compounds involved in
teichoic acid biosynthesis. PG_1327 was predicted to be
in a two-gene operon with a “hypothetical” CoA ligase.
EUBREC_0560 was not predicted to be in any operon
that we could discern. Future studies on these proteins
may help link our biochemical characterization and
operon analysis with exact molecular functions and cel-
lular roles for these proteins.

The Human Microbiome Project’ aims to ena-
ble comprehensive characterization of the human
microbiota and analysis of their role in human
health and disease. Correlations have emerged
between the distribution and composition of these
microbial populations and human health and dis-
ease. ™" Most of the studies on the human micro-
biome have been at a metagenomics level, focusing
on genome sequencing and organism distribution
and relative abundancy, but some progress has also
been made on understanding how individual pro-
teins from these commensal bacteria modulate the
microbiome and the host.*® Several recent structural
genomics approaches have started to focus on inves-
tigating individual proteins at the molecular level
from bacteria found in the human microbiome.**-%6
Our results therefore contribute to the molecular
characterization of individual human oral and gut
microbiome proteins.

The three enzymes characterized here are ami-
notransferases present in human intestinal and oral
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bacteria. The structural and functional characteriza-
tion of these novel PLPDEs paves the way for under-
standing their importance in symbiotic relationships
of the human microbiome with the host in normal
and disease states. Indeed, PLPDEs have been
implicated in several diseases and have been
explored in drug discovery.’”®! In addition, treat-
ment with probiotics (gut microbiome bacteria) has
also been shown to be useful in several therapies
and offers advantages due to the nature of their
symbiotic existence with the human host. Thus this
exciting new area of research may prove to be a new
frontier for design and application of novel
therapeutics.®?

Materials and Methods

Protein expression and purification for structure
determination

All three full-length proteins were produced using
standard JCSG protocols.2%® Clones were generated
using the Polymerase Incomplete Primer Extension
(PIPE) cloning method.®* The gene encoding
EUBREC_0560 (residues 1-397) was amplified by
polymerase chain reaction (PCR) from Eubacterium
rectale genomic DNA using PfuTurbo DNA polymer-
ase (Stratagene) and I-PIPE (Insert) primers (for-
ward primer, 5'- ctgtacttccagggcATGGTAGTAAACG
AAAGCATGTACCAGC-3’; reverse primer, 5- aatt
aagtegegttaTTTATTATATTTCTTGTATATCTTTTC-3,
target sequence in upper case) that included sequen-
ces for the predicted 5 and 3’ ends. The gene encod-
ing EUBREC_2651 (residues 1-357) was amplified
by PCR from E. rectale genomic DNA using Pfu-
Turbo DNA polymerase and I-PIPE (Insert) primers
(forward primer, 5'-ctgtacttccagggcATGTTAAATTTT
ACAGTAGGACCAG-3'; reverse primer, 5-aattaagtc
gcgttaTAAAAGATTTCTCTTTTGTAAATCT-3/, target
sequence in upper case) that included sequences for
the predicted 5 and 3’ ends. The gene encoding
PG_1327 (residues 1-436) was amplified by PCR
from Porphyromonas gingivalis genomic DNA using
PfuTurbo DNA polymerase and I-PIPE (Insert) pri-
mers (forward primer, 5'-ctgtacttccagggcATGAAT
TTTCCAATCGATGAAAAACTG-3'; reverse primer,
5'-aattaagtcgegttaTCCTTCGGCGTTCAGCATTTGGA
GTCGC-3’, target sequence in upper case) that
included sequences for the predicted 5 and 3’ ends.
The expression vector, pSpeedET, which encodes an
amino-terminal tobacco etch virus (TEV) protease-
cleavable  expression and  purification tag
(MGSDKIHHHHHHENLYFQ/G), was PCR ampli-
fied with V-PIPE (Vector) primers (forward primer:
5'-taacgcgacttaattaactegtttaaacggtctecage-3/, reverse
primer: 5'-gcectggaagtacaggttttegtgatgatgatgatgatg-
3’). V-PIPE and I-PIPE PCR products were mixed to
anneal the amplified DNA fragments together. Esch-
erichia coli GeneHogs (Invitrogen) competent cells
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were transformed with the I-PIPE/V-PIPE mixture
and dispensed on selective LB-agar plates. The clon-
ing junctions were confirmed by DNA sequencing.
Expression was performed in a selenomethionine-
containing medium at 37°C. Selenomethionine was
incorporated via inhibition of methionine biosynthe-
sis, which does not require a methionine auxotrophic
strain.%® At the end of fermentation, lysozyme was
added to the culture to a final concentration of 250
pg/mL, and the cells were harvested and frozen.
After one freeze/thaw cycle, the cells were homoge-
nized in lysis buffer [20 mM HEPES pH 8.0, 50 mM
NaCl, 10 mM imidazole, 1 mM Tris(2-carboxyethyl)-
phosphine-HC1 (TCEP)] and passed through a Micro-
fluidizer. The lysate was clarified by centrifugation
at 32,500¢ for 30 min and loaded onto a nickel-
chelating affinity column (GE Healthcare) pre-
equilibrated with lysis buffer, the column washed
with wash buffer [50 mM HEPES pH 8.0, 300 mM
NaCl, 40 mM imidazole, 10% (v/v) glycerol, 1 mM
TCEP], and the protein was eluted with elution
buffer [20 mM HEPES pH 8.0, 300 mM imidazole,
10% (v/v) glycerol, 1 mM TCEP]. The eluate was
buffer exchanged with TEV buffer (20 mM HEPES
pH 8.0, 200 mM NaCl, 40 mM imidazole, 1 mM
TCEP) using a PD-10 column (GE Healthcare), and
incubated with 1 mg of TEV protease per 15 mg of
eluted protein for 2 h at ambient temperature fol-
lowed by overnight at 4°C. The protease-treated elu-
ate was passed over nickel-chelating column (GE
Healthcare) pre-equilibrated with HEPES crystalli-
zation buffer (20 mM HEPES pH 8.0, 200 mM NaCl,
40 mM imidazole, 1 mM TCEP) and the column was
washed with the same buffer. Proteins were concen-
trated by centrifugal ultrafiltration (Millipore) for
crystallization trials.

Crystallization

All three proteins were crystallized using the nano-
droplet vapor diffusion method®® using standard
JCSG crystallization protocols.%®? Sitting drops com-
posed of 200 nL protein solution mixed with 200 nL
crystallization solution were equilibrated against a
50 pL reservoir at 277 K, with protein at 14.6, 20,
and 20 mg/mL, for 16, 49, and 45 days prior to har-
vest, for EUBREC_0560, EUBREC_2651, and
PG_1327, respectively. The crystallization reagent
for EUBREC_0560 consisted of 1M LiCl, 20% PEG
6000, and 0.1M HEPES pH 7.0. Ethylene glycol was
added to a final concentration of 10% (v/v) as a cryo-
protectant. The  crystallization reagent for
EUBREC_2651 consisted of 20% PEG 6000, and
0.1M Bicine pH 9.0. Glycerol was added to a final
concentration of 15% (v/v) as a cryoprotectant. The
crystallization reagent for PG_1327 consisted of
0.2M NaF, 20% PEG 3350, pH 7.1. Ethylene glycol
was added to a final concentration of 10% (v/v) as a
cryoprotectant. Initial screening for diffraction was
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carried out using the Stanford Automated Mounting
(SAM) system®” and an X-ray microsource®® at the
Stanford Synchrotron Radiation Lightsource (SSRL,
Menlo Park, CA). The diffraction data for
EUBREC_0560, EUBREC_2651 and PG_1327 were
indexed in space groups P1, P6,22, and P2,2,2,
respectively.

X-ray data collection, structure determination,
and refinement

For EUBREC_0560, MAD data were collected at
SSRL, SLAC National Accelerator Laboratory, on
beamline 9-2 at wavelengths corresponding to the
high-energy remote (1), inflection point (1), and
peak (i3) of a selenium MAD experiment using the
BLU-ICE® data collection environment. The data
sets were collected at 100 K using a MarMosaic 325
CCD detector (Rayonix). The MAD data were inte-
grated and reduced using MOSFLM™ and scaled
with the program SCALA.”%" The heavy atom sub-
structure was determined with SHELXD.”® Phasing
was performed with autoSHARP,”* RESOLVE"® was
used for density modification and automatic model
building.

For EUBREC_2651 and PG_1327, MAD data
were collected at the APS, Argonne National Labora-
tory, on beamline 23-ID-B (GM/CA CAT) at wave-
lengths corresponding to the high-energy remote (1;)
and inflection point (1) of a selenium MAD experi-
ment. The data sets were collected at 100 K using a
MarMosaic 300 CCD detector (Rayonix). For
EUBREC_2651, MAD data were integrated and
reduced using XDS® and scaled with the program
XSCALE. For PG_1327, MAD data were integrated
and reduced using MOSFLM™ and scaled with the
program SCALA."%"? For EUBREC_2651 and
PG_1327, the heavy atom sub-structure was deter-
mined with SHELXD.” Phasing was performed
with autoSHARP™ and SOLOMON"" (implemented
in autoSHARP) was used for density modification.
ARP/WwARP"® was wused for automatic model
building.

For all three structures, model completion and
crystallographic refinement were performed with the
/1 data set using COOT™ and REFMAC5.” The
refinement protocol included experimental phase
restraints in the form of Hendrickson-Lattman coef-
ficients from autoSHARP and TLS refinement with
one TLS group per protein molecule. Data and
refinement statistics are summarized in Supporting
Information Table S1.

Validation and deposition

The quality of the crystal structures was analyzed
using the JCSG Quality Control server (http:/smb.
slac.stanford.edu/jesg/QC). This server verifies: the
stereochemical quality of the model using AutoDe-
pInputTool,®® MolProbity,®! and Phenix®? agreement
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between the atomic model and the data using
RESOLVE™; the protein sequence using CLUS-
TALW®3; and the ADP distribution using Phenix,
and differences in Reryct/Rree, €xpected Ree/Reryst
and various other items including atom occupancies,
consistency of NCS pairs, ligand interactions, special
positions related by symmetry etc. using in-house
scripts to analyze refinement log file and PDB
header. Protein quaternary structure analysis was
performed using the PISA server.!* Figures 1-3, 5,
and 6 were prepared with either PyMOL®* or UCSF
Chimera.®® Atomic coordinates and experimental
structure factors for EUBREC_0560, EUBREC_2651
and PG_1327 were deposited in the Protein Data
Bank (http:/www.wwpdb.org) with accession codes
3ele, 3f0h, and 3g0t, respectively.

Protein expression and purification for
biochemical characterization

E. coli BL21 (DE3) transformed with expression vec-
tor (pSpeedET) was grown at 37°C in LB broth sup-
plemented with kanamycin (50 pg/mL) shaking at
225 rpm. Protein expression was induced with IPTG
(0.5 mM) when cultures reached an optical density
at 600 nm of 0.5 to 0.7. Expression continued for six
hours and the cells were then harvested by centrifu-
gation at 4°C (5,500 rpm) and stored at —80°C. Cells
were resuspended in lysis buffer (50 mM NaHy,PO,
pH 8.0, 300 mM NaCl, 10 mM imidazole) with lyso-
zyme (1 mg/mL). Cells were lysed by sonication at a
temperature not exceeding 10°C. The crude lysates
were clarified by centrifugation at 4°C (18,000 rpm),
and the cleared lysate was loaded onto a Ni2" affin-
ity column pre-equilibrated with lysis buffer. The
column was washed with 100 mL lysis buffer. A gra-
dient to 100% elution buffer (50 mM NaH,PO, pH
8.0, 300 mM NaCl, 250 mM imidazole) was per-
formed at a flow rate of 1 mL/min for 450 min. The
fractions containing the target proteins were identi-
fied by SDS-PAGE. Fractions containing the desired
proteins were pooled into an ultrafiltration cell
(Amicon) and concentrated with stirring under No.
The concentrated sample was dialyzed at 4°C
against 6 L purification buffer (50 mM HEPES pH
7.5, 100 mM KCI, 1 mM DTT, 1 mM EDTA).

For EUBREC_0560, a secondary purification
was performed. Following elution from the NiZ*
affinity chromatography, EUBREC_0560 was buffer
exchanged by dialysis against 6 L anion exchange
loading buffer (10 mM TEA-HCI pH 7.8, 1 mM DTT,
0.5 mM EDTA). The buffer exchanged sample was
then loaded onto a FastQ anion exchange column
pre-equilibrated with anion exchange buffer. A gra-
dient to 100% anion exchange elution buffer (10 mM
TEA-HCI pH 7.8, 1 mM DTT, 0.5 mM EDTA,
300 mM KCI) was performed at a flow rate of
1.0 mIL/min for 500 min. The fractions containing
the target protein were identified by SDS-PAGE.

1072 PROTEINSCIENCE.ORG

The dialyzed samples were further concentrated by
centrifugal ultrafiltration (Millipore). Final protein
concentrations were determined either by absorb-
ance at 280 nm, or the DC (Bio-Rad) protein assay
using IgG as a standard.

Qualitative half-reaction activity

Various potential substrates (Table III), each at
1 mM, were incubated one at a time for 10 min with
0.2 mg/mL enzyme in 50 mM pH 7.1 HEPES,
100 mM KCI to determine qualitative half-reaction
activity. The reaction was followed spectrally
between 260 and 500 nm to monitor the appearance
of the pyridoxamine phosphate (PMP) intermediate
(330 nm). For EUBREC_2651, spectra were taken at
various time intervals (Fig. 4) using 3 mg/mL
EUBREC_2651 in 100 mM pH 7.1 HEPES, 100 mM
NaCl, and 1 mM PS.

Pre-steady-state kinetics assays

The kinetics of the transamination half-reaction of
the PLP-bound form of PG_1327 and EUBREC_2651
were monitored by measuring spectral changes
between 340 and 420 nm using a diode array detec-
tor. The reaction mixture contained 50 mM pH 7.5
HEPES, 300 mM NaCl, 1 mg/mL enzyme and the
amino acid substrates varied between 0.5 to 30 mM.
Measurements were taken on an Applied Photophy-
sics SX.18MV-R stopped flow spectrophotometer. The
data were globally fit with Specfit to a two-
exponential model.

Steady-state kinetics assays

All reactions were kept at a constant temperature of
25°C. For PG_1327, the rate of the steady-state
transamination between L-Phe and a-ketoglutarate
was monitored by coupling the production of phenyl-
pyruvate (PP) to its reduction by p—2-hydroxyiso-
caproate dehydrogenase (DHDH). The rate of PP
reduction by DHDH was measured by monitoring
the concomitant oxidation of NADH at 340 nm. The
1 mL reaction mixture contained 50 mM pH 8.1
HEPES with 300 mM NaCl, 1-30 mM «-
ketoglutarate, 0.5-10 mM L-phenylalanine, 200 uM
NADH, 40 uM PLP, 0.5 U/mL DHDH, and 5.2 nM
PG_1327.

For EUBREC_0560, the rate of the steady-state
transamination between L-Trp and a-ketoglutarate
was measured in a similar fashion as described
above. The 1 mL reaction mixture contained
100 mM pH 7.2 HEPES with 200 mM KCI, 0.025—
1 mM «a-ketoglutarate, 0.05-5 mM tryptophan, 200
uM NADH, 40 uM PLP, 1 mM DTT, 1 mM EDTA,
0.5 U/mL DHDH, and 22.4 nM EUBREC_0560.

For EUBREC_2651, the steady-state rate of B-
elimination of phosphate from PS to produce ammo-
nia and pyruvate was measured by coupling the pro-
duction of pyruvate to lactate dehydrogenase (LDH).
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The rate of pyruvate reduction was measured by
monitoring the concomitant oxidation of NADH at
340 nm. The 1 mL reaction contained 50 mM pH 7.2
HEPES, 100 mM NaCl, 0.25-10 mM PS, 20 uM PLP,
2.5 U/mL LDH, and 2 uM EUBREC_2651. The rate
of the steady-state transamination reaction between
glutamate and oxaloacetate was measured by cou-
pling the production of a-ketoglutarate to glutamate
dehydrogenase (GDH). The concomitant oxidation of
NADH in the GDH reaction was followed at 340 nm.
The 1 mL reaction contained 50 mM pH 7.0 HEPES
with 100 mM KCl, 0.05-2 mM L-glutamate 0.5—
20 mM oxaloacetate, 200 uM NADH, 50 uM PLP,
1 mM EDTA, 1 mM DTT, 2.5 U/mL GDH, 5 mM
ammonium acetate, and 121 nM EUBREC_2651.
The reaction between a-ketoglutarate and aspartate
was followed by fixing L-aspartate and «-
ketoglutarate at constant concentrations of 25 mM,
and 100 pM, respectively. The 1 mL reactions con-
tained 50 mM pH 7.2 HEPES with 100 mM NacCl,
1-100 pM o-ketoglutarate or 1-50 mM L-aspartate,
200 pM NADH, 5 U/mL malate dehydrogenase
(MDH), and 244 nM EUBREC_2651.

HPLC detection of EUBREC 2651 reaction
products

A 200 pL reaction mixture containing 20 mM O-
phospho-L-serine, 10 mM «-ketoglutarate, 100 mM
NaCl, 50 mM pH 7.3 HEPES, and either 10 uM
EUBREC_2651 or no enzyme (negative control) was
allowed to react for 2.5 h at which point the protein
was denatured with 2 uL glacial acetic acid and the
precipitated protein was removed by centrifugation.
The reaction mixture was derivatized with o-phtha-
laldehyde (OPA) and analyzed by HPLC as previ-
ously described.5¢

Molecular dynamics

The program YASARA®" (http:/www.yasara.org) was
used to perform slow-cooling molecular dynamics
simulations using the AMBERO3 force field. Exter-
nal aldimines of potential substrates O-phospho-L-
serine, phenylalanine, and tryptophan were con-
structed, energy minimized, and manually docked
into the active site of EUBREC_2651, PG_1327, and
EUBREC_0560, respectively. The crystallographi-
cally observed bound cofactor was used as a guide
for placement of the external aldimine intermediate
into the active site prior to simulation. Waters, ions,
alternative side-chain conformations, and other non-
standard residues were removed. Selenomethionine
residues in the crystal structure were represented
as methionines for the simulation. To prepare the
complex for simulation, the “md_run macro” sup-
plied with the program was used. This macro per-
forms a series of tasks including energy minimizing
the complex, adding water and counter ions to the
simulation cell, assigning force field parameters,

Fleischman et al.

predicting pK, values and assigning protonation
states, assigning initial atom velocities according to
a Boltzmann distribution, and initiating molecular
dynamics. The structures were equilibrated at 300 K
for 25 ps, and then slowly cooled to 20 K over 40 ps.
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