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ABSTRACT
East Indian sandalwood oil (EISO) displayed
antimycobacterial and antiplasmodial activities
through unknown mechanisms. The goal of this
study is to determine whether EISO exerts these by
inhibiting
enzymatic
targets
Mycobacterium
tuberculosis shikimate kinase (MtSK) and
Plasmodium falciparum thioredoxin reductase
(PfTrxR)
utilizing
ESI-QTOF
LC-MS-based
functional assay approach. MtSK catalyzes the
ATP-dependent phosphorylation of shikimate to
shikimate-3-phosphate (S3P) in the shikimate
pathway responsible for aromatic amino acids
biosynthesis. PfTrxR catalyzes reduction of
thioredoxin disulfide (Trx-S2) to thioredoxin dithiol
(Trx-(SH)2) essential for antioxidant defense of the
parasite. MtSK-inhibitory assay was carried out
using a phenyl-hexyl 4.6x100mm,3.5 µm column
with a gradient mobile phase of 0.1% formic acid
(FA) in water and acetonitrile. Direct inhibition of
S3P production was monitored through relative
peak areas by LC-MS. EISO at 0.01% v/v in Tween20 displayed 60% MtSK inhibition with IC50 of
0.015% v/v. EISO PfTrxR-inhibitory activity was
evaluated using a Zorbax 300SB-C8 column,
2.1x100 mm,3.5 µm and a gradient mobile phase of
0.1% FA in water and 0.1% FA in acetonitrile.
Inhibition of Trx-(SH)2 formation was monitored by
LC-MS. To distinguish the two forms of thioredoxin,
known major m/z values of multiply-charged protein
envelope in the Trx–(SH)2 spectrum were
deconvoluted to a product protein at a mass
11675.8711 Da and used for relative quantitation by
displaying its extracted ion chromatogram. Major
m/z values for the substrate Trx-S2 were
deconvoluted at the mass 11673.9204 Da. The
0.01% EISO in Tween-20 showed 90% PfTrxR
inhibition.
This study reports LC-MS-based
screening of EISO and its inhibitory activity on
MtSK and PfTrxR.

METHODS

Santalum album L.

Sample preparation: EISO at concentration of 0.5% v/v stock solution was prepared in
0.02% Tween®-20. Working solutions at concentrations 0.01%, 0.05% and 0.1% v/v in
both MtSK and PfTrxR buffers were prepared and studied under a Dynamic Light
Scattering (DLS) system to determine the maximum soluble concentration which was
found to be 0.05% based on the variance (0.557) and mean diameter (353 nm). Presence
of a surfactant and non-volatile assay buffers signaled a need for sample cleaning. As a
result, the use of SPE resources TARGA C-18 macroSpinTM columns and Bond Elut Omix
tips in MtSK and PfTrxR assays respectively prior to LC-MS analysis was established.
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LC-MS analysis: An Agilent 1200 rapid resolution liquid chromatography (RRLC)
system coupled to the Accurate-Mass Q-TOF mass spectrometer 6520 was used in
both assays. The acquisition mode was positive electrospray ionization (+ESI) and rate
was at 1 scan/s scanning from 100- 1700 for S3P analysis and 300–3200 m/z for Trx(SH)2 analysis. Inhibition of Trx-(SH)2 formation was monitored. Protein molecular
weight analysis software (MassHunter Bioconfirm, version B.06.00).

RESULTS AND DISCUSSION

Fig. 4. EICs of two thioredoxin proteins, substrate Trx-S2 and a product Trx(SH)2 in A) control sample (blue), B) presence of 0.01% v/v EISO (green)
and C) presence of 0.1% v/v EISO (green).

Evaluation of MtSK inhibitory activity
Table 1: PfTrxR inhibitory activity of EISO

IC50: 0.015% v/v

EISO sample (% v/v)

PfTrxR inhibitory activity (%)

0.01

90

0.1

72

Positive control (1 μM)
Bis-(2,4-dinitrophenyl)sulfide (2,4-DNPS)

97

In agreement to the DLS study that EISO aggregate-formation starts from
0.1% v/v, its PfTrxR inhibitory activity was decreased at this concentration.

INTRODUCTION
Santalum album L., belongs to the family
Santalaceae that has originally been grown in India
and highly admired for its medicinally valued
fragrant oil. Approximately 90% of EISO is
composed of the sesquiterpene alcohols αsantalol, β-santalol, epi-β-santalol and trans-αbergamotol with α- and β-santalol concentration
more than 50%.1 Based on the antiplasmodial2 and
antibacterial3 activities reported, we decided to test
EISO on the promising targets MtSK and PfTrxR.
Non-polar samples like essential oils can be
solubilized in detergents when studied in biological
assays. However, a surfactant concentration in the
assay should be very limited so as to avoid
compromising essential oil’s biological activity or
exaggerated activity resulting from a surfactant.4
Samples in non-volatile assay buffers and
detergents are often cleaned before LC-MS
analysis because these usually cause signal
suppression and ionization interferences. Solid
phase extraction (SPE) has successfully been
used in sample cleaning prior to chromatographic
analysis. The reaction catalyzed by MtSK is the
fifth step of the shikimate pathway that is present
in plants, fungi and bacteria but not in humans
representing a promising drug target1. PfTrxR, an
enzyme needed to maintain redox homeostasis in
Plasmodium species, represents a potential target
for new antimalarial2.

EISO was incubated with 0.5 μM PfTrxR enzyme and 200 μM NADPH in 100 mM
potassium phosphate buffer (pH 7.4) containing 2 mM EDTA. The reaction was initiated
by addition of a substrate 2.5 μM Trx-S2 and incubated for 30 min. The reaction was
stopped by 2 μL of 0.1% FA and filtered through a 30 kDa MWCO ultrafiltration
membrane centrifuged at 13000 rpm at 20 ˚C for 10 min. The enzyme was trapped on
the membrane and product (Trx-(SH)2) formed in the reaction was recovered in the
filtrate. The filtrate was enriched and desalted by Bond Elut Omix pipet tips following the
steps; sample adjustment to 1% trifluoroacetic acid (TFA), tip stationary phase
conditioning and equilibration with ACN and 1% TFA respectively. Sample was then
aspirated and dispensed repeatedly making 7 cycles and a tip rinsed by 0.1%TFA.
Eluate was obtained from eluting with 70% ACN, 0.1% FA and analyzed by LC/MS.
For both assays, Tween®-20 final concentration was 0.0004% and % Inhibition = 100 x
(control peak area - peak area in test compound presence)/control peak area.

Log [EISO, % v/v]
Fig. 2. EISO log dose-response curve at 0.0004%, 0.002%, 0.01% and 0.05% v/v in
MtSK functional assay at 30 min preincubation.

The two SPE resources Bond Elut Omix C18 tips and TARGA C18
macroSpinTM SMM columns have been useful for detergent and salt
removal from proteins (Trx-S2 and Trx-(SH)2)and small molecules (S3P)
respectively. Sufficient resolution of two thioredoxin proteins was well
established by using a Narrow Bore Zorbax 300SB-C8 column, 2.1 x 100
mm, 3.5 μm while S3P analysis was achieved using a Phenyl-Hexyl column
4.6 x 100 mm, 3.5 μm.

Evaluation of PfTrxR inhibitory activity

CONCLUSIONS
This study reports for the first time LC-MS-based screening of EISO and its
inhibitory activity on MtSK and PfTrxR as possible mechanisms of its
antimycobacterial and antiplasmodial activities.

Fig. 1. Schematic representation of the experimental design
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MtSK inhibitory activity assay: The MtSK inhibitory activity of EISO was evaluated using
modified LC-MS-based functional assay.5 A 500 μL total reaction in a microcentrifuge tube
consisted of EISO and enzyme MtSK (0.2 μM) incubated for 30 min in 100 mM ammonium
acetate buffer (pH 7.6) containing 50 mM MgCl2 and 100 mM KCl. The reaction was
initiated by addition of the substrates ATP, 5 mM and shikimic acid 1.2 mM and stopped
after 30 seconds by the addition of 2 μL FA. The resulting sample was then desalted
through TARGA-C18 macroSpinTM columns following the steps: 1) conditioning by 100 μL
acetonitrile (ACN); 2) equilibration with 100 μL LC-MS water; 3) sample (50 μL) loading
and 4) elution by 50 μL of 80% methanol, 0.2% FA. All the steps were separated by
centrifuging at 8000 rpm for 1 min at 4 ˚C and the final eluate was injected into LC-MS.
EISO was preliminarily tested at a concentration of 0.01% v/v based on the MIC value
(0.002% v/v) from the Mtb cell culture study followed by IC50 determination with 10-fold
increasing concentrations. Extent of inhibition was assessed by monitoring the production
of shikimate 3-phosphate (S3P). IC50 value generated by GraphPad Prism 5.02 software .
PfTrxR inhibitory activity assay: The PfTrxR inhibitory activity of EISO was evaluated
using a modified LC-MS-based functional assay.6 The EISO at concentration 0.01% v/v
and 0.1% v/v in Tween®-20 was tested against PfTrxR in this assay based on its reported
IC50 value of 1 μg/ml against P. falciparum FCR-3/Gambia.2
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Fig. 3. EICs of two thioredoxin proteins, substrate Trx-S2 and a product Trx-(SH)2 in
control (A), Multiply-charged Trx-(SH)2 (B) and deconvoluted Trx-(SH)2 in control (C)

