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Dihydrofolate reductase (DHFR) has been confirmed to be a novel target for antibacterial drug devel-
opment. In this study, we determined that a fungal metabolite from Stachybotrys sp. FN298 can inhibit the 
DHFR of Staphylococcus aureus. Its structure was identified as a lactone form of stachybotrydial using mass 
spectrometry and nuclear magnetic resonance analysis. This compound inhibited S. aureus DHFR with a 
half-maximal inhibitory concentration of 41 µM. It also prevented the growth of S. aureus and methicillin-
resistant S. aureus (MRSA) with a minimum inhibitory concentration of 32 µg·mL−1. To our knowledge, this 
is the first description of a DHFR inhibitor of microbial origin. The inhibitory function of the lactone form of 
stachybotrydial highlights its potential for development into a new broad-spectrum antibacterial agent and 
as an agent against MRSA.
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Tetrahydrofolate is essential for the survival of both pro-
karyotic and eukaryotic cells since it is a precursor for the 
synthesis of purines, some amino acids, and thymidine. Dihy-
drofolate reductase (DHFR, E.C. 1.5.1.3) catalyzes the transfer 
of a hydride ion from nicotinamide adenine dinucleotide phos-
phate (NADPH) to 7,8-dihydrofolate (DHF), forming the prod-
uct 5,6,7,8-tetrahydrofolic acid.1) Since DHFR is a key enzyme 
in the biosynthesis of tetrahydrofolate, it has been a target for 
the treatment of cancer as well as bacterial and parasitic infec-
tions.2,3) There are substantial differences between bacterial 
and mammalian DHFR in terms of amino acid sequence and 
three-dimensional structures, and the identification of these 
differences led to the discovery of the antibacterial agent tri-
methoprim (TMP).3) TMP binds bacterial DHFR with several 
thousand times higher affinity than that seen for mammalian 
DHFR3,4) and is currently in clinical use. In addition, since 
DHFR is widely conserved in pathogenic bacteria, it is a use-
ful target for the discovery of novel antibacterial agents with a 
broad spectrum of activity.

TMP, a 5-substituted-2,4-diaminopyrimidine, is a selective 
inhibitor of bacterial DHFR and has been used as mono-
therapy or in combination drug therapy for the treatment of 
urinary tract infections since the mid-1970s.3) TMP exhibits 
broad-spectrum activity against a wide variety of Gram-posi-
tive bacterial pathogens, including Staphylococcus aureus and 
methicillin-resistant Staphylococcus aureus, and Gram-nega-
tive bacteria, including Escherichia coli and Klebsiella pneu-
moniae. Furthermore, the combination of TMP and isoniazid 
is bactericidal against Mycobacterium tuberculosis.5) Despite 
the validation of DHFR as a drug target, TMP remains the 
only approved antibacterial inhibitor of this enzyme. Many 
pathogens have now developed TMP-resistant DHFRs, neces-
sitating the discovery of new DHFR inhibitors.6)

Microorganisms produce a variety of antibiotics that func-
tion as antagonists in nature to aid in competition. In addition, 
the targets of many antibiotics have not yet been elucidated.7) 
Although some inhibitors of mammalian DHFR have been 
isolated from marine resources such as sponges,8) no in-

hibitors of bacterial DHFR have been isolated from natural 
resources, with the exception of epigallocatechin-3-gallate.9) 
Thus, the screening of microorganisms for the production of 
bacterial DHFR inhibitors is warranted.

In this study, we screened for inhibitors of Staphylococcus 
aureus DHFR from microbial resources. During this process, 
a rare metabolite containing sesquiterpene and benzofuran 
was isolated from Stachybotrys sp. FN298, and this inhibi-
tor was identified as a lactone form of stachybotrydial (1) by 
spectral analysis. Stachybotrydial has been reported as a me-
tabolite of Stachybotrys cylindrospora10) and Stachybotrys sp. 
F-1839.11) However, the antibacterial activity of stachybotry-
dial and its lactone form has not been reported previously. In 
this study, we describe the isolation, Staphylococcus aureus 
DHFR-specific inhibitory activity, and antibacterial activity of 
1 (Fig. 1).

MATERIALS AND METHODS

General Experimental Methods  Nuclear magnetic reso-
nance (NMR) spectra were recorded on the Varian INOVA 
400 and Bruker AVANCE II 900 spectrometers (Korea Basic 
Science Institute, Daejeon, Korea). Electrospray ionization 
mass spectrometry data were recorded with a Jeol JMS-
HX110/110 A mass spectrometer. Column chromatography on 
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Fig. 1. The Structure of a Lactone Form of Stachybotrydial, Known as 
Compound 1
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silica gels (Kieselgel 60, 70–230 mesh; Merck, Whitehouse 
Station, NJ, U.S.A.) and Sephadex LH-20 (GE Healthcare, 
Pittsburgh, PA, U.S.A.) and thin layer chromatography on 
precoated 60 F254 silica gels (0.25 mm; Merck) were conducted. 
DHF, TMP, vancomycin, norfloxacin, and rifampin were pur-
chased from Sigma-Aldrich (St. Louis, MO, U.S.A.).

Fungal and Bacterial Strains  The fungal strain FN298 
was isolated from a soil sample collected from a mountain 
located near Kangnung City, Kangwon-do, Korea. This strain 
was identified as a Stachybotrys species on the basis of its 18S 
ribosomal RNA (rRNA) sequence. The bacterial strains used 
in antibacterial assays were acquired from the Culture Collec-
tion of Antimicrobial Resistant Microbes of Korea (CCARM) 
and the Korean Collection for Type Cultures (KCTC).

Fermentation and Compound 1 Isolation  Fermentation 
was conducted in a liquid culture medium containing 0.4% 
potato starch and 2% glucose (pH 5.1 prior to sterilization). A 
sample of the FN298 strain from a mature plate culture was 
inoculated into a 500 mL Erlenmeyer flask containing 80 mL 
of the above sterile seed liquid medium and cultured for 3 d 
on a rotary shaker (150 rpm) at 28°C. For the production of 
active compounds, 5 mL of each seed culture was transferred 
into 500 mL Erlenmeyer flasks (30 flasks) containing 100 mL 
of the same medium, and then cultivated for 7 d at 28°C. The 
fermented whole medium (2.8 L) was extracted with 100% 
acetone and the extract was concentrated in vacuo to an aque-
ous solution, which was then extracted three times with an 
equal volume of ethyl acetate. The ethyl acetate extract was 
dried in vacuo, and then this crude extract was subjected to 
SiO2 column (Merck) chromatography followed by stepwise 
elution with CHCl3–MeOH (100 : 1, 50 : 1, 10 : 1, 1 : 1). The ac-
tive fractions eluted with CHCl3–MeOH (50 : 1) were pooled 
and concentrated in vacuo. The residue (1.3 g) dissolved in 
MeOH was further subjected to Sephadex LH-20 column 
chromatography and eluted with CHCl3–MeOH (1 : 1). The 
active fractions were pooled and concentrated in vacuo. The 
residue (112 mg) was subjected to a second round of SiO2 col-
umn chromatography followed by elution with CHCl3–MeOH 
(20 : 1). The active fraction was finally purified via preparative 
SiO2 thin layer chromatography developed with CHCl3–MeOH 
(10 : 1) to yield 1 (16.7 mg) at an Rf of 0.5, as a white powder.

Compound 1: C23H30O5; a white powder; UV λmax nm 
(log ε) in MeOH: 220 (4.51), 265 (3.75), 307 (3.50); 1H-NMR 
(900 MHz, CD3OD) δ: 6.72 (1H, s, H-3′), 5.34 (1H, d, 
J=15.3 Hz, Ha-8′), 5.19 (1H, d, J=15.3 Hz, Hb-8′), 3.33 (1H, m, 
H-3), 3.22 (1H, d, J=17.1 Hz, Ha-11), 2.84 (1H, d, J=17.1 Hz, 
Hb-11), 2.04 (1H, dd, J=13.5, 4.5 Hz, H-5), 1.91 (1H, m, Hβ-2), 
1.81 (1H, m, H-8), 1.76 (1H, ddd, J=13.5, 13.5, 3.6 Hz, Hβ-1), 
1.58 (1H, m, Hα-7), 1.56 (1H, m, Hα-6), 1.50 (1H, m, Hα-2), 
1.49 (1H, m, Hβ-7), 1.45 (1H, m, Hβ-6), 1.05 (1H, ddd, J=13.5, 
4.5, 3.6 Hz, Hα-1), 1.01 (3H, s, H3-15), 0.96 (3H, s, H3-13), 
0.86 (3H, s, H3-14), 0.71 (3H, s, H3-12); 13C-NMR (125 MHz, 
CD3OD) δ: 173.6 (C-7′), 156.3 (C-6′), 155.4 (C-2′), 127.3 
(C-4′), 121.3 (C-1′), 119.2 (C-5′), 103.1 (C-3′), 99.9 (C-9), 75.8 
(C-3), 68.8 (C-8′), 42.9 (C-10), 40.7 (C-5), 38.1 (C-20), 37.8 
(C-8), 32.5 (C-11), 31.6 (C-7), 28.6 (C-13), 25.5 (C-2), 24.8 
(C-1), 22.8 (C-14), 21.5 (C-6), 16.3 (C-15), 15.8 (C-12); high 
resolution electrospray ionization mass spectrometry: m/z 
409.1989 [M+ Na]+, C23H30O5Na requires 409.1985.

Cloning and Inhibition of DHFR  The wild-type DHFR 
gene was amplified by polymerase chain reaction from the 

genomic DNA of Staphylococcus aureus RN4220. The prim-
ers used were 5′-GCT  AGC  ATG  ACT  TTA  TCC  ATT  CTA  
GTT  GCA-3′ and 5′-CTC  GAG  TTA  TTT  TTT  ACG  AAT  TAA  
ATG  TAG-3′, which contain NdeI and XhoI restriction sites, 
respectively. After the DNA sequence was confirmed, the 
DHFR gene was cloned into the pET28a vector (Novagen, 
Gibbstown, NJ, U.S.A.). This construct was transformed into 
E. coli BL21 (DE3) for expression following induction with 
isopropyl β-D-1-thiogalactoside. The N-terminal His-tagged 
Staphylococcus aureus DHFR was purified using a column 
of Ni-NTA His-bind Superflow (Novagen) eluted with 200 mM 
imidazole. Assays were conducted in half-area, 96-well mi-
crotiter plates containing 100 µL assay mixture. The Staphylo-
coccus aureus DHFR assay contained 50 mM potassium phos-
phate (pH 6.5), 5 mM β-mercaptoethanol, 100 µM DHF, 100 µM 
NADPH, and 400 nM Staphylococcus aureus DHFR as previ-
ously described.12) The reduction of DHF was spectrophoto-
metrically measured by following the utilization of NADPH at 
340 nm at 30°C over the linear period of the assay. The rate of 
decrease in the amount of NADPH in each reaction well was 
measured using a microtiter plate reader and the SoftMax Pro 
software (Molecular Devices, Sunnyvale, CA, U.S.A.). The 
inhibitory activity was calculated using the following formula: 
% inhibition= 100×[1−(rate in the presence of compound÷rate 
in the untreated control)]. The half-maximal inhibitory con-
centration (IC50) values were calculated by fitting the data to a 
sigmoid equation. An equal volume of dimethyl sulfoxide was 
used for the untreated controls.

Determination of Antibacterial Susceptibility  Whole-
cell antimicrobial activity was determined via broth micro-
dilution, as previously described.13) The test strains were 
grown to mid-log phase in Mueller–Hinton broth and diluted 
1000-fold in the same medium. Cells (105/mL) were inoculated 
into Mueller–Hinton broth, with the exception of Streptococ-
cus pneumoniae, which was inoculated into tryptic soy broth 
containing 5% sheep blood, and then dispensed at 0.2 mL/well 
in 96-well microtiter plates. Minimum inhibitory concentra-
tions (MICs) were determined in triplicate by serially diluting 
test compounds. The MIC was defined as the concentration of 
a test compound required to completely inhibit cell growth at 
30°C. Bacterial growth was determined by measuring the ab-
sorption at 650 nm with a microtiter plate reader.

Measurement of the Inhibition of Macromolecular Bio-
synthesis  To monitor the effects of 1 on DNA and RNA bio-
syntheses, its effects on the incorporation of [2-14C] thymidine 
(59.8 mCi·mmol−1) and [U-14C] uridine (539 mCi·mmol−1) into 
Staphylococcus aureus were measured as described previ-
ously.13) Staphylococcus aureus was exponentially grown to 
an A650 of 0.2 in Mueller–Hinton broth, and then each 1-mL 
culture was treated with drugs at two times the MIC for 
10 min. An equal volume of dimethyl sulfoxide was added to 
the untreated control. After incubation with the radiolabeled 
precursors at 37°C for 1 h, followed by centrifugation, the 
cell pellets were washed twice with phosphate buffered saline 
(PBS). Incorporation was terminated by adding 10% (w/v) 
trichloroacetic acid and cooling on ice for 20 min. The precipi-
tated material was collected on Whatman GF/C glass microfi-
ber filters, washed with trichloroacetic acid and ethanol, dried, 
and counted using a scintillation counter. The total counts 
incorporated during a 1-h incubation without inhibitors ranged 
from 9000 to 12000. The inhibition of radiolabeled precursor 
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incorporation was calculated using the following formula: % 
inhibition= 100×[1−(radioactivity values of the treated sam-
ples/control (no antibacterial) values)]. In all the experiments, 
known antibacterial agents were included as positive controls.

RESULTS AND DISCUSSION

Our screening of approximately 5000 microbial extracts 
(3000 actinomycete and 2000 fungal extracts) using a com-
bination of whole-cell and enzyme assays identified three 
initial hit strains. Among the initial hits, a metabolite isolated 
from only one hit strain, Stachybotrys sp. FN298, showed 
both DHFR-inhibitory activity and antibacterial activity. 
Compound 1 was isolated via activity-guided fractionation 
using ethyl acetate extraction, SiO2 column chromatography, 
Sephadex LH-20 column chromatography, and preparative 
SiO2 thin layer chromatography from the liquid fermentation 
broth of the fungal strain FN298. The 1H- and 13C-NMR data 
of 1 together with 1H–1H correlation spectroscopy (COSY), 
heteronuclear multiple quantum coherence (HMQC), and 
heteronuclear multiple bond connectivity (HMBC) spectra 
indicated the presence of 4,6-dioxgenated isobenzofuranone 
and a drimane-type sesquiterpene. The 1H- and 13C-NMR 
data for 1 were almost identical to those of the lactone form 
of stachybotrydial.11) Based on the nuclear Overhauser effect 
spectroscopy experiment, the relative stereochemistry of the 
sesquiterpene moiety was determined to be the same as the 
reported stereochemistry of stachybotrydial. Thus, its struc-
ture was determined to be that of the lactone form of stachy-

botrydial (Fig. 1). It has been reported that stachybotrydial 
spontaneously transforms into its lactone form by the intramo-
lecular Cannizzaro reaction.10,11,14) In the current study, a trace 
amount of what was believed to be stachybotrydial, based on 
electrospray ionization mass spectrometry data, was detected 
at an Rf of 0.35 in the final preparative SiO2 thin layer chro-
matography step involving development with CHCl3–MeOH 
(10 : 1). However, the identification of its exact structure and 
biological activity were not performed due to the compound’s 
limited availability.

Compound 1 inhibited Staphylococcus aureus DHFR in 
a dose-dependent manner and exhibited an IC50 of 41.5 µM, 
while the positive control TMP had an IC50 of 0.25 µM (Table 
1). Despite its inhibition of DHFR, 1 did not inhibit another 
reductase, Staphylococcus aureus enoyl-acyl carrier protein 
(ACP) reductase, even at a concentration of 300 µM, while 
the well-known FabI inhibitor triclosan as a positive control 
had an IC50 of 0.1 µM against Staphylococcus aureus enoyl-
ACP reductase. TMP also did not inhibit Staphylococcus 
aureus enoyl-ACP reductase at 10 µM. These results indicated 
that inhibition by 1 was selective for DFHR like TMP. In 
order to determine whether 1 inhibited cell growth, its anti-
bacterial activity against Gram-positive pathogens, including 
Staphylococcus aureus, methicillin-resistant Staphylococcus 
aureus (MRSA), Streptococcus pneumoniae, Bacillus cereus, 
and Staphylococcus epidermis was evaluated. Compound 1 
exhibited antibacterial activity against Staphylococcus aureus 
RN4220, MRSA CCARM 3167 and CCARM 3506, Strep-
tococcus pneumoniae KCTC 5412, B. cereus KCTC 1661, 

Fig. 2. The Mechanism of Inhibition of Staphylococcus aureus DHFR by Compound 1
The reciprocals of the initial reaction, (A) substrate (DHF), and (B) cofactor (NADPH) concentrations are plotted. The values are expressed as the mean±S.D. from 

triplicate measurements in two independent experiments.

Table 1. The Inhibitory Activity of Compound 1 against Staphylococcus aureus DHFR, Bacterial Viability, and DNA and RNA Biosyntheses in  
Staphylococcus aureus

IC50 (µM) MIC (µg·mL−1) Inhibition of precursor incorporation  
at 2×MIC (%)

saDHFRa) Staphylococcus aureusb) MRSAc) [2-14C]Thymidine [U-14C]Uridine

1 41.5 32 32 68 79
Reference compoundsd) 0.25 1 1 73 72

a) Staphylococcus aureus DHFR, b) Staphylococcus aureus RN4220, c) Methicillin-resistant Staphylococcus aureus CCARM3167, d) Reference compounds used for 
saDHFR inhibition, cell viability, thymidine, and uridine incorporation are TMP, vancomycin, norfloxacin, and rifampin, respectively.
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and Staphylococcus epidermis KCTC 3958 with MICs of 
32–64 µg·mL−1. However, 1 did not show antibacterial activity 
against Gram-negative bacteria such as E. coli CCARM 1356 
and Pseudomonas aeruginosa KCTC 2004 at 128 µg·mL−1. As 
a positive control, vancomycin showed MICs of 1–2 µg·mL−1 
against these Gram-positive strains. These data suggest a 
correlation between the enzyme-inhibitory and antibacterial 
activities of 1.

In the Lineweaver–Burk plot analysis (Fig. 2), 1 showed 
mixed-type inhibition of Staphylococcus aureus DHFR with 
respect to the substrate DHR, with a Ki value of 7.4 µM. Simi-
larly, 1 showed a mixed-type inhibitory effect against Staphy-
lococcus aureus DHFR with respect to the cofactor NADPH, 
with a Ki value of 23.9 µM. These results indicate that 1 binds 
to both the free enzyme and the enzyme-substrate complex.

In order to determine whether the antibacterial effect of 1 
was attributable to the inhibition of DNA and RNA syntheses, 
we attempted to ascertain whether this compound blocked the 
in vivo incorporation of thymidine and uridine into DNA and 
RNA, respectively. We measured the effect of 1 on the incor-
poration of [2-14C] thymidine and [U-14C] uridine into DNA 
and RNA, respectively, in S. aureus. When compared with 
untreated cells, 1 was found to inhibit DNA and RNA syn-
theses in vivo by 68% and 79%, respectively, at two times the 
MIC (Table 1). Norfloxacin and rifampin were used as positive 
controls and these antibacterial agents inhibited thymidine and 
uridine incorporation by 73% and 72%, respectively.

Stachybotrydial has been previously identified as a cho-
lesterol esterase inhibitor and an avian myeloblastosis virus 
protease inhibitor from Stachybotrys sp. F-183910) and Stachy-
botrys sp. Mer-NF5003,15) respectively. It was also reported to 
exhibit antiviral and antiplasmodial activities14) and enhance 
the fibrin binding of Glu-plasminogen.16) However, the anti-
bacterial activity of stachybotrydial and its lactone form has 
not been reported previously.

Sulfonamides and diaminopyrimidine are classical scaffolds 
of bacterial DHFR inhibitors. Various synthetic analogs of 
diaminopyrimidine, including iclaprim, have been developed 
via three-dimensional structure-based rational design3,17) 
Iclaprim is a promising antibacterial drug, which is cur-
rently being tested in a Phase III clinical trial. Recently, the 
discovery of new scaffolds for nonclassical DHFR inhibitors, 
including thiazoles,18) quinolinones,19) and propargyl-linked 
compounds20,21) have been reported. Cytotoxic puupehenone 
(sesquiterpene hydroquinone) and bastadin from the Verongid 
sponges were reported to inhibit mammalian DHFR.22,23) In 
addition, a component of green tea known as EGCG was re-
ported to inhibit both mammalian and bacterial DHFR.9,24,25) 
However, we believe that this is the first report of a bacterial 
DHFR inhibitor of microbial origin, namely, the lactone form 
of stachybotrydial.

In conclusion, the lactone form of stachybotrydial inhibited 
Staphylococcus aureus DHFR and also exhibited antibacterial 
activity against Staphylococcus aureus and MRSA. It also ex-
hibited inhibition of DNA and RNA biosyntheses in Staphylo-
coccus aureus, which is consistent with its Staphylococcus au-
reus DHFR inhibitory activity. In this study, we have reported 
the inhibitory effects of the lactone form of stachybotrydial 
on Staphylococcus aureus DHFR and its impact on bacterial 
viability. This compound may provide to be a useful chemical 
scaffold for the development of a novel broad-spectrum anti-

bacterial that can also function as an anti-MRSA agent.
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