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St. John’s wort (SJW; Hypericum perforatum L.) is commonly known for its antidepressant properties
and was traditionally used to promote wound healing, but its molecular mechanism of action is not
known. Here, chemical—genetic profiling in yeast was used to predict the human intracellular targets
of an aqueous extract of SUW. SJW source material was authenticated by TLC, digital microscopy,
and HPLC and further characterized by colorimetric methods for antioxidant activity, protein content,
and total soluble phenolic content. SUW extract contained 1.76 ug/mL hyperforin, 10.14 ug/mL
hypericin, and 46.05 ug/mL pseudohypericin. The effect of SJW extract on ~5900 barcoded
heterozygous diploid deletion strains of Saccharomyces cerevisiae was investigated using high-density
oligonucleotide microarrays. Seventy-eight yeast genes were identified as sensitive to SUW and were
primarily associated with vesicle-mediated transport and signal transduction pathways. Potential human
intracellular targets were identified using sequence-based comparisons and included proteins
associated with neurological disease and angiogenesis-related pathways. Selected human targets
were confirmed by cell-based immunocytochemical assays. The comprehensive and systematic nature
of chemical—genetic profiling in yeast makes this technique attractive for elucidating the potential
molecular mechanisms of action of botanical medicines and other bioactive dietary plants.
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INTRODUCTION

Hypericum perforatum L., commonly known as St. John’s
wort (SJW), is a yellow-flowering perennial herb grown in
temperate and subtropical climates that has a long history of
use as a medicinal plant for treating wounds and skin ailments,
nerve problems, muscle pain, and mood disorders such as
depression and anxiety (/). Meta-analysis of several studies
found SJW to be effective in the treatment of mild to moderate
depression, with fewer side effects than many conventional
antidepressants, but of limited efficacy for cases of moderate
to severe depression (2). Various compounds from Hypericum
species have also been found to possess inhibitory activity
against cancer cell growth (3—5).

Despite a long history of use, the molecular mechanism of
action of SJW as a medicinal herb is neither well characterized
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nor well understood. Although many of the compounds that
comprise SJW have been purified and studied, such as the major
compounds hypericin, pseudohypericin, and hyperforin, it
remains unclear whether a single compound or a synergy of
compounds is responsible for the bioactive properties of
SIW (6, 7). Mechanistic studies of botanical complementary
and alternative medicines (CAM) such as SJW are complicated
by the fact that the desirable biological functions often seem to
result from the synergistic action of multiple constituents.
Identification of molecular mechanisms of action is critical for
the evaluation and optimization of botanical CAM as therapeutic
agents. Currently, however, no standard approach exists for
comprehensive and systematic target identification.

A recent technological advance in yeast genomics shows
promise as a tool to elucidate the molecular mechanisms affected
by botanical-based CAM on a genome-wide scale. To facilitate
the analysis of gene function in Saccharomyces cerevisiae, an
international consortium constructed individual gene-deletion
mutants for ~95% of the known yeast open reading frames
(ORFs), replacing one ORF in each deletion strain with a
deletion “cassette” containing the KanMX gene (the expression
of which confers geneticin resistance to yeast) flanked by two
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unique 20-nt sequences (e.g., molecular barcodes). One molec-
ular barcode sequence is located upstream of the KanMX gene
in the cassette and is called the “UPTAG”, whereas the other
molecular barcode sequence is located downstream of the
KanMX gene in the cassette and is called the “DOWNTAG”.
Using this set of pooled yeast mutants, genes affected by specific
growth conditions can be identified without prior knowledge
of gene function simply by monitoring the fitness of each
particular gene deletion strain in said growth condition (8, 9).
Evaluation of individual strain fitness in a particular growth
condition is facilitated by monitoring the hybridization of
molecular barcode sequences isolated from the pool of deletion
strains to oligonucleotide microarrays. This strategy has been
used successfully to identify the molecular mechanisms of
individual bioactive agents including anticancer and antifungal
compounds (/0), radiation (//), and toxic chemicals (/2). Here,
we demonstrate the further utility of the technique for probing
the molecular mechanism of action of a complex, multicom-
ponent botanical CAM by identifying the genes essential to the
adaptive response of yeast to an aqueous extract of SJW.

By using a chemical—genetic profiling screen, we show that
SJW affects yeast genes associated with intra- and intercellular
transport and signal transduction. Furthermore, through sequence-
based comparison of SJW-sensitive yeast targets, we identify
orthologous human proteins implicated in molecular activities
associated with neurological function and the formation of new
blood vessels, identify potential therapeutic gene targets, and
suggest potential mechanisms to explain the wound-healing and
neuroprotective activities previously associated with SJW. Our
results provide the first comprehensive analysis of a genome-
wide functional response to a botanical traditional medicine.

MATERIALS AND METHODS

Chemicals and Reagents. Unless otherwise specified all chemicals
were purchased from Sigma-Aldrich.

Plant Material and Authentication. Dried, cut St. John’s wort was
obtained from Herbal Advantage (Rogersville, MO). Authentication
of the plant material as H. perforatum L. [Clusiaceae] was confirmed
by Alkemist Pharmaceuticals, Inc. (Costa Mesa, CA) against reference
samples of H. perforatum L. and hypericin using high-performance
thin-layer chromatography (HP-TLC) and by the visual identification
of hypericum oil glands using digital microscopy.

Preparation of St. John’s Wort Infusion. Care was taken to prepare
an infusion most similar to that typically administered as herbal therapy.
Ten grams of dry, cut SJW (Herbal Advantage) was steeped in distilled
water for 30 min. The temperature of the water was maintained above
80 °C. Next, the infusion was cooled to room temperature and
centrifuged at 2000 rpm for 5 min to remove plant material. The
supernatant was filtered through a coffee filter and poured into 50 mL
disposable conical tubes, covered with aluminum foil, and stored at 4
°C.

Characterization of St. John’s Wort Extract. The total soluble
phenolic content of the SJW infusion was determined as gallic acid
equivalents by using the Folin—Ciocalteu assay as described previously
(13). Antioxidant activity was determined as 2,2-diphenyl-1-picrylhy-
drazyl (DPPH) radical scavenging activity (/4). Hypericin, hyperforin,
and pseudohypericin concentrations of the infusion were determined
by IBC Laboratories (Tucson, AZ) using HPLC according to the method
of Ang et al. (/5), using external standards obtained from ChromaDex
(Irvine, CA) and Axxora (San Diego, CA).

Yeast Strains. The heterozygous diploid gene deletion pool (Yeast
Knockout version 1) containing 5936 individual deletion strains
(representing deletions of all essential and nonessential genes) and the
wild-type parental strain (S. cerevisiae Hansen strain BY4743) were
obtained from Invitrogen (Carlsbad, CA).

Exposure of Yeast Deletion Strains to St. John’s Wort Extract.
Clonogenic survival assays with the parental strain, BY4743, were
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Table 1. Characteristics of St. John’s Wort Extract

antioxidant activity?

ICso, gallic acid

ICso, St. John’s wort extract
protein content®
total soluble phenolic content®?

16.4 ug/mL

37.0 ug/mL

0.48 (£0.02) ug/mL
5249 (+36) pg/mL

hyperforin® 1.76 ug/mL
hypericin® 10.14 ug/mL
pseudohypericin® 46.05 ug/mL

3 Free-radical scavenging. ® BSA equivalents. ° Gallic acid equivalents.  De-
termined by spectrophotometry. ¢ Determined by HPLC.

performed to determine the appropriate dose of SJW infusion to result
in approximately 30% cell death after 22 h. For experiments with the
heterozygous deletion pool, duplicate aliquots of the deletion pool
representing approximately 10000 copies of each of the individual
deletion strains were grown in YPD medium in the presence of STW
infusion (dH,O for controls) on an orbital shaker at 30 °C and 250
rpm for 22 h. The SJW-treated or control cells were then used to
inoculate 50 mL of fresh YPD medium and incubated at 30 °C and
250 rpm for an overnight outgrowth period. Cultures were harvested
after 18 h. Genomic DNA was extracted from harvested cells using
the MasterPure Yeast DNA Purification Kit (Epicenter Biotechnologies,
Madison, WI).

DNA Amplification and Microarray Hybridization. DNA ampli-
fication was as described (9, 16) with some modifications. Briefly,
genomic DNA from the SJW-treated and control pools was used as
template in two separate PCR reactions to amplify the UPTAG or
DOWNTAG sequences from each strain in the pool using 5’-Cy3-
labeled primers complementary to common regions of the gene-deletion
cassette. After PCR, blocking oligonucleotides complementary to
regions of the PCR product external to the molecular barcode sequences
were added to both the UPTAG and DOWNTAG reaction mixes, and
then the UPTAG and DOWNTAG reaction mixes were combined. The
combined mixes were briefly heat denatured and then hybridized for
16 h at 42 °C to custom oligonucleotide microarrays (Agilent) of the
molecular barcode sequences (/6).

Data Acquisition and Analysis. Arrays were scanned at an emission
wavelength of 532 nm using an Axon 4000B scanner (Molecular
Devices, Santa Clara, CA). The hybridization intensities of each feature
on the array were determined using GenePix 5.0 software (Molecular
Devices). GenePix local background measurements were not used for
correction of raw signal intensities because this technique was previ-
ously found to significantly increase noise (/7). For analysis of strain
prevalence in the pool, hybridization signal intensities of replicate
features for each strain were averaged into a single value. Control/
SJW-treated ratios of signal intensities for each strain were log,
transformed. The fitness of each strain was evaluated using the empirical
rule for standard distributions. Logged ratios of the signal intensities
were converted to a standard score for each strain by subtracting the
mean (xpar) from each log ratio (x) and dividing by the sample standard
deviation (s). Standard scores >2.0 were designated as sensitive strains
(representing approximately 2.5% of the pool). Sensitivities for strains
represented by both UPTAGS and DOWNTAGS on this final list were
averaged. Human orthologues of genes represented by sensitive yeast
strains were determined using the NCBI BLASTP Weblink at the
Saccharomyces Genome Database site (http://db.yeastgenome.org/cgi-
bin/bestHits) against Homo sapiens predicated protein sequences and
using the NCBI HomoloGene database (http://www.ncbi.nlm.nih.gov/
sites/entrez/query.fcgi?db=homologene). Biochemical and physiological
pathways linked to human orthologues were determined using Ingenuity
Pathways Analysis (Ingenuity Systems, Redwood City, CA).

Confirmation of Mutant Phenotype by Survival Assay. Our
microarray analysis of barcode DNA sequences isolated from the STW-
treated pool identified individual deletion strains having signal intensities
reduced in comparison to the control pool. To determine whether the
signal reduction corresponded to SJW sensitivity leading to cell death
or reduced cell growth (and not to a transient initial growth delay), we
performed survival experiments on several of the strains that showed
reduced signal intensity after SIW treatment. Briefly, selected cultures
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Table 2. Heterozygous Deletion Strains Sensitive to St. John’s Wort Extract
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sensitivity rank ORF gene name biological process sensitivity rank ORF gene name biological process
1 YCL061C MRC1 cell cycle (DNA replication) 40 YORO038C HIR2 regulation of transcription from
polymerase |l promoter
2 YOR198C BFR1 meiosis 41 YAL054C ACS1 histone acetylation
3 YLR180W SAM1 methionine metabolism 42 YDR293C SSD1 response to drug
4 YKR059W TIF1 telomere maintenance 43 YJL128C PBS2 protein amino acid
phosphorylation
5 YLR120C YPS1 protein processing 44 YPRO72W NOT5 regulation of transcription from
polymerase |l promoter
6 YGL049C TIF4632 translational initiation 45 YOR298C-A MBF1 regulation of transcription from
polymerase Il promoter
7 YBR120C CBP6 translation 46 YGR0O6W PRP18 nuclear mRNA splicing, via
spliceosome
8 YDR397C NCB2 regulation of transcription from 47 YGR042W telomere maintenance
polymerase Il promoter
9 YOR036W PEP12 Golgi to vacuole transport 48 YDR500C RPL37B translation
10 YGL028C Scwit cytokinesis, completion of 49 YBR236C ABD1 mRNA capping
separation
11 YNL098C RAS2 sporulation 50 YGL195W GCN1 regulation of translational
elongation
12 YGR162W TIF4631 ribosome biogenesis and 51 YIL160C POT1 fatty acid S-oxidation
assembly
13 YNRO034W SOL1 tRNA export from nucleus 52 YPR093C ASR1 response to ethanol
14 YER044C ERG28 ergosterol biosynthesis 53 YDL081C RPP1A translational elongation
15 YGRO078C PAC10 tubulin folding 54 YDR137W RGP1 retrograde transport, endosome
to Golgi
16 YGL249W ZIP2 synapsis 55 YBL028C ribosome biogenesis and
assembly
17 YIRO33W MGA2 regulation of transcription from 56 YPR138C MEP3 nitrogen utilization
polymerase |l promoter
18 YIL002C INP51 cell wall organization 57 YOR140W SFL1 regulation of transcription from
polymerase Il promoter
19 YDR191W HST4 chromatin silencing at telomere 58 YALO59W ECM1 cell wall organization
20 YOR339C uBCt1 protein monoubiquitination 59 YMLO61C PIF1 telomere maintenance
21 YDR192C NUP42 mRNA export from nucleus 60 YDL181W INH1 ATP synthesis coupled proton
transport
22 YCR011C ADP1 transport 61 YBR115C Lys2 lysine biosynthesis
23 YBLO19W APN2 base-excision repair 62 YBL042C FUIt uridine transport
24 YLLO054C unknown 63 YOR009W TIR4 unknown
25 YDL232W 0ST4 protein amino acid N-linked 64 YBR152W SPP381 nuclear mRNA splicing, via
glycosylation spliceosome
26 YOL088C MPD2 protein folding 65 YOR292C unknown
27 YILO50W PCL7 regulation of glycogen 66 YJL109C UTP10 ribosome biogenesis and
biosynthesis assembly
28 YLR372W SUR4 telomere maintenance 67 YEL061C CIN8 mitotic sister chromatid
segregation
29 YLLO21W SPA2 pseudohyphal growth 68 YDLO56W MBP1 DNA replication
30 YMR129W POM152 mRNA export from nucleus 69 YMRO35W IMP2 mitochondrial protein
processing
31 YOR023C AHC1 histone acetylation 70 YBR176W ECM31 pantothenate biosynthesis
32 YBR274W CHK1 protein amino acid 71 YOR109W INP53 cell wall organization
phosphorylation
33 YBR111C YSA1 unknown 72 YOR260W GCD1 regulation of translational
initiation
34 YPLO18W CTF19 chromosome segregation 73 YELO30W ECM10 protein refolding
35 YDR507C GIN4 protein amino acid 74 YCRO036W RBK1 ribose metabolism
phosphorylation
36 YLR213C CRR1 spore wall assembly 75 YDR346C SVF1 response to oxidative stress
37 YGL212W VAM?7 telomere maintenance 76 YPL254W HFI1 telomere maintenance
38 YBR229C ROT2 cell wall organization 77 YPR189W SKI3 mRNA catabolism
39 YER167W BCK2 G1/8 transition of mitotic cell 78 YDR298C ATP5 ATP synthesis coupled proton

cycle

transport

were grown to ODggonm = 1.0, diluted with fresh YPD media, added to
96-well microplates, and grown in the presence of SJW extract for 19 h.
After SJW treatment, the ODgponm Was measured and compared with
survival of untreated controls.

Western Immunoblotting. Human targets identified by data analysis
as putatively sensitive to SJIW were further qualified via Western
immunoblot experiments on nuclear and cytoplasmic extracts and
culture media of MDA-MB-231 human mammary carcinoma cells
treated with SJW. This cell line was chosen because it is known to

express HIF1ow when grown in low-glucose media. This cell line was
also used for preliminary tests of SIRT2 sensitivity, as this protein is
known to be expressed in multiple tissues including breast cells. The
MDA-MB-231 cell line was provided by the NCI cell line repository.
The cells were maintained in high-glucose (4.5 g/L) Dulbecco’s
modified Eagle’s medium (DMEM; Quality Biological, Gaithersburg,
MD) supplemented with 10% fetal bovine serum (HyClone Laborato-
ries, Logan, UT), penicillin, streptomycin, 2 mM glutamine at 37 °C,
and 5% CO,. To test the effect of STW extract, 4 x 10° cells were
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Table 3. Manual Confirmation of Selected SJW-Sensitive? Deletion Strains

sensitivity rank gene/strain control® SJW-treated®
1 MRC1 1.39 1.17
2 BFR1 1.37 0.93
3 SAM1 1.37 1.12
4 TIF1 1.38 1.15
5 YPS1 1.39 1.14
11 RAS2 1.55 1.36
20 HST4 1.53 1.31
21 uBC11 1.52 1.18
45 PBS2 1.50 1.21
76 GCD1 1.53 1.20
77 ECM10 1.49 0.72

@ Strains were cultured in SJW extract in YPD broth. © ODgoonm reading (median
of eight) taken after 19 h of growth.

inoculated in 100 x 20 mm Petri dishes and grown to ~60% confluence
in high-glucose DMEM. SJW was added to low-glucose (1 g/LL) DMEM
at a final concentration of 6% (3 mg of total phenolic content; 1 ug of
hyperforin, 6 ug of hypericin, 26 ug of pseudohypericin) and added to
the cells. After 19 h, the medium was removed and concentrated (for
VEGF experiments), whereas the cells were harvested for isolation of
nuclear and cytoplasmic extracts using an NE-PER Nuclear and
Cytoplasmic Extraction Kit (Pierce Biotechnologies, Rockford, IL).
Equal amounts of nuclear extracts were electrophoresed on SDS—
polyacrylamide gels and transferred to nitrocellulose membranes using
a semidry blotter (Bio-Rad). Membranes were blocked using Tris-
buffered saline with 3% nonfat milk (pH 8.0; Sigma). Blots were then
probed with primary anti-HIF1a, anti-VEGF, antiactin, anti-SIRT2,
antiacetylated a-tubulin, or anti-o-tubulin (Santa Cruz Biotechnology)
in blocking buffer and subsequently by a secondary antibody conjugated
to horseradish peroxidase (1:2000). All blots were washed in Tris-
buffered saline with Tween 20 (pH 8.0; Sigma) and developed using
the ECL procedure (Amersham Biosciences). Anti-rabbit or anti-mouse
antibody (Bio-Rad) was used as secondary antibody.

RESULTS

Characterization of St. John’s Wort Extract. Character-
istics of the aqueous SJW extract are shown in Table 1. The
extract possesses a significant amount of phenolic compounds
with a total soluble content of just over 5.2 mg/mL., but relatively
little protein content (<1 x#g/mL). The antioxidant activity of
the extract was approximately half that of a comparable amount
of gallic acid. Hyperforin was present at 0.03% and hypericin
at 0.2%. Pseudohypericin was present at 0.9%.

Determination of Strain Sensitivity. Signal intensities were
obtained for PCR products that hybridized to the sense and
antisense UPTAG and DOWNTAG features for each deletion
strain represented on the oligonucleotide microarrays. The mean
signal intensity was calculated from replicate features for each
strain. The mean signal intensity ranged from 106 to 22581 for
the 5936 strains in the pool. A ratio (untreated/ treated) of the
mean signal intensities was calculated for each strain. A ratio
of 1 suggests that the SJW had no effect on the strain, whereas
a high ratio suggests a growth defect. The ratio was converted
into a logarithm, base 2. The logged ratios were filtered using
the empirical rule for standard distributions. The logged ratios
were converted into standard scores and the cutoff set at +2
standard deviations (positive values represented strains for which
SJW-treated signal intensities were lower than control values).
At +2 standard deviations the isolated values represent ap-
proximately 2.5% of the original pool. At 95%, the confidence
interval is 0.020247, or 2.02%. Sensitivities for individual strains
identified by both UPTAG and DOWNTAG features were
averaged.
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Figure 1. HIF1c protein expression in response to St. John’s wort extract
in MDA-MB-231 cells. Cells were treated with St. John’s wort as indicated
for 19 h. Cell nuclear extracts were analyzed for HIF1c. expression by
Western blot analysis using antibody to HIF1c. Blots for actin confirm
equal loading of the samples.
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Figure 2. VEGF protein expression in response to St. John’s wort extract
in MDA-MB-231 cell culture medium. Cells were treated with St. John’s
wort as indicated for 19 h. Cell culture medium was concentrated and
analyzed for VEGF expression by Western blot analysis using antibody
to VEGF. The blot was stripped and stained with Coomassie Brilliant Blue
to verify equal loading of the samples.
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Figure 3. SIRT2, acetylated o-tubulin, and o-tubulin protein expression
in response to St. John’s wort extract in MDA-MB-231 cells. Cells were
treated with St. John’s wort as indicated for 19 h. Cell cytoplasmic extracts
were analyzed for expression of each protein by Western blot analysis
using antibody to SIRT2, acetylated o-tubulin, or a-tubulin.

Identification and Confirmation of SJW-Sensitive Strains.
In our screen, 78 deletion strains were identified as significantly
sensitive to the STW extract (Table 2). From a search of the primary
literature, we have determined that none these strains has been
previously described as sensitive to STW. Due to budget constraints,
strains selected for manual confirmation were taken from across
the list of sensitive strains, and the results strongly suggest that
the remaining strains listed are likely also not false positives. We
obtained individual strains for 11 of the 78 putative STW-sensitive
deletion strains, representing the rankings 1—5, 11, 19, 20, 43, 72,
and 73 in Table 2. All 11 deletion strains showed significantly
reduced growth compared to untreated controls, indicating marked
sensitivity to STW and confirming that their reduced representation
on the microarray was not due to an initial growth delay, which
would be expected to recover by the end of the 19 h incubation
period. Table 3 lists the ODgonm readings for these strains after
SJW treatment in comparison to untreated controls.

Identification of Human Orthologues. Computational
analyses using the NCBI BLASTP and HomoloGene data-
bases revealed that 52 of the 78 SJW-sensitive yeast genes
have human orthologues. Table 4 shows the list of 52 human
orthologues ranked according to the SIW sensitivity of their
yeast counterpart.

Up-regulation of HIF1a and VEGF Protein Expression
by SJW Extract in MBA-MB-231 Cells. Computational
comparative genomic studies of the yeast gene-deletion mi-
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Table 4. Human Orthologues of SUW-Sensitive Yeast Genes
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yeast gene yeast rank human orthologue

human biological function

associated disease

Huntington’s disease

DiGeorge syndrome

Psuedo-Zellweger syndrome

Navajo neurohepatopathy

Alzheimer’s disease, bipolar disorder, neurodegeneration

SAM1 3 MAT2A a-methionine adenosyltransferase |I

TIF1 4 EIF4A2 eukaryotic translation initiation factor 4A isoform 2

TIF4632 6 EIF4G1 eukaryotic translation initiation factor 4 y 1

NCB2 8 DR1 down-regulator of transcription 1

PEP12 9 STX7 syntaxin 7; nervous system-specific protein implicated in
docking of synaptic vesicles at presynaptic plasma membrane

RAS2 11 KRAS Kirsten rat sarcoma viral oncogene

TIF4631 12 EIF4G1 eukaryotic translation initiation factor 4 y, 1

SOL1 13 PGLS 6-phosphogluconolactonase

PAC10 15 VBP1 von Hippel—Lindau binding protein 1

HST4 19 SIRT2 silent mating type information regulation 2 homologue

uBci1 20 UBE2C ubiquitin-conjugating enzyme E2C

ADP1 22 ABCG2 ATP-binding cassette, subfamily G (xenobiotic transport)

APN2 23 APEX2 APEX nuclease 2 (DNA repair)

SUR4 28 ELOVL7 unclassified

SPA2 29 GIT1 G protein-coupled receptor kinase interactor 1, regulator of
membrane trafficking

CHK1 32 CHEK1 CHK1 checkpoint homologue

YSA1 33 NUDT5 nucleoside diphosphate linked moiety X-type motif 5

GIN4 35 BRSK1 BR serine/threonine kinase 1

VAM7 37 SNX12 sorting nexin 12

ROT2 38 GANAB o-glucosidase, neutral AB

BCK2 39 MYO18B myosin XVIIIB

HIR2 40 HIRA HIR histone cell cycle regulation defective homologue A

ACS1 41 ACSS1 Acyl-CoA synthetase short-chain family member 1

SSD1 42 DIS3 DIS3 mitotic control homologue

PBS2 43 MEK2 mitogen-activated protein kinase kinase 2

NOTS 44 CNOT3 CCR4-NOT transcription complex, subunit 3

MBF1 45 EDF1 endothelial differentiation-related factor 1

PRP18 46 PRPF18 PRP18 pre-mRNA processing factor 18 homologue

RPL37B 48 RPL37 ribosomal protein L37

ABD1 49 RNMT RNA (guanine-7-) methyltransferase

GCN1 50 GCN1L1 GCN1 general control of amino-acid synthesis 1-like 1

POT1 51 ACAA1 acetyl-coenzyme A acyltransferase 1

ASR1 52 TRIMZ2 unclassified

RPP1A 53 RPLP1 large ribosomal protein, P1

MEP3 56 RHAG Rh-associated glycoprotein

SFL1 57 HSF4 heat shock transcription factor 4

PIF1 59 PIF1 PIF1 5’-t0-3" DNA helicase homologue

LYS2 61 AASDH 2-aminoadipic 6-semialdehyde dehydrogenase

SPP381 64 GABPB2 GA binding protein transcription factor, 8 subunit 2

YOR292C 65 MPV17 mitochondrial inner membrane protein

UTP10 66 HEATR1 unclassified

CIN8 67 KIF11 kinesin family member 11

MBP1 68 DAPK1 death-associated protein kinase 1

IMP2 69 IMMP2L inner mitochondrial membrane peptidase-like

INP53 71 SYNJ2 synaptojanin 2

GCD1 72 EIF2B3 eukaryotic translation initiation factor 2B, subunit 3

ECM10 73 HSPA5 heat shock 70 kDa protein 5 (glucose-regulated)

RBK1 74 RBKS ribokinase

SVF1 75 IFNA14 interferon, o 14 (immune response)

HFI1 76 PHKG1 phosphorylase kinase, y 1

SKI3 77 KIAA0372 unclassified

ATP5 78 ATP50 H*-ATP synthase, mitochondrial F1 complex, O subunit

croarray data implicated the human HIF1a and VEGF signaling
pathways as putative targets of SJIW. Human UBE2C, an
orthologue of the STW-sensitive yeast gene UBCI 1, is involved
in HIFlow degradation, whereas activity of human EIF2B3,
KRAS, and MEK?2 orthologues of the SJTW-sensitive yeast genes
GCDI, RAS2, and PBS2, respectively, can modulate VEGF
signaling (in addition to other activities). To investigate whether
the SJW extract can affect the protein expression of endogenous
HIF1a and VEGEF in a human cell line, we treated MDA-MB-
231 cells with SJW extract and examined HIFla and VEGF
levels by Western immunoanalysis. Our results revealed that
HIFla protein expression increased 2—3-fold with SJW after
19 h of treatment (Figure 1). VEGF protein was absent from
control medium samples but was strongly detected after SITW
treatment (Figure 2).

Modulation of SIRT2 Protein Expression and o-Tubulin
Acetylation by SJW Extract in MBA-MB-231 Cells. Com-
putational comparative genomic studies of the yeast gene-
deletion microarray data implicated human SIR72, an orthologue
of the SJW-sensitive yeast gene HST4, as a putative target of
SIW. We further investigated whether SJW extract can modulate
SIRT?2, a deacetylase, by examining the actual protein expression
of endogenous SIRT2 and acetylated a-tubulin in MDA-MB-
231 cells, where both proteins are expressed. Our results
revealed that SIRT2 protein expression decreased to background
level after STW exposure (Figure 3). Acetylated a-tubulin levels
increased from background level to a strong signal after 19 h
of treatment with SJW (Figure 3), further suggesting reduced
SIRT?2 deacetylase activity.
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DISCUSSION

The present study demonstrates the power of chemical—genetic
profiling in yeast as a model system to predict potential human
molecular targets of bioactive botanical products. First, using
SJW, we show that the use of a high-density yeast barcode
microarray has considerable power to identify SJW-sensitive
yeast deletion strains not previously described as sensitive to
SJW. Second, using a microarray containing multiple replicate
barcode features, we show that the strains can be ranked
according to their sensitivity to SJW. Finally, using computa-
tional comparative genomics techniques and human cell-based
immunocytochemical assays, we demonstrate that the identifica-
tion of SJW-sensitive genes in yeast with the barcode microarray
facilitated the identification of SJW-sensitive orthologous human
genes linked to angiogenesis, a process involved in wound
recovery and tumor growth, and genes linked to the predisposi-
tion of neurodegenerative and psychiatric genetic diseases.

Yeast has long been used as a human genetic model system.
It is easy to culture and genetically tractable and has a genome
with approximately 44% homology to the human genome.
Comparative genomics techniques that can integrate and inter-
rogate yeast and human molecular information can be used to
elucidate the answers to functional genomics questions. There-
fore, identification of botanical molecular targets in yeast may
help to identify potential orthologous targets in humans, based
on the conservation of homologous genes and proteins through-
out phylogeny. Interestingly, although sequence and structural
aspects may be conserved throughout evolution, that is not
always the case for molecular function, such that orthologues
of molecular targets which mediate a protective function in yeast
may have a dramatically different function in human physiology.

We identified 78 genes in yeast represented by SJTW-sensitive
strains for which the signal intensity in the untreated sample
was higher than that for the treated sample (Table 2). Biological
processes represented by genes in this list include transport,
vesicle-mediated transport, signal transduction, protein modi-
fication, lipid metabolism, transcription, and translation, among
others. In yeast, these genes are identified as serving an
important protective role or essential function in the adaptive
response(s) to the cytotoxic challenge incurred by SJW exposure.

Using sequence-based comparison techniques, we determined
that 52 of the 78 SJW-sensitive yeast genes have human
orthologues (Table 4). The top molecular functions were
associated with cellular growth, development, assembly, and
organization and cell death of brain and central nervous system
cells. It should be noted that the yeast genome does not contain
genes for cytochrome P450 enzymes, which may explain the
absence of such genes from the list of human orthologues.

Four of the 52 human orthologues are associated with
angiogenesis, the formation of new blood vessels. These
orthologues include UBE2C, KRAS, MEK2, and EIF2B3.
Computational analysis associated UBE2C with angiogenesis
at the level of HIFlow degradation. The potential for HIF1a
modulation by SJW was investigated by Western blot analysis
of SJW-treated MDA-MB-231 cells. Protein expression of
HIF1a increased after 19 h of exposure to SJW (Figure 1).
Computational analysis associated KRAS, MEK?2, and EIF2B3
with angiogenesis at the level of VEGF signaling. The potential
for VEGF modulation by SJW was investigated by Western
blot analysis of the culture medium of MDA-MB-231 cells
treated with STW. VEGF protein levels in the culture medium
of MDA-MB-231 cells increased after 19 h of treatment with
SIJW (Figure 2). The ability of SJW to activate HIFlo. and
VEGF protein expression suggests a potential for SJW to
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promote wound healing, recovery, or cell growth processes
through the activation of angiogenesis to increase blood flow
through new blood vessel formation.

Six of the 52 identified human orthologues were associated
with neurological diseases or psychiatric disorders. These genes
include GIT1, HIRA, ACAAI, MPV17, HSPAS, and SIRT2. Our
focus was attracted to SIRT2, which encodes an NAD(+)-
dependent protein deacetylase involved in a-synuclein-mediated
toxicity in cellular models of Parkinson’s disease (25). The
potential for SIRT2 modulation by SJIW was investigated by
Western blot analysis of SJW-treated MDA-MB-231 cells.
SIRT2 protein levels decreased after 19 h of treatment with STW
(Figure 3). Provided results similar to ours can be repeated in
neuronal cells, the ability of STW to deactivate SIRT2 may have
implications for potential therapeutic use of SJW in the treatment
of Parkinson disease, as SIRT2 inactivation has been found to
restrict Lewy body formation and lead to the rescue of neuronal
cells (25).

It should be noted that the bioavailability of SJTW compounds
within the body and at physiological target sites will play an
important role in the evaluation of potential mode of action
models generated by genetic studies. Unfortunately, although
many papers exist describing the effect of SIW on the
bioavailability of drugs taken concomitantly, few studies have
been conducted to investigate the pharmacokinetic profile of
SJW compounds in humans after oral ingestion. However, in
the case of our suggestion herein that SJW may promote wound
healing through the activation of angiogenic activities, our
hypothesis is bolstered by the understanding that traditionally
SJW salves were applied topically to wounds, which may allow
SJW compounds direct access to target cells at the wound site.

In summary, we have shown that chemical—genetic profiling
in yeast represents a powerful tool for the identification of
human intracellular targets of dietary, bioactive botanical
products, such as the medicinal plant SJW. We identified 78
genes previously undescribed as essential to the adaptive
response to SJW. Fifty-two of these yeast genes have human
orthologues, some of which have been implicated in neurological
diseases, psychiatric disorders, angiogenesis, and human cancer.
Three putative human intracellular targets predicted by
chemical—genetic profiling in yeast (HIF1o, VEGF, and SIRT2)
were confirmed by cell-based assays of SJW-treated human
cells. Future research will seek to better understand the role of
individual constituents of SJW in the adaptive responses
observed using the whole SJW extract. We envision that the
approach described here may be useful to the functional food
and agricultural research community in the determination of
molecular mechanisms of action for bioactive botanical products
as whole extracts, the form in which they are most commonly
used in traditional medicine, prior to the identification of singular
bioactive constituents. Subsequently, individual compounds and/
or synergies among constituents that are responsible for various
aspects of the overall molecular mechanism can be elucidated
by comparison of individual chemogenomic profiles to that of
the whole extract.
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