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enamine/imine close to water in the active site.
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(Background: YjgF proteins are conserved across the three domains of life.
Results: YjgF proteins deaminate unstable products of PLP-dependent enzyme threonine dehydratase by positioning the

Conclusion: YjgF is an enamine/imine deaminase and is renamed RidA.
Significance: RidA removes reactive metabolites released by PLP-dependent enzymes before they can damage cellular
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The YjgF/YER057c/UK114 family of proteins is conserved in
all domains of life, suggesting that the role of these proteins
arose early and was maintained throughout evolution. Meta-
bolic consequences of lacking this protein in Salmonella
enterica and other organisms have been described, but the bio-
chemical function of YjgF remained unknown. This work pro-
vides the first description of a conserved biochemical activity for
the YjgF protein family. Our data support the conclusion that
YjgF proteins have enamine/imine deaminase activity and accel-
erate the release of ammonia from reactive enamine/imine
intermediates of the pyridoxal 5’'-phosphate-dependent threo-
nine dehydratase (IlvA). Results from structure-guided
mutagenesis experiments suggest that YjgF lacks a catalytic res-
idue and that it facilitates ammonia release by positioning a crit-
ical water molecule in the active site. YjgF is renamed RidA
(reactive intermediate/imine deaminase A) to reflect the con-
served activity of the protein family described here. This study,
combined with previous physiological studies on yjgF mutants,
suggests that intermediates of pyridoxal 5'-phosphate-medi-
ated reactions may have metabolic consequences iz vivo that
were previously unappreciated. The conservation of the RidA/
YjgF family suggests that reactive enamine/imine metabolites
are of concern to all organisms.

The high degree of conservation of the YjgF/YER057c/
UK114 family of proteins in all domains of life suggests that the
need for these proteins arose early and has been maintained
throughout evolution. Structural approaches have not provided
significant insights into the physiological role of these proteins
(1-9). In contrast, genetic and biochemical analyses of yjgF
mutants of Salmonella enterica suggest that YjgF removes reac-
tive intermediates generated during the course of normal
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metabolism (10-12). In vitro evidence reported by our labora-
tory supported this hypothesis with the demonstration that
S. enterica and human YjgF proteins prevented threonine dehy-
dratase-dependent phosphoribosylamine synthesis (13).
Results from the previous study suggested that YjgF acted on a
product of threonine dehydratase, IlvA, before it was captured
by anthranilate phosphoribosyltransferase (TrpD) to generate
phosphoribosylamine. This study was initiated to determine
the biochemical role of YjgF in the context of these previous
observations.

Threonine dehydratase (IlvA; EC 4.3.1.19) is the first enzyme
in the isoleucine biosynthetic pathway. IlvA is a pyridoxal
5’-phosphate (PLP)3-dependent enzyme that catalyzes the
dehydration of threonine to an enamine intermediate (amino-
crotonate), which tautomerizes to its imine form (iminobu-
tyrate) and is then non-enzymatically hydrolyzed to form 2-ke-
tobutyrate and free ammonia (14, 15) (Fig. 1). IIvA also
dehydrates serine to yield pyruvate via analogous enamine/
imine intermediates. It is unclear whether one or both of these
reactive nitrogen intermediates exist in solution. Some evi-
dence suggests that a majority of the enamine-to-imine tau-
tomerization occurs while the product is still on the enzyme,
suggesting that the most likely intermediate in solution would
be the imine tautomer (16 —18). In any case, both intermediates
are unstable and short-lived, with a combined half-life esti-
mated to be less than 3 min at 30 °C, pH 7—8 (19), or ~4 min at
25 °C, pH 9.7 (20). In fact, the imine derived from serine has a
half-life estimated to be 1.5 s (21). Importantly, these numbers
represent metabolite half-lives in aqueous solution. In the cel-
lular environment, these intermediates may be far more stable
due to molecular crowding and a reduced availability of water
(22). It is plausible that persistence of enamine/imine interme-
diates in vivo is problematic due to the highly nucleophilic
nature of these metabolites, which may react with and modify
cellular targets, thus altering their function.

3 The abbreviations used are: PLP, pyridoxal 5’-phosphate; TAPS, 3-{[2-hy-
droxy-1,1-bis(hydroxymethyl)ethyllamino}-1-propanesulfonic acid; CHES,
2-(cyclohexylamino)ethanesulfonic acid; CAPS, 3-(cyclohexylamino)pro-
panesulfonic acid.
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FIGURE 1. Threonine dehydration and YjgF function. IlvA dehydrates threonine to generate enamine/imine tautomer intermediates. The imine is hydro-
lyzed non-enzymatically to form the final products 2-ketobutyrate and ammonia. The data reported under “Results” showed that a biochemical function of
YjgF is to catalyze the hydrolysis of these intermediates, thus removing enamine/imine from solution and increasing the rate of production of 2-ketobutyrate.

Data presented herein show that IlvA-generated enamine/
imine intermediates serve as substrates for YjgF. Results here
show that YjgF family members increased the rate of hydrolysis
of the enamine/imine metabolites. This study identified the
first conserved biochemical function for the YjgF/YER057¢c/
UK114 family and led to the hypothesis that the role of this
ubiquitous family is to accelerate the release of ammonia from
enamine/imine intermediates in the low water environment of
the cell.

EXPERIMENTAL PROCEDURES

Chemicals—Potassium ferricyanide and other chemicals
used in this study were purchased from Sigma-Aldrich. 1-[U-
1C]Threonine (175 mCi/mmol) was purchased from Ameri-
can Radiolabeled Chemicals Inc.

Bacterial Strains and Plasmids—Pyrococcus furiosus and
Bacillus subtilis DNA were generously provided by J. Escalante-
Semerena. All constructs for overexpression were in vector
pET20b+ (Novagen) except for the plasmid containing chrD
(pET15b (23)) and that containing rutC (pCA24N (24)). Site-
directed mutagenesis of yjgF was performed using the
QuikChange II site-directed mutagenesis kit, according to the
manufacturer’s protocol (Agilent Technologies).

Enzyme Purifications—IlvA and YjgF were purified using
C-terminal His, tags and nickel ion affinity chromatography, as
described previously (13). Variants YjgF¥'"", YjgFR'%%4,
YjgF='29%, and YjgF®2°* and protein homologs from B. subtilis
(Yab]) and P. furiosus (PF0668) were purified following the
same protocol as for YjgF. Briefly, Escherichia coli BL21AI cells
carrying the appropriate plasmid were grown to OD,., = 0.7,
expression was induced with 0.2% (w/v) arabinose, and growth
continued for 9.5 h at 37 °C. Cells were disrupted with a French
pressure cell, and extract was clarified by centrifugation
(48,000 X g for 45 min). Cell-free extract was applied to nickel-
nitrilotriacetic superflow resin, and proteins were purified
according to manufacturer’s protocol (Qiagen) using column
chromatography. Purified protein was concentrated in a 3000
molecular weight cut-off centrifugal filtration unit (Millipore)
and then dialyzed using a 10,000 molecular weight cut-off
Slide-A-Lyzer dialysis cassette (Thermo Scientific) in 10 mm
HEPES, pH 8.0, with 10 mm EGTA, then in 10 mm HEPES, pH
8.0, and lastly in 10 mm HEPES, pH 8.0, with 20% (v/v) glycerol.
RutC (YcdK) from E. coli was purified from a complete set of E.
coli, K-12 ORF Archive (ASKA) collection (JW0995), with an
N-terminal His, tag (24). Cells were grown to OD,, = 0.5 and
induced with 0.2 mm isopropyl-B-p-thiogalactoside and then
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grown for 9 h more at 37 °C. ChrD was purified with an N-ter-
minal Hisg tag. Cells were grown to OD,,, = 0.7 and induced
with 0.2 mMm isopropyl-B-p-thiogalactoside and 0.2% (w/v)
arabinose and then grown for 9.5 h more at 37 °C. Protein puri-
fication procedures for RutC and ChrD were the same as for
other YjgF homologs above. All variants and homologs were
stably expressed in S. enterica, as determined by SDS-PAGE
with Coomassie Brilliant Blue staining and/or Western
blotting.

Thin-layer Chromatography—Reaction mixes contained 50
mm HEPES, pH 8.0, 10 um PLP, 0.9 um IlvA, 50 mu (60 nCi)
L-[U-"*C]threonine, and 3 um YjgF when applicable. Reactions
were incubated for 2 h at 37 °C, and then radiolabeled com-
pounds were separated by thin-layer chromatography. Spots
containing 5 nCi were applied to silica, cellulose, and polyeth-
yleneimine-cellulose plates, and each type of plate was run in
each of the following solvent systems: 1-propanol:H,O, 1:1;
methanol:H,O:pyridine, 20:5:1; 1-butanol:acetic acid:H,O,
4:2:1; ethanol:ethyl acetate, 9:1; 2-butanol:pyridine:acetic acid:
H,O, 39:34:10:26; 1-butanol:1-propanol:acetic acid:H,O, 3:1:
1:1. The positions of radioactive spots were detected using a
Cyclone Storage phosphor screen (Packard Instrument Co.)
and a Typhoon FLA 9000 scanner (GE Healthcare). In all sol-
vent/plate combinations, a single "*C-labeled product with the
same retention factor as 2-ketobutyrate was detected.

Mass Spectral Analysis—Reactions containing 50 mM
ammonium bicarbonate, IlvA, and 50 mMm threonine, in the
presence and absence of YjgF, were incubated for 2 h. The
proteins were removed, and the sample was submitted to
positive (+) and negative (—) time-of-flight mass spectral
analysis, carried out at the University of Wisconsin Biotech-
nology Center.

Kinetic Assays—2-Ketobutyrate formation was assayed by
following absorbance at 230 nm, as described previously (25).
Assays contained 50 mm each MES, HEPES, and TAPS (pH 7.5)
or TAPS, CHES, and CAPS (pH 9.5) buffer, 10 um PLP, 0.9 pum
IlvA, and 1.6 um YjgF or YjgF variants/homologs when applica-
ble. (Assays were also performed in the absence of additional
PLP with no change in results.) Substrate threonine or serine
was added to begin reactions, and concentrations were varied as
indicated. Each reaction was performed in a 200-pul final vol-
ume and assayed continuously in a quartz 96-well plate using a
SpectraMax Plus (Molecular Devices) at room temperature
(22 °C). Initial rates were calculated from the change in A5 nm
over the first 30 s (pH = 9.0) or over 30-60 s (pH > 9.0). Data
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were plotted using GraphPad Prism 4.0b, and curves were gen-
erated using the Michaelis-Menten equation.

pH Titration—pH titrations were performed with mixtures
of the following buffers, each at 50 mm: MES, HEPES, and TAPS
(pH = 8.6) or TAPS, CHES, and CAPS (pH = 8.3) (26). In
reactions carried out at pH values greater than 9.0 without YjgF,
a 30-s burst phase was observed before the reaction velocities
became linear. To accommodate the burst, initial velocities for
all reactions above pH 9.0 were calculated from 30 to 60 s. Data
were plotted using GraphPad Prism 4.0b.

Assays for Ferricyanide Reduction—Reactions contained 50
mM each TAPS, CHES, and CAPS buffer, pH 9.5, 10 um PLP, 0.9
pM IlvA, and 1.6 uMm YjgF when applicable. Ferricyanide was
added to a final concentration of 1, 2, or 5 mMm as indicated.
Reduction of ferricyanide was monitored continuously at 420
nm in a 96-well quartz plate, as described previously (20).
Because ferricyanide also absorbs at 230 nm, 2-ketobutyrate
concentrations in these reactions were determined by 2,4-dini-
trophenylhydrazine derivatization, as described (27).

RESULTS

YjgF Increases Rate of 2-Ketobutyrate Formation from
Threonine—Results from thin-layer chromatography experi-
ments showed the formation of a single product in reaction
mixtures containing IlvA and threonine. The presence of YjgF
did not yield an additional product. The single product was
verified as 2-ketobutyrate using time-of-flight mass spectrom-
etry (expected m/z, 101.0245; observed m/z, 101.0248).

The initial rates of 2-ketobutyrate formation by IlvA were
determined with and without YjgF by following absorbance at
230 nm in a continuous assay (25). The presence of YjgF in the
reaction mix significantly increased the rate of 2-ketobutyrate
formation (Fig. 24). At pH 7.5, with 15 mM threonine as sub-
strate, the initial rate of 2-ketobutyrate formation was nearly
2-fold higher in the presence of YjgF when compared with IlvA
alone, whereas at pH 9.5, YjgF stimulated the initial rate 4—5-
fold (Fig. 2B). YjgF and IlvA proteins were present at mono-
meric concentrations of 1.6 and 0.9 uMm, respectively. Because
YjgF is a trimer (1, 2) and IIvA is a tetramer (28), the YjgF:IlvA
oligomeric ratio in these experiments was ~2:1. Results from
the spectrophotometric assay were corroborated by two inde-
pendent methods that quantified 2-ketobutyrate using a dis-
continuous assay. Derivatization of 2-ketobutyrate by o-phe-
nylenediamine (29) or 2,4-dinitrophenylhydrazine (27)
detected an increased rate of 2-ketobutyrate formation when
YjgF was present in the reaction mixtures comparable with that
observed by following A, -

Activity of YjgF Is Greater at High pH—The pH of the reac-
tion was titrated from 7.0 to 10.0, using MES/HEPES/TAPS
buffer for pH =8.6 and TAPS/CHES/CAPS buffer for pH =8.3
and 15 muM threonine as substrate. The effect of YjgF on the
initial rate of 2-ketobutyrate formation was significantly higher
with increasing pH (Figs. 2B and Fig. 3). The rate increase with
increased pH could be attributed in part to a greater stability of
the enamine/imine intermediate at high pH (20, 30). Notably, in
reactions with IlvA alone at pH values greater than 9.0, a 30-s
burst phase was observed before the reaction velocities became
linear. To accommodate the burst, initial velocities for all reac-
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tions above pH 9.0 were determined from 30 to 60 s instead of
from the first 30 s. This burst was not observed in the presence
of YjgF. The presence of a burst in the initial velocity of the
reaction was consistent with a reactive product inhibiting IIvA.

YjgF Is an Enamine/Imine Deaminase—The availability of
enamine/imine metabolites in the IIVA reaction mixes was
determined with ferricyanide. Ferricyanide reacts with the
enamine/imine metabolites of threonine released from IIvA to
produce a decarboxylated non-ketobutyrate product and
reduced ferricyanide in a 1:1 ratio (20, 31). Ferricyanide reduc-
tion was monitored as a decrease in absorbance at 420 nm. In a
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FIGURE 4. YjgF decreases availability of enamine/imine intermediates of
llvA. A, ferricyanide reduction was followed by absorbance at 420 nm over
time. Assays contained 10 mm threonine, 5 mm ferricyanide, and either IlvA
alone (dotted line) or llvA with YjgF (solid line). B, quantities of ferricyanide
reduced (gray bars) and 2-ketobutyrate produced (white bars) in the presence
and absence of YjgF after 2 h, with 10 mm threonine and 0, 1, 2, or 5 mm
ferricyanide (FeCN) as indicated. Ferricyanide concentrations were deter-
mined by A,,0 . and 2-ketobutyrate concentrations were determined by
2,4-dinitrophenylhydrazine derivatization (see "Experimental Procedures”).
Error bars represent S.D. of two replicates; these data are representative of
nine and four independent experiments (A and B, respectively).

reaction mix with IlvA, 10 mMm threonine, and 5 mm ferricya-
nide, ferricyanide was rapidly reduced in the first 15 min, with
>98% reduced within an hour. In contrast, in the presence of
YjgF, ferricyanide reduction occurred slowly, and a plateau was
reached after ~10 min, with only 24% of the ferricyanide
reduced after 2 h (Fig. 4A). These results suggested that the YjgF
protein removed the enamine/imine reaction intermediates
from solution. A series of reactions was set up that contained
IlvA, 10 mM threonine, and different concentrations of ferricya-
nide in the presence or absence of YjgF. After 2 h, the amounts
of 2-ketobutyrate produced and ferricyanide reduced were
determined, and the data are shown in Fig. 4B. At all concen-
trations of ferricyanide, YjgF dramatically decreased the
amount that was reduced. In the absence of YjgF, the ferricya-
nide was almost completely reduced, thereby eliminating an
equimolar amount of the enamine/imine metabolites and leav-
ing the remainder to be converted to 2-ketobutyrate by hydrol-
ysis in solution. For example, in the presence of 5 mwm ferricya-
nide and IlvA alone, 50% (5 mMm) of the reaction intermediates
from threonine reduced ferricyanide, whereas the other 50%
proceeded to form 2-ketobutyrate. In contrast, when YjgF was
present, >90% of the substrate threonine was converted to
2-ketobutyrate, and only ~10% of the reaction intermediates
were available to reduce ferricyanide (Fig. 4B, right two bars). In
each reaction condition, the sum of reduced ferricyanide and
2-ketobutyrate was ~10 m, indicating that all of the threonine
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provided was consumed by IlvA and accounted for in the two
products. Control experiments measuring product formation
confirmed that ferricyanide did not affect the initial rate of
2-ketobutyrate formation with or without YjgF. These data
support the conclusion that YjgF eliminated enamine/imine
intermediates from solution before ferricyanide could react
with them.

YjgF Active Site Configuration Is Suggested by Activity of Var-
iant Proteins—The data above suggested that YjgF hydrolyzed
an enamine/imine intermediate in a reaction that released
ammonia and formed the stable product 2-ketobutyrate. Struc-
tural studies and bioinformatic analyses have suggested resi-
dues that could comprise an active site of YjgF (Fig. 54). The
structure of E. coli homolog TdcF (73% identical to S. enterica
YjgF) with serine, threonine, and the 2-ketobutyrate enol
bound implicated residues Arg-105 and Glu-120 in direct bind-
ing of substrate (5). Modeling the enamine/imine substrate into
this putative active site suggested that Arg-105 formed a biden-
tate salt bridge with the carboxylic acid of the substrate, as
proposed by Burman et al. (5). However, based on the activity of
YjgF and the apo structure of TdcF containing an ordered water
(5), we predicted that Glu-120 did not bind the substrate, but
rather formed hydrogen bonds with a water molecule in the
active site (Fig. 5B). In this scenario, the hydroxyl group of
Tyr-17 would stabilize the imine nitrogen. This conformation
would place the water <2 A from C2 of the substrate, and the
hydrogen bond between the Tyr-17 and the imine nitrogen
would draw electron density away from C2, making the attack
by water more favorable (Fig. 5B).

Variants of S. enterica YjgF were generated to probe the
active site mechanism. Four stable YjgF variants (YjgF*'"",
YjgFR1O%A YjgFE29K and YjgF='?°*) were purified and assayed.
The activity of each variant was determined as a ratio of the
initial rate of 2-ketobutyrate formation with/without the YjgF
protein. The data in Fig. 6 showed that all four variants were
defective, with YjgF®'°** having the lowest activity. None of the
mutations completely eliminated activity. Additionally,
YjgFR9>4 was the only variant that still exhibited burst kinetics.
These results are consistent with the model that the role of the
active site is to bring the imine and water together to facilitate
the attack by water and release of ammonia. This interpretation
is consistent with the dominant role of Arg-105 as this residue
would hold the imine in place. An alternative model suggesting
that Glu-120 had an acid/base role in activating the water mol-
ecule was eliminated by the behavior of variants YjgF*'*°" and
YjgF"'?°A. The activity remaining in both variants indicated
that Glu-120 was not an essential catalytic residue. These data
further suggested that the Glu-120 residue was critical for the
increased activity of the YjgF protein at higher pH. Each of the
four variants, with the exception of YjgF*'°*, complemented a
yjgF mutant defect in vivo. This result emphasized the impor-
tance of the Arg-105 residue and suggested that the decrease in
activity of this variant in vitro was physiologically relevant.

YjgF Increased Rate of Pyruvate Formation from IlvA and
Serine—IlvA catalyzes the dehydration of serine to generate
pyruvate via the corresponding enamine and imine intermedi-
ates (15, 32). Pyruvate formation from IlvA and serine was
measured at pH 9.5 by following A5, ..., in the presence and
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of YjgF is represented as the -fold increase in the rate of 2-ketobutyrate for-
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absence of YjgF. Like 2-ketobutyrate formation, the rate of
pyruvate formation was 2.2-fold faster (at 30 mu serine) in the
presence of YjgF (Fig. 7). This result identified a second sub-
strate for YjgF and was consistent with the active site configu-
ration proposed in Fig. 5, which did not implicate residues to
bind C3 or C4 present in the enamine/imine derived from
threonine.
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FIGURE 7. A serine-derived metabolite is another substrate for YjgF. Initial
rate of pyruvate (Pyr) formation versus serine concentration ([Ser]) at pH 9.5;
llvA alone (squares) and llvA + YjgF (circles) were measured. Error bars repre-
sent S.E. of two replicates. Data are representative of three independent
experiments.

Enamine/Imine Deaminase Activity Is Encoded in YjgF
Homologs from Diverse Organisms—Homologs of YjgF from
B. subtilis (Yab]; 50% identity), P. furiosus (PF0668; 56% iden-
tity), Cucumis sativus (ChrD; 42% identity), Homo sapiens
(UK114; 45% identity), and E. coli (RutC/YcdK; 29% identity)
were assayed for 2-ketobutyrate formation activity (see Fig. 54
for sequence alignment). Each of the five homologs significantly
increased the rate of 2-ketobutyrate formation from threonine
over that of IlvA alone (Fig. 8). Low identity homolog RutC had
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FIGURE 8. Deaminase activity of YjgF is conserved across domains. Initial
rate of 2-ketobutyrate (2KB) formation versus threonine concentration ([Thr])
at pH 8.0 with diverse YjgF homologs (all present at 1.6 um). llvA alone (closed
squares), VA + S. enterica YjgF (closed circles), IlvA + B. subtilis YabJ (closed
triangles), VA + H. sapiens UK114 (open squares), lIvA + C. sativus ChrD (open
triangles), IIVA + P. furiosus PF0668 (open diamonds), and IIvA + E. coli RutC
(open circles) were measured. Error bars represent S.E. of two replicates. These
data are representative of two independent experiments.

less activity in this assay than the higher identity homologs.
This result was consistent with the reduced activity of the
YjgFY'”F variant because RutC also has a phenylalanine at the
residue corresponding to Tyr-17 in the wild-type protein (Fig.
54).

DISCUSSION

The YjgF/YER057c/UK114 family of proteins is broadly con-
served and found in all domains of life. Past work, primarily in
S. enterica, suggested that the diverse phenotypes of yjgF
mutants reflected a global metabolic role for this protein family
(11-13, 33). The results reported herein define an enamine/
imine deaminase activity associated with the YjgF protein and
homologs from all domains of life, including humans. This is
the first report of a conserved biochemical activity for this ubiq-
uitous family. The activity described here for YjgF proteins sug-
gests that the role of these proteins in vivo is to accelerate the
release of ammonia from enamine/imine intermediates gener-
ated by PLP-dependent dehydratases. The conservation of YjgF
proteins may be an indication that the low free-water environ-
ment of the cell extends the half-life of these metabolites. These
findings have implications for reactions that use solvent water
to complete product formation and may indicate a need for
accessory proteins that were not anticipated from past in vitro
work performed in aqueous solutions.

Proposed Active Site Configuration for YjgF Function—Previ-
ous structural studies (5, 9) and the biochemical analyses of
YjgF variants performed here support a mechanism for YjgF
catalytic activity (Fig. 5B). We propose that Arg-105 forms a
bidentate salt bridge with the carboxylic acid of the imine/
enamine substrate, consistent with a previous structure con-
taining the 2-ketobutyrate enol in the active site (5). In this
scenario, the hydroxyl group of Tyr-17 stabilizes the nitrogen of
the substrate, drawing electron density and activating the sub-
strate for nucleophilic attack by a water molecule stabilized by
Glu-120 and the backbone of Cys-107. Evidence for this place-
ment of water was found in the apo structure of TdcF, where an
ordered water was within an adequate distance to hydrogen-
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bond to Glu-120 and Cys-107 (5). After the nucleophilic attack,
a rearrangement could displace ammonia and generate 2-
ketobutyrate. The decreased activities of variants YjgF*'’",
YjgFR1O%A) YjgFF12%A ) and YjgF®'?° are consistent with this
general reaction scheme. Arg-105 is a critical residue, respon-
sible for binding the substrate and required to complement a
yjgF mutant defect in vivo. Significantly, the YjgF*'%>* variant
had the biggest effect on in vitro activity and was the only var-
iant that failed to eliminate the burst kinetics observed in high
pH reactions with IlvA alone. Tyr-17 played a significant role in
stabilizing substrate, as indicated by ~50% reduction in activity
at both pH levels when this residue was substituted. The behav-
ior of the YjgF='2°* and YjgF®*2° variants indicates that Glu-
120 has a more significant role at higher pH, where enamine/
imines are known to be more stable (20, 30). This result could
reflect a need to optimally orient the water molecule in the
active site for the nucleophilic attack. Although altering the
active site residues led to decreased activities, no mutation
completely abolished function. This result suggests that YjgF
acts to place water and reactive enamine/imine substrates in
close proximity to facilitate a more rapid release of ammonia
and does so without a catalytic residue. In the cellular environ-
ment, where available water may be limiting, the impact of YjgF
proteins is expected to be significant in facilitating stable prod-
uct formation.

Diversity among YjgF Homologs—YjgF homologs from five
diverse organisms were found to have the same activity as the
S. enterica protein when measured in assays described here and
previously (13). The diversity of homologs that have activity in
the assays minimizes the possibility that a protein-protein
interaction is required for YjgF activity. Consistent with the
activity demonstrated here, some enzymes that participate in
other enamine deamination reactions can be defined as low
identity members of the YjgF family (25-30% identical to
S. enterica). In Pseudomonas pseudoalcaligenes, a YjgF-like
protein was shown to deaminate the short-lived enamine
2-aminomuconate to 4-oxalocrotonic acid during the degrada-
tion of nitrobenzene (34), and the same reaction has been
reported for homologs NbzE in nitrobenzene-degrading Pseu-
domonas putida HS12 (35) and AmnD in Pseudomonas sp.
AP-3 (36). In Burkholderia cepacia, a YjgF homolog increased
the rate of 2-aminomuconate deamination more than 70-fold
when compared with non-enzymatic hydrolysis in a tryptophan
degradation pathway (37). It is likely that this enhanced cataly-
sis was due to an enamine deamination similar to that described
here. Finally, in Bordetella sp. strain 10d, AhdB deaminates 2-
amino-5-carboxymuconic 6-semialdehyde, an unstable enam-
ine intermediate (38, 39). Interestingly, rutC in E. coli is
included in a pyrimidine degradation operon, encoding a path-
way that proceeds via the unstable enamine intermediate
3-aminoacrylate (40). Although the biochemical role of RutC in
this pathway was not defined, our data support the prediction
that RutC acts on the unstable enamine intermediate.

In addition to RutC, other YjgF family members are encoded
within operons dedicated to a specific metabolic pathway.
Often these operons contain a dedicated threonine and/or ser-
ine dehydratase. For example, the anaerobically expressed tdc
operon in E. coli (41) and the alanylclavam biosynthetic operon

JOURNAL OF BIOLOGICAL CHEMISTRY 3459



YjgF Deaminates Enamine/Imine Metabolites

in Streptomyces clavuligerus (42) have genes encoding both
threonine/serine dehydratases and YjgF homologs. These
genomic organizations are consistent with the model that the
YjgF proteins act on short-lived reactive metabolites generated
during specific metabolic processes.

Change to Genome Amnnotation and Significance of Rid
Proteins—We have renamed yjgF as ridA (reactive intermedi-
ate/imine deaminase A) to reflect the biochemical activity of
the gene product and to meet the standards of gene nomencla-
ture. This study determined that RidA acts on reaction inter-
mediates from a PLP-dependent enzyme, threonine dehydra-
tase, to increase the rate of product formation above the
solvent-mediated reaction. This activity has two anticipated
consequences in vivo: 1) increasing the hydration rates in low
water environment to improve product generation and 2)
removing reactive metabolites. We suggest that the diverse
phenotypes described for ridA (yjgF) mutants in S. enterica (10,
11, 13, 33) result from the accumulation of enamine/imine
intermediates and that the nucleophilic nature of these metab-
olites allows them to react with and modify cellular targets,
altering their function. The plausibility of this scenario is sup-
ported by literature reports that the aminoacrylate enamine
derived from serine can inactivate a number of enzymes in vitro
(43, 44). Thus, it is reasonable to suggest that Rid proteins
evolved to facilitate the release of ammonia from enamine/
imine intermediates generated during normal metabolism, and
as a result, reduce the impact of these reactive metabolites on
cellular components.
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