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The inhibitory activity of Curcuma longa L. (turmeric) rhizome constituents against sortase A, a bacterial
surface protein anchoring transpeptidase, from Staphylococcus aureus ATCC 6538p was evaluated.
The activity of the isolated compounds (1—4) was compared to that of the positive control,
p-hydroxymecuribenzoic acid (pHMB). The biologically active components of C. longa rhizome were
characterized by spectroscopic analysis as the curcuminoids curcumin (1), demethoxycurcumin (2),
and bisdemethoxycurcumin (3). Curcumin was a potent inhibitor of sortase A, with an ICs, value of
13.8 £+ 0.7 ug/mL. Bisdemethoxycurcumin (ICsp = 31.9 + 1.2 ug/mL) and demethoxycurcumin (ICsg
= 23.8 £ 0.6 ug/mL) were more effective than pHMB (ICso = 40.6 + 1.2 ug/mL). The three isolated
compounds (1-3) showed no growth inhibitory activity against S. aureus strain Newman, with minimum
inhibitory concentrations (MICs) greater than 200 ug/mL. Curcumin also exhibited potent inhibitory
activity against S. aureus cell adhesion to fibronectin. The suppression of fibronectin-binding activity
by curcumin highlights its potential for the treatment of S. aureus infections via inhibition of sortase
activity. These results indicate that curcumin is a possible candidate in the development of a bacterial
sortase A inhibitor.

KEYWORDS: Curcuma longa L.; curcumin; Staphylococcus aureus ; sortase inhibitory activity; sortase
A; antibacterial activity; fibronectin-binding activity; curcuminoids

INTRODUCTION the invasion of host cells, or the evasion of host-immune
The rhizome of turmericCurcuma longa.. (Zingiberaceae) responses/]). These virulence-associated proteins are covalently
has been widely used as a yellow coloring agent and spice inanchored to bac_terlal cell wall peptidoglycan t_hrough ageneral
sorting mechanism catalyzed by a superfamily of membrane-

many foods. Itis also used as an essential ingredient in medicine ; -
as a carminative, anthelmintic, laxative, and cure for liver associated transpeptidases termed sortases (8). Two sortase

ailment (1). The use of turmeric for the antimicrobial activity !ZOfO?;‘_“Sd' _sosrtas;e] 'la‘ (SrtA) and ngisze s’_h(ertB')A'\ _ha\f/e been
of its extracts has long been known. Turmeric and its extract 'dentified inStaphylococcus aurey8—12). The SrtA isoform

have various beneficial effects on human health because theyplays a crmgal role in th? pathogenesis Of Gram-positive bacteria
contain a number of monoterpenoids, sesquiterpenoids, andby modulating the ability of the bacterium to adhere to host

curcuminoids (2). Among those secondary metabolites, cur- ti_ssue via the _covalent _anchoring of adh_esions andsother
cuminoids, such as curcumin, demethoxycurcumin, bisdemeth- Virulence-associated proteins to cell wall peptidoglych £3).

oxycurcumin, and tetrahydrocurcumin, are yellowish pigments S. aureugnutants lacking sortase fail to display surface proteins

that have antioxidative3], anticarcinogenic4), anti-inflam- and are de_fecti\_/e iq th.? establishment of infe_ctipn_s without

matory (5), and hypogl;g;?:emic effectsg(6) 4 affecting microbial viability (14,15). Therefore, inhibitors of
Gram-positive pathogenic bacteria display surface proteins SrtA might c(:jc/)nsequentl)_/ befpéomlsmg .c.andtl)dates_ flolr fthe

that play important roles in the adhesion to specific organ tissues,tre"’“me”t and/or prevention of Gram-positive bacterial infec-

tions
* Author to whom correspondence should be addressed (teleph@e Cur_re_ntly, the_re have only been a f_eW papers in the literature
2-880-4644; faxt82-2-873-4415; e-mail kjh2404@snu.ac.kr). describing inhibitors of sortase, due, in part, to the fact that the
lgcmt)o' ;Jf /*A@Jri_cultltlralIBBiQtecfanIﬂgy,S Seor"\IN?tiO”?LUUiVeriity- importance of sortase as a new target has only recently been
8 Uﬁﬂ,grrsi?yr ofg,ﬂgﬁvgf{a fomaterials, seoul Rational Fniversiy. acknowledged. Initially, Schneewind’s groups) showed that
#U.S. Department of Agriculture. methanethiosulfonates or organomercurials displayed inhibitory
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effects on the SrtA reaction. They also observed that vancomycin4:3) and CHCI./Me,CO/MeOH (85:1:0— 0:0:100), yielding orange
and moenomycin, inhibitors of cell wall polymerization into crystals of curcumin i, 380 mg, R = 0.5), orange crystals of
peptidoglycan strands, slowed the sorting reaction. However, demethoxycurcumin (2, 79 mgR = 0.35), orange crystals of
these antibiotics did not interfere directly with the sorting bisdemethoxycurcumin (3, 71 mg; R 0.25), and white crystals of
reaction, but rather changed the physiological concentration of frahydrocurcumin (4, 38 mg = 0.6). TLC was performed on

: precoated silica gel 60k and RP-18 ks plates, which were
the peptidoglycan precursors. Walker and co-workers replaceddeveloped with ChCl/Me;CO (20:1). The plates were sprayed with

the, scissile amide bond be.twegn the. threonine and glycine 10% HSO, reagent (in EtOH) and heated for detection. The melting
residues of the LPXTG motif with a diazoketone or chloro-  points were determined using a Fisher Scientific melting point apparatus
methyl ketone groupl(7). Connolly et al. synthesized a peptidyl- and were uncorrected. UV spectra were obtained on a Shimadzu
vinyl sulfone substrate mimic that irreversibly inhibited SrtA  UV—visible spectrophotometer. The NMR spectra were recorded on a
(18). Frankel et al. also reported vinyl sulfones as specific SrtA Varian Unity Inova 500 spectrometer. The EI-MS (70 eV) spectra were
inhibitors (19). recorded on a JEOL JMS-AX 505H mass spectrometer. The structures

Many pharmacological actions of turmeric have been reported of 1—4 were identified by comparison of their physical and spectral

to date. However, its inhibitory effect on the Gram-positive Srta 9ata with published values (22-24), respectively, by comparing the
. . . spectral data with those reported in the literature. These four compounds
enzyme has not been elucidated. In this study, the active

7 . . . were identified on the basis of the following evidence.
pnnCIpI?S ISOlate.d from turmeric were CharaCte”_zed by SPec- ¢ reumin (1): orange crystals; mp 18284°C; UV Amax (MeOH)
troscopic analysis, and their inhibitory effect against SrtA and 453 nm; EI-MS,m/z368 [M]*; *H NMR (CDCL) & 7.59 (d, 2H,J =
minimum inhibitory concentrations (MICs) againSt aureus 15.9 Hz, H-1,7), 7.12 (dd, 2H} = 8.0, 1.9 Hz, H-66"), 7.05 (d, 2H,
(strain Newman) were determined. We also elucidated the J= 1.9 Hz, H-2',2"), 6.93 (d, 2H] = 8.0 Hz, H-5',5"), 6.47 (d, 2H,
potential of curcumin for inhibition of. aureusell adhesion J = 15.3 Hz, H-2,6), 5.87 (br s, 2H,' 4"-OH), 5.80* (s, 1H, H-4),
to fibronectin via fibronectin-binding protein. 3.95 (s, 6H, 33"-OCH) (the asterisk indicates the proton signal
assignable to an enol formC NMR (CDCk) 6 184.5, 150.0, 148.8,
141.4,128.2, 123.8, 122.3, 116.2, 111.6, 101.6, 56.3.

Demethoxycurcumin (2): orange crystals; mp 168 EI-MS, m/z

Chemicals.Curcumin, demethoxycurcumin, bisdemethoxycurcumin, 338 [M]*; *H NMR (CDCL) ¢ 7.61 (d, 1H,J = 15.9 Hz, H-1 or -7),
and tetrahydrocurcumin (all purity 99%) were obtained from Alexis 7.59 (d, 1IHJ=15.9 Hz, H-1 or -7), 7.45 (d, 2H,= 8.1 Hz, H-2',6"),
Biochemicals (Kordia, Leiden, The Netherlands) and used as a reference7.12 (dd, 1HJ = 7.8, 1.8 Hz, H-6), 7.05 (d, 1H,J = 1.8 Hz, H-2'),
standard. Fluorescent peptide Dabcyl-QALPETGEE-Edans (for SrtA) 6.93 (d, 1H,J = 7.8 Hz, H-B), 6.88 (d, 2H,J = 8.1 Hz, H-3',5"),
was synthesized by AnyGen Inc. (Gwangju, Korea). The fibronectin- 6.48 (d, 1H,J = 15.9 Hz, H-2 or -6), 6.47 (d, 1H) = 15.9 Hz,
coated flat-bottom 96-well microtiter plates were obtained from Becton H-2 or -6), 5.86 (br s, 2H,'4''-OH), 5.80 (s, 1H, H-4), 3.95 (s, 3H,

MATERIALS AND METHODS

Dickinson Biosciences Discovery Labware (Bedford, MA)Hy- 3'-OCHg); °C NMR (CDCE) 6 184.5, 184.4, 160.4, 149.9, 148.7, 141.4,
droxymecuribenzoic acid (pHMB) was purchased from Sigma-Aldrich 141.0, 130.9, 128.1, 127.7, 123.8, 122.2, 122.0, 116.8, 116.2, 111.5,
(St. Louis, MO), and all other chemicals were of reagent grade. 101.7, 56.3.

Bacterial Strain and Culture Conditions. Staphylococcus aureus Bisdemethoxycurcumin3); orange crystals; mp 22324 °C;

strain Newman (20), a human clinical isolate, represents the wild-type EI-MS, m/z308 [M]*; *H NMR (Me,CO-d;) 6 7.61 (d, 2H,J = 15.9
strain in these studies. The isogenic sortase knockout mutants SKM12,Hz, H-1,7), 7.55 (d, 4HJ) = 8.6 Hz, H-2',6',2",6"), 6.89 (d, 4H, =
sortase A deletionsftA~), and SKM14, sortase A and B deletions 8.6 Hz, H-3',5',3",5"), 6.48 (d, 2H, = 15.9 Hz, H-2,6), 5.97 (s, 1H,
(srtA-, srtB), were generated by allelic exchanges as previously H-4),5.86 (br s, 2H, 44''-OH); *3C NMR (Me,CO-ds) 6 184.5, 160.5,
described (10). All strains were obtained from Dr. Olaf Schneewind, 141.0, 130.9, 127.7, 122.0, 116.8, 101.7.
University of Chicago, Chicago, IL. Tetrahydrocurcumin (4): white crystals; mp-989 °C; *H NMR
Preparation of Recombinant SrtA. The region of the sortase gene  (CDCl) 6 6.82 (d, 2H,J = 7.8 Hz, H-B,5"), 6.69 (s, 2H, H-22"),
lacking the N-terminal membrane anchor domain was PCR-amplified 6.65 (d, 2HJ = 7.8 Hz, H-6,6"), 5.54 (s, 2H, 44""-OH), 5.43 (s, 1H,
from the genomic DNA ofS. aureusATCC 6538p, using the primers H-4), 3.85 (s, 6H, 3',3"-OC¥), 2.84 (t, 4H,J = 7.6 Hz, H-1,7), 2.55
orféN-ds-B (5'-AAACCACATATCGATAATTATC-3') and orf6C-B (t, 4H,J = 7.4 Hz, H-2,6); 3C NMR (CDCk) 6 193.2, 146.4, 143.9,
(5'-TTATTTGACTTCTGTAGCTACAA-3') @, 12), and the resulting 132.5, 120.7, 114.3, 110.9, 99.8, 55.8, 40.3, 31.3.
amplicon was cloned into the TA cloning and expression vector, pBAD/  Sortase Inhibition Assay. Reactions were performed in 300
Thio-TOPO (Invitrogen, Groningen, The Netherlands). Competent containing 50 mM Tris-HCI, 5 mM Cagl 150 mM NacCl, pH 7.5, 55
Escherichia colicells (TOP10, Invitrogen) were then transformed and ug of recombinant SrtAps, 0.75 g of fluorescent peptide (Dabcyl-
selected from Luria—Bertani (LB) agar plates containing ampicillin  QALPETGEE-Edans), and the prescribed concentration of test sample
(50 ug/mL). After the selection and verification of positive clones, by (10). Each test compound was dissolved in MeOH and diluted with
dideoxynucleotide DNA sequencing, the transformed bacteria were sterilized distilled water before use (final concentration, 0.5% MeOH,
propagated at 37C in LB broth, containing ampicillin (5@g/mL), which was found to have no effect on the enzyme activity when the
and the expression was induced with 0.002% arabinose. Cultures wereconcentration was 1%). Appropriate blanks contained all of the above,
harvested after a 6-h postinduction incubation at °8 and the with the exception of the test sample. Reactions were carried out for 1
recombinant enzyme was purified on a Ni-NTA affinity column, as h at 37 °C. Sample fluorescence was measured using emission and
described previously (21). excitation wavelengths of 495 and 350 nm, respectively (SpectraMAX
Isolation and Identification of Compounds. The dried rhizomes Gemini XS, Molecular Devices Co., Sunnyvale, CA). pHMB, a known
(5 kg) of C. longa were purchased from a medicinal herb shop, sortase inhibitor, was used as a positive contt@) (Experiments were
Kyungdong Market (Seoul, South Korea). The rhizomes were finely repeated three times independently for each concentration.
powdered, extracted with methanol (3>t 2) at room temperature Determination of Minimum Inhibitory Concentration (MIC). The
(24—26 °C) for 2 days, and filtered. The combined filtrate was MICs of these compounds were determined according to a published
concentrated under vacuum at 36 to yield ~10%, based on the protocol (19). A culture oB. aureusstrain Newman (5 mL) in tryptic
weight of the dried rhizomes. The MeOH extract (10 g) was fractionated soy broth (TSB) was grown to saturation at 37 and diluted to an
by column chromatography (56 70 cm) on silica gel (76230 mesh, ODsoo of 0.01. The culture was incubated for an additiokeh and
Merck, Darmstadt, Germany) using @,/MeOH (50:1— 0:100) in diluted to an O[3y of 0.005. In each well of a 96-well plate were
a stepwise fashion. The fractions were pooled into five major fractions mixed 180uL of cells with 20 uL of a 10 times concentrated test
(fractions M1—M5) on the basis of their TLC profiles. The fraction, compound solution in 10% DMSO to give a final DMSO concentration
M2 (2.91 g), was further separated by column chromatographyx4.5 of 1%. Culture plates were incubated overnight at°€7 and ODRqo
65 cm) on silica gel (180 g) using-hexane/MgCO (2:1— 3:2 — was measured using a Multiskan Spectrum spectrophotometer (Thermo
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Figure 1. Inhibitory effects of fractions derived from the methanol extract
of the dried rhizome of C. longa against SrtA from S. aureus ATCC 6538p.

Electron Inc., Milford, MA). MIC values were determined as the lowest
concentration of test compounds that inhibited cell growth.
Fibronectin Binding Assay. Fibronectin-binding assay was per-
formed as described previous®H) with the following modifications.
S. aureusvas grown in TSB at 37C to mid log phase (O8o = 0.5).
The culture was divided into 5-mL aliquots, and test compound, or
control treatment, was added as indicated. Every 30 min for 2.5 h
following the addition of test compound, 0.65 mL of cell suspension
was removed and pelleted by centrifugation (1Gp@® 10 min). After
overnight storage at20 °C, pellets were resuspended in 0.65 mL of
phosphate-buffered saline (PBS) and distributed in A0@liquots to
individual wells of fibronectin-coated flat-bottom 96-well microtiter
plates. Following 2 h of incubation at 3T, the cell suspension was
removed, and wells were washed with 0.15 mL of PBS. Bound cells
were then fixed by incubation for 30 min with 2% (v/v) glutaralde-
hyde. Following a second wash with PBS, cells were stained for 15
min with 0.1 mL of crystal violet dye (12.5 g/L). Plates were washed
again with PBS, covered with aluminum foil, and allowed to dry
overnight (12-16 h). The absorbance at 560 nm was subsequently
measured using a microtiter plate reader.

RESULTS AND DISCUSSION

A methanol extract obtained fro@. longadried rhizomes
possessed inhibitory effect against SrtA, fr@&maureusATCC
6538p, with 80, 70, and 42% inhibitory activity at concentrations
of 80, 40, and 2Qug/mL, respectively (Figure 1). Due to its
potent inhibitory activity against SrtAhe methanol extract was
separated into five fractions; their activities are givefigure
1. Among these fractions, the M2 fraction had strong SrtA
inhibitory activity with a value of 83% at a concentration of 40
ug/mL. The SrtA inhibitory activity-guided fractionation and
repeated column chromatography of the MeOH fraction from
the dried rhizomes ofC. longa yielded four curcuminoids,
curcumin (1), demethoxycurcumin (2), bisdemethoxycurcumin
(3), and tetrahydrocurcumin (4Figure 2).

The SrtA inhibitory activity of1—4 along with that of a
synthetic known SrtA inhibitor, pHMB, was evaluated by
comparing the concentration of compounds that causes086
reduction in SrtA enzyme activity over 1 h [the 50% inhibitory
concentration (I1gy)] (Table 1). Among the four compounds
tested,1 exhibited the most potent inhibitory activity against
SrtA, with an 1Gg value of 13.8+ 0.7 ug/mL. 2 and 3 were
less effective thar, with 1Csq values of 23.8+ 0.6 and 31.9
+ 1.2 ug/mL, respectively. These compounds had stronger
activity than pHMB (IGo = 40.6 £ 1.2 ug/mL). 4 did not
display any activity against this enzyme.

J. Agric. Food Chem., Vol. 53, No. 23, 2005 9007
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Figure 2. Structures of curcumin and related S-diketone derivatives
isolated from C. longa L.

Table 1. Inhibitory Effects of Curcuminoids on Sortase A Activity and
S. aureus Newman Growth

compound SItAZ ICsp (eg/mL) MICP (g/mL)
curcumin 13.8+0.7 >200
demethoxycurcumin 238+0.6 >200
bisdemethoxycurcumin 319+12 >200
tetrahydroxycurcumin >200 >200
p-hydroxymecuribenzoic acid 40.6+1.2 25

(positive control)

@Enzyme inhibitory activities were measured as described in the text. Data
represent the mean + SD (n = 3). Y Average MIC was determined against S.
aureus strain Newman (n = 3).

Sortase inhibitors should act as anti-infective agents and
disrupt the pathogenesis of bacterial infections without affecting
microbial viability (14, 15). Therefore, we investigated the effect
of test compounds o6. aureugstrain Newman) cell growth
and determined the MICs of these compounds. The antibacterial
activity of the test compounds in the MIC assay is shown in
Table 1. The compounds isolated fro@. longa rhizome
exhibited no growth inhibitory activityX200 x«g/mL) against
S. aureusstrain Newman. However, pHMB, a synthetic known
inhibitor of SrtA, showed antibacterial activity with an MIC
value of 25ug/mL.

Cell membrane anchored SrtA catalyzes the covalent anchor-
ing of adhesins such as fibronectin- and fibrinogen-binding
proteins that take advantage of the low nanomolar binding
affinity for fibronectin or fibrinogen to facilitate attachment to
host tissues (26). Mutar8. aureusstrains lacking a functional
sortase cannot bind to cell—-matrix proteins, such as fibrinogen
and fibronectin, and also cannot effect protein A-mediated
binding of IgG in vitro £6). We thought that sortase inhibitors
should inhibit SrtA activity in vivo and in turn reduce fibronec-
tin-binding protein surface display. Thus, we employed an assay
(25) in which cell adhesion to fibronectin-coated plates was
quantified by measuring the absorbance following staining with
crystal violet. The capacity @&. aureusstrain NewmangrtAt,
srtB*) as well as its isogenic knockout mutants SKM$&A ")
and SKM14 (srtA, srtB”) to adhere to fibronectin-coated
surfaces was investigated. As showrfrigure 3, the fibronectin-
binding activity of SKM12 and SKM14 was significantly
reduced as compared with that of wild type (Newman). The
assay also showed the binding activity of the SKM12 mutant
was similar to that of SKM14S. aureusSrtA is known to anchor
surface proteins involved in adherence to tissue and immune
response evasioR2T, 28). In a mouse model infection test, the
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Figure 3. Adhesion of S. aureus strain Newman (wild type; srtA*, srtBY)
as well as its isogenic knockout mutants SKM12 (srtA~) and SKM14 (srtA-,
srtB~) to fibronectin. The results are the mean values and standard
deviations of three replicates.
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Figure 4. Inhibition of S. aureus strain Newman adhesion to fibronectin
via fibronectin-hinding protein by curcumin. The results are the mean values
and standard deviations of three replicates.

srtA mutantS. aureugSKM12) displayed a 2-log reduction in
virulence (>99% reduction of bacteria in kidneys), compared
with the wild-type strain Newmarip). A second area of interest
surrounding selected sortase inhibitors was their fibronectin-
binding inhibition properties. As expected, treatmersoaureus
strain Newman with & the SrtA 1Go of curcumin signifi-
cantly reduced the capacity of the bacteria to adhere to
fibronectin-coated surfaces (Figure 4). The treatment of wild-
type strain with curcumin reduced the capacity of the bac-
terium to adhere to fibronectin-coated surfaces in a dose-
dependent manner (220 ug/mL). Interestingly, a loss of
adhesion inhibition was observed after 90 min for samples
containing curcumin concentrations below thed(13.8+ 0.7
ug/mL), whereas 2@g/mL maintained inhibition through 160

min. These assay data suggest that SrtA inhibitor concentrations

above the g value are important for the inhibition &. aureus
binding to fibronectin via sortase activity. It is important to note
that the onset and magnitude of inhibition of fibronectin-binding
in S. aureugreated with curcumin (2@g/mL) are comparable

to the behavior of untreated sortase deletion strain SKM12
(srtA™) as shown inFigure 3. This result supported the
observation that curcumin was an effective inhibitor of SrtA
activity in vivo.

Park et al.

Recently, we found that ethyl acetate fractions obtained from
medicinal plant extracts such &occulus trilobug(rhizome),
Fritillaria verticillata (tuber), Liriope platyphyllgtuber), and
Rhus verniciflua (bark) exhibited potent inhibitory activity
against SrtA (29). Additionally, some plant-derived materials
have been reported to be active against SrtA, including
p-sitosterol-30-glucopyranoside (165 = 18.3ug/mL) fromF.
verticillata (30), berberine chloride (I§ = 8.7 ug/mL) from
Coptis chinensis, and related isoquinoline alkaloids such as
beberine sulfate (16 = 11.5x49/mL), palmatine chloride (165
= 12.7 ug/mL), and -hydrastine (IG, > 80 ug/mL) (31).
Subsequently, we discovered){3-(2,5-dimethoxyphenyl)-2-
(4-methoxyphenyl)acrylonitrile as a novel synthetic small-
molecule inhibitor 82). The three constituentd{3) from
turmeric, with 1G values ranging from 14 to 32g/mL, have
activities that compare favorably to previously reported con-
stituents.

Curcumin, a dietary pigment responsible for the yellow color
of curry, has been used as a medicine for the treatment of
inflammatory conditions. It has anti-inflammatory and antioxi-
dant activities, and these may contribute to chemopreventive
activity (33). Furthermore, curcumin derivative studies have
recently been done84—36). To our knowledge, this is the first
report of the inhibition ofS. aureusadhesion to fibronectin via
fibronectin-binding protein by curcumin. It would be important
to design specific and powerful inhibitors of this enzyme, which
might have very important applications as a new generation of
antibiotics.

In conclusion, curcumin isolated from the rhizomes®f
longais active against SrtA i$. aureusand has no antibacterial
activity againstS. aureusell growth. The fibronectin-binding
activity data revealed the potential of curcumin for the treatment
of S. aureusinfections via inhibition of sortase activity. The
onset and magnitude of inhibition of fibronectin bindingSn
aureustreated with curcumin are comparable to the behavior
of untreated sortase knockout mutants. Further in vivo studies
on curcumin are ongoing and will be reported in due course.
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