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Abstract

SIRT6 is a histone deacetylase that has been proposed as a potential therapeutic target for

metabolic disorders and the prevention of age-associated diseases. Thus the identification of

compounds that modulate SIRT6 activity could be of great therapeutic importance. We have

previously developed an H3K9 deacetylation guided assay with SIRT6 coated magnetic beads

(SIRT6-MB). With the developed assay, we identified quercetin, naringenin and vitexin as SIRT6

inhibitors from T. foenum-graecum seed extract using a candidate approach. Currently, the

predominant method for the identification of active compounds from a plant extract is carried out

through a dereplication process. A novel targeted approach for the direct identification of active

compounds from a complex matrix could save time and resources. Herein, we report the

application of the SIRT6-MB for ‘fishing’ experiments utilizing T. foenum-graecum seed extract.

In which orientin, and seventeen other compounds were identified as SIRT6 binders. This is the

first use of this method for ‘fishing’ out active ligands from a botanical matrix, and sets the basis

for the identification of active compounds from a complex matrix.
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1. Introduction

Trigonella foenum-graecum L. (fenugreek, Fabaceae) is extensively cultivated as a food

crop in India, the Mediterranean regions, North Africa and Yemen [1]. Besides culinary use,

T. foenum-graecum has been used as a remedy for cough, to soften boils [2], to prevent

anemia [3], to promote lactation and as a yang tonic [4]. However, it is perhaps best known

in modern phytotherapy for its use in diabetes [5,6].

Human studies of T. foenum-graecum have demonstrated a decrease in blood glucose from

water extracts of the seed [7-9] and favorable effects on serum lipids [9,10]. In addition, a

meta-analysis has suggested that T. foenum-graecum seed may improve glycemic control in

type 2 diabetes [11]. While the mechanisms of action of these effects are not currently

established, multiple constituents: the fiber, gum [12], saponins [13], guanides [14] and 4-

hydroxy isoleucine [15] are suggested to be responsible.

Sirtuins are a family of NAD+-dependent histone deacetylases (HDACs) that have been

implicated to be important regulators in the aging process, cancers and metabolic diseases

[16]. SIRT6 knockout mice show a premature aging phenotype and shortened lifespan,

developing several acute degenerative processes by three weeks of age, including decreased

serum glucose and insulin-like growth factor 1 (IGF-1) levels [17]. SIRT6 also has a role in

glycolysis, where activation of SIRT6 reduces glycolytic activity and controls the expression

of multiple glycolytic genes [18,19]. Recent evidence, points to SIRT6 as a master regulator

of glucose homeostasis and a target for the treatment of obesity and insulin resistant diabetes

[19,20]. In animal models, SIRT6 activity suppresses gluconeogenesis and normalizes

glycemia [20].

In previous research using H3K9 deacetylation guided assay, we demonstrated that the

flavonoids quercetin and vitexin, contained within T. foenum-graecum seed extract

(TFGExt), were SIRT6 modulators. While they inhibited deacetylation of H3K9Ac,

quercetin and vitexin did not have the same level of inhibition as 1% fenugreek seed extract,

suggesting that there were additional, and as of yet, unidentified modulators of SIRT6 in the

extract. Considering the use of TFGExt in Type II diabetes, the identification of novel

modulators of SIRT6 activity from TFGExt could be beneficial.

Currently, the identification of active compounds is carried out through a dereplication

process, where bioassays of plant extracts are used to identify and isolate the active

compounds through a bioassay-guided fractionation process [21]. While dereplication has

been proven effective, an active compound that is only present in minute quantities could be

missed.

A novel targeted approach is the direct identification of active compounds for a target from a

complex matrix using a protein-coated bead. We have previously demonstrated the success

of this approach with Acetylcholine esterase (AChE). In that study, AChE was immobilized

onto the surface of magnetic beads, and the protein coated magnetic beads were used to fish

out active compounds from Melodinus fusiformis, which lead to the identification of an

inhibitor of AChE [22].
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In this manuscript, SIRT6 was immobilized onto the surface of magnetic beads in an attempt

to identify additional ligands from the crude plant extract, TFGExt, that possess SIRT6

activity. Herein, we report for the first time, the use of SIRT6-coated magnetic bead for the

isolation of novel modulators from TFGExt and the identification of orientin as a novel

SIRT6 inhibitor.

2. Materials and methods

2.1. Materials

2-(N-morpholino)ethanesulfonic acid (MES) was purchased from EMD-Calbiochem

(Gibbstown, NJ). 1-Ethyl-3-(3-methylaminopropyl)carbodiimide (EDC), gluteraldehyde,

hydroxylamine hydrochloride, Dithiothreitol (DTT) potassium phosphate dibasic, pyridine

(99.8%), sodium azide, sodium cyanoborohydride, sodium chloride, tryptone, yeast extract,

glucose, β-mercaptoethanol, EDTA, Isopropyl β-D-1-thiogalactopyranoside (IPTG), trizma

base, calcium chloride, glycerol and sodium phosphate monobasic, quercetin, vitexin,

naringenin, orientin were obtained from Sigma–Aldrich Chemical Co. (Milwaukee, WI).

Species verification of lot number 401255 (T. foenum-graecum) was from HerbPharm

(Williams, OR). N-Hydroxysulfosuccinimide (Sulfo-NHS) was from Pierce (Rockford, IL).

Solutions were prepared using purified water from a Millipore MilliQ system (Millipore

Corporation, Bedford, MA). BcMag amine-terminated magnetic beads (50 mg/mL, 1 μm)

were purchased from Bioclone, Inc. (San Diego, CA). The manual magnetic separator Dynal

MPC-S was from Invitrogen Corporation (Carlsbad, CA).

2.2. Expression and purification of GST-tagged SIRT6 proteins in E. coli

Recombinant SIRT6 protein was expressed in E. coli (BL21, Rosetta strain, Novagen) and

purified as previously described [23]. In brief, an overnight 5 mL culture of a single

bacterial colony harboring the pGEX SIRT6 plasmid was used to inoculate 1 L of Luria

Broth medium (10 g/L tryptone, 5 g/L yeast extract, 10 g/L NaCl, pH = 7.0) containing 2

g/L glucose. The cultures were grown at 37 °C and 200 rpm, and protein production was

induced by adding 50 μM IPTG. After 3 h the bacteria were pelleted and flash frozen.

Bacterial pellets were resuspended in 12.5 mL ice-cold lysis buffer (20 mM Tris pH = 8.0,

200 mM NaCl, 1 mM EDTA, 5 mM β-mercaptoethanol, 10% glycerol) including protease

inhibitors and lysed by sonication (3× 15 s bursts with 30 s intervals on ice using a Branson

digital sonifier). The GST-SIRT6 fusion proteins were bound to 400 μL glutathione

sepharose resin (GE Healthcare) for 2 h at 4 °C on a rotator. The resin was washed twice

with ice-cold lysis buffer, twice with ice-cold cleavage buffer (20 mM Tris pH 8.0, 150 mM

NaCl, 1 mM CaCl2, 5 mM β-mercaptoethanol, 10% glycerol), and finally resuspended in

600 μL of cleavage buffer. The SIRT6 protein was released from the resin be adding 4 μL of

thrombin (1 U/μL, Novagen) and incubation at 4 °C overnight. The resin was pelleted and

the supernatant was added to 50 μL benzamidine-agarose (Sigma). After 30 min at room

temperature, the agarose was pelleted and the supernatant was further purified using a

Superose 6 column in an AKTA FPLC system (GE Healthcare). Fractions containing

monomeric SIRT6 protein were pooled and dialyzed overnight against 1× PBS + 20%

glycerol, and finally stored as frozen aliquots at −80 °C.
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2.3. Immobilization of SIRT6 onto the surface of magnetic beads

The amine groups on the BcMag beads and the SIRT-6 protein were linked by a previously

described method [24]. Briefly, 0.5 mL (25 mg) of BcMag beads were rinsed with 1 mL of

MES [100 mM, pH 5.5] in a 2 mL microcentrifuge tube. After magnetic separation, the

supernatant was discarded, and the BcMag beads were suspended in 300 μL of MES [100

mM, pH 5.5] and 260 μg of SIRT6 protein. Fifty microliters of a mixture of 10 mg of EDC

and 15 mg of sulfo-NHS in 1 mL of water were added and the mixture was vortex-mixed for

5 min and left for 3 h at 4 °C with gentle rotation. This was followed by the addition of 20

μL of 1 M hydroxylamine, and the mixture was left for 30 min at 4 °C with gentle rotation.

The supernatant was discarded and the SIRT6-MB was rinsed three times with 1 mL of

storage buffer (phosphate buffer [10 mM, pH7.4] containing 150 mM NaCl and 0.02%

sodium azide). Histone deacetylation assay by mass spectrometry [23] was carried out to

confirm the activity of immobilized SIRT6. For the control-MBs, SIRT6 was not added.

2.4. T. foenum-graecum seed extract preparation

Species verification of lot number 401255 (Herb Pharm, Williams, OR) of organic T.

foenum-graecum semen was performed by macroscopic and microscopic examination and

HPTLC analysis. A typical protocol for the manufacture of ethanolic extracts was followed

for plant extractions [25]. T. foenum-graecum seed was extracted by maceration for 3 weeks

at 1:2.5 ratio at 72% ethanol, ratio expressed as mass raw plant material (T. foenum-graecum

seed) in weight (g) per volume (mL) of extraction solvent.

2.5. Fingerprinting of Trigonella foenum-graecum extract by mass spectrometry

A previously described method [26] for separation of polyphenols was used to establish a

fingerprint for the TFGExt. Briefly, 1% (v/v) TFGExt was analyzed by mass spectrometry

using a system composed of an Agilent Technologies 1100 LC/MSD equipped with a

G1322A degasser, G1312A binary pump, G1367A autosampler, G1316A column

thermostat, G1315A diode array detector and G1946D mass spectrometer equipped with an

electrospray ionization (ESI) interface. Selected ion monitoring (SIM) chromatograms were

acquired using Chemstation software, Rev. A.10.02. For the separation of the polyphenols, a

reversed-phase Varian Pursuit XRs C18 analytical column (250 mm × 4.6 mm id, 5 μm

particles) was used. The column was operated at 25 °C. Gradient elution was used for the

separation. The two solvents used to make the gradient were (A) 25% methanol in 1% acetic

acid, and (B) 75% methanol in 1% acetic acid. The solvent gradient in volumetric ratios of

solvents A and B was as follows:0–30 min, 100 A/0 B; 30–45 min, 82 A/18 B; 45–65 min,

72 A/28 B; 65–85 min, 60 A/40 B; 85 min, 0 A/100 B. The flow rate was 0.75 mL/min and

the injection volume was 20 μL.

2.6. Fishing for SIRT6 specific substrate/inhibitor in Trigonella foenum-graecum seed
extract

TFGExt was diluted with ammonium acetate buffer [10 mM, pH 7.4] to prepare 1% (v/v)

solution. SIRT6-MB were suspended in 1 mL of the 1% (v/v) of TFGExt. The suspension

was vortexed and was constantly mixed using a roller at 4 °C for 15 min. Later, the SIRT6-

MB was separated using a magnetic tray and the supernatant was collected (Load). The
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SIRT6-MB was washed twice (10 min) with 0.5 mL of 10 mM ammonium acetate, pH 7.4

and the supernatant was discarded. Following this wash, SIRT6-MB was incubated with 0.5

mL of 20:80 MEOH:10 mM Amm. Acetate buffer, pH 7.4 for 15 min and the supernatant

was collected (Elute) after magnetic separation. The diluted TFGExt, Load and elute were

analyzed by mass spectrometry (as described in Section 2.4).

3. Results and discussion

The use of protein-coated magnetic beads for ligand fishing in complex matrices allows for

the identification of a compound(s) that is not concentration dependent but rather affinity

dependent. This allows an advantage over the classic dereplication process, which is

concentration dependent.

In this study, the SIRT6 coated magnetic beads were used to ‘fish’ active compounds from

TFGExt. The optimal conditions required for the ligand fishing experiments using the

SIRT6-MB were carried out using known inhibitors of the SIRT6 protein including:

quercetin, naringenin and vitexin [23,24,27], representing strong, moderate and weak binder,

respectively. The length of incubation time (5, 10 or 15 min) of ligands with the SIRT6-MB,

was the initial parameter studied. It was determined that while quercetin, naringenin and

vitexin were retained in both the 5 and 10 min incubations, 15 min was the optimal

incubation time. After incubation, the SIRT6-MBs were washed twice with ammonium

acetate buffer and eluted by incubating the SIRT6-MB with the elution buffer (ammonium

acetate buffer [10 mM, pH 7.4] containing 10% methanol) for 15 min. While, a

concentration of 10% methanol in the elution buffer worked, a marked improvement was

observed when the methanol concentration was increased to 20%.

Prior to running the “fishing” experiments, a fingerprint of TFGExt was carried out on the

LC–MS in both positive and negative mode at the following mass ranges: 150–500 m/z and

500–1000 m/z (Fig. 1), using a previously described method for separation of polyphenols

with slight modifications [26]. The extract was subsequently spiked with T. foenum-graecum

flavonoids vitexin, quercetin and naringenin to identify the retention time of these known

components with the LC–MS method in negative ionization mode (Fig. 2A) and in positive

ionization mode (Fig. 2B). The identification of vitexin and naringenin was seen in both

negative ionization mode (Fig. 2A(C) (m/z 431.2) and Fig. 2A(D) (m/z 271.2), respectively)

and in positive ionization mode (Fig. 2B(B) (m/z 433.2) and Fig. 2B(C) (m/z 273.2)

respectively), while quercetin was only seen in negative ionization mode (Fig. 2A(B) (m/z

301.2)).

The deacetylation of H3K9Ac by SIRT6-MB was significantly inhibited (>50%, P < 0.05)

by 1% TFGExt [24], therefore, a similar concentration of TFGExt was chosen for the ligand

fishing experiments for both the SIRT6-MB and the control-MB. The fingerprint of the

elution buffer in the m/z range of 100–500, was obtained in both the negative ion mode (Fig.

3A) and positive ion mode (Fig. 3B) for the SIRT6-MB. The identification of vitexin (Fig.

3A(F)/B(D)), naringenin (Fig. 3A(C)) and quercetin (Fig. 3A(E)) was seen in the elution

buffer, while, no retention of these inhibitors was observed for the control-MBs. Of interest,

in Fig. 3A(F), in addition to vitexin (42 min) and additional peak was identified at 48 min. It
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is suspected that this peak may correspond to isovitexin, as fenugreek has been reported to

be rich in this flavonoid [28]. In addition to these compounds, an additional 14 compounds

were identified (Table 1). The major constituents of TFGExt have been previously published

[26]. We determined if any of the retained compounds reported in Table 1 matched

previously reported compounds and identified orientin (the 8C glucoside of luteolin) as a

possible SIRT6 modulator. In order to confirm that the compound was orientin, a standard

of orientin was spiked into TFGExt and chromatographed (Fig. 3A(G) (m/z 447.2) and Fig.

4F (m/z 449.2)), the resulting chromatogram demonstrated that orientin had the same

retention time and m/z as the identified compound. Of the 18 retained compounds from

TFGExt, quercetin, vitexin, naringenin and orientin have been positively identified.

Previously, we have generated a refined pharmacophore of the quercetin binding site of

SIRT6 [27] and the pharmacophore fit values generated by the model was shown to

correlate with the experimental elution time which corresponded to the activity of the SIRT6

protein [23,27]. In order to determine the estimated activity, we used the pharmacophore

model to generate the pharmacophore fit value (Fig. 4), and the model predicted that orientin

should have a similar binding affinity as luteolin for the SIRT6 protein.

4. Conclusion

A novel affinity-based method utilizing immobilized SIRT6 onto magnetic beads suspended

directly into T. foenum graecum seed extract elucidated orientin, and fourteen other

compounds, as SIRT6 modulators for the first time. Further investigations are in process to

identify the remaining compounds. This method holds potential for other applications and

may streamline the development of drug leads from complex chemical matrices.
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Fig. 1.
HPLC–MS analysis of a 1% (v/v) ethanolic extract of T. foenum-graecum seed. The

separation was carried out on a reversed-phase Varian Pursuit XRs C18 analytical column

(250 mm × 4.6 mm id, 5 μM particles). The flow rate was 0.75 mL/min and the injection

volume was 20 μL The analysis was carried out in both a negative ionization mode with a

mass range of m/z 150–500 (A) and m/z 500–1000 (B) and positive ionization mode with a

scan range of m/z 150–500 (C) and m/z of 500–1000 (D).
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Fig. 2.
(A) HPLC–MS analysis in negative ionization mode with a scan range of m/z 150–500 was

carried out of a 1% (v/v) ethanolic extract of T. foenum-graecum seed (A) and the extracted

ion chromatogram of m/z 301.2 (B); 431.2 (C); 271.2 (D) and a 1% (v/v) ethanolic extract of

T. foenum-graecum seed spiked with 10 μM vitexin (42 min), 10 μM quercetin (86 min) and

10 μM naringenin (86 min) (E). (B) HPLC–MS analysis in positive ionization mode with a

scan range of m/z 150–500 was carried out of a 1% (v/v) ethanolic extract of T. foenum-

graecum seed (A) and the extracted ion chromatogram of m/z 433.2 (B); 273.2 (C).
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Fig. 3.
(A) Total ion chromatogram of the elution buffer (ammonium acetate buffer [10 mM,

pH7.4]) obtained from incubation of a 1% (v/v) ethanolic extract of T. foenum-graecum seed

with SIRT6-MB for 15 min in negative ionization mode with a scan range of m/z 150–500

(A) and the extracted ion chromatogram of m/z 267.2 (B); 271.2(C); 401.2 (D); 301.2 (E);

431.2 (F) and 447.2 (G). (B) Total ion chromatogram of the elution buffer (ammonium

acetate buffer [10 mM, pH7.4]) obtained from incubation of a 1% (v/v) ethanolic extract of

T. foenum-graecum seed with SIRT6-MB for 15 min in positive ionization mode with a scan

range of m/z 150–500 (A) and the extracted ion chromatogram of m/z 226.2 (B); 279.2(C);

433.2 (D); 437.2 (E) and 449.2 (F).
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Fig. 4.
Orientin (inset) mapped to the pharmacophore model of the quercetin binding site of SIRT6.

Gray spheres indicate the excluded volumes, Green spheres are HBA and the Ring-Aromatic

feature is shown in orange color sphere. Common features modeling technique detailed in

our previous work [23] was used for creating the pharmacophore model [27]. Discovery

Studio (version 3.5; Accelrys, Inc., San Diego, CA) software was used for modeling and

analysis. Discovery Studio module Ligand Profiler with default options was used to map

Orientin to the model (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of the article.)
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Singh et al. Page 12

Table 1

HPLC–MS analysis of the elution buffer (ammonium acetate buffer [10 mM, pH7.4]) obtained from

incubation of a 1% v/v ethanolic extract of T. foenum-graecum seed with SIRT6-MB for 15 min. The peaks

were identified in both negative ionization mode and positive ionization mode with a scan range of m/z 150–

1000.

Positive mode (m/z) Negative mode (m/z)

150–500 m/z 174, 226, 235, 279, 433, 437, 449 267, 301, 401, 431, 447

500–1000 m/z NA 533, 545, 563, 577, 593, 621, 683
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