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ABSTRACT. The essential enzymatic cofactor NAZzan be synthesized in many eukaryotes, including
Saccharomyces cersiae and mammals, using tryptophan as a starting material. Metabolites along the
pathway or on branches have important biological functions. For example, kynurenic acid can act as an
NMDA antagonist, thereby functioning as a neuroprotectant in a wide range of pathologicaltatesyl
kynurenine formamidase (FKF) catalyzes the second step of the'NWd3ynthetic pathway by hydrolyzing
N-formyl kynurenine to produce kynurenine and formate. Bheereisiae FKF had been reported to be

a pyridoxal phosphate-dependent enzyme encoded by BNA3. We used combined crystallographic,
bioinformatic and biochemical methods to demonstrate that Bna3p is not an FKF but rather is most likely
the yeast kynurenine aminotransferase, which converts kynurenine to kynurenic acid. Additionally, we
identify YDR428C, a yeast ORF coding for a3 hydrolase with no previously assigned function, as

the FKF. We predicted its function based on our interpretation of prior structural genomics results and on
its sequence homology to known FKFs. Biochemical, bioinformatics, genetimando metabolite data
derived from LC-MS demonstrate that YDR428C, which we have designated BNA7, is the yeast FKF.

Nicotinamide adenine dinucleotide (NA} has a wide- stroke (L0). KA has also been implicated in regulation of
spread role as an essential enzymatic redox cofactor foundblood pressure and glucose metabolism. Metabolites of the
in all branches of life. Additionally, it has been found to de nao pathway have been implicated in a range of human
participate in functions such as deacetylation and DNA diseases, including Huntington’s disease, hypoxic brain
ligation (1—4) (reviewed in B)). These reactions regulate damage, schizophrenia, and tumor growth, to name just a
important biological processes such as aging, transcriptionalfew (11). Understanding the enzymatic control of this
regulation and tumorigenesid, (6, 7). Animals andSac-  pathway is therefore of considerable interest.

charomyces ceuésiae are known to produce NADvia de Formylkynurenine formamidase (FKF) catalyzes the sec-
novo synthesis, with tryptophan as a starting material. This d st f h thwav by hvdrolvzina the formvl moiet
pathway converges with a salvage pathway that producesOn Step ot the pathway by nydrolyzing ny Y
nicotinate mononucleotide (NaMN), which thee nao of N-formyl kyn_uremne (NFK) to proquce kynurenme (KYN)
pathway also produces. In this salvage pathway, nicotinateand formate (Figure 1). Kynurenlne ISa pranchpomt and can
serve as a substrate for either kynurenine aminotransferase

hosphoribosyltransferase, whichSncereisiaeis encoded . :
pnosp y n (KAT) or kynurenine monooxygenase (KMO, BNA4 in

by NPT1, converts nicotinate (Na) into NaMN, which is the L
converted into NAD (Figure 1) 6, 8). Saccharomyces cefigiag). KMO hydroxylates KYN to form

The de nao synthesis of NAD generates metabolic 3-hydroxykynure.nine, Whiph is the next interm.ediate in the
intermediates that are either biologically active themselves d€ N@o NAD™ biosynthetic pathway. Alternatively, KAT
or that serve as starting materials to produce other biologi- COnverts the amino acid moiety of kynurenine intocoaketo
cally active metabolites9j. For example, kynurenic acid acid @) which then spontaneously cyclizes to form kynurenic
(KA) production in humans has generated considerable acid (KA). KAT is a PLP dependent enzyme that utilizes a
interest due to its activity as an NMDA antagonist and its “Ping-pong bi-bi” reaction mechanism1@). In this mech-
consequent value in protecting against neuronal damage fromanism a primary amine of the kynurenine is replaced by a
ketone, leaving behind the enzyme in its PMP form. The
*The coordinates have been deposited into the Protein Data BankPLP form of the enzyme is regenerated by a second reaction

as PDB ID 3B46. . . . . .
* Corresponding author. Section of Molecular and Cellular Biology, in which the amino group is transferred to arketo acid to

One Shields Ave., University of California, Davis, CA 95616. Phone: produce an amino acid and the enzyme in its PLP form
(530)752-1136. Fax: (530)752-3085. E-mail: dave@alanine.ucdavis.edu.(Figure 2) (L3). KATs are able to use a wide variety @fketo

* Abbreviations: aeKATAedes aegypkynurenine aminotransferase;  5ids and amino acids as cosubstrates in this reaction, and it
FKF, formylkynurenine formamidase; hKAT-l, human kynurenine . . N
aminotransferase I; KA, kynurenic acid; KAT, kynurenine aminotrans- 1S not clear which ones predomindtevivo (14—18).
ferase; KYN, kynurenine; NAD, nicotinamide adenine dinucleotide; — previous work identified six candidate open reading frames
NFK, N-formylkynurenine; rnKAT-I, rat kynurenine aminotransferase . h h L. n
I; ttGINAT, Thermus thermophilus HB8 glutamine:phenylpyruvate e_nCOd'ng theSaccharomyces cersiae de noo NAD .
aminotransferase; biosynthesis pathway based on sequence homology with
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Ficure 1: Schematic of the NAD biosynthesis pathway. This schematic is greatly simplified and omits most of the branching pathways
and many of the catalytic steps. Bna2p is trytophan-2,3-doxygenase. Bna4 is kynurenine monooxygenase.

>\coou >\COOH

NH, o

,
Alanine \/ Pyruvate

KAT-PLP KAT-PMP
NH, COOH NH, COOH
NH, o
Kynurenine
(Spontaneous)l
OH
X
+ H,0

/

N COOH

Kynurenic acid

FIGURE 2: KAT reaction mechanism. All KATs discussed in this
work are able to utilize a variety of-keto acids in order to convert
KAT in the PMP form to KAT in the PLP form.

these enzymes resulted in nicotinate auxotrophs in five of
the six candidates. In both cases, BNA3 (YJLO60W) which
was identified as the FKF in the pathway did not exhibit the
expected phenotyp@);. Furthermore, experiments designed
to understand the genetic control of NADbiosynthesis
showed that, when the BNA pathway was up-regulated, all
BNA genes except for BNA3 were up-regulated together
(20). For example, the transcription factor Sumlp recruits
the NAD' dependent deacetylase Hstlp. In these experi-
ments, Hstlp appeared to reguld& nao NAD™ biosyn-
thesis. In asumlA strain expression levels of BNA2
increased 14.1-fold, BNA4 11.7-fold, BNA5 4.6-fold, BNA1
3.9-fold and BNA6 1.9-fold, while BNA3 levels were
unchanged. Together, these data raise the question as to
whether BNA3 is indeed the yeast FKF.

In this work, we present the crystal structure of Bna3p
and show by primary sequence and structural homology, as
well as by biochemical evidence, that it is not the FKF but,
rather, a KAT. Furthermore, we demonstrate that the
YDR428C gene product, which had previously been char-
acterized in a structural genomics screen ag/Agrhydrolase
protein of unknown function3l), is in fact the yeast FKF.

known mammalian enzymes, and they were designatedyye designate YDR428C as BNA7, and demonstrate its

BNA1-6 (biosynthesis of nicotinic acid) (Figure 1, (19). function using primary sequence homology and biochemical,
Yeast strains were created in which each putative NAD genetic and structural evidence.

biosynthetic enzyme and the nicotinate salvage enzyme

nicotinate phosphoribosyltransferase (NPT1) were deleted. RESULTS

These double deletions resulted in a synthetic lethal pheno- Bna3p Has Primary Sequence Homology to Known KATs
type for five of the six genes. Single deletions of each of but Not FKFs.Panozzo et al.g8) had identified BNA3 as a



1610 Biochemistry, Vol. 47, No. 6, 2008 Wogulis et al.

Table 1: Selected Kynurenine Aminotransferases from a BLASTP better _than typical values for this resolution, according to
Search of Nonredundant Protein Sequences Using BNA3p Amino  analysis by the program PROCHECK. The rmsd between

Acid Sequence as a Query 364 manually identified homologous.£ of Bna3p and

organism code  identity similar E-value The overall fold is typical for an aminotransferase
Aspergillus fumigatus ~ XP_447929 53 74 %101 subgroup I. This fold contains a large and a small domain,
gt':dtgs;zg;’gﬁd'SCO'deU”’éz?fﬂgfl é”g 552 ;iggi along with an N-terminal arm25). The biological unit
Trypanosoma brucei  XP_823403 35 54 610 consists of a dimer Wlth. two active sites, each lying near
Rattus noregicus AAF06837 35 53 2« 1076 the dimer interface. Residues from both monomer subunits
Homo sapiens Q16773 35 53 X 109 contribute to each active site (Figure 3).

formyl transferase rather than as a formyl hydrolase. The The first helix of the small domain (residues ) is
y yi ny : mobile, and its movement is important for the activity of

murine FKF has been IC_ientIerd,_ and bf’:\sed on Sequence,q enzyme 12, 28). The significance of this movement of
analysis and mutagenesis experiments it appears to be a e helix may explain why the rat KAT-1 (mKAT-I) with a

a/f hydrolase fold enzyme2e, 23). Bnai?,p IS not am/p Glu61Gly missense mutation is a slower enzyme than the
hydrolase fold enzyme, however. Rather its primary sequence

. L . wild-type enzyme (Figure 4). This mutation is at the end, or
:ggg::;'esh(;tmilso aOl;LPrth?:sm?ﬁnérgg'rlg Hﬁgzzgzg' it-l;o “hinge” of this first helix. Since this residue is distant from
functioyn we ra?l a BpLASTP searct24) of the Bna3 the active site and is on the surface of the enzyme, the
e uenc'e a0ainst a database of nonredundant rotgin S mutation is presumed to affect the movement of the helix
ugnces In ?he top 100 hits (witvalues rangin fFr)om 0 e(12)_ I hKAT-I, Aedes aegyptAT (aeKAT) and UGINAT
?or an uﬁnamed protein roduct fromandidg ?albrat there is a short 2 amino acid loop between the first helix
accession code XFJ;44792§ 1 6 10-% for h %theticgl and the first beta strand of the small subunit. This loop is
rotein OsJ 028446 fromO, 2a :atj»a) the onlypfunctions even structurally conserved in an hKAT-II homologue from
gssi ned in the names arr)g kynurenine arr){inotransferasepyrococcus horikoshif1XOM) (29) which is only distantly
k nl?renine oxoglutarate transgminase cysteine conjugat felated (23% identical, 41% similaE-value 2 10°°) to
b)(;tal ase (one %f the original names fo'r w¥1at is now cJaI(‘I],edeBnasD compared to hKAT-l, aeKAT and UGInAT. In
k nuanine aminotransfegr]ase [) or simply transaminase Orcontrast, Bnagp fa 9 residue loop in that position, much
yn simply tra of which was disordered in this crystal structure (Figure 4).
aminotransferase. Among the proteins identified as kynure- - )
nine aminlotranzferaszs are th((j)se fraspergillus fumigatus hKT‘I? Iaabsm;y rrt1cc))l :(C:JLIJ\I/Zr trr:a% IaBge‘EIrign(t:rgZ;arlc r?tngjuerledgzg?]
Dictyostelium discoideumAedes aegypti Trypanosoma } et -
brucej Rattus novegicus andHomo sapien€Table 1). The strates the close s_tructural similarity between Bna3p and
(PDB id 1IW7N @5)) andAedes aegyp(PDB id 1YIY (26)). search of representative members of structural families in
The third highest match (34% identical, 53% simiwalue ~ the PDB 80). Using residues 55 through 444 of the Bna3p
6 x 1075 is Thermus thermophilusHBS8 glutamine: Structgre (i.e., leaving out th_e mobile first helix of the_small
phenylpyruvate aminotransferase (ttGInAT) (PDB id 1v2p domain) the closest match is the aeKAT (1YIY, which is
(16)), which has been shown to efficiently catalyze the theé PMP form of the enzyme). In fact, using DaliLi®1)
transamination of KYNZ7). This primary sequence homol- ~PalfwWise comparisons W'th the PLP forms of the enzymes,
ogy to known KATSs clearly demonstrates that Bna3p should @8KAT, hKAT-I and ttGIn:AT are all structurally highly
be classified as a KAT rather than an FKF. homologous to Bna3p (Table 3).

Bna3p Has Structural Homology to Known Kynurenine  Bna3p Binding Pocket Is Homologous to Those of Other
Aminotransferased.o test the hypothesis that BNA3 encodes KATs.Despite the significant difference in the hinge region,
an aminotransferase, we obtained diffraction data from singlethe active site and binding pocket residues of Bna3p are
crystals of Bna3p and attempted molecular replacement withhighly conserved as compared to hKAT-I, aeKAT, and
human kynurenine aminotransferase | (hKAT-I) as a search ttGInAT (Figure 4). A model for the binding of kynurenine
model. Using this method, we have determined the crystal to the active site of ttGINAT has been generated based on
structure of Bna3p at 2.0 A resolution (Table 2). The crystal three crystal structures of ttGINAT (one unliganded, one with
contained one dimer per asymmetric unit, and the final, 3-phenylpropionate bound in the active site, and one with
refined model contains 849 amino acids (including the a-keto<-methylthiobutarate bound in the active sit&p)
catalytic internal aldimine between PLP and Lys271) and We have used this proposed orientation of substrate in
242 waters (Figure 3). The model had BRgys: of 22.7% ttGINAT to model kynurenine in the active site of Bna3p
and anRyee Of 27.1%. Ramachandran statistics show only (Figure 3D). The good fit of kynurenine in the active site of
one residue (Phe303) per monomer subunit in the disallowedBna3p, as well as the conservation in other KATs of many
region. The homologous position in the hKAT-I structure residues that interact with the substrate in this model, is
was also in the disallowed region, and the electron density consistent with this protein being a yeast KAT. Of the 7
at this position was quite good. Additionally, there was only residues from one protomer (Trp35, Gly62, Asn125, Phe149,
one residue (Thr357) per monomer in a generously allowed Asp150, GIn151, Arg420) and 1 from the other protomer
region, and the electron density was sufficiently good to (Phe303*) that contact the substrate in this model, 4 are
preclude a more favorable positioning. The overall main- absolutely conserved and 2 are conserved as aromatic
chain and side-chain geometry was good, being within or residues in the three other structurally determined proteins
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Ficure 4: Primary sequence alignment of Bna3p, hKAT-I, aeKAT, and ttGInAT. Secondary structure of Bna3p is indicated above the
alignment. Numbering is for Bna3p. Absolutely conserved residues are shown in red type with yellow background. Residues conserved in
at least 3 of the 5 are shown in blue type with light blue background. Blocks of residues of similar kind are shown in black type with green
background. Residues involved in PLP or substrate binding are designated with green and red dots respectively. The location of the E61G
hinge mutation in rats is also identified.

with KAT activity (Figure 4). Only 2 of the 8 are not the internal aldimine intermediate. A conserved glycine at
conserved. position 62 is within van der Waals distance of the substrate
The amino acid moiety binding pocket portion of the amino acid group. This residue is part of a conserved
model is fairly certain because of the multiple structures that NLGQGF (residues 5863) sequence that helps shape this
have inhibitor or substrate present with either a carboxylic portion of the binding pocket (Figure 4).
acid or amino acid moiety. In this portion of the model, The positioning of the remainder of the substrate molecule
Arg420 makes a salt bridge with the carboxylic acid of the is more speculative. However, the crystal structures with
substrate. This highly conserved residue helps orient theinhibitors and substrates provide a reasonable basis for the
amine in close proximity to PLP to position it so that it forms model. Phe303* stacks against the KYN aryl ring, as does
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Table 2: Data Collection and Structure Refinement Statistics for
PLP-Bound Bna3p

Data Collection Statistics
0.97944
501.96 (2.03-1.96)
214,880/60,609
98.6(93.6)
36.9 (4.7)
0.065 (0.255)

wavelength (A)

resolution (A) (highest shell)
reflections (observed/unique)
completeness (%)

1o(1)

Rmerge

Refinement Statistics

resolution (A) 28.82.0
Reryst (%0) 22.7
Riee (%) 27.1
rmsd bond lengths (A) 0.0095
rmsd bond angles (deg) 1.59
DPI 0.19
Ramachandran plot

% in most favorable regions 915

% in additional allowed regions 8.0

% in generously allowed regions 0.3

% in disallowed regions 0.3

a Parentheses indicate values for the high resolution shell.

Table 3: Results of DaliLite Pairwise Comparisons to Three
Enzymes with KAT Activity, Using Residues 55144 of Chain A
of Bna3p Crystal Structure

source organism PDB ID Z-score res. aligned rmsd (A)
Homo sapiens 1W7L 52.2 397 1.7
Aedes aegypti 1Yy 52.6 380 1.6
Thermus thermophilus 1V2D 47.9 343 1.3
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Overall, the structural and primary sequence homology
of the Bna3p active site to other known KATs further
supports its designation as a KAT.

Bna3p Shows Kynurenine Amino TransferaseAgtin
Vitro. In order to measure the activity of Bna3p toward KYN,
we developed a continuous assay in which an increase in
ODygs was used to observe the formation of KA. hKAT-I
and aeKAT are both able to catalyze formation of KA using
a variety of differenta-keto acids as oxygen donors in the
reaction (7, 18). For both enzymes, many of the-keto
acids showed substrate inhibition at low mM concentrations.
The concentration at which the substrate inhibition was seen
as well as the velocity of the enzymes with a given
concentration of KYN varied between the two enzymes. We
attempted to measure tlkgy and Ky, of Bna3p with KYN
as a substrate and pyruvate as the oxygen donor. Unfortu-
nately, KYN showed substrate inhibition at concentrations
over 5 mM (Supplemental Figure 1, Supporting Information),
and pyruvate showed substrate inhibition at 10 mM, as did
o-ketoglutarate (data not showny-Ketobutyrate showed
substrate inhibition down to 2 mM, though the velocity of
the enzyme with 4 mM kynurenine was faster witkketo-
butyrate as a cosubstrate than witkiketoglutarate or
pyruvate. We were unable to convincingly fit a standard
Michaelis—Menten curve to our data, even when adding an
inhibition term to the denominator of the equation. An
apparenk.,; andK, for the human enzyme were generated
using 16 mMo-ketobutyrate as an oxygen donor in the
reaction (8). In their conditions, they did not observe

Phe149, which in turn also stacks against the PLP aromaticsubstrate inhibition. This gave an apparksatof 201+ 19
ring. Phel49 is conserved in these three crystal structuresmin™. Since theK,, was measured to be 47 0.4 mM, the

with KAT activity (as well as in rnKAT-I), and the stacking

reaction rate at 4.7 mM is 100 mih The rate of Bna3p at

interaction between Phe303* and KYN is also conserved 37 °C using 5 mM pyruvate and 4 mM KYN as cosubstrates

(though the residue is a tyrosine in aeKAT). (Figure 4) The
significance of this phenylalanine for substrate binding in
the hKAT-I structure has previously been not28)( Asp150
is conserved in all four proteins, and in this model it forms
a hydrogen bond with the KYN aryl amine, as it does in the
model of KYN bound to ttGInAT 16). In the Bna3p crystal

was 1 min?, 2 orders of magnitude slower than the human
enzyme (or than aeKAT, which has a compardhlgand

Km to hKAT-I) measured at 45C. Although Bna3p has
lower activity than do hKAT-1 and aeKAT, it is clearly
capable of catalyzing the formation of KA from KYN,
consistent with its characterization as a KAT.

structure (unliganded), the Asp150 side chain makes no direct YDR428C Has Homology to the Murine Formylkynurenine
hydrogen bond contacts with any other residues, suggestingFormamidaseThe classification of Bna3p as a yeast KAT
that the conservation is functional for substrate binding rather raised the question of which protein functions as the FKF.

than structural. Trp35 is the most difficult residue to model

A WU-BLAST search 82) of the SGD database using the

accurately because it is on the mobile small domain first murine FKF sequence identifies three possible yeast homo-

helix. Trp35 is conserved as a tryptophan in hKAT-I and
aeKAT, though it is a phenylalanine in ttGInAT. However,
in the hKAT-I structure with.-phenylalanine as a substrate
in the active site, the hKAT-I tryptophan in this position

logues. One (Cct6pE-value 0.998) is a subunit of the
cytosolic chaperonin Cct ring comple®3d), and thus is
unlikely to act as an FKF. The other two (YDR428yalue
0.993 and YJR098-value 0.81) are from uncharacterized

(Trp18) clearly contacts the substrate and is an important ORFs. YDR428C and the murine FKF are roughly the same

part of the substrate binding pocket.

size as each other (261 vs 305 amino acids, respectively)

In the model, kynurenine also makes van der Waals while YJIR098C is much larger (655 amino acids). Further-
contacts with the side chain of GIn151 (whose amide moiety more, a pairwise sequence alignment of the proteins shows
points away from the substrate). GIn151 is not conserved that YDR428C is 11% identical and 22% similar to the

among these structures (it is a cysteine in hKAT-I and
aeKAT, and a valine in ttGInAT), but the contact is weak.
Asn125 is not conserved in hKAT-I and aeKAT (where it is
a Tyr), but neither is it conserved in ttGInAT (where it is a
Thr). Ala304* in Bna3p does not contact the modeled
substrate, though the corresponding residue in hKAT-I
(His279*) contacts the-phenylalanine substrate. However,

murine FKF, while YJR098C is 5% identical and 11%
similar to the murine FKF. In this alignment, the residues
around the catalytic serine align between YDR428C and the
murine FKF (with sequences of GNGA vs GHSAGA,
respectively) while YJR098C does not show homology in
this area. Significantly, both the murine FKF and YDR428C
have the canonical Gly-X-Nuc-X-Gly motif (where Nuc is

this residue is not conserved as a His in either aeKAT or a nucleophile, which is a serine for both of these enzymes)

ttGInAT.

that is found in most/f hydrolase fold enzymes34).
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YJR098C lacks this motif entirely, bringing into question velocity of the reactions can be roughly compared in two
whether this enzyme is even a3 hydrolase. Additionally, ways, using their specific activity measurement of purified
a structural genomics effort has yielded the crystal structure recombinant enzyme at 0.45 mM NFK, which is 224 s
of YDR428C (PDB accession 1VKHR(Q), and it demon- (reported as 42mol/min/mg) for wild-type enzyme. The
strates common features of a3 hydrolase fold enzyme,  specific activity of Bna7p at the similar concentration of 0.5
such as the conserved arrangement of a Ser-Asp-His catalytianM NFK is 112 s, which is roughly 4.7 times faster than
triad, the “nucleophile elbow,” and the ordering of the beta the murine enzyme. Alternatively, their specific activity
strands and alpha helices. measurement and substrate concentration can be used to solve
Because of the size similarities, the better primary the Michaelis-Menten equation. Thi calculated this way
sequence alignment, and the structural proof that it i&/8n is 34 s'%, again roughly 4.7 times slower than Bna7p. Clearly,
hydrolase enzyme, we identified YDR428C as the most likely Bna7p is an even more efficient enzyme for the hydrolysis
yeast FKF. Work described below supports this hypothesis of NFK than is the murine FKF. Conversely, recombinantly
and has accordingly led to the name BNA7Y. expressed, purified Bna3p shows no measurable aryl for-
Analysis of the Bna7p Structure Suggests That It Is a mamidase activityn vitro, even at 7,000 times the protein
Formylkynurenine Formamidas&he crystal structure of  concentration of Bna7p in this assay. Thaseitro activities
Bna7p reveals a hydrophobic substrate binding cleft lined are consistent with the hypothesis that Bna7p, rather than
by the following residues: Ala39, Trp40, Vallll, lle153, Bna3p, is the FKF in yeast.
Leul56, Leul59, Tyrl66, Phel69, Leu213 and Leu214. NFK  Bna7 Is a Formylkynurenine Formamidase in¥iThe
can be modeled into this cleft such that the hydrophobic side BNA7 and NPT1 double knockout has been examined in a
of the aryl moiety faces into this hydrophobic patch (Figure global genetic analysis of synthetic fithess or lethality defect
5). The exact fit of the substrate is difficult to predict interactions screer8f), and has been determined to have a
accurately because residues 155 to 181 form a lid subdomainslow growth phenotype. This screen identifiedal, 4, 5
such as those seen in many lipas#h.(In the lipases, these and 6 as synthetic lethal withnptlA, consistent with
lids move upon substrate binding and it is difficult to predict Panozzo’s results8f. An additional 7 genes were also
what structural changes may occur to accommodate theidentified as being synthetic lethal in a double knockout with
substrate. Nevertheless, the hydrophobic cleft in this structureNPT1, though none of them could reasonably function as
suggests an orientation of an NFK substrate in which the FKFs. In addition to YDR428C (BNA7), 37 other genes were
aryl group fits into the cleft. identified as having a synthetic fithess/synthetic lethal
The N-formyl moiety must be oriented toward the attack- phenotype. This provides genetic interaction evidence con-
ing nucleophile (Ser110) for the hydrolysis reaction to sistent with a role for BNA7 in the NAD biosynthetic
proceed. The hydrolytic mechanism of a3 hydrolase pathway. For more direct evidence iof vivo function, S.
enzyme proceeds via the creation of an unstable oxyanion,cerevisiae BNA3 and BNA7 knockout strains were obtained.
which is stabilized by an oxyanion hole made up of backbone We have extracted metabolites from these two strains, along
amide nitrogens. In the case of Bna7p, the nitrogen atomswith the corresponding parent strain using the cold methanol
of Gly38, Asn39 and Vallll make up the oxyanion hole. extraction method developed by Maharjan and Fere3®)i (
For NFK, the oxyanion is formed from the aldehyde. The extracts have been examined by @S for the
Therefore, if the aryl moiety is oriented toward the hydro- presence of NFK, KYN, KA, quinaldic acid (dehydroxylated
phobic cleft, the formation of the tetrahedral intermediate KA, which is produced directly from KA), and 3-hydrox-
will force the formyl hydrogen to point toward a small pocket ykynurenine (the product of Bna5p, which competes with
formed by the side chains of Asp42, Asp49, Asn244, and KAT for KYN). The expectation is thabna7A strain will
Tyr247 (Figure 5C). This small pocket would hinder the show an increase in NFK levels, but a decrease in all other
hydrolysis of larger or hydrophobic acid moieties of the metabolites measured (since all of these metabolites are
amide. The structure of Bna7p active site and catalytic downstream of Bna7p). If BNA3 is a KAT, only KA and
residues are therefore consistent with a function as the yeastjuinaldic acid should show reduced levels in thea3A
FKF. strain, while NFK should remain unchanged, and KYN and
Biochemical zidence That Bna7p Is a Formylkynurenine the other tested metabolites should be unaffected or increased.
FormamidaseWe have cloned BNA7 from yeast genomic Unfortunately, the only metabolite that was consistently and
DNA into the pTYB2 expression vector. Bna7p was ex- reproducibly measurable using our growth, extraction and
pressed and affinity purified. It was tested for FKF activity detection systems was NFK, the Bna7p substrate. Even with
using NFK as a substrate and was found to have significant NFK, we were only able to measure it in thea7A strain
activity. ket of BNA7p is 161 s?, andK, is 0.18 £+ 0.02 and not in the parental or thena3A strain. However, the
mM (Figure 6). Therefore, the specificity const&ay/Ky, is level of NFK in thebna7A strain was nearly 100-fold higher
8.9 x 1(° st M~L This high catalytic efficiency is consistent than the limits of detection of the assay (data not shown).
with NFK being a native substrate for this enzyme. The While we could draw no conclusions about the vivo
kinetic parameters of this enzyme were compared to pub-function of BNA3, the extremely robust accumulation of
lished values for the recombinantly expressed, affinity NFKin the absence of its putative enzyme (Bna7p) strongly
purified murine enzyme2@d), and they are similar. Th&p, indicates that Bna7p is the yeast FKF.
values of the murine (0.1& 0.02 mM) and yeast (0.1& bna7A Strain Shows a Slow Growth Phenotype in the
0.02 mM) enzymes were indistinguishable. TWg. value Absence of Exogenous Nicotindtethe absence afe nao
reported for the murine enzyme was given without noting NAD™ biosynthesis, yeast should require an exogenous
the concentration of enzyme used, and therefore cannot besource of the cofactor. This can be provided as a precursor
directly compared to the value reported here. However, the in the form of nicotinate, which is converted to NaMN by
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Ficure 5: Stereoview of Bna7p crystal structure. (A) Cartoon representation of the overall structure. The catalytic triad is labeled and
shown in stick representation. The location of the oxyanion hole is indicated in blue. The N-terminus is indicated by “NT.” The lid domain
consists of threei-helices. NFK is expected to be oriented such that the hydrophobic aryl ring points toward the lid domain, and the formyl
moiety sits just on the opposite side of oxyanion hole from the lid domain. (B) Surface representation of Bna7 with a model of NFK placed

in the binding cleft as described in text. The catalytic serine is colored magenta and sits at the bottom of the cleft. (C) Model of Bna3p-NFK
tetrahedral intermediate. The NFK-Ser110 tetrahedral intermediate is shown with carbons in green and is labeled “S110”. The backbone
nitrogen atoms of Gly38, Ala39 and Vall11ll make up the oxyanion hole. The carbon atoms of these residues are also colored green. The
side chains of Asn45, Asp49, Asn244, and Tyr247 make a small pocket that precludes a large or nonpolar group attached to the substrate
amide nitrogen from fitting into the active site. The carbons in these residues are colored yellow.

Nptlp and then into NAD (Figure 1). The nutritional bna7A than is seen itbnalA when grown in the absence of
requirement is not absolute for all of the BNA pathway nicotinate. Growth rates dfnaA, bna7A and parent strains
genes. For examplbnalA strains had a modest slow growth  were followed by measuring Qi over time. Of the three
phenotype in the absence of nicotinate, whit&2A, bna\, strains, only thédna7A strain showed a significant difference
and bna@A had no growth in the absence of exogenous in growth in the absence as compared to in the presence of
nicotinate. Deletions of all four of these genes were synthetic nicotinate. (Figure 7). The doubling time of thaa7A strain
lethal with NPT1 deletion§). Because BNA7 deletion was in the absence of exogenous nicotinate was 45% longer than
not synthetic lethal, but rather synthetic slow growth with in the presence of nicotinate. The doubling times of the
NPT1 deletion 85), we expected a less severe phenotype of bna7A strain in the presence of nicotinate, and wild type
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160 T T T metabolic analysis on Bna7A strain demonstrates a large

I 1 buildup of the NFK substrate relative to the parent strain.
P ] Sixth, Abna7strain has a nicotinate dependent slow-growth
— ] phenotype.
° 1 Previous identification of the murine FKF relied on the
100 | o 1 ability to purify the activity from homogenates. However,

; ] manyaoJ/p hydrolase enzymes, such as rabbit carboxyesterase,
U ] are able to hydrolyze a fairly wide range of substrags.(
2 I / ] Thus, ano/f hydrolase that is present in high concentration
R i /1' ] or that is particularly robust to purification protocols could

i 1 appear to be the FKF even if that is notiitsvivo function.

Further evidence that the murine FKF is the enzyme that

140 |

120 |

20 [? ] catalyzes hydrolysis of NFKin zivo was provided by
: : experiments in which inhibitors of FKF were given to mice,
o and were shown to alter the levels of tryptophan metabolites
0 200 400 [NFSO(OM) 800 1000 1200 (23). However, inhibitors ot/ hydrolases can have broad

. . o activity (38), and it can be difficult to distinguisin vivo
Ficure 6: Formylkynurenine formamidase activity for Bna7p. The which enzyme is being targeted, particula”y if two hydro_

average of six experiments was plotted. The error bars represen ;
+ standard deviation. The Michaetidenten equation was fit to fases are able to hydrolyze the same substrate. Thus, using

the dataR? for the fit was 0.99. a metabolomic approach combined with genetic manipulation
provides a more specific and targeted way of assigiing
OD,,, Vs Time vivo function to an enzyme.
14 r e . To date, no other crystal structure of an FKF has been
verage doubling times (minutes) . . .
0.9 No nicotinate __ With nicotinate - determined. Having the crystal structure of Bna7p provides
Widtype 118 +6 114 £ 3 some insight into the likely structure of the mammalian
0.8 4 bra3A 116 £ 2 114 + 2 . . .
baazhl | [ass 2% 109 + 3 FKFs. Based on primary sequence alignments, the murine

FKF has a 57 amino acid N-terminal extension relative to
Bna7p. Though the overall primary sequence alignment is
poor, the residues around the oxyanion hole (residues 36
40) are conserved between the two structures. This sequence
is at the end of-strand 2, which is sandwiched between
and parallel to strands 3 and 4. This arrangement of strand
“n” sandwiched between parallel strands+ 1” and “n +

2" is a nearly universal feature of thgf hydrolase family.

01 An additional antiparallelfi — 1” strand next to strandr

+ 17 is also quite common34). Thus, the murine FKF
almost certainly has this structural arrangement as well, and
T4 (o Kb the additional 57 residues most likely extend the N-terminus

FiGurRe 7: Typical growth curves of wild typdna\, andbna7A Of. the protein, as indicated by the primary sequence
strains either with or without nicotinate added to defined media. &lignment. . . .
With nicotinate: Wild type 1), bna2A (O), bna7A (a). Without There are 100 residues between the yeast catalytic serine
nicotinate: Wild type M), bna3A (@), bna7A (a). Inset: Average and the catalytic aspartate. This stretch includes the 26
.:t Standard deviat.ion Of Calculated doubling times from three res|due ||d Subdoma|n Of th|s Structure The Correspond”']g
independent experiments. murine portion is 16 residues shorter, and it is therefore
unclear to what extent the lid domain is conserved.

Both FKFs have 31 residues between the catalytic aspartate
and the catalytic histidine. Therefore, the aspartatix—
strand-histidine arrangement found in the yeast FKF is also
likely to be found in the murine FKF. The helix in this

arrangement is helix 10 of the structure, and the strand is
DISCUSSION strand 7 (Figure 5A). The crystal structure of Bna7p shows

Several lines of evidence demonstrate that the Bna7p isa noncrystallographic dimer with a large buried interface.
the S. cereisiae FKF. First, it has sufficient homology to  Such an interface is also seenBacillus subtilisbrefeldin
the identified murine form that it could be identified by a A esterase, which is the most similar structurally character-
sequence homology search. Second, the structural featureized homologue to Bna7R2Q). In the interface, strand 7 from
of the enzyme are consistent with its chemical function one monomer binds to strand 7 from the other monomer,
(hydrolase), and the binding cleft appears to favor binding a making a single, 14 strang sheet core to the dimer. Helix
substrate with the structural and chemical features of NFK. 10 also forms part of the dimer interface. It is therefore likely
Third, in zitro biochemical assays demonstrate that the that the murine FKF shares this feature.
enzyme can act on NFK as a substrate, and that it has a While the assignment afi vizo function to Bna7p is quite
high specificity constant of 8.2 10° s* M~L. Fourth, BNA7 clear, thein vivo function of Bna3p is less certain. Primary
deletion genetically interacts with NPT1 deletion. Fifth, sequence homology as well as structural homology strongly

0 30 60 90 120 150 180 210 240

and bna3A strains in either the presence or absence of
nicotinate, were statistically indistinguishable from each
other. This provides further evidence that BNA7 works in
the de nawo NAD™ biosynthesis pathway.
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argues in favor of Bna3p being the yeast KAT. In particular, complicating the comparison is the differing levels of
the binding pocket residues of Bna3p show high structural cosubstrate inhibition in the different forms of the enzymes.
homology to those found in hKAT-I, aeKAT and ttGInAT. These conditions make a direct comparison of KAT activity
Different KATs show preferences for differeatketo acid between Bna3p and hKAT-I and aeKAT problematic, and
cosubstrates, however. Since these cosubstrates must binthe enzyme may not be quite as slow relative to the other
in the same pocket as KYN, some variation in the binding two enzymes as the data seem to suggest. Nevertheless, it is
pocket is to be expected between the different KATs (Figure clear that Bna3p is significantly slower (or possibly has a
4). Furthermore, there is some speculation that KAT enzymesmuch higherKy) than hKAT-l1 and aeKAT. That Bna3p
have multiple functions. In fact, hKAT-l was initially  appears to be a much less efficient enzyme for transamination
identified as glutamine transaminase K and also had cysteineof KYN might indicate that KYN is not the native substrate
conjugatep-lyase activity. It is capable of transaminating of Bna3p. However, it appears that the inefficiency of the
multiple amino acids, and hKAT-I has a higher specificity enzyme is not restricted to KYN. Changing the cosubstrate
constant for glutamine transamination than it does for from pyruvate too-ketobutyrate significantly increases the
kynurenine transaminatiod®). Multiple functions for Bna3p  velocity of the reaction. This suggests that the rate-limiting
are suggested by the observation that3A is synthetic step in the conversion of KYN to KA in the presence of
lethal with a deletion of the spindle checkpoint géaD1, pyruvate is not the KYN to KA reaction, but the regeneration
while bna7A is not, even though both mutations should lead of the PLP form of the enzyme using pyruvate. This, in turn,
to a loss of the ability to produce KA3Q). On the other  suggests that Bna3p is more generally a slow enzyme and it
hand, this difference in synthetic lethality may be a reflection is not just slow due to the inefficient use of KYN as a
in the timing of KA production rather than in its presence substrate. It is interesting to note that a single mutation in
or absenceper se There is evidence, in fact, that Bna3p the “hinge region” of N-terminal helix of the small domain
expression is cell cycle related), and this might account  significantly slowed rat KAT-I activity. The missense
for the difference rather than differing functions. mutation is from a glutamate to a glycine, which would

Further complicating the issue is the existence of multiple presumably increase flexibility in the region. This region is
KAT enzymes. Mammals have two KAT enzymes that conserved among the other KAT enzymes but is significantly
produce KA in the brain. These are referred to as KAT-I differentin Bna3p. In Bna3p there are an extra 7 residues in
and KAT-II, and they are structurally distinct PLP dependent this region, and several of those residues are disordered, with
enzymesZ29, 40). The relative activity of these two enzymes the remainder only poorly ordered, suggesting more flex-
in brain extracts varies with the region examinetl)( ibility in this region than is found in the more catalytically
Despite the existence of KAT-Il activity, a mutation in active structures. This region is connected to the 6irbelix
KAT-l leads to a kynurenic acid sensitive phenotype, of the small domain. Because movement in this domain is
indicating a physiologically important role for KAT-ILQ). important for catalytic function, it is reasonable to presume
It appears thatS. cereisiae also has at least two KAT that the change in the “hinge region” may affect the catalytic
enzymes. Aro9 has been identified as the yeast aromaticefficiency of Bna3p.

aminotransferase Il, but it was shown to have a broad range |, summary, we demonstrate that Bna3p is clearly not the
of substrate specificity and was able to catalyze the conver-yeast FKF. Instead, it should be classified as a KAT based
sion of kynurenine to kynurenic acid in cell extract) on strong sequence and structural homology. Biochemical
Aro9p is 23% identical and 40% similar to hKAT-II, and &  eyidence in the form ofin sitro activity assays also
BLASTP search of theS. cereisiae genome using the  gemonstrates (weak) KAT activity that is consistent with the
hKAT-II protein sequence returns Aro9f-yalue 6x 10°*) Bna3p structure. Furthermore, our data clearly demonstrate
and Aro8p E-value 2 x 107*) (25% identical and 40%  that Bna7p is the yeast FKF. We provide sequence similarity
similar to hKAT-1I) as the two closest homologues of hKAT-  eyigence, structural evidence, biochemical evidence and
II. Kynurenine am_lnotransferase activity in ceIIlextracts Was genetic evidence that all strongly support this conclusion. A
reduced by 96% imro9 and by 15% inaro8 strains versus  crystal structure for this ORF already existed from a structural
wild type. There was no measurable KAT activity in the genomics screen, but the specific function of the gene was
double mutant4ro8 aro9 strain @2). This argues against  nknown. Therefore by identifying the function of this ORF,

BNA3 as functioning as a KATin »ivo. However, it is we have identified the first crystal structure of an FKF.
important to note thain vitro activity in extracts may not

reflect actual activityin »ivo. Concentrations of competing MATERIALS AND METHODS
substrates and inhibitors are different in extracts thamvo.
Furthermore, aromatic aminotransferase activity varied with  Materials. KYN, 3-hydroxykynurenine, pyruvatey-ke-
growth conditions 42), as do expression levels of BNA3  tobutyric acid andx-ketoglutarate were from Sigma. Quinal-
(43). It is therefore not clear which enzymes have biologically dic acid was from Alfa Aesar. KA was from Acros Organics.
significant KAT activityin vivo, and under which environ-  Formic acid, acetic anhydride, ethyl ether, and acetonitrile
mental conditions the activity is found. were from Fisher. Trifluoroacetic acid was from J. T. Baker.
In addition to primary sequence and structural homology, Methanol was from EM Science. Ethanol was from Gold
biochemical experiments provide evidence that Bna3p is a Shield Chemical Company. Yeast strains were purchased
yeast KAT. The enzyme is clearly capable of converting from Open Biosystem$na3\, catalog number YSC1021-
KYN to KA. Activity of recombinant hKAT-I and aeKAT 549480, clone ID 11363, anthna7A, catalog number
was measured at 4%, where it is presumably more active YSC1021-547375, clone ID 14264. Both strains were MAT
than at a lower temperature. Bna3p was not stable in thesemating type. Parent strain used to generate the knockouts
conditions, and so the activity was measured &t@#urther was a gift from the lab of Dr. Sean Burgess.
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Synthesis of N-FormylkynureninldFK was synthesized  then confirmed by sequencing. Expression of the gene
essentially as described previoust). We were unable to  followed by cleavage of the intein purification tag left Bna7p
purify the product by recrystallization with ethanol as had with an additional Pro-Gly on its C-terminus, and Bna3p
been done in the original method. Instead, the filtered, ethanolwith an additional Ala-Gly-His on its N-terminus.
washed precipitate was dried and+®S analysis indicated Protein Expression and Purificatiofhe pTYB12-BNA3
that, in addition to the NFKN-acetyl kynurenine (NAK) plasmid was used to transform BL21*@R coli cells, and
was also made, and constituted a significant portion (over the pTYB2-BNA7 plasmid was used to transform ER2566
30%) of the entire material. The mixture of NFK and NAK E. coli cells. Six liters of cells were grown in LB medium
was dissolved in water and separated by HPLC (see below),and 100ug/mL ampicillin and induced with 500M IPTG
and the resulting fractions were snap frozen in an ethanol/for 16 h at 15°C when ORy, reached 0.5. Cells were
dry ice bath and the solvent (trifluoroacetic acid, water and harvested, resuspended in IMPACT buffer (20 mM Tris-
acetonitrile) was removed with an unheated SpeedVac. TheHCI, pH 8.0, 500 mM NaCl, 1 mM EDTA) containing 0.1%
purified NFK was dissolved in water, and its concentration Triton X-100 (and 50uM PLP for Bna3 expression), and
was determined by enzymatically converting a diluted sample lysed using a microfluidizer. The lysate was clarified and
to KYN and then determining concentration by OD, using loaded onto an approximately 15 mL chitin column &Ct
KYN as a standard. Full conversion to KYN was verified Following protein loading, the column was washed with more
by HPLC (see below). The NFK solutions were greater than than 20 column volumes of IMPACT buffer with 0.1% Triton
95% pure, and the product’s identity as NFK was confirmed X-100 (with 50 uM PLP for Bna3 expression) and then

by LC—MS. washed with IMPACT buffer without Triton (and with 50
HPLC Analysis of Kynurenine and Its Deatives.Unbuf- uM PLP for Bna3 expression) until all the Triton X-100 had
fered aqueous solutions of KYN or iformyl andN-acetyl been removed, as determined by £P100uL of g-mer-

derivatives were loaded on a Sephasil Peptide C1grh2 captoethanol was directly added to the column to initiate thiol
ST 4.6/250 (Amersham) column using an AKTA P-903 cleavage. After 3 days atC for Bna3p and overnight for
HPLC system with an AKTA UV-900 detector, INV 907 Bna7p, the protein was eluted and concentrated with a 10,-
injection valve, M925 mixer and PV908 switch, and a 000 MWCO concentrator, and desalted by 3 buffer exchanges
Frac900 fraction collector. Buffer A was 0.1% aqueous TFA, with at least 10 volumes of buffer (10 mM Tris, pH 8.0, 50
and buffer B was acetonitrile (ACN) alone. The flow rate  mM NaCl, 14 mM mercaptoethanol, 281 PLP for Bna3p,
was 4 mL/min. 50 to 10@L of sample was loaded on the and 10 mM Tris, pH 7.8, 150 mM NacCl for Bna7p).
column with 500uL of buffer A, and the column washed Crystallization and Structure Determination of Bna3p.
with 2 column volumes of buffer A. The compound was then Bna3p in 10 mM Tris, pH 8.0, 50 mM NaCl, 14 mM
eluted using a 0% to 30% gradient of buffer B over 10 mercaptoethanol, 25%M PLP was concentrated to an
column volumes, with the compounds eluting at around 13% approximate Oby, of 40. Crystals were formed using the
acetonitrile. This gave baseline separation between thehanging drop method, using/L of protein mixed with 2
N-acetyl andN-formyl derivatives when loading up to 50 uL of well buffer, consisting of 200 MM ammonium nitrate
uL of 40 mM mixture. The retention time of 106L of a and 24% PEG 1000. Crystals were harvested and transferred
500u4M KYN stock was 27.7 min, while the retention times  to a cryoprotectant consisting of 20% ethylene glycol, 24%
of the N-formyl andN-acetyl derivatives were 28.7 minand PEG 1000 and 200 mM ammonium nitrate and then frozen
30.5 min respectively. When purifying NFK, 0.2 mL in liquid nitrogen. Data were collected at the Stanford
fractions of the NFK peak were collected up to baseline. Synchrotron Radiation Laboratory, beamline 1-5. A space-
These were pooled and then dried as described above. Puritgroup ofP2; was determined with unit cell dimensionsaf
of purified NFK was determined by integrating NFK and = 55.78 A b = 66.52 A, ¢ = 115.20 A, = 90.75.
KYN peaks using UNICORN data analysis and absorbance Indexing, integration and scaling of reflection data were
at 260 nm. carried out using HKL2000 to produce a 2.0 A dataset used
Cloning of BNA3 and BNATGenes were PCR amplified  for refinement ¢5). The Matthew’s coefficient of 2.9 %
from genomic DNA using primers (BNA7 forward primer, dalton indicated that there are two molecules per asymmetric
5'-gctagtgcatatgtcaaataccgtaagagc®BIA7 reverse primer, unit.
5'- actgcccgggacaaatattgtcaaaaatgtBISA3 forward primer, Molecular replacement, using Phasdg)( with human
5'-gctagtgcatatgaaacaacgattcattcgBBIAS reverse primer, kynurenine aminotransferase (PDB accession 1W?2b) (
5'-actgcccgggtaagtagtecttgagtagtits@ith anNdd restriction (29% identity and 46% similarity to Bna3p, as calculated
site added to the'%end of the forward primer, and Xmd by the AlignX module of Vector NTI Suite 9 software from
restriction site added to the @nd of the reverse primer Invitrogen) as a search model, gave a solution that was used
(which contained the stop codon for BNA3). PCR product as an initial model. Using this model as a starting point,
and pTYB vectors (pTYB12 for BNA3 and pTYB2 for  multiple rounds of model building by hand using the program
BNA7) were cut with theNdd and Xmd restriction enzymes,  Coot @7), with composite omit, and sigma weighteB,2—
and the PCR products were ligated into the appropriate pTYB F. and F, — F. maps as a guide to correct amino acid
vector. TOP1(Escherichia colicells were transformed with  placement, and positional refinement, energy minimization
the ligation mixture and plated on LB/ampicillin plates. The and B-factor refinement using CN$48) and Refmac 49,
resulting colonies were screened by PCR, and positive 50) were carried out.
colonies were grown and their plasmids purified using a Model building broughtRq.e to approximately 30%, at
Qiagen miniprep. Presence of the correct gene was confirmedwhich point the PLP was clearly visible in bof — F. and
by restriction analysis wittNdd and Sma (an isoschizimer 2F, — Fc. maps. Libraries for LLP were generated using the
of Xmd). Correct gene sequence of the inserted gene wasPRODRG server (http://davapcl.bioch.dundee.ac.uk/programs/
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prodrg/prodrg.html)%1) and modified to reflect atom naming  concentration of KYN by using an extinction coefficient of
as used in PDB entry 1W7L. Libraries for NFK and KYN 4,200 cnt! M~%, which was determined using commercially
models were also generated using the PRODRG server. available KYN as a standard. Kinetic parametessandKy,
Geometry and side chain placement were adjusted by handwere determined by fitting the experimental results to the
Water molecules were added automatically, using Coot Michaelis—Menten equation using the program Kaleida-
software, and then checked manually. The final model had Graph 3.0. Averages of velocities from 6 separate experi-
an Reyst Of 22.8% and arRqee 0f 27.1% and contained 849  ments were used. Enzyme concentrations for both enzymes
amino acids (including the PLP attached to Lys271 as an were determined by Bradford assay using BSA as a standard.
internal aldimine) and 242 water molecules. In both mono-  Metabolite Extraction and Measuremeriixtraction of
mers the first 20 residues (including the 3 added from the metabolites was based on previously published methgfjs (
cloning process) had no visible electron density and were 54). Yeast strains were grown overnight at 30 in YPD.
not modeled in. Additionally, residues 481 of the A chain They were diluted into 100 mL of fresh YPD to ap-
and 49 and 50 of the B chain had no interpretable electron proximately ORQo of 0.2 and then grown to Ofg, of 1.8.
density and were not modeled. Ramachandran statistics wereAll 100 mL of cells was spun down (10 min at 10@f)&and
calculated using the program Proched&@)( Diffraction- resuspended in ice cold PBS (150 mM NaCl, 50 mM
component precision index (DPI) was calculated using the potassium phosphate, pH 7.3). Cells were again spun down
program SFCHECKZ&3). All figures were generated using and resuspended in 2 mL of ice cold MilliQ water. The
the program PyMol (DeLano, W. L., The PyMOL Molecular resulting suspension was aliquotted at 2&0per tube into
Graphics System (2002) DeLano Scientific, San Carlos, CA). ten 1.5 mL tubes on ice. 250 of —20 °C methanol was
Enzyme Assays. KAT Agty Assay.Bna3p was diluted  then added to each tube, and the tubes were put on dry ice
to 200 ug/mL in 100 mM Tris, pH 8.5, 25%M PLP, and for 30 min. Samples were then thawed on ice for 10 min
between 1 and 20 mM-keto acid (final concentration). The before being centrifuged at 4C for 10 min at 16000.
reaction was started by adding substrate (generally 0.5 to 6Supernatants were then pooled, and pellets were washed in
mM) and was carried out at 3C in a 1 mLvolume in a 500 uL of ice cold methanol, which was then added to the
heated quartz cuvette. The velocity was constant for at leastoriginal supernatants. The resulting extract (around 10 mL)
the first 30 min at all substrate concentrations, and the was then concentrated to 100 using a SpeedVac. &L of
reaction was run for 20 min to calculate a rate. A continuous this sample was injected for analysis by +®IS.
assay was developed in which KA production was deter- LC—MS measurements were done at the University of
mined by measuring the increase in @fover time. This California Davis Metabolomics core facility. Measurements
reduced the variability we found when we used an assay inof tryptophan metabolites were done similarly to those
which the reaction was stopped by addition of an acid and previously described56, 56), except that the method was
the protein removed by centrifugation. However, both KA modified for a short (5 min) LC run on a ¢ 50 mm C18
and KYN have significant absorbance at 285 nm. Thus the column, 3um particle size. The LC run was isocratic, using
loss of KYN had a substantial effect on @ Furthermore, 5% acetonitrile, 95% 5 mM ammonium acetate, pH 5.5
the ODygs for KYN was not linear with KYN concentration  buffer. The detector was an ion trap mass spectrometer
at the higher concentrations used in this assay. To accounfFinnigan LTQ) equipped with an electrospray ion source.
for these, a standard curve was generated for each concentreDetection was done in positive mode applying selective
tion of KYN substrate used. This was done by mixing reaction monitoring scan (SRM). Commercially available
between 0 and 100M KA with KYN and keeping the total KYN, KA, quinaldic acid and 3-hydroxykynurenine were
concentration of KA+ KYN constant (since one molecule used as standards. For NFK measurements, the mixture of
of KYN is converted to one molecule of KA) for each of NFK and NAK was added as a standard, and each of the
the substrate concentrations. This generated 6 sets oftwo compounds was individually detected as a standard.
concentration of KA vs ORs curves, each of which was Growth Rate Measurementhe same strains used for
linear, but each of which had a different slope AU/ metabolite extraction were used to measure growth rates in
mM) (Presumably the differing slopes are due to the the presence or absence of nicotinate. Yeast cultures were
nonlinearity of ODgs vs concentration of KYN at high  grown overnight at 30C in liquid YPD. Cells were washed
concentrations). Change in @9 was measured over time 2 times with SD media with no nicotinate (niaciry7j, but
and a rate AAU/h) was calculated. This rate was then supplemented with 20 mg/L of uracil,-histidine HCI,
divided by theAAU/mM for the given substrate concentra- L-leucine, and -lysine HCI. ODywas determined for each
tion to produce a rate in mM/hr. culture, and 40 mL of above-described SD medium was
FKF Activity Assay.NFK was added to 0.1% BSA, 50 inoculated to an OB, of 0.1. Cultures were then grown for
mM potassium phosphate, pH 7.3 at final concentrations of 24 h at 30°C in order to deplete any stores of NAD8O
between 1 mM and 34M. The reaction (carried out in a  mL of of above-described SD medium was inoculated to an
150uL volume) was initiated by addition of Bna7p to afinal ODggo Of 0.2. This was then split into 2 40 mL cultures in
concentration of 14 ng/mL, and formation of kynurenine was 250 mL Erlenmeyer flasks, one of which was then supple-
determined by measuring the increase insgpusing a mented with nicotinate at a final concentration of 0.5 mg/L.
quartz microcuvette (10@L minimum volume). Because  Cultures were returned to 3€ and incubated with shaking.
NFK absorbs slightly at 360 nm (about 10% of the value of 1 mL samples were periodically taken, and &pwas
kynurenine at the same wavelength), measured ODs weremeasured on a Hewlett-Packard 8452A diode array spectro-
adjusted by increasing the measured OD by 11% to accountphotometer. Doubling times were calculated as the inverse
for the loss of ORse from the loss of substrate. After the slope of a straight line fitted to a Le@Deoo) Vs time plot.
adjustment, the rate of increase of @Pwas converted to  All R? values for the linear curve fits were at least 0.99.
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SUPPORTING INFORMATION AVAILABLE

Graph of Vi versus kynurenine concentration for Bna3p
(Figure S1). This material is available free of charge via the
Internet at http://pubs.acs.org.
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