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The YjgF/YER057c/UK114 family of proteins is highly con-
served across all three domains of life and currently lacks a con-
sensus biochemical function. Analysis of Salmonella enterica
strains lacking yjgF has led to a working model in which YjgF
functions to remove potentially toxic secondary products of
cellular enzymes. Strains lacking yjgF synthesize the thiamine
precursor phosphoribosylamine (PRA) by a TrpD-dependent
mechanism that is not present in wild-type strains. Here, PRA
synthesis was reconstituted in vitro with anthranilate phospho-
ribosyltransferase (TrpD), threonine dehydratase (IlvA), threo-
nine, and phosphoribosyl pyrophosphate. TrpD-dependent
PRA formation in vitrowas inhibited by S. entericaYjgF and the
human homolog UK114. Thus, the work herein describes the
first biochemical assay for diverse members of the highly con-
served YjgF/YER057c/UK114 family of proteins and provides a
means to dissect the cellular functions of these proteins.

The accumulation of genomic sequences continues to iden-
tify conserved protein families for which no function has been
experimentally defined. Analysis of thiamine biosynthesis in
Salmonella enterica has proven to be a useful approach to pro-
vide insights into some of these genes of unknown function
(1–3). In its cofactor form, thiamine pyrophosphate is essential
for cell growth. In wild-type Salmonella, the first step of both
thiamine and purine synthesis is catalyzed by the enzyme
glutamine phosphoribosyl pyrophosphate amidotransferase
(PurF; EC 2.4.2.14), which forms phosphoribosyl amine (PRA)3
(4, 5). A strain lacking purF, in combination with a null muta-
tion in gnd, encoding gluconate-6-phosphate dehydrogenase, is
unable to generate PRA and thus cannot grow in the absence of
thiamine (6, 7). However, if a third gene, yjgF, is eliminated,
PRA synthesis and thus thiamine-independent growth are
restored (2, 8).
YjgF is amember of the YjgF/YER057c/UK114 family of pro-

teins present in all three domains of life and defines the Cluster
of Orthologous Groups 0251 (9). A general biochemical func-

tion for the YjgF family has not been demonstrated nor is one
suggested by the sequence or structure of family members.
Thus, why deleting yjgF restores PRA formation is unknown.
Based on previous work by our laboratory and by others, it has
been proposed that YjgF interacts with and possibly sequesters
small, potentially toxic molecules, thus altering the metabolic
environment of the cell (10, 11).
Past work implicated the tryptophan biosynthetic complex

anthranilate synthase-phophoribosyltransferase (EC 4.1.3.27,
2.4.2.18) in PurF-independent PRA formation in a yjgF back-
ground (8). During tryptophan biosynthesis, the TrpDE com-
plex catalyzes the conversion of chorismate to anthranilate
while deaminating glutamine, and subsequently TrpD com-
bines anthranilate and phosphoribosyl pyrophosphate (PRPP)
to form phosphoribosyl anthranilate and inorganic phosphate
(12, 13). Additional studies suggested that the activity of the
first isoleucine biosynthetic enzyme threonine dehydratase
(IlvA; EC 4.3.1.19) was involved in PurF-independent PRA for-
mation in a yjgF mutant (2). IlvA is a pyridoxal-5�-phosphate
(PLP)-dependent enzyme that dehydrates threonine and
releases an enamine intermediate, which tautomerizes to a pri-
mary imine. This imine is then hydrolyzed nonenzymatically,
forming free ammonia and 2-ketobutyrate, an intermediate in
isoleucine synthesis (14, 15).
In this study a combination of in vivo results led to a testable

in vitromodel that described themechanism of PRA formation
in a yjgF mutant background. The data herein are consistent
with the model that IlvA generates a threonine-derived metab-
olite that TrpD condenses with PRPP to form PRA. The in vitro
formation of PRAwas reduced by the addition of the S. enterica
YjgF protein and the human homolog, UK114. Together, these
results identified not only a new physiologically relevant mech-
anism of PRA formation but defined an in vitro assay for YjgF
that can be utilized to probe the biochemical function of the
YjgF/YER057c/UK114 family of proteins.

EXPERIMENTAL PROCEDURES

Media and Chemicals

No-carbon E (NCE) medium of Vogel and Bonner (16, 17)
withMgSO4 (1mM) and glucose as a carbon source (11mM)was
used as a minimal medium. When necessary, the following
compounds were provided at the indicated final concentra-
tions: adenine, 0.4 mM; thiamine, 100 nM; tryptophan, 0.1 mM;
threonine, 600 �M; and anthranilate, 7.5 �M. Difco nutrient
broth (8 g/liter) with NaCl (5 g/liter) and Luria-Bertani (LB)
broth were used as rich media. Difco BiTek agar was added (15
g/liter) for solid medium. Superbroth (32 g of tryptone, 20 g of
yeast extract, 5 g of sodium chloride, and 5 ml of 1 N sodium
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hydroxide/liter) was used for protein purification. Antibiotics
were added when needed at the following concentrations to
rich and minimal media, respectively: ampicillin, 30 and 15
mg/ml; chloramphenicol, 20 and 4 mg/ml; kanamycin, 50 and
125 mg/ml; and tetracycline, 20 and 10 mg/ml. Antibiotics and
chemicals were purchased from Sigma-Aldrich.

Bacterial Strains and Plasmids

All strains used in this study are derivatives of S. enterica
serovar Typhimurium strain LT2 and are listed alongwith their
respective genotypes in Table 1. The strain carrying trpE8 was
provided by J. R. Roth. Deletion of the trp operonwas generated
by linear recombination (18) and has been described (8). Plas-
mid pTrpD (pIR-DW) contained wild-type trpD in pSU19
under the control of the plasmid encoded lac promoter and has
been described (19). UK114/hp14.5 cDNA was provided by G.
Schmitz (20).

Growth Quantification

Nutritional requirements were assessed in liquid medium.
Strains were grown to full density in rich medium at 37 °C, and
cells were pelleted by centrifugation and resuspended in an
equal volume of saline (85 mM). Five microliters of the cell sus-
pensionwas used to inoculate 195�l of themedium in eachwell
of a 96-well microtiter plate. Growth at 37 °C was monitored
using a microplate spectrophotometer (Spectro-Max Plus;
Molecular Devices, Sunnyvale, CA). Alternatively, 200�l of the
cell suspension was used to inoculate 5-ml cultures in 18 �
150-mm tubes. Cultures were grown with shaking at 37 °C, and
growth was monitored with a Bausch & Lomb Spectronic 20.
Specific growth rate was determined as � � ln (X/Xo)/T, where
X � A650 during the linear portion of the growth curve and
T � time.

Genetic Techniques

The high frequency general transducing mutant of bacteri-
ophage P22 (HT105/1 int-201) (21, 22) was used to perform all
transductions required for mutant strain constructions. Stan-
dard genetic techniques were used.

Expression and Purification of Proteins

TrpD—The Escherichia coli BL21AI (Invitrogen) strain con-
taining the wild-type trpD gene cloned into the pET-28a
expression vector (23) (DM11108) was used for TrpD His6 tag
protein purification. A 10-ml culture of DM11108 in LB
medium containing kanamycin was used to inoculate 1 liter of
superbroth. The culture was grown at 37°C until theA650 of 0.9
at which point the cells were induced with 1.0 mM isopropyl-�-
D-thiogalactopyranoside and grown at 28 °C overnight. The
cells were harvested at 4 °C by centrifugation and resuspended
in buffer (20 mM Tris-HCl, pH 8.0, and 300 mM sodium chlo-
ride). The cells were disrupted on ice by sonication using a
Sonic Dismembrator 550 (Fisher Scientific). Cell debris was
separated by centrifugation. The supernatant was added to pre-
pared Ni-NTA superflow resin (Qiagen), and imidazole was
added to 5mMbefore stirring the solution on ice for 1 h.A batch
elution was performed by using 5-ml preparations of column
buffer with each of the following concentrations of imidazole:
20, 40, 60, 100, and 250 mM. Protein concentration was deter-
mined with a BCA protein assay kit (Thermo Scientific). Pro-
tein activity was verified using a phosphoribosyltransferase
assay, as described previously (19, 24, 25).
IlvA—TheE. coliBL21AI strain containing thewild-type ilvA

gene cloned into the pET20b� vector (Novagen,Madison,WI)
(DM12944) was used for IlvA His6 tag protein purification.
Cells were inoculated into 2ml of LBmedium containing ampi-
cillin and allowed to reach full density before being inoculated
into 50 ml of superbroth for 2–3 h and then inoculated into 2
liters of superbroth. Cultures were incubated at 37 °C toA650 of
0.3–0.7, and expression was induced by the addition of 0.2%
arabinose for 16 h at 30 °C. Cells were harvested at 4 °C by
centrifugation and resuspended in buffer (50mMKPO4, pH 8.0,
500 mM NaCl, 10 mM imidazole). Cells were disrupted in the
presence of 1 mg/ml lysozyme and 5 mg/ml DNase on ice by
sonication using a Sonic Dismembrator 550. Lysate was clari-
fied by centrifugation and filtration through a 0.45-mm mem-
brane. The lysateswere bound to aNi-NTA superflow resin and
purified using the manufacturer’s protocol (Qiagen, Valencia,
CA). Purified protein was eluted in 50 mM Tris-HCl buffer, pH
8.0, with 10 �M pyridoxal-5�-phosphate. Protein activity was
verified by assaying the conversion of threonine to 2-ketobu-
tyrate, following formation of a 2,4-dinitrophenylhydrazine
derivative as described previously (26, 27).
YjgF and UK114—The E. coli BL21AI strain containing the

wild-type yjgF gene cloned into the pET20b� vector
(DM12740) was used for YjgF His6 tag protein purification. A
5-ml culture of DM12740 in LB with ampicillin was used to
inoculate 3 liters of superbroth with ampicillin, 150 �g/ml. The
culturewas grown at 37 °C toA650 of 0.8, and cells were induced
with 0.2% arabinose and grown at 37 °C for 8 more h. The cells
were harvested at 4 °C by centrifugation and resuspended in
buffer (50mMTris-HCl, pH 8.0, 100mMNaCl, 5mM imidazole,
and 12.5% glycerol). The cells were disrupted using a French
pressure cell. Cell extract was clarified by centrifugation for 45
min at 20,000 � g at 4 °C. The supernatant was added to a
columnwithNi-NTA superflow resin and purified according to
manufacturer’s protocol. The purified protein suspensions

TABLE 1
Bacterial strains
All strains are derivatives of S. enterica serovar Typhimurium LT2 unless otherwise
indicated.

Strain Genotypea

DM7436 purF2085 gnd-181 yjgF3::MudJ
DM8813 purF2085 gnd-181 yjgF3::MudJ �trpEDCBA3618
DM8822 purF2085 gnd-181 yjgF3::MudJ �trpEDCBA3618 (pSU19)
DM8823 purF2085 gnd-181 yjgF3::MudJ �trpEDCBA3618 (pSU19-trpD)
DM8988 purF2085 gnd-181 �trpEDCBA3618
DM9593 E. coli BL21AI pTYB2-purD
DM9813 purF2085 gnd-181 yjgF3::MudJ zxx4099::Tn10d (Tc) trpD16
DM9814 purF2085 gnd-181 yjgF3::MudJ zxx4099::Tn10d (Tc) trpD12
DM9815 purF2085 gnd-181 yjgF3::MudJ zxx4099::Tn10d (Tc) trpD122
DM10000 LT2 wild-type
DM10339 purF2085 gnd-181 yjgF3::MudJ trpE8
DM11108 E. coli BL21AI pET28a-trpD
DM12740 E. coli BL21AI pET20b-yjgF
DM12816 E. coli BL21AI pET20b-hp14.5/UK114
DM12944 E. coli BL21AI pET20b-ilvA

a MudJ refers to the Mud1734 transposon (44). Tn10d refers to the transposition-
defective mini-Tn10 (Tn10D16D17) (45).
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were concentrated and dialyzed first into 10 mM HEPES, pH
8.0, with 10mMEGTA, then into 10mMHEPES, pH8.0, and last
into 10mMHEPES, pH 8.0, with 20% glycerol. Human homolog
hp14.5/UK114 was purified in the same manner described
above, from strain DM12816. Some of the YjgF from the Ni-
NTA purification was subsequently subjected to a Superdex
size exclusion column (GEHealthcare), and no change in activ-
ity was observed after this additional step.
PurD—PurD was expressed and purified using a C-terminal

intein tag and chitin affinity chromatography as described pre-
viously (28), from strain DM9593.

Phosphoribosylamine Formation Assay

Synthesis of PRAwas determined as a function of [14C]glyci-
namide ribonuclotide ([14C]GAR) produced in a coupled reac-
tion catalyzed by GAR synthetase (PurD). A molecule of
[14C]glycine is condensed with a molecule of PRA by PurD to
yield a molecule of [14C]GAR. Unless indicated, the standard
assay included 100 mM Tris-HCl, pH 8.0, 10 mM magnesium
acetate, 2.6 mM adenosine triphosphate, 333 �M dithioerythri-
tol, 27 �M PLP, 1 �M PurD, 2 mM (26 nCi) [14C]glycine, 1 mM

PRPP, 1 �M IlvA, and 2 �M TrpD in 75 �l (final volume). The
reaction was initiated with the addition of 50 mM threonine,
and the mixture was incubated for 4 h at 37 °C. [14C]GAR and
[14C]glycine were separated by thin layer chromatography on
polyethyleneimine (PEI)-cellulose using an n-propyl alcohol:
water system (1:1). The position of radioactive spots was
detected using a Cyclone Storage Phosphor System (Packard
Instrument Company), and the identities were confirmed using
known standards. Radioactivity was measured by scintillation
counting and PhosphorImage signal quantification, and
[14C]GAR was quantified by correlation based on input counts
of glycine standards. Nonenzymatic formation of PRA from 10
mMribose 5-phosphate and 13mMammonia served as a control
(29, 30). The assay was performed at pH levels ranging from 5.3
to 10.0, with maximum [14C]GAR produced at pH values
between 8.0 and 10.0. Additionally, the assay was performed at
temperatures ranging from 15 °C to 45 °C, with maximum
[14C]GAR produced at 37 °C.

RESULTS

TrpD Is Necessary for PRA Formation in a yjgF Mutant—Re-
sults from a number of in vivo growth analyses suggested a
requirement for TrpD, but notTrpE, in the formation of PRA in
a yjgFmutant strain. First, in minimal glucose medium supple-
mented with adenine and tryptophan, the purF gnd mutant
strain was unable to grow (� � 0.02). In contrast, a purF gnd
yjgF (DM7436)mutant strain had a growth rate of� � 0.32. The
introduction of alleles that resulted in catalytically inactive
TrpD proteins (trpD16, 12, 122) to a purF gnd yjgF strain pre-
vented detectable growth (� � 0.02). Thiamine restored full
growth (� � 0.4) to all strains. Second, the introduction of the
trpE8 allele, which encodes a protein variant with no anthrani-
late synthase activity (31), did not affect thiamine-independent
growth of the purF gnd yjgF strain (data not shown). Further,
although a purF gnd yjgF strain carrying a deletion of the entire
tryptophan biosynthetic operon was unable to synthesize thia-
mine (8), a wild-type copy of trpD provided in trans was suffi-

cient to restore growth to this strain in the absence of thiamine
(Fig. 1). Taken together, these results demonstrated that TrpD
was the only component of the tryptophan biosynthetic path-
way required for PRA formation in a yjgFmutant.
Anthranilate Inhibits Thiamine-independent Growth in a

yjgFMutant, and Threonine Overcomes This Inhibition—Exog-
enous anthranilate, a substrate of TrpD, eliminated thiamine-
independent growth of a purF gnd yjgF strain (Fig. 2). Titration
determined that 7.5 �M anthranilate resulted in full inhibition
of growth. This concentration of anthranilate was sufficient to
allow the trpE8 mutant to grow to half-density in minimal
medium, but was not enough to satisfy the tryptophan require-
ment of the strain completely (data not shown). The 19 amino
acids, excluding tryptophan, were screened for the ability to
restore thiamine-independent growth in the presence of
anthranilate. Only threonine restored growth (Fig. 2). Titration
determined that 500 �M threonine (66-fold excess over anthra-
nilate) was the minimal concentration required to restore full

FIGURE 1. PRA synthesis in a yjgF mutant requires TrpD. Growth of a purF
gnd yjgF �trp mutant carrying pSU19 (triangles) or pSU19-trpD (squares) was
monitored over time as A650 nm. Strains were grown in glucose media with
adenine and tryptophan (filled symbols) or adenine, tryptophan, and thiamine
(open symbols), with shaking at 37 °C. All strains grew to full density when
thiamine was present in the medium.

FIGURE 2. Anthranilate inhibits thiamine-independent growth of purF
gnd yjgF. Growth of purF gnd yjgF (DM7436) was monitored over time as the
absorbance at 650 nm. The strain was grown at 37 °C with shaking in minimal
glucose media with adenine (filled triangles), adenine and anthranilate (filled
circles), adenine, anthranilate, and threonine (open circles), or adenine, anthra-
nilate, and thiamine (open triangles).
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thiamine-independent growth of a purF gnd yjgF strain in the
presence of 7.5 �M anthranilate. This effect of threonine was
consistent with previous data, suggesting that the isoleucine
biosynthetic enzyme IlvA, which uses threonine as a substrate,
has a role in PRA formation in a purF gnd yjgF background (2).
WorkingModel for PRA Formation in a yjgFMutant—A bio-

chemical model for TrpD-dependent PRA formation was gen-
erated based on accumulated in vivo results and is depicted in
Fig. 3. This model includes the following predictions: (i) IlvA
generates a nitrogen-containing intermediate or side product
from threonine; (ii) this IlvA-generatedmetabolite provides the
amino group for PRA; (iii) TrpD forms PRA from the amino
donor metabolite and PRPP; and (iv) the presence of YjgF pre-
vents the IlvA-generated amino donor from interacting with
TrpD and forming PRA.
Reconstitution of TrpD-dependent PRA Formation in Vitro—

In initial experiments, PRPP, IlvA, and TrpD were combined
with an enzyme system that condenses [14C]glycine with PRA
(which is unstable) to generate the stable product [14C]glyci-

namide ribonucleotide ([14C]GAR)
(30). Threonine (50 mM) was added
to initiate the reaction, and the
mixture was incubated for 4 h at
37 °C. The complete reaction
yielded [14C]GAR, indicating PRA
had been formed (Fig. 4B, lane 1).
The concentration of [14C]GAR
formed in this reaction was deter-
mined to be 440 �M (33 nmol) (Fig.
4A). A completed reaction mixture
with unlabeled glycine and proteins
removed was submitted for positive
time-of-flightmass spectral (�TOF
MS) analysis to verify the produc-

tion of GAR. A compound with the mass of GAR was detected
(expected, m/z 287.1843; observed, m/z 287.0549), supporting
the conclusion that PRA had been formed in the assay.
Control reactions determined that each of the four assay

components IlvA, TrpD, PRPP, and threonine was necessary
for PRA formation. First, no significant amount of [14C]GAR
was detected in the absence of IlvA (Fig. 4, lane 2), indicating
that IlvAwas required to catalyze a reactionwith threonine and
threonine itself was not a direct substrate for TrpD. Second, in
the absence of TrpD, minimal [14C]GAR was detected (Fig. 4,
lane 3). A small amount of PRA synthesis in this case was
expected, as PRAcan be generated from the nonenzymatic con-
densation of ribose 5-phosphate and ammonium (29). PRPP
spontaneously breaks down into ribose 5-phosphate andwould
combine with ammonia generated from threonine by IlvA to
form PRA. Finally, no significant amount of [14C]GAR was
detected in the absence of either threonine or PRPP (Fig. 4,
lanes 4 and 5). To address the possibility that TrpD utilized
ammonia (from deaminated threonine) and PRPP to make
PRA, threonine was replaced by equimolar ammonium chlo-
ride in the assay. These conditions failed to generate PRA (data
not shown), indicating that TrpD did not use free ammonia as a
substrate.
IlvA is a PLP-requiring enzyme, and it was formally possible

that threoninewas reacting nonenzymatically with PLP to form
the substrate for TrpD. However, when IlvA was absent and
PLP was present, no significant [14C]GAR was formed (Fig. 4,
lane 2), showing that the substrate for TrpD was not generated
by a nonenzymatic reaction of threonine with PLP or any other
reaction component. It was also possible that IlvA generated an
inactive form of PLP, pyridoxamine 5�-phosphate, during the
dehydration of threonine and pyridoxamine 5�-phosphate,
then served as a substrate for TrpD. No [14C]GAR was formed
when either pyridoxamine or pyridoxamine 5�-phosphate was
added to PRA formation assays in the absence of threonine,
IlvA, and PLP (data not shown). Additional attempts to identify
the product of IlvA that served as the substrate of TrpD were
unsuccessful because this metabolite was unstable and disap-
peared quickly from the reaction mixture (data not shown).
S. enterica has an additional threonine dehydratase, TdcB,

that catalyzes the same reaction as IlvA but is regulated differ-
ently and only expressed under anaerobic conditions (32, 33).
Not surprisingly, [14C]GAR was formed when IlvA was

FIGURE 3. Model for PRA formation in yjgF background. A, working model suggesting that IlvA generates an
amino-containing product from threonine. This metabolite (X-NH3) then serves as the amino donor for PRA
when condensed with PRPP by TrpD. The model suggests that X-NH3 is acted on by YjgF, thus preventing PRA
formation by this mechanism. B, schematic of the reactions mediated by TrpD during tryptophan synthesis.
The TrpDE complex deaminates glutamine for anthranilate synthesis, and TrpD alone combines anthranilate
and PRPP to make PR-anthranilate. 2KB, 2-ketobutyrate.

FIGURE 4. PRA formation assay is dependent on TrpD, IlvA, PRPP and
threonine. A standard assay for PRA formation included threonine, IlvA,
PRPP, TrpD, cofactors, [14C]glycine, and PurD, as described under “Experimen-
tal Procedures.” PRA formation was determined as a function of [14C]GAR
production. Lane 1, all reaction components present; lane 2, IlvA omitted; lane
3, TrpD omitted; lane 4, threonine omitted; lane 5, PRPP omitted. A, quantifi-
cation of [14C]GAR produced under each condition, using [14C]glycine stan-
dards of known concentrations. Error bars represent the S.D. of two replicates.
B, representative phosphorimage of [14C]GAR spots after separation from
[14C]glycine by thin-layer chromatography.
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replaced with equimolar TdcB in the coupled assay. However,
branched chain amino acid aminotransferase, (IlvE; EC
2.6.1.42) another PLP-dependent enzyme, was unable to sub-
stitute for IlvA when provided with either threonine or its nat-
ural substrate, isoleucine. These results indicated that TrpDdid
not utilize a metabolite produced by all PLP enzymes to gener-
ate PRA.
A Minority of the Threonine Is the Amino Donor for PRA

Formation—Mass spectrometry analysis confirmed that threo-
nine was serving as an amino source for PRA formation. An
equimolar mixture of natural and [15N]threonine (50 mM) was
used in the complete reaction. After incubation, the proteins
were removed, and the sample was submitted for � TOF MS
analysis. Two peaks were identified in the spectrum (m/z
287.0559 and m/z 288.0667), corresponding to the masses of
natural GAR and 15N-labeled GAR, respectively.
The amount of [14C]GAR formed in vitro was dependent on

threonine concentration.When the concentration of threonine
was titrated under standard assay conditions (Fig. 5), half-max-
imal [14C]GAR was formed with 50 mM threonine. At this con-
centration of threonine, 440�M [14C]GARwas formed, indicat-
ing that �1% of the threonine participated in the formation of
PRA. When the threonine concentration was held constant at
50mM and IlvA, TrpD, and PRPPwere individually increased in
the assay, no increase in GAR formation was observed. How-
ever, [14C]GAR formation was reduced if the concentration of
PRPP or TrpD was decreased (10-fold, 2-fold, respectively). In
the standard assay conditions, the concentration of IlvA could
be reduced 10-fold without an effect on GAR formation.
Together, these data indicated that under the assay conditions
used, IlvA, TrpD, and PRPP were saturating.
YjgF Homologs from S. enterica and Human Decrease PRA

Formation in Vitro—TrpD-dependent PRA formation only
occurs in a yjgF mutant in vivo, consistent with the working
model in which YjgF inhibits thismechanism of PRA formation
(Fig. 3). To test this aspect of the model, purified YjgF was
added to the in vitro PRA formation assay. The addition of YjgF
(�1 �M) to the assay decreased the amount of [14C]GAR
formed more than 3-fold (Fig. 6), with lower concentrations of
protein showing a graded response. Bovine serum albumin
added to the same protein concentrations had no significant

effect on [14C]GAR formation, anddigestion of theYjgF protein
by protease eliminated the inhibitory effect (data not shown).
Significantly, 1 �M YjgF was able to prevent the formation of
�300�MGAR, suggesting that YjgF was catalytic or altered the
kinetics of IlvA. Additionally, this result suggested that
the TrpD-dependent PRA formation in vitro reconstituted the
physiological mechanism occurring in vivo in the absence of
yjgF.
The broad conservation of the YjgF/YER057c/UK114 family

of proteins prompted inclusion of the Homo sapiens homolog,
UK114 (also called hp14.5), in the in vitro assay. The sequence
of UK114 is 44% identical to S. enterica YjgF and is considered
to be in the “high identity group” of this protein family (10).
Purified UK114 was also able to impact TrpD-dependent PRA
formation in vitro (Fig. 7). This result was consistent with the
observation that expression of UK114 functionally comple-

FIGURE 5. GAR formation as a function of threonine. PRA formation assays
were performed as described under “Experimental Procedures.” The quantity
of [14C]GAR produced with varying levels of threonine in the assay (1, 5, 10, 25,
50, 100, and 300 mM) was determined. Error bars represent the S.D. of two
replicates. FIGURE 6. Addition of YjgF decreases PRA formation. PRA formation assays

were performed as described under “Experimental Procedures,” and the
amount of [14C]GAR was quantitated. Assays contained the indicated compo-
nents and included purified YjgF protein as follows: lane 1, standard assay
lacking TrpD; lane 2, reaction components of standard assay; lanes 3–5, puri-
fied YjgF present at the indicated final concentrations (1 �M, 100 nM, and 10
nM, respectively) in the standard assay. Error bars represent the S.D. of two
replicates.

FIGURE 7. Human homolog of YjgF, UK114, decreases PRA formation. PRA
formation assays were performed as described under “Experimental Proce-
dures,” and the amount of [14C]GAR was quantitated. Assays contained the
indicated components and included purified UK114 protein as follows: lane 1,
standard assay lacking TrpD; lane 2, reaction components of standard assay;
lanes 3– 6, purified UK114 present at the indicated final concentrations (10
�M, 1 �M, 100 nM, and 10 nM, respectively) in the standard assay. Error bars
represent the S.D. of two replicates.
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mented S. enterica yjgF phenotypes in vivo.4 Taken together,
these data emphasized the potential of the in vitro PRA forma-
tion assay system to probe the biochemical function inherent to
all members of the YjgF family.

DISCUSSION

YjgF is a member of the highly conserved YjgF/YER057c/
UK114 family of proteins present in all three domains of life. In
S. enterica, lack of this protein generates a number ofmetabolic
phenotypes, including the ability to generate PRA in the
absence of glutamine amidotransferase. Nutritional studies
identified two enzymes and two metabolites that were consid-
ered to be involved in PRA formation in the absence of YjgF in
vivo. Here, PRA formation was reconstituted in vitrowith these
four components: IlvA, TrpD, threonine, and PRPP. Impor-
tantly, addition of the YjgF protein to the assay inhibited PRA
formation, suggesting that this reconstituted system reflected
the in vivo situation from which it was derived.

Themodel for PRA formation addressed in this work (Fig. 3)
was consistent with key in vivo findings: (i) isoleucine inhibited
PRA formation (2), (ii) anthranilate inhibited PRA formation,
(iii) threonine antagonized anthranilate inhibition, and (iv)
PRA was not formed in strains with a functional YjgF. In the
context of the model, allosteric inhibition of IlvA by isoleucine
would reduce its activity(ies), resulting in less product, generi-
cally denoted X-NH3. Anthranilate is the natural substrate for
TrpD and would be expected to compete with X-NH3 at the
active site. Consistently, the presence of increased threonine
would generate more X-NH3 and thus compete out the
anthranilate.
The reconstitution of PRA formation in vitro required an

atypical reaction catalyzed byTrpD. The substrate for this reac-
tion, X-NH3, was dependent on IlvA and threonine and could
reflect either an intermediate in the formation of 2-ketobu-
tyrate or a byproduct of the reaction. Deamination of threonine
by IlvA is mediated by a PLP cofactor and proceeds by a previ-
ously definedmechanism (14, 15). Briefly, IlvAdehydrates thre-
onine and releases an enamine intermediate, aminocrotonate,
which tautomerizes to the corresponding imine, iminobu-
tyrate, and is then hydrolyzed in the absence of enzyme to form
products 2-ketobutyrate and free ammonia. Despite the insta-
bility of the enamine and imine intermediates, it is conceivable
one of these served as the amino donor in TrpD-mediated PRA
formation. In the in vitro assay, 50 mM threonine resulted in
formation of 440 �M GAR (representing PRA), with the
remaining threonine converted to 2-ketobutyrate within 60
min (data not shown). This low yield of GAR is consistent with
the diversion of aminor unknown species to PRA formation or,
alternatively, a small percentage of the normal enamine/imine
intermediate binding TrpD and forming PRA, rather than
spontaneously hydrolyzing to 2-ketobutyrate. Preliminary
results suggest the X-NH3 metabolite is unstable, perhaps
favoring an explanation involving a reaction intermediate
rather than a byproduct.5

The ability of YjgF protein to inhibit the TrpD-dependent
PRA formation in vitro was predicted by both in vivo pheno-
types and theworkingmodel for this class of proteins (8, 10, 11).
The inhibition of PRA formation by YjgF displayed several fea-
tures that provided insights into the function of this protein.
First, the inhibition was titratable and declined with decreasing
protein concentration. Second, the data suggested that YjgF
had a catalytic role in the assay because 1 �M protein reduced
PRA formation by �300 �M. Significantly, the human homo-
log (UK114) was active in this assay, consistent with the find-
ing that UK114 complemented the yjgF mutant phenotypes
in S. enterica4 and Saccharomyces cerevisiae (34) in vivo.
Together, these results emphasized that this protein family
is characterized both by high sequence identity and func-
tional conservation.
The data presented here are consistent with a scenario in

which a threonine-derived byproduct or intermediate is acted
on by YjgF in a way that prevents its availability to TrpD for
PRA synthesis. Structural studies identified an affinity of YjgF
for analogs of the enamine intermediate formed from the dehy-
dration of threonine, and these authors suggested that YjgF had
a role in facilitating the IlvA reaction (10). Based on the broad
distribution of this family, including organisms that lack IlvA,
we hypothesize a general role of YjgF that involves a class of
molecules (11, 35). A broad role for YjgF would account for the
wide variety of nutritional and metabolic phenotypes that have
been reported to involve YjgF in diverse organisms (11, 20, 27,
34, 36–43). For instance, each phenotype of a yjgF mutant
could result from a distinct metabolite impacting a cellular
process either positively or negatively. In the assay described
here, one suchmetabolite (X-NH3) and effect (gained PRA syn-
thesis) has been identified and reconstituted in vitro.

In summary, the results described here identified a new enzy-
matic mechanism of PRA formation that involves nonstandard
substrates and/or products of two centralmetabolic enzymes in
S. enterica. Further, this work defined the first assay for diverse
members of the YjgF/YER057c/UK114 family of proteins and
provides a system to dissect further the biochemical function of
these proteins.
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