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Genes encoding thiamine biosynthesis enzymes in microorganisms are tightly regulated such that low
environmental thiamine concentrations activate transcription and high concentrations are repressive. We have
determined that multiple thiamine (THI) genes in Saccharomyces cerevisiae are also regulated by the intracel-
lular NAD* concentration via the NAD*-dependent histone deacetylase (HDAC) Hstl and, to a lesser extent,
Sir2. Both of these HDACs associate with a distal region of the affected THI gene promoters that does not
overlap with a previously defined enhancer region bound by the thiamine-responsive Thi2/Thi3/Pdc2 tran-
scriptional activators. The specificity of histone H3 and/or H4 deacetylation carried out by Hst1 and Sir2 at the
distal promoter region depends on the THI gene being tested. Hst1/Sir2-mediated repression of the THI genes
occurs at the level of basal expression, thus representing the first set of transcription factors shown to actively
repress this gene class. Importantly, lowering the NAD™ concentration and inhibiting the Hst1/Sum1 HDAC
complex elevated the intracellular thiamine concentration due to increased thiamine biosynthesis and trans-
port, implicating NAD™ in the control of thiamine homeostasis.

Vitamin B1 (thiamine) in the form of thiamine pyrophosphate
(TPP) is an essential cofactor for enzymes that decarboxylate
a-keto acids, including a-ketoglutarate dehydrogenase, branched-
chain a-ketoacid dehydrogenase, and transketolase, during amino
acid and carbohydrate metabolism. Animals are unable to syn-
thesize thiamine and have to obtain it from their diet, whereas
microorganisms such as bacteria and the budding yeast, Saccha-
romyces cerevisiae, encode pathways for synthesizing thiamine de
novo and also import thiamine from the environment (22, 43).
Dietary sources of thiamine include cereal grains, vegetables, and
meats. Well-known human diseases caused by thiamine deficiency
include beri-beri and Wernicke-Korsakoff syndrome.

Thiamine was the first water-soluble B-complex vitamin to
be discovered, through its ability to reverse the effects of beri-
beri in animals (15). Its synthesis has been well characterized in
bacteria, but knowledge of the early steps of de novo synthesis
in yeast is less complete (25). Yeast first separately synthesizes
two precursors, 5-(2-hydroxyethyl)-4-methylthiazole phosphate
(HET-P) and 4-amino-5-hydroxymethyl-2-methylpyrimidine di-
phosphate (HMP-PP) through poorly understood mechanisms.
These thiazole and pyrimidine substrates are ultimately con-
densed into thiamine monophosphate in a later step of the
pathway. HMP-PP is synthesized in yeast cells from histidine
and pyridoxal-5-phosphate (PLP; vitamin B6), thus providing a
link between the synthesis pathways for these two soluble B
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vitamins. The substrates for HET-P synthesis include cysteine,
glycine, and D-pentulose-5-phosphate (25). More recently, syn-
thesis of the HET-P moiety was shown to also proceed through
an advanced intermediate generated by the Thi4 protein in a
reaction that consumes NAD™ as a substrate, releasing nico-
tinamide (NAM) as a by-product (12). NAM and nicotinic acid
(NA) are both considered forms of niacin (vitamin B3) and are
precursors for NAD ™" biosynthesis via salvage pathways. Thi4,
therefore, provides a direct link between thiamine biosynthesis
and another B-complex vitamin. The expression of THI4 and
other thiamine biosynthesis genes is inversely regulated by the
amount of thiamine available in the growth medium, with low
thiamine inducing THI gene expression and high thiamine
repressing THI gene expression (22). Up until now, a relation-
ship between THI gene expression and NAD™ biosynthesis had
not been established.

In addition to its role as an electron acceptor in oxi-
doreductase reactions, NAD ™ is used as a cosubstrate by the
sirtuin family of NAD"-dependent protein deacetylases (23,
28). These enzymes consume NAD™ as part of their reaction
mechanism, in which the deacetylation of a target protein is
coupled to cleavage of NAD™, releasing NAM, 2'-O-acetyl
ADP ribose, and the deacetylated protein as products (27, 52,
57). Yeast Sir2 functions in heterochromatic gene silencing at
telomeres, the silent mating-type loci, and the ribosomal DNA
(rDNA) locus (for a review, see reference 9). SIRT1 is the
closest homolog to Sir2 in mammals and deacetylates numer-
ous important regulatory proteins, including p53 and NF-«B
(29, 38, 58, 61).

The consumption of NAD™ by sirtuins results in a require-
ment for NAD™ biosynthesis and salvage pathways to maintain
sufficiently high NAD™ concentrations in the various cellular
compartments, including in the nucleus, to support histone/
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protein deacetylation and heterochromatic gene silencing (1,
48, 51). NAD™ is synthesized de novo in multiple enzymatic
steps carried out by the Bnal-Bna6 proteins to synthesize nic-
otinic acid mononucleotide (NaMN) (26), which is then con-
verted to NAD™ by the adenylyltransferases Nmal and Nma2
(1) and then NAD synthetase (Qnsl) (6) (Fig. 1A). In yeast
cells, NAD™ that is broken down to NAM by sirtuins or other
NAD™-consuming enzymes is salvaged by conversion to nico-
tinic acid by the nicotinamidase Pncl (19), followed by con-
version of NA to NaMN by the nicotinic acid phosphoribosyl-
transferase, Nptl, the rate-limiting step of the Preiss-Handler
“NAD™ salvage” pathway (47). In the absence of Nptl, the
intracellular NAD™ concentration is reduced by 2- to 3-fold,
resulting in defects of Sir2-mediated silencing and replicative
longevity (4, 32, 54). NAM is a strong sirtuin inhibitor (7, 27),
and its accumulation in the absence of Pncl also results in
silencing defects due to Sir2 inhibition (17).

The closest paralog of Sir2 in yeast cells is the Hstl protein
(8), and they have been shown to substitute for each other in
silencing under specialized conditions (8, 21, 56). Hst1 is nor-
mally recruited to the promoters of specific middle sporulation
and de novo NAD™ biosynthesis genes with its binding partner
Suml, where it acts as a transcriptional corepressor (3, 60).
Deletion of NPTI leads to inhibition of Hstl and elevated
expression of these target genes (3). The induction of de novo
NAD™ biosynthesis genes in the absence of Nptl is likely a
compensatory mechanism to maintain NAD™ homeostasis (3).
We were interested in comparing the effects on global gene
expression caused by the deletion of NPTI or PNCI or the
addition of 5 mM NAM to the growth medium. In the process,
we discovered that the de novo thiamine biosynthesis genes are
upregulated by these conditions and that they are normally
repressed by histone deacetylation at their promoters medi-
ated by Hstl and, to a lesser extent, Sir2. The derepression of
the thiamine genes results in increased accumulation of intra-
cellular thiamine levels. Thiamine and NAD™* homeostasis in
yeast cells are therefore linked by regulation of the NAD*-
dependent histone deacetylase (HDAC) Hstl.

MATERIALS AND METHODS

Media and yeast strains. Yeast strains were grown in either yeast extract-
peptone-dextrose (YPD) or synthetic complete (SC) medium containing 2%
glucose as the carbon source (11). Where indicated below, the SC medium was
prepared lacking nicotinic acid (51) or containing various concentrations of
thiamine. All yeast growth was performed at 30°C. The strains used in this study
were derived from the JB740 strain background previously used for rDNA
silencing studies (53) and are all listed in Table S1 in the supplemental material.
The NPTI, PNC1, BNAI, TNAI, SIR2, SIR3, HSTI, and SUMI open reading
frames (ORFs) were deleted and replaced with kanMX4 using a one-step PCR-
mediated gene replacement protocol (36). SIR4 and HML were deleted and
replaced with HIS3 and LEU2, respectively. The C-terminal ends of the HST1,
SUM1I, and SIR3 open reading frames were tagged with 13 copies of the Myc
epitope (EQKLISEEDL) at the endogenous chromosomal location by using
PCR (34). Sir2 was previously tagged with 9 copies of the Myc tag (10). All gene
deletions and Myc-tagged genes were confirmed by PCR.

Microarray gene expression analysis. Duplicate cultures (40 ml) of each strain
were grown in YPD medium to an optical density at 600 nm (ODg) of 0.35 to
0.55 (log phase). Total RNA was isolated using the hot acid phenol method (2)
and resuspended in RNase-free water. Biotinylated cRNA for hybridizations was
prepared from 4 pg total RNA according to the Affymetrix one-cycle eukaryotic
target preparation protocol (GeneChip Expression Analysis Technical Manual
702232, rev. 3; Affymetrix). Following fragmentation, 4 pg of labeled cRNA was
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FIG. 1. Effects of elevated nicotinamide and reduced NAD™ con-
centrations on global gene expression. (A) Schematic diagram of
NAD™" biosynthesis in yeast. NAD "' can be synthesized by a de novo
pathway starting with tryptophan (Trp) (1) or through the Preiss-
Handler NAD" salvage pathway, where nicotinamide (NAM) pro-
duced by Sir2 or other sirtuins is deamidated by the nicotinamidase
Pncl to form nicotinic acid (NA) (2). The nicotinic acid phosphoribo-
syl transferase Nptl converts NA into nicotinic acid mononucleotide
(NaMN). Alternatively, NA is imported from the growth medium by
the nicotinic acid permease (Tnal). Nicotinamide riboside (NR) can
be utilized as an NAD™ precursor either by phosphorylation by the
nicotinamide riboside kinase (Nrkl) to form nicotinamide mononu-
cleotide (NMN) (3) or by degradation into NAM via Pnpl (a phos-
phorylase) and Urhl (a hydrolase) (4). Additional abbreviations:
NaAD, deamido-NAD™; Qnsl, NAD synthetase; Nmal and Nma2,
nicotinate mononucleotide adenylyltransferases. The import mecha-
nism for NAM is uncharacterized. (B) Venn diagrams indicating the
overlaps in gene expression changes (both overall and upregulated)
between the npt/A and pnclA mutants and the WT strain treated with
5 mM NAM. The total number of changes for each strain is also
indicated. (C) Venn diagrams showing overlaps in upregulated genes
induced by the WT + NAM (left) condition or the npt/A mutation
(right) compared to previously determined upregulated genes from
mutants with small deletions in the N-terminal H3 or H4 tails (45, 46).
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hybridized to Affymetrix Yeast Genome 2.0 GeneChip arrays using the manu-
facturer’s recommended conditions. The GeneChip arrays were then scanned
using an Affymetrix GeneChip scanner 3000. Raw data from the scanner (.cel
format) was quantile normalized and the expression values estimated using
GCRMA (18). We applied a modified ¢ test using the limma package in Biocon-
ductor to compare the results for mutant samples to those for the wild type (WT)
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to identify differentially expressed genes (18). To arrive at lists of genes for every
comparison, we first corrected for multiple hypothesis testing by applying a false
discovery rate (FDR) correction to the P values and used a 5% FDR cutoff.

In order to assess the significance of the enrichment in upregulated genes in
the nptIA mutant and in the WT strain incubated with NAM (WT + NAM
condition) in subtelomeric regions, we first applied a series of distance cutoffs
from the chromosome ends, at 5, 10, 15, 20, and 25 kb. We compared the
observed numbers of upregulated genes that were found within these distances
to the chromosome ends in the npt/A mutant and in the WT + NAM condition
to the numbers expected by chance. Specifically, we randomly sampled (100,000
times) for the number of genes that were significantly upregulated (134 for the
nptI A mutant and 346 for the WT + NAM condition) from the total number of
genes that had chromosomal coordinate information and positive log,-fold
changes (2,037 for the npt/A mutant and 2,404 for the WT + NAM condition).
We then calculated the number of genes that were found within the same 5
distance cutoffs shown above for each random sample, along with several statis-
tical measurements, such as the mean of the random values, fold change of the
observed value versus the mean of the random values, and P values.

Quantitative reverse transcriptase (RT) PCR assays. Total RNA was isolated
from log-phase cultures for each strain tested. We used 1 pg of RNA for cDNA
synthesis, performed by the addition of 1 pl of 10 mM deoxynucleoside triphos-
phates (ANTPs) and 1 pl oligo(dT),, 5 (0.5 png/pl) and incubation at 65°C for 5
min, followed by a quick chill on ice. A master mix of 4 ul of 5X First-Strand
buffer (Invitrogen), 2 pl of 0.1 M dithiothreitol (DTT) was added to the sample,
and then the mixture was incubated at 42°C for 2 min. SuperScript IT reverse
transcriptase (200 units; Invitrogen) was added to the reaction mixture (final
reaction mixture volume of 10 pl) and incubated for 50 min at 42°C, followed by
a 15-min incubation at 70°C to inactivate the enzyme. One microliter of RNaseH
(2 units; Invitrogen) was added to the reaction mixture, and the mixture was
further incubated at 37°C for 20 min. A 100-fold dilution of the resulting cDNA
was analyzed by real-time PCR of a 20-ul reaction mixture volume in an Applied
Biosystems 7300 real-time PCR system using SYBR green PCR Mastermix
(Applied Biosystems). The oligonucleotide primer sequences are provided in
Table S2 in the supplemental material. The test mRNA transcript levels were
normalized to ACTI transcript levels. To determine the fold induction, gene
transcript levels in the mutant strains were normalized to the levels in the
wild-type strain. Results reflect the average fold induction (relative to the induc-
tion in the wild-type strain). Where indicated in the figures, the standard devi-
ation was calculated from the differences from the mean of the fold induction in
three independent cultures.

Chromatin immunoprecipitation (ChIP) assays. Log-phase yeast cultures
(200 ml) in YPD were cross-linked with 0.5% formaldehyde for 20 min at 30°C.
Cells were pelleted by centrifugation and washed 2 times with cold Tris-buffered
saline. The cells, in 0.6 ml of FA-140 lysis buffer (50 mM HEPES, 140 mM NaCl,
1% Triton X-100, 1 mM EDTA, 0.1% sodium dodecyl sulfate [SDS], 0.1 mM
phenylmethylsulfonyl fluoride [PMSF], 2 mM benzamidine, 1X protease inhib-
itor cocktail; Sigma), were lysed with glass beads and a Mini-BeadBeater (Bio-
spec Products). The cell lysate was drawn off the beads, sonicated seven times for
45 s each at a setting of 30% output and 90% duty cycles for 10 pulses, and spun
for 10 min in a microcentrifuge. Equivalent amounts of lysate (2.5 mg protein)
were incubated overnight at 4°C with 2 pg of anti-Myc antibody (9E10). Samples
were incubated with 60 pl of protein G-agarose-salmon sperm DNA for 1 h at
4°C and then washed (wash 1, twice with 1 ml of FA-140; wash 2, twice with 1 ml
of FA-500 [the buffer was the same as FA-140 except that the NaCl concentra-
tion was increased to 500 mM]; and wash 3, twice with 1 ml LiCl solution
containing 10 mM Tris-HCI, pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% sodium
dodecyl sulfate, 1 mM EDTA). DNA was then eluted from the beads 2 times with
75 wl of elution buffer (5X TE plus 1% SDS). The combined DNA solution was
incubated at 65°C overnight to reverse the cross-linking. The purified DNA
samples were analyzed by quantitative real-time PCR, and the results compared
to a standard curve prepared from the input DNA. The amounts of immuno-
precipitated DNA from the experimental promoters (THI4 and THI7I) and a
control promoter (A7S1) were determined relative to the input DNA. The
oligonucleotide sequences used are provided in Table S2 in the supplemental
material. Standard deviations were calculated from the results for three inde-
pendent biological replicates.

Calculation of intracellular NAD™" levels. The determination of relative
NAD™ levels in various strains and conditions was performed using a fluorescent
NAD/NADH detection kit (Cell Technology, Inc.). Yeast cells were inoculated
into 40 ml YPD medium and grown to log phase (ODgq, of ~0.5). A quantity of
2 X 10° cells was collected from each culture and washed twice with 2 ml of
phosphate-buffered saline (PBS). After removal of the final supernatant, the cell
pellet was resuspended into 200 pl of the NAD extraction buffer supplied in the

Hstl REGULATES THIAMINE BIOSYNTHESIS 3331

kit. Next, 200 pl of the NAD/NADH lysis buffer was added, followed by glass
beads (~0.5 ml). The cells were lysed in a Mini-BeadBeater (7 times for 45 s with
1-min intervals on ice). The cell lysates were collected, transferred to 1.5-ml
microcentrifuge tubes, and then incubated at 60°C for 15 min. After being
heated, the samples were immediately cooled on ice. One hundred microliters of
the kit-supplied reaction buffer and 200 ul of NADH extraction buffer were
added to neutralize the samples. The tubes were vortexed and centrifuged at
5,000 X g for 5 min to clarify the supernatants. Fifty microliters of each sample
was added to individual wells of a black 96-well plate. Next, we added 100 wl of
a reaction cocktail consisting of 98 wl NAD/NADH reaction buffer, 1 ul of the
reconstituted enzyme mix, and 1 pl of NADH detection reagent to all the wells.
Each sample was run in triplicate. After incubation at room temperature in the
dark for 1.5 h, a reading was taken with a plate reader set for excitation at 530
to 570 nm and emission at 590 to 600 nm.

Thiamine measurements. Yeast cultures (200 ml YPD) were grown to log
phase (ODg of ~0.5). Cultures were transferred to ice, and cells collected by
centrifugation in a Sorvall SLA-1500 rotor at 6,000 rpm for 5 min at 4°C. The cell
pellets were washed with 30 ml of ice-cold water followed by 30 ml of ice-cold
PBS and then resuspended in 2 ml PBS, and the volume was divided into 2
microcentrifuge tubes, followed by centrifugation at 14,000 X g for 15 s. The
supernatants were discarded, and the cell pellets frozen in liquid nitrogen. The
cell pellets were thawed on ice, resuspended in 0.6 ml PBS, and disrupted by
adding 0.5 ml of glass beads and shaking 7 times for 45 s in a Mini-BeadBeater
(Biospec Products) at 4°C, with 1-min intervals on ice. The lysates were har-
vested, and the cell debris removed by centrifugation.

Thiamine concentrations were determined by using a rapid high-performance
liquid chromatography (HPLC) procedure (37). A stock solution of thiamine
(approximate concentration, 1 mM) was prepared in 0.1 M hydrochloric acid as
a calibrator. The exact concentration was determined by spectrophotometry at
246 nm, using a molar absorptivity of 14,200 liter mol~' ecm™'. To measure
thiamine, 20 wl of whole-cell extract was diluted in HPLC-grade water to a final
volume of 1 ml. Aliquots (100 wl) of diluted yeast whole-cell-extract samples,
water (blank), or thiamine standards of various concentrations were treated with
300 pl of methanol, immediately vortexed for 15 s, and then incubated at room
temperature, protected from light, for 5 min. The samples were centrifuged at
2,000 X g for 5 min at 15°C, and the resulting supernatants (50 wl) were
transferred to a 96-well microtiter plate preloaded with 50 pl of water per well.
Immediately prior to injection into the HPLC, the samples were derivatized to
thiochrome products by the addition of 50 wl of freshly prepared potassium
ferricyanide in 15% (wt/vol) sodium hydroxide. The final concentrations were 0.2
mmol/liter for potassium ferricyanide and 5% (wt/vol) for sodium hydroxide. The
microtiter plate was covered with sealing tape and placed into the precooled
autosampler. Reverse-phase HPLC was performed as previously described on an
Agilent 1200 series rapid-resolution LC system with the autosampler set at 10°C
(37). An excitation wavelength of 375 nm was used, and thiamine detected at an
emission wavelength of 435 nm. The thiamine concentrations in the diluted
samples were determined by evaluating peak areas in comparison to the corre-
sponding calibration curve. The actual whole-cell-extract sample concentrations
were determined by adjusting for the appropriate dilution factor.

Microarray data accession number. The datasets from this study have been
deposited in NCBI's Gene Expression Omnibus (14) and are accessible through
GEO Series accession number GSE18488 (http://www.ncbi.nlm.nih.gov/geo
/query/acc.cgi?acc=GSE18488).

RESULTS

Identifying genes that are differentially expressed when
NAD* metabolic pathways are disrupted. We were initially
interested in determining the degree of overlap in altered gene
expression that occurs when sirtuins are inhibited by either
a reduction in NAD™ concentration or an accumulation of
NAM. To reduce the NAD ™ concentration, we deleted NPT,
and to elevate the intracellular NAM concentration, we either
deleted PNCI or added 5 mM NAM to the growth medium of
the WT strain (WT + NAM condition). All three of these
conditions were previously demonstrated to inhibit Sir2 in vivo,
resulting in general heterochromatic silencing defects (7, 17,
51). As controls, we tested the effects of deleting BNAI or
TNAI, which does not reduce the NAD™ concentration or
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TABLE 1. Enrichment in upregulated genes near telomeres

Genot Distance from Total no. of No. of genes E ted h Fold ich "
cenotype or chromosome upregulated detected within xpee e' 10- 0 b N e‘nrlc men P value
growth condition end (bp) genes® window genes (random) over random no.
WT + NAM 5,000 346 5 1.30 3.85 0.004
WT + NAM 10,000 346 18 3.59 5.01 <le-05
WT + NAM 15,000 346 24 6.02 3.99 <le-05
WT + NAM 20,000 346 31 8.17 3.80 <le-05
WT + NAM 25,000 346 35 11.87 2.95 <le-05
nptIA 5,000 134 2 0.53 3.77 0.094
nptlA 10,000 134 6 1.71 3.51 0.006
nptIA 15,000 134 11 2.76 3.98 le-04
nptlIA 20,000 134 16 3.67 4.36 <le-05
nptIA 25,000 134 18 5.25 3.43 <le-05
pnclA 5,000 37 0 0.95 0 1
pnclA 10,000 37 0 0.31 0 1
pnclA 15,000 37 0 0.53 0 1
pnclA 20,000 37 1 0.71 1.42 0.514
pnclA 25,000 37 2 0.95 2.11 0.244

“ Genes shown to be significantly upregulated. Analysis was restricted to genes with chromosomal coordinate information from the Bioconductor microarray analysis.

? Calculated from 100,000 iterations.

inhibit silencing when cells are grown in rich medium (51).
Deleting BNA1 blocks the de novo NAD™ biosynthesis path-
way (26), and deleting TNAI reduces nicotinic acid import
from the growth medium (33). To assess the global transcrip-
tional responses under each of these conditions, we grew the
WT, nptIA, pnclA, bnalA, and tnalA strains in YPD medium.
The WT strain (ML1) was also grown in YPD supplemented
with 5 mM NAM. Exponentially growing cells were harvested
from each culture, and total RNA isolated. Northern blotting
confirmed that the expression levels of TNAI and BNAI were
both elevated in the npt] A strain, as predicted from the results
of an earlier study (3), indicating that the strains in this back-
ground responded appropriately to the reduction in NAD™
(data not shown).

Total RNA from 2 independent biological replicates of each
strain or condition was next hybridized to Affymetrix gene
arrays (Yeast Genome 2.0) that cover all annotated open read-
ing frames. The microarray data were analyzed using a modi-
fied triple array error model (see Materials and Methods) to
calculate the significance of the observed changes in mRNA
levels. Gene expression levels with P values of less than 0.05
compared to the level in the WT (ML1) were considered dif-
ferentially expressed. Overall, we identified 116 genes that
were differentially expressed in the pnclA mutant, 208 in the
npt] A mutant, and 726 in the WT strain incubated with NAM
(WT + NAM) (Fig. 1B). Only 1 gene (SVS1) was differentially
expressed in the bnalA mutant, and no gene expression levels
from the tmalA mutant were significantly changed (data not
shown). Therefore, in rich-medium conditions, the contribu-
tions of the de novo NAD™ biosynthesis pathway and the
high-affinity nicotinic acid transporter to gene regulation are
negligible. There was substantial overlap in differentially reg-
ulated genes between the three strongly affected conditions
(Fig. 1B, left), with the largest intersection between the nptIA
mutant and the WT + NAM condition (77% of the nptiA-
affected genes). If only upregulated genes were taken into
account, then 86% of the npt1 A-affected genes overlapped with
genes affected by the WT + NAM condition (Fig. 1B, right).
Surprisingly, less than 40% of the pnclA-affected genes over-

lapped with genes affected by the WT + NAM condition,
suggesting that Pncl may have additional roles in gene expres-
sion independent of its effects on NAM clearance. Another
possible reason for this small amount of overlap is that adding
5 mM NAM to the growth medium raises the intracellular
NAD™ concentration (39), which could affect an additional
subset of genes.

Regulation of thiamine biosynthesis genes by the intracel-
lular NAD" and NAM concentrations. Defects in the NAD™
salvage pathway have previously been shown to impair silenc-
ing of telomeric reporter genes (54). It was therefore possible
that many genes upregulated in the microarray data sets would
be located near telomeres. Indeed, there was a significant en-
richment in upregulated genes in the npt/A mutant and the
WT + NAM condition in subtelomeric regions compared to
what would be expected by chance (Table 1), consistent with a
telomeric silencing defect. However, despite the enrichment,
most of the differentially regulated genes (including those
upregulated) were not located within 25 kb of a telomere,
suggesting that silencing-independent transcriptional effects
were also at play. Comprehensive lists of genes that were
significantly up- or downregulated in each condition are
provided in Tables S3, S4, and S5 in the supplemental ma-
terial. The datasets have also been deposited in NCBI’s
Gene Expression Omnibus (14) and are accessible through
GEO Series accession number GSE18488 (http://www.ncbi
.nlm.nih.gov/geo/query/acc.cgi?acc=GSE18488).

Further analysis of the microarray datasets revealed a sig-
nificant amount of overlap between the genes upregulated by
the addition of NAM or by the npt/A mutation and genes
previously shown to be upregulated by deletions of small re-
pressive domains within the histone H3 or H4 N-terminal tails
(45, 46). For example, 133 out of 433 genes upregulated by the
addition of NAM (30.7%) were also upregulated in one or
both of the histone tail mutants (Fig. 1C). For the nptIA-
upregulated genes, 73 out of 175 (41.7%) overlapped with the
histone mutant gene sets (Fig. 1C). These results suggested
that a substantial amount of the gene repression mediated by
the H3 and H4 repressive domains is dependent on sufficient
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cerevisiae. Abbreviations: HMP, 4-amino-5-hydroxymethyl-2-methylpyrimidine; HMP-P, 4-amino-5-hydroxymethyl-2-methylpyrimidine monophosphate;
HMP-PP, y-amino-5-hydroxymethyl-2-methylpyrimidine diphosphate; HET, 5-(2-hydroxyethyl)-4-methylthiazole; HET-P, 5-(2-hydroxyethyl)-4-methyl-
thiazole phosphate; PLP, pyridoxal 5'-phosphate; RP, p-ribulose S-phosphate; TP, thiamine phosphate; TPP, thiamine pyrophosphate; XP, p-xylulose

5-phosphate.

intracellular NAD™ and, most likely, one or more of the sir-
tuins. Among the overlapping genes were those that function
in de novo NAD™ biosynthesis (the BNA genes), as well as
several involved in thiamine (vitamin B1) and pyridoxal 5'-phos-
phate (PLP; vitamin B6) biosynthesis. As mentioned above, the
elevated expression of BNAI and TNAI was confirmed by
Northern blotting (data not shown). To validate the microarray
results for thiamine and PLP biosynthesis genes, we selected
several that were shown to be upregulated in both the npt/A
mutant and the WT + NAM condition for analysis using quan-
titative real-time RT-PCR on the duplicate total RNA samples
used for the microarray hybridizations. As shown in Fig. 2A,
the average expression level for each THI gene tested was

elevated compared to the WT expression level (normalized to
1.0). For the PLP biosynthesis genes tested, SNO4 was clearly
upregulated by both conditions, but the effects on SNZ1 and
SNZ3 were modest and variable. This led us to further char-
acterize the regulation of several thiamine biosynthesis genes.

NAD™ and PLP are both utilized as substrates for thiamine
biosynthesis in yeast (Fig. 2B), and based on our microarray
expression profiling data, the expression of genes in each of
these biosynthetic pathways appears to be regulated by condi-
tions that inhibit sirtuins. Hst1l had previously been shown to
repress the de novo NAD™ biosynthesis genes (3), which made
it a primary candidate for regulating genes in the thiamine and
PLP biosynthesis pathways. However, the thiamine genes were
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not identified as being upregulated in an Ast/A mutant in that
study. One of the key differences besides strain background
between the earlier study and ours was the type of medium. We
used rich YPD medium, and the earlier study used synthetic
complete (SC) medium (3). Compared to YPD medium, SC
medium contains relatively low concentrations of thiamine and
the NAD™ precursor nicotinic acid, thus making it possible
that thiamine gene expression was already derepressed in
SC due to induction of the thiamine biosynthesis pathway. As
shown in Fig. 3A, the expression levels of THI13, THI4, THI2,
and THI73 were between 6- and 100-fold higher in SC medium
than in YPD medium. Furthermore, adding 5 mM NAM or
deleting NPTI had no effect on the expression of THI4 or
THI13 in SC medium (Fig. 3B), while it raised their expression
levels 3- to 4-fold in YPD medium (Fig. 3C). The THI genes
are therefore strongly repressed in rich YPD medium, making
them responsive to either a decrease in NAD ™" concentration
or an increase in NAM concentration.

To confirm that a decrease in NAD™ caused by the nptIA
mutant was at least partially responsible for the elevated THI
gene expression, we first supplemented the YPD medium with
10 wM nicotinamide riboside and examined THI4 expression
as an example. This concentration of nicotinamide riboside
was previously shown to elevate the NAD™ concentration in an
exponentially growing nptIA mutant (4), which we also ob-
served in this current study (Fig. 3D). As predicted, nicotin-
amide riboside did restore the repression of THI4 in the nptlA
mutant but had no effect on THI4 expression in the WT strain,
probably because the already high NAD™ concentration in the
WT strain was unaffected by the addition of the compound
(Fig. 3E). Despite the known reduction in NAD™ concentra-
tion observed in SC medium-grown cells compared to the
concentration in YPD medium-grown cells (51), this was un-
likely to account for most of the difference in THI gene ex-
pression in the two types of medium. Indeed, titration of the
thiamine concentrations in SC medium resulted in a remark-
able 5,000-fold range in the THI4 expression level (Fig. 3F).
When thiamine was maintained in the linear range for THI
gene expression (100 nM), removing nicotinic acid to lower the
NAD™ concentration even further than normal did result in a
statistically significant elevation in THI4 expression (Fig. 3G).
From these results, it appears that a high NAD* concentration
is important for maintaining 7HI genes in a fully repressed
(basal) state when nutrients are abundant but thiamine con-
centration is the key player in the activation of these genes
when nutrients are scarce.

Thiamine gene expression is directly repressed by Hst1 and
Sir2. To determine whether the NAD " -dependent sirtuins are
involved in repressing the THI genes, we first quantified the
effects of deleting SIR2 and the HST genes on THI gene ex-
pression in cells growing in YPD. Deleting SIR2 resulted in
small but reproducible increases in expression for each of the
THI genes tested (Fig. 4A to D). Similar increases were ob-
served when SIR3 or SIR4 was deleted, suggesting that the SIR
silencing complex plays a minor role in THI gene repression.
The exception was THI13, which showed a larger, 2.5- to 3-fold
increase in expression when any subunit of the SIR complex
was disrupted (Fig. 4B). Cells lacking the SIR complex are
defective for silencing at telomeres and the HML/HMR loci
(35), which could explain why the subtelomeric THI13 gene
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was upregulated. By derepressing the HML and HMR loci,
haploid sir mutant cells such as these are made to undergo
transcriptional reprogramming that mimics diploid strains,
which can have indirect effects on specific phenotypes, such as
nonhomologous end-joining of DNA breaks (30). It was there-
fore possible that the increased THI gene expression could be
an indirect effect. To test this possibility, HML was deleted
from the MATa WT and MATa sir2A strains. The lack of HML
eliminates the possibility that inappropriate expression of both
HMR and HML contributes to the sir2A phenotype. As shown
in Fig. 4E and F, the lack of HML did not block the elevated
expression of THI4 and THII3 when SIR2 was deleted, ruling
out an indirect effect at this level.

Among the HSTs, only the deletion of HSTI caused dere-
pression of the THI genes (data not shown). This derepression
was also stronger than the effect of deleting SIR2, at least for
the THI4, THI71, and THI73 genes (Fig. 4A, C, and D). For
the subtelomeric THI13 gene, the effects on its derepression of
deleting SIR2 and HSTI were similar (Fig. 4B). Hstl is re-
cruited to targeted gene promoters in a complex with Rfm1
and Suml (40, 49, 60). For THI4, THII13, and THI73, the
sumlA mutation caused gene derepression that was similar to
the effect of the hst/A mutation (Fig. 4A, B, and D). An
exception was THI7I (Fig. 4C), where the sumlIA mutant
showed significantly greater expression than the Ast/A mutant.
It is possible that Sum1 recruits another unidentified corepres-
sor to the THI71 promoter or has repressive activity on its own
at this gene. For THI4, THII3, and THI73, the sir2A hstlA
double mutant combination was additive, suggesting that the
SIR complex and Hst1/Sum1 complex associate independently
with certain THI gene promoters.

Chromatin immunoprecipitation (ChIP) was used to test
whether Myc-tagged Sir2 and Hstl associate with any of the
THI genes. THI4 and THI71 were chosen as representatives
because they are not located near a telomere. In addition,
THI4 repression was similarly affected by the Ast/A and sumiA
mutations (Fig. 4A), while THI71 expression differed in the
two mutants (Fig. 4C). Three different primer sets (A, B, and
C) were initially chosen for each gene. Set A was farthest
upstream from the start codon (~800 bp). Set B was located at
an intermediate distance (~400 to 500 bp), and set C was
within the coding region (Fig. 5A). An earlier study found that
Sir2 and Hst1 did not associate with the ATSI gene (21), so its
promoter sequence was used as a negative control. As shown in
Fig. 5B, Myc-tagged Sir2 was enriched at THI4 compared to
the ATSI signal, although, surprisingly, the enrichment was
greatest at the most distant segment (set A). Myc-tagged Sir3
also associated with this upstream region of the THI4 promoter
with a ChIP signal comparable to that of Sir2-Myc (Fig. 5C),
suggesting that the SIR complex can be recruited to specific
genes other than the known heterochromatic loci in yeast.
Myc-tagged Hst1 showed stronger enrichment than Sir2 on the
THI4 gene, with the strongest signal located at position A (Fig.
5B). The greater enrichment for Hstl was consistent with its
larger effect on THI4 repression. Surprisingly, Sum1 was only
modestly enriched on the THI4 promoter in comparison to the
ATS]I signal. With an untagged strain, there were no differ-
ences in ChIP signal between the THI gene promoter regions
and the ATS! control (data not shown).

The association pattern on the THI7I gene was different
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FIG. 3. Effects of growth media and NAD ™ concentrations on THI gene expression. (A) Quantitative RT-PCR analysis of THI13, THI4, THI2,
and THI73 mRNA levels in SC medium compared to their levels in YPD medium. Expression levels in YPD were normalized to 1.0. (B) THI4
and THII3 expression in the WT strain without or with the addition of 5 mM NAM and in the npt/A mutant. Cells were grown in SC medium.
(C) THI4 and THI13 expression in the WT strain without or with the addition of 5 mM NAM and in the npt/A mutant. Cells were grown in YPD
medium. (D) Effects of 10 .M nicotinamide riboside (NR) on the relative intracellular NAD™ levels in the WT and nptIA strains growing in YPD
medium. Results for the WT without NR addition were set to 1. (E) Effects of 10 wM NR on THI4 expression in the WT and npt1A mutant strains
growing in YPD medium. (F) THI4 expression levels in SC medium containing the indicated concentrations of thiamine. (G) Increased THI4
expression caused by a lack of nicotinic acid (NA) in SC medium containing 100 nM thiamine (the linear range for THI4 expression). In each panel,
changes with a P value of <0.05 are indicated by one asterisk, and P values of <0.005 are indicated by two asterisks. Error bars show standard

deviations.
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FIG. 4. Repression of THI genes by the SIR and Hst1/Sum1 histone deacetylase complexes. (A to D) Results of quantitative RT-PCR analysis of
THI4, THI13, THI71, and THI73 mRNA levels. Expression is relative to the ACT1 RNA level. Results for the WT were normalized to 1.0 for each gene.
(E and F) Results of quantitative RT-PCR measurement of 7HI4 and THI13 mRNA levels in WT and sir2A strains with the HML locus either intact
or deleted. P values of <0.05 are indicated by an asterisk. P values of <0.005 are indicated by a double asterisk. Error bars show standard deviations.

than that of THI4. Hstl and Sum1 were both strongly associ-
ated with THI71, with the enrichment for Sum1 binding being
even greater than that for Hstl (Fig. 5SD), thus correlating with
the more robust derepression effect on this gene of deleting
SUMI. Interestingly, the area of greatest enrichment was again
at the promoter-distal region (set A). Relatively little Sir2
associated with the THI71 promoter (Fig. 5D), consistent with
the very weak effect on THI71 repression of deleting SIR2 (Fig.
4C). Despite the difference in THI71 expression caused by the
hstIA and sumIA mutations, Suml was still required for Hst1l
to associate with the THI71 promoter at position A (Fig. SE).
The unexpected enrichment for Hstl, Sir2, and Suml at a
position ~800 bp upstream of the transcriptional start site led
us to examine binding even further upstream (position D). For
the THI4 gene, Myc-tagged Sir2, Hstl, and Sum1 did not bind
significantly at this position compared to their binding in the
ATS]I control (Fig. SF). For THI71, there was some binding at
position D, but it was not as strong as the peak at position A
(Fig. 5G). We also tested THI4 for binding at the traditional
transcriptional promoter region for yeast genes, ~150 to 200
bp upstream of the start site (position E), but there was no

significant enrichment for the tagged proteins (Fig. 5F). We
were unable to detect any difference in Sir2 or Hstl binding to
position A when cells were grown in the presence or absence of
thiamine (data not shown). Sir2 was previously shown to sub-
stitute for Hstl in complex with Sum1 when Hstl was deleted
(21). However, our data suggest that, for some of the thiamine
genes, both the SIR complex and the Hst1/Sum1/Rfm1 com-
plex can independently associate with a region ~800 bp up-
stream of the transcription start site to fully repress basal
transcription when NAD™ levels are sufficiently high.

We were next interested in whether there were differential
effects on histone acetylation when Sir2 or Hstl was absent,
using anti-H3-K9/K14-acetyl and anti-H4 pan-acetyl antibod-
ies in quantitative ChIP assays. THI4 and THI71 primers (peak
position A) were chosen to match with the ChIP data collected
for Sir2 and Hst1 binding. H4 acetylation at THI4 was elevated
in the sir2A, hst1A, and sir2A hst1A mutants, but H3 acetylation
was unaffected (Fig. 6A). This was in sharp contrast with the
THI71 promoter result, where the AstIA mutation caused hy-
peracetylation on both H3 and H4 (Fig. 6B). We were unable
to detect any significant change in H3 or H4 acetylation for
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FIG. 5. Chromatin IP analysis of Sir2, Hstl, Suml, and Sir3 association with the THI4 and THI7I genes. (A) Schematic diagram indicating the
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Myc-tagged Sir2, Hst1, and Sum1 binding to THI4 does not extend close to the transcription start site (position E) or ~1,150 bp upstream (position D).
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asterisk, and P values of <0.005 are indicated by two asterisks. Error bars show standard deviations.

THI7! in the sir2A mutant (Fig. 6B). Therefore, even when
Hstl is present, Sir2 is an active histone H4 deacetylase at the
THI4 promoter but not at THI71. Additionally, the specificity
of Hstl as an H3 and/or H4 deacetylase varies depending on
the THI gene targeted.

Intracellular thiamine concentration is controlled by Nptl
and Hstl. Since the thiamine biosynthesis genes are generally
repressed when cells are grown in rich YPD medium, we con-
sidered the possibility that derepression of the de novo thia-
mine biosynthesis and transport genes caused by deletion of
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FIG. 6. Effects of SIR2 and HSTI on histone H3 and H4 acetylation
at the THI4 and THI71 promoters. (A) Chromatin IP analysis of H3
and H4 acetylation at the THI4 promoter in WT, sir2A, hst1A, and
sir2A hst1A strains. (B) Chromatin IP analysis of H3 and H4 acetyla-
tion at the THI71 promoter. In each panel, changes with a P value
of <0.05 relative to results for the WT are indicated by one asterisk,
and P values of <0.005 are indicated by two asterisks. Error bars show
standard deviations. «, anti.

NPTI or HSTI would result in elevated intracellular thiamine
concentrations. To test this hypothesis, HPLC analysis of
whole-cell extracts was used to measure intracellular thiamine
concentrations from the WT, nptIA, hst1A, and sum1A strains.
As shown in Fig. 7A, the thiamine concentration was signifi-
cantly elevated in each of these mutants, with the largest in-
crease observed for the sumlA mutation, consistent with the
relatively large increases in THI gene expression caused by the
lack of Sum1. The modest increases in THI gene expression (of
some genes) caused by the loss of SIR2 were not sufficient to
trigger a detectable change in thiamine concentration (data
not shown). From these results, we conclude that in order to
maintain proper cellular thiamine homeostasis in rich medium,
a sufficient concentration of NAD™ must be achieved to keep
basal THI gene transcription repressed via the Hstl/Suml
complex. Some THI genes, including those that are subtelo-
meric, also require the SIR complex for full repression.

DISCUSSION

Sirtuins as repressors of basal THI gene expression. There
are three transcription factors in S. cerevisiae known to activate

(A) Intracellular thiamine levels in WT, nptIA, hstIA, and sumliA
strains as measured by HPLC. (B) Model of THI gene regulation by
the Hstl/Rfm1/Sum1 complex and the SIR complex (Sir2, Sir3, and
Sir4). High intracellular NAD™ concentrations in cells grown in nutri-
ent-rich YPD medium promote local histone deacetylation by one or
both complexes when they are bound to a site upstream of the con-
sensus Thi2 recognition site in the promoter region. High thiamine in
the YPD also prevents binding of the Thi2/Thi3 transcriptional acti-
vator complex, which, along with Pdc2, activates the THI genes when
thiamine concentrations are low. The result is tight repression of basal
THI gene expression. The histone deacetylation also generates nicoti-
namide (NAM) as a by-product of the sirtuin-mediated reaction. In
minimal medium, low thiamine levels facilitate binding of Thi2/Thi3/
Pdc2 to the THI gene promoter to activate transcription. In parallel,
decreased intracellular NAD ™ levels reduce Hst1 deacetylation activity
by the bound Hstl/Rfm1/Suml or SIR complex, also promoting in-
creased THI gene expression. Error bars show standard deviations.

THI genes when thiamine levels are low, Thi2, Thi3, and Pdc2
(22, 41). Thi3 appears to act as the TPP sensor because it has
a TPP binding pocket, which when mutated to block binding,
converts Thi3 into a constitutive transcriptional activator (44).
In addition, thi80 mutations that reduce intracellular TPP lev-
els constitutively activate the THI genes (42). Thi2 and Thi3
interact through a mechanism that is partly dependent on TPP,
and deletion of these two genes results in similar global gene
expression changes, suggesting that they work together (44).
Pdc2 also activates the THI genes but may coordinate expres-
sion under metabolic conditions other than thiamine depriva-
tion (41).

While the activation of THI genes in S. cerevisiae has been
significantly characterized, the mechanisms of repression are



VoL. 30, 2010

poorly understood. Our data implicate the NAD *-dependent
histone deacetylase Hstl as a repressor of basal THI gene
transcription. When thiamine levels are high, as is the case in
YPD medium, full repression of the THI genes is dependent
on having sufficiently high NAD™ concentrations to support
Hst1-mediated histone deacetylation as part of the Hst1/Sum1/
Rfm1 complex. Some THI genes, including THI4 and the sub-
telomeric THII3 gene, are also maintained in the fully re-
pressed state by Sir2 as part of the SIR silencing complex (see
the model in Fig. 7B). To our knowledge, this is the first
characterization of specific basal repressors for S. cerevisiae
thiamine gene expression. Interestingly, the changes in tran-
scriptional derepression observed in response to NAM or de-
letion of NPT1 overlapped significantly with those observed
when amino acids 30 to 37 of the histone H2B N terminus or
16 to 20 of the H2A N terminus were deleted (45, 46) (Fig.
1C). THI4 and other THI genes were included in the overlap.
Hstl and Sir2 are therefore potential candidates for carrying
out H2A and H2B lysine deacetylation that occurs on these
histone tails (55). When thiamine is depleted from the envi-
ronment, Thi2, Thi3, and Pdc2 likely recruit transcriptional
coactivators with histone acetyltransferase activity to the con-
sensus thiamine regulatory sequence ~150 bp upstream of the
start site, overriding the repressive effects of the sirtuins, which
bind further upstream (Fig. 7B). This is consistent with a role
for Hstl and Sir2 in repressing basal gene expression, not
activated expression. In addition to the specific deacetylation
carried out by Hstl and sometimes Sir2, global histone
deacetylation carried out by Hdal may also contribute to the
basal repression of some THI genes, as we have determined
that deletion of HDAI induces a 2-fold increase in THI4 ex-
pression (M. Li, unpublished data).

Sirtuin target genes. Hst1 and Sum1 are repressors of genes
involved in de novo NAD™ biosynthesis and nicotinic acid
transport (3) and have been shown to be required for normal
H3 and H4 deacetylation at the BNAS5 promoter (49), suggest-
ing that a similar mechanism may be shared between these
classes of genes and the THI genes. However, Sir2 was not
implicated in repression of de novo NAD™ biosynthesis genes
in the earlier studies. Another distinction is that Hst1/Suml
were found to associate within the proximal promoter region at
BNA2, BNAS, and TNAI (3, 49), whereas we observed peak
Hst1/Sum1 binding ~800 bp upstream from the transcription
start site for both THI4 and THI71. Sir2 also associated spe-
cifically at this position upstream of THI4. This difference in
the position of Hst1/Sum1 binding likely reflects the presence
of a consensus binding site for Thi2/Thi3/Pdc2 within the pro-
moters of the THI genes that is missing from the NAD™ bio-
synthesis genes. Despite the enrichment for Hstl/Suml at
THI4 and THI71, we were unable to detect a Sum1 consensus
binding site at or near the position of binding using PatMatch
on the Saccharomyces Genome Database website. For THI4,
the —800 upstream site overlaps with a tRNASY gene (SUF4)
and some Tyl long terminal repeats, but since the THI7I
binding site does not contain these elements, it is unlikely that
they are critical for the Sum1/Hstl enrichment. We propose
that Hst1/Sum1 or Sir2 binding upstream from the Thi2/Thi3/
Pdc2 binding site facilitates full repression of the THI genes in
rich medium while still allowing a rapid activation response
due to reduced thiamine concentrations (Fig. 7B).
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In addition to NAD™ and thiamine biosynthesis genes, Hst1
is also targeted to the promoters of several middle sporulation
genes (60). In this case, Sir2 can substitute for Hstl in the
Sum1 complex to repress transcription, but only when Hstl is
missing (21). Deleting SIR2 had no effect on transcription of
the middle sporulation genes unless HS7T1 was also deleted
(21). Sir2 and Hst1 are 63% identical; their genes are proposed
to have derived from a whole-genome duplication event in a
Saccharomyces cerevisiae ancestor approximately 100 million
years ago (13, 24, 59) and likely retained some shared affinity
for Suml (21). For certain THI genes, such as THI4, we have
determined that both the SIR and the Hst1/Sum1 complex can
independently associate with the promoters to repress tran-
scription and that deleting SIR2, SIR3, or SIR4 (the SIR com-
plex) modestly increases the expression of the THI genes even
when HST1I is present. It remains unclear whether the SIR
complex and the Suml1-Hstl complex bind to the THI4 pro-
moter simultaneously, although since the peak association for
each occurs at the same region upstream of the promoter, it is
more likely that they do not bind at the same time (Fig. 7B). It
is possible that having alternative repressive complexes is ben-
eficial to potential epigenetic regulation within a cell popula-
tion that is attempting to adapt to variations in thiamine and
nicotinic acid concentrations.

Previous microarray analysis of chromatin immunoprecipi-
tations (ChIP-chip) with anti-acetyl-histone antibodies found
that the loss of Sir2 resulted in elevated acetylation at sub-
telomeric regions generally less than 4 kb from the telomeric
ends (50). Genes within these regions are therefore likely reg-
ulated by the SIR complex-mediated telomeric silencing pro-
cess. THI13 and other genes in its family (THI5, THI11, and
THI12) are considered to be subtelomeric, although they do
not fall within 4 kb of the chromosome end. We found that
THII13 was equally derepressed by the deletion of either SIR2
or HSTI, suggesting that this class of THI genes is controlled
by both the telomeric silencing mechanism via the SIR com-
plex and specific promoter targeting via the Sum1/Hstl com-
plex. Another subtelomeric gene, FLOI10, is similarly epige-
netically repressed by Hstl and the SIR complex, as well as by
another sirtuin, Hst2 (20). FLOI0 is also repressed by the
class II histone deacetylase Hdal (20), which has been
shown to repress multiple clusters of subtelomeric genes
known as HAST (Hdal-affected subtelomeric) domains (50).
THI4 is not subtelomeric, yet it is still significantly repressed by
Sir2 through a specific association of the SIR complex up-
stream of the promoter region. THI4 was not identified from
earlier ChIP-chip experiments as being bound by Sir2, Sir3, or
Sir4, perhaps due to a combination of modest enrichment and
the relatively low resolution of ChIP-chip probes at the time
(31). However, the Sir proteins were shown in the same ChIP-
chip study to associate with several genes other than the known
heterochromatic regions. The mechanism of this unexpected
SIR recruitment to specific genes other than the known het-
erochromatic regions remains unknown. Taken together, a pic-
ture emerges in which different functional classes of sirtuin-
repressed genes utilize specific combinations of Hstl and two
of the other sirtuins (Sir2 and Hst2) to control transcription.
More work is needed to determine whether Hst3 and Hst4
regulate specific gene transcription.
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Interplay between thiamine and NAD™. The finding that
THI gene expression is repressed by the NAD*-dependent
sirtuin Hst1 is highly intriguing because of the recent discovery
that NAD ™ can be utilized as a substrate for thiamine biosyn-
thesis at the Thi4-catalyzed step to form the thiazole HET-P
intermediate (12). PLP can be used as a pyrimidine source in
the synthesis of thiamine, and several genes that function in the
synthesis of PLP were also identified as being derepressed in
the microarray experiment by reductions in NAD™ concentra-
tion or increased NAM concentration. In rich medium with
abundant thiamine and nicotinic acid, yeast cells are able to
efficiently import these precursors of thiamine pyrophosphate
and NAD™, respectively, and the biosynthesis pathways are
therefore repressed. However, under natural environmental
conditions or in minimal medium with low thiamine and nic-
otinic acid levels, the cells respond by coordinately upregulat-
ing de novo NAD " biosynthesis genes with thiamine and PLP
biosynthesis genes. Perhaps one of the reasons for the coregu-
lation is that it ensures that the cells have sufficient quantities
of NAD™ and PLP for thiamine production during times of
low nutrient exposure, although the need for proper coordina-
tion of other metabolic pathways dependent on these vitamins
is also likely. In addition to NAD™ and thiamine biosynthesis
genes, the thiamine and NAD™ transport genes are also up-
regulated in YPD medium when Hstl or Suml1 is deleted. The
combined increase in biosynthesis and transport likely leads
to the increase in thiamine concentration we observe in the
npt1A, sumlIA, and hstIA mutants. These thiamine measure-
ments were performed with cells grown in YPD medium. Since
we were able to detect significant increases in cellular thiamine
concentration in the mutants, this strongly suggests that keep-
ing the thiamine biosynthesis genes in a fully repressed basal
state via Hstl is important for maintaining proper thiamine
homeostasis.

Thi71 provides another interesting link between thiamine
and NAD™. Thi71 was initially characterized as a protein with
similarity to the main thiamine transporter, Thi7, and was
found to have relatively weak thiamine transport activity (16).
More recently, it was identified as the high-affinity transporter
that imports extracellular nicotinamide riboside into the cell,
hence its new name of Nrtl (5). Nrt1/Thi71 has the capacity to
transport both nicotinamide riboside and thiamine, though
it appears that nicotinamide riboside is its primary sub-
strate. This direct role of Nrt1/Thi71 in nicotinamide ribo-
side transport clearly places Nrt1/Thi71 in the category of
proteins involved in producing NAD ™" that are regulated by
Hstl. Deleting SIR2 had only a very small effect on NRT1/
THI71 expression and had no effect on local H3/H4 acetylation
upstream of the promoter, at least with the antibodies used in
the ChIP assay. (Fig. 6B). Therefore, any small effect of SIR2
on the expression of this gene is likely indirect, with Hst1 being
responsible for the direct NAD "-dependent histone deacety-
lation. For genes such as THI4 and THII3, which are truly
dedicated to thiamine biosynthesis, there appears to be more
redundancy between Sir2 and Hstl in specifically repressing
their basal expression level. Together, the results from this
study add NAD™ metabolism and sirtuin biology into the com-
plexity of thiamine homeostasis and gene regulation.
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