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A B S T R A C T

In this study, the phytochemical investigation of Scorzonera yildirimlii and S. zorkunensis led to the isolation and 
identification of eight new oligosaccharide constituents (1–8). Their structures were elucidated through 
comprehensive spectroscopic analysis (NMR, FT-IR, and mass spectrometry) and comparison with literature data. 
The structure of isolated compounds were O-α-D-Glcp-(1 → 2)-O-β-D-Fruf-(3 → 1)-O-myo-inositol (1), O-α-D- 
Glcp-(1 → 2)-O-β-D-Fruf-(3 → 1)-O-epi-inositol (2), O-β-D-Fruf-(2 → 6)-O-α-D-Glcp-(1 → 1)-O-β-D-Glcp (3), O-β-D- 
Fruf-(2 → 6)-O-α-D-Glcp-(1 → 1)-O-β-D-Galp (4), O-β-D-Fruf-(2 → 6)-O-β-D-Fruf-(2 → 6)-O-α-D-Glcp-(1 → 1)-O- 
β-D-Glcp (5), O-β-D-Fruf-(2 → 6)-[O-β-D-Glcp-(1 → 4)]-O-α-D-Glcp-(1 → 1)-O-β-D-Glcp (6), O-β-D-Fruf-(2 → 6)- 
[O-β-D-Glcp-(1 → 4)]-3-OCH3-O-α-D-Glcp-(1 → 1)-O-β-D-Glcp (7), and O-β-D-Fruf-(2 → 6)-[O-β-D-Glcp-(1 → 4)]- 
O-α-D-Glcp-(1 → 4)-O-α-D-Glcp-(1 → 2)-O-β-D-Fruf (8). The antimicrobial activities of all the isolated compounds 
(1–8) were investigated against six microorganisms. Compounds 2 and 3 were effective against Mycobacterium 
smegmatis at minimum inhibitory concentrations (MICs) of 3.13 μg/mL and 3.44 μg/mL, respectively, compared 
with streptomycin (MIC = 4.0 μg/mL). The enzyme-inhibitory properties of the isolated compounds (1–8) were 
evaluated against tyrosinase and α-glucosidase. Among the tested compounds, 4 (39.78 ± 10.29 %) exhibited 
inhibitory activity against tyrosinase, while compound 2 (68.04 ± 4.68 %) exhibited inhibitory activity against 
α-glucosidase. In silico studies of 1–8 showed the best predicted binding affinities for the Trehalose-LpqY complex 
in the range of − 11.088 kcal/mol to − 14.297 kcal/mol, compared to streptomycin (− 6.638 kcal/mol). Com
pounds 1–8 exhibited almost no cytotoxic activity against L-929 cells, further supporting their potential for 
therapeutic use.

1. Introduction

The genus Scorzonera L. is widely distributed across Eurasia and 
Africa, belongs to the Asteraceae family, and comprises 180 species 
worldwide [1]. More than 50 species of the genus Scorzonera grow in 

Türkiye, of which 32 are endemic [2–4]. As a significant center of plant 
diversity, Türkiye hosts a wide variety of Scorzonera species, many of 
which are traditionally consumed as vegetables. Some Scorzonera spe
cies are traditionally used as a manger in Eastern Anatolia. Scorzonera 
mollis Bieb, known as goftigoda, Scorzonera suberosa C. Koch known as 
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wild carrot, Scorzonera cana (C. A. Meyer) Hoffm. and Scorzonera latifolia 
(Fisch. Et Mey.) DC, also known as mesdek or broadleaf square root, is an 
edible plant [1,5]. In addition to their edible properties, some Scorzonera 
species have been used in folk medicine across Eurasia [6]. Scorzonera is 
used in Turkish folk medicine for hypertension, arteriosclerosis, dia
betes, kidney diseases, and rheumatism [7]. The root of Scorzonera. 
tomentosa L. contains latex, and both the latex and the roots have 
wound-healing activity [8]. S. latifolia is another species that is used in 
Turkish folk medicine. A gum called ‘yakı’ is obtained from the latex of 
this plant and is used for its analgesic and anthelmintic properties, 
which may help alleviate infertility [3,7]. Scorzonera pseudodivaricata 
Lipsch is used to treat diarrhea, pulmonary edema, and parasitic dis
eases, and exhibits diuretic and antipyretic effects [5]. Scorzonera radi
ata Fisch. is used in Mongolian folk medicine to treat ulcers and viral 
infections accompanied by fever, because of its diuretic and gal
actagogue properties [9]. S. hispanica L. has been used as a mucolytic, 
diuretic, and antipyretic agent, as well as a vegetable, in the treatment of 
stomach and certain lung diseases, and as a herbal remedy. Scorzonera 
mongolica Maxim. and Scorzonera austriaca Willd. They are used as 
antipyretic and anti-inflammatory agents in traditional Chinese and 
Tibetan medicine to treat mastitis and abscesses [10]. Scorzonera humilis 
L. has been used to treat wounds and gastrointestinal disorders in Cen
tral Europe [10,11].

Various natural compounds, including sesquiterpene lactones, 
lignans, stilbenoids, triterpenoids, flavonoids, caffeoylquinic acids, and 
coumarins, have been reported in some Scorzonera species [12–16]. 
Carbohydrates are the major polar components of natural resources. 
Therefore, the isolation of new carbohydrates in plants is important for 
food technology. Several oligosaccharides have been identified, 
including all positional isomers of α- and β-glucobioses, as well as others 
[17–22]. Oligosaccharides are purported to benefit human health by 
promoting the growth of bifidobacteria in the large intestine [23]. The 
structures of oligosaccharides reported to date range from dimers to 
pentamers. Depending on the biological origin of the oligosaccharide, 
different linkages between the Glc, Gal, and Fru units have been iden
tified [23–28].

In the phytochemical analyses of S. yildirimlii A. Duran & Hamzaoğlu 
and S. zorkunensis Coşkunçelebi & Makbul [2,29], eight new oligosac
charides were isolated and characterized using nuclear magnetic reso
nance (NMR) spectroscopy and LC-QTOF mass spectrometry. 
Antimicrobial activities, enzyme inhibition, and in silico studies of all 
isolated compounds (1–8) were evaluated. Additionally, the cytotoxicity 
of 1–4 against L-929 cells was examined.

2. Materials and methods

2.1. Plant materials

S. yildirimlii and S. zorkunensis are endemic species collected from 
Osmaniye, Türkiye: Zorkun Plateau, Keldaz Hill, 2075 m, on August 
20th, 2023. The plants were classified according to the Flora of Turkey 
[2,30]. S. yildirimlii and S. zorkunensis were stored in the Karadeniz 
Technical University (KTU) Department of Biology herbarium (KTUB) 
under the codes KTUB-242 and KTUB-243, respectively. The whole 
plants were cleaned, dried in the shade, ground in a mill, and stored in a 
plastic bag at room temperature until extraction.

2.2. Chemicals, chromatographic, and instrumental methods

All solvents and chemicals were purchased from Sigma-Aldrich. FT- 
IR (ATR) spectra (4000-400 cm− 1) were obtained using a PerkinElmer 
1600 spectrometer. The UV spectra were obtained using a Spectrostar 
Nano BMG Labtech spectrometer. Optical activity was measured using 
an AA-5 series polarimeter. The melting points were determined using a 
microscope-type Thermo-var apparatus and were uncorrected. Mass 
spectra were obtained using an Agilent 6230A high-resolution electron 

spray ionization mass spectrometry (HRESI-MS). NMR spectra (1D and 
2D) were obtained using a Bruker 400/100 MHz NMR spectrometer 
using CD3OD and D2O NMR solvents. The purity of the compounds was 
determined using a Shimadzu Prominence series HPLC instrument. The 
Advanced Chemistry Development (ACD) NMR software was used to 
elucidate the structures of the isolated compounds. Chemical shift values 
are expressed in δ (ppm). The coupling constants (J) are given in hertz 
(Hz). Silica gel (Kieselgel 60, 320–400 mesh), Sephadex, and RP-C18 
were used for column chromatography. Thin-layer chromatography 
(TLC) was performed on silica gel plates (Kieselgel 60 F254, Merck). UV 
(254 nm, 366 nm) and vanillin (0.5 g) were used as markers, along with 
sulfuric acid and ethanol (80:20). The plates were then heated to 110 ◦C 
on a hot plate. The Thermo Scientific Multiskan™ Go Microplate Spec
trophotometer was used in enzyme inhibition studies.

2.3. Extraction and isolation

Blended whole parts of S. yildirimlii (SY,1118 g, dry) and 
S. zorkunensis (SZ,1250 g, dry) were extracted with methanol (5L x 4, 24 
h) at room temperature by maceration. The extracts were filtered, and 
the solvents were evaporated under vacuum using a rotary evaporator at 
40 ◦C to yield crude methanol extracts (69.21 g (SY), 77.17 g (SZ)). The 
methanol extracts (67.81 g (SY) and 75.79 g (SZ)) were suspended in 
H2O:MeOH (100 mL, 9:1) using an ultrasonic bath and fractionated with 
n-hexane (100 mL x 5; 25.37 g (SYH); 24.91g (SZH), ethyl acetate (100 
mL x 5; 4.40 g (SYE); 5.05 g (SZE)), n-butanol (100 mL x 5: 15.40 g 
(SYB); 9.81 g (SZB)), and water (100 mL; 30.61 g (SYW); 28.10 g (SZW)) 
to yield crude fractions, respectively.

The n-butanol fraction (14.40 g) of S. yildirimlii (SYB) was subjected 
to Silica gel column chromatography (CC) using the increased polarity of 
the CH2Cl2:CH3OH:H2O (1600:100:0.0; 2000:200:0; 2250:300:30; 
1200:400:45; and 750:500:100) mobile phase to obtain 126 fractions 
(50–75 ml, each). Following thin-layer chromatography (TLC) analysis, 
some fractions were combined. SYB-Fr 101–107 was 920 mg, and a 
portion of it (541 mg) was subjected to Sephadex CC using a methanol 
mobile phase, yielding 64 fractions (5–8 ml each). After the TLC control, 
subfraction 13:17 gave the compound 1 (73 mg, Rf: 0.12; n-butanol: 
acetone:water (BAW), 4:2:0.5). SYB-Fr 93–100 was 715 mg, and a part 
of it (250 mg) was purified by preparative thin layer chromatography 
(PTLC) (20 × 20 cm 0.5 mm ×5 plates) with CH3CN:H2O (6:1) mobile 
phase to give SYB-Fr 93F which afforded compound 2 (30.5 mg, Rf: 0.2). 
SYB-Fr 63–92 was 873 mg, a part of it (420 mg) was purified by PTLC 
(20 × 20 cm 0.5 mm ×5 plates) with BAW (4:2:0.5) mobile phase to give 
SYB-Fr 63C which afforded compound 5 (Rf: 0.45, 68.3 mg), and SYB-Fr 
63E was compound 3 (Rf: 0.33, 22 mg).

The n-butanol fraction (8.81 g) of S. zorkunensis (SZB) was subjected 
to Silica gel CC using the increased polarity of the CH2Cl2:CH3OH:H2O 
(1600:100:0; 2000:200:0; 2250:300:30; 1200:400:45; and 
750:500:100) mobile phase to obtain 124 fractions (50–75 ml, each). 
After TLC control, five subfractions (SZB 1–5) were obtained. SZB 2 
(2.48 g) was subjected to Silica gel using vacuum liquid chromatography 
(VLC) with the increased polarity of the n-hexane (500 mL), n-hexane- 
CH2Cl2 (1:1, 500 mL), CH2Cl2 (500 mL), CH2Cl2-acetone (1:1, 500 mL), 
acetone (500 mL), acetone- ethyl acetate (1:1, 500 mL), ethyl acetate 
(500 mL), ethyl acetate-methanol (1:1, 500 mL), and methanol (500 mL) 
mobile phase to give 19 fractions (250–300 ml, each). After the TLC 
control, 6 subfractions (SZB 2:1–6) were obtained. SZB 2–3 (1323 mg) 
was separated on Sephadex CC using methanol as the mobile phase, 
yielding 23 fractions (6–8 mL each). After the TLC control, subfraction 
SZB 2-3-S-15:22 (266 mg) was further purified by PTLC (20 × 20 cm 0.5 
mm x 4 plates) with BAW (4:1:0.1) mobile phase to give compounds 3 
(60.4 mg, Rf: 0.33) and 4 (48 mg, Rf: 0.48).

The SZW fraction (25.10 g) was dissolved in water (60 mL) and 
extracted with methanol:n-butanol:ethyl acetate:water (10:10:30:30, x 
4) mobile phase to yield two subfractions SZWE (3.4 g) and SZWW (21.6 
g). SZWE (3.4 g) was subjected to Silica gel CC using the increased 
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polarity of diethyl ether (100 mL), diethyl ether-ethyl acetate (1:1, 100 
mL), ethyl acetate (200 mL), and ethyl acetate-methanol (8:2, 200 mL; 
7:3, 6:4, 1:1, 100 mL each) mobile phase to give 33 fractions (30–40 ml, 
each). After TLC control, subfraction SZWE 10 (374 mg) was subjected 
to Sephadex CC using methanol as the mobile phase, yielding 16 frac
tions (4–6 mL each). After the TLC control, subfraction SZWE 10-9 and 
SZWE 10–14 gave compounds 6 (73.4 mg, Rf: 0.25, BAW (4:1:0.1)) and 
7 (58.2 mg, Rf: 0.14, BAW (4:1:0.1)), respectively. Subfraction SZWE 
11:13 yielded compound 8 (125.2 mg, Rf: 0.16, BAW (4:2:0.5)). SZWE 
14 (582 mg) was subjected to Sephadex CC using the methanol mobile 
phase to obtain 15 fractions (5–6 mL each), and subfraction 11 gave 
sucrose.

Compound 1: O-α-D-Glucopyranosyl-(1 → 2)-O-β-D-fructofuranosyl-(3 
→ 1)-O-myo-inositol {O-α-D-Glcp-(1 → 2)-O-β-D-Fruf-(3 → 1)-O-myo- 
inositol}, oily; [α]D

24 +62.6 (c 0.0116, CH3OH); Rf: 0.12 (BAW, 4:2:0.5); 
FT-IR (ATR, cm− 1): 3278 (-OH), 2970, 2870 (-CH), 1643, 1512 (C–C), 
1056 (C–O); (− ) LC-QTOF-MS (m/z, %): C18H32O16 (504.169 g/mol), 
[M − H]- 503.169 (2), calc. 506.162; [M-2H2O + K–H]- 506.202 (100), 
calc. 506.195; [M+2Na + K+2H]- 591.267 (42), calc. 591.129; 
[M+3Na+2H]- 575.267 (18), calc. 575.154; [M+K]- 543.245 (25), calc. 
543.158; [M+16]- 520.216 (20), calc. 520.164; [M-Glc]- 341.110 (100), 
calc. 341.113; 1H and 13C NMR data presented in Table 1.

Compound 2: O-α-D-Glucopyranosyl-(1 → 2)-O-β-D-fructofuranosyl-(3 
→ 1)-O-epi-inositol {O-α-D-Glcp-(1 → 2)-O-β-D-Fruf-(3 → 3)-O-epi- 
inositol}, oily; [α]D

24 +47.3 (c 0.0264, CH3OH); Rf: 0.2 (CH3CN–H2O, 
6:1); FT-IR (ATR, cm− 1): 3302 (-OH), 2970, 2870 (-CH), 1643, 1458 
(C–C), 1056 (C–O); (− ) LC-QTOF-MS (m/z, %): C18H32O16 (504.169 g/ 
mol), [M-2H + CH3OH]- 534.179 (100), calc. 534.234; [M-inosi
tol+2Na]- 387.106 (45), calc. 387.114; [Glc+2K–3H]- 255.233 (25), 
calc. 255.238; 1H and 13C NMR data presented in Table 1.

Compound 3: O-β-D-Fructofuranosyl-(2 → 6)-O-α-D-glucopyranosyl-(1 
→ 1)-O-β-D-glucopyranoside {O-β-D-Fruf-(2 → 6)-O-α-D-Glcp-(1 → 1)-O- 
β-D-Glcp}, oily; [α]D

24 +46.9 (c 0.0358, CH3OH); Rf: 0.33 (BAW, 4:1:0.1); 
FT-IR (ATR, cm− 1): 3278 (-OH), 2970, 2870 (-CH), 1643, 1458 (C–C), 
1056 (C–O); (− ) LC-QTOF-MS (m/z, %): C18H32O16 (504.169 g/mol), 
[M − H]- 503.158 (1), calc. 506.162; [M + Na + K–2H]- 568.188 (100), 
calc. 568.182; 1H and 13C NMR data presented in Table 2.

Compound 4: O-β-D-Fructofuranosyl-(2 → 6)-O-α-D-glucopyranosyl-(1 
→ 1)-O-β-D-galactopyranoside {O-β-D-Fruf-(2 → 6)-O-α-D-Glcp-(1 → 1)- 
O-β-D-Galp}; oily; [α]D

24 +51.3 (c 0.0276, CH3OH); Rf: 0.48 (BAW, 
4:1:0.1); FT-IR (ATR, cm− 1): 3332 (-OH), 2931, 2890 (-CH), 1643, 1512 (C–C), 1057 (C–O); (− ) LC-QTOF-MS (m/z, %): C18H32O16 (504.169 g/ 

mol), [M − H]- 503.164 (1), calc. 506.162; [M+2H2O–H]- 539.506 
(100), calc. 539.183; [M-CH2OH + K–H]- 511.475 (90), calc. 511.189; 
[M-2OH + K+2H]- 511.475 (90), calc. 511.132; [M-H2O + Na+2H]- 

511.475 (90), calc. 511.164; 1H and 13C NMR data see Table 2.
Compound 5: O-β-D-Fructofuranosyl-(2 → 6)-O-β-D-fructofuranosyl-(2 

→ 6)-O-α-D-glucopyranosyl-(1 → 1)-O-β-D-glucopyranoside {O-β-D-Fruf- 
(2 → 6)-O-β-D-Fruf-(2 → 6)-O-α-D-Glcp-(1 → 1)-O-β-D-Glcp}, oily; [α]D

24 

+9.78 (c 0.1384, CH3OH); Rf: 0.45 (BAW, 4:2:0.5); FT-IR (ATR, cm− 1): 
3286 (-OH), 2939, 2868 (-CH), 1643, 1458 (C–C), 1056 (C–O); (− ) LC- 
QTOF-MS (m/z, %): C24H42O21 (666.221 g/mol), [M-2H2O–OH+2H]- 

615.195 (20), calc. 615.203; [M+2CH3OH]- 730.239 (100), calc. 
730.263; [M-2H2O + Na]- 653.345 (30), calc. 653.188; 1H and 13C NMR 
data presented in Table 2.

Compound 6: O-β-D-Fructofuranosyl-(2 → 6)-[O-β-D-glucopyranosyl- 
(1 → 4)]-O-α-D-glucopyranosyl-(1 → 1)-O-β-D-Glucopyranoside {O-β-D- 
Fruf-(2 → 6)-[O-β-D-Glcp-(1 → 4)]-O-α-D-Glcp-(1 → 1)-O-β-D-Glcp}, 
oily; [α]D

24 +16.6 (c 0.106, CH3OH); Rf: 0.25 (BAW, 4:1:0.1); FT-IR (ATR, 
cm− 1): 3286 (-OH), 2931, 2885 (-CH), 1643, 1419 (C–C), 1033 (C–O); 
(− ) LC-QTOF-MS (m/z, %): C24H42O21 (666.221 g/mol), [M-2H2O+2K 
+ Na–H]- 730.237 (5), calc. 730.126; [M+2Na + H2O]- 730.237 (5), 
calc. 730.217; [M-3CH3OH–2H]- 568.188 (8), calc. 568.135; [M-Glc- 
CH3OH + H2O–2H]- 435.294 (20), calc. 435.130; [Glc]- 179.056 (100), 
calc. 179.056; 1H and 13C NMR data presented in Table 3.

Compound 7: O-β-D-Fructofuranosyl-(2 → 6)-[O-β-D-glucopyranosyl- 

Table 1 
1H and13C NMR data of 1–2 (400/100 MHz, CD3OD, δ in ppm).

Sucrose 1 2

δC δC δH (J Hz) δC δH (J Hz)

α-Glc (1 → 
2)

1 92.14 93.90 5.40, 1H, 
d, 3.8

93.75 5.39, 1H, 
d, 3.8

2 71.04 72.42 3.36a 72.58 3.40a

3 72.54 74.60 3.87a 74.51 3.86a

4 69.19 71.18 3.42a 71.40 3.44a

5 72.36 74.63 3.74a 74.65 3.75a

6 60.10 62.10 3.75a, 
3.82a

62.27 3.72a, 
3.84a

β-Fru (2 → 
1)

1 61.32 63.46 3.64, bs 63.50 3.60, bs
2 103.64 105.30 – 105.42 –
3 76.37 79.12 4.15, d 79.34 4.15, d
4 73.96 73.08 3.55 73.79 3.58a

5 81.33 83.68 3.78a 83.89 3.80a

6 62.34 63.86 3.74a 64.09 3.76a

myo-inositol 
(1 → 3)

1 ​ 75.61 4.05a ​ ​
2,6 74.54 3.94a

3,5 73.58 3.76a

4 74.31 3.71a

epi-inositol 
(1 → 3)

1 ​ ​ ​ 75.77 4.04a

2,3,5,6 74.73 3.95a

4 70.09 3.62a

a Signal patterns are unclear due to overlapping.

Table 2 
1H and13C NMR data of 3–5 (400/100 MHz, CD3OD, δ in ppm).

3 4 5

δC δH (J Hz) δC δH (J Hz) δC δH (J Hz)

β-Fru (2 
→ 6) 
β-Fru I 
(2 → 6)

1 62.92 3.68, bs 64.86 3.65, bs 64.27 3.68, bs
2 99.33 – 99.30 – 99.34 –
3 78.18 4.10a 78.19 4.08a 78.12 4.06a

4 76.93 3.20a 76.39 3.22a 76.33 3.24a

5 83.35 3.78a 83.35 3.79a 83.30 3.77a

6 64.65 4.10a 64.56 4.16a 64.58 3.50a

α-Glc (1 
→ 1)

1 93.94 5.13, 
1H, d, 
3.8

94.57 5.10, 
1H, 
d,3.6

94.02 5.07, 
1H, d, 
3.8

2 71.93 3.32a 71.94 3.30a 71.89 3.30a

3 74.95 3.40a 74.87 3.42a 74.92 3.40a

4 71.36 3.70a 71.36 3.70a 71.77 3.72a

5 73.03 3.80a 73.09 3.82a 73.07 3.82a

6 65.93 3.50a, 
3.68a

65.97 3.52a, 
3.70a

65.87 3.50a, 
3.70a

β-Glc (1 → 
1)

1 98.30 4.49, 
1H, d, 
7.8

​ ​ 98.25 4.44, 
1H, d, 
7.8

2 71.95 3.15, t, 
7.8

​ ​ 71.77 3.12, t, 
7.8

3 73.93 3.38a ​ ​ 73.87 3.41a

4 69.42 3.70a ​ ​ 69.39 3.72a

5 78.15 3.40a ​ ​ 77.56 3.44a

6 62.92 3.78a, 
3.86a

​ ​ 62.80 3.78a, 
3.88a

β-Gal (1 
→ 1)

1 ​ ​ 98.30 4.47, 
1H, d, 
7.8

​ ​

2 ​ ​ 73.09 3.10a ​ ​
3 ​ ​ 73.94 3.80a ​ ​
4 ​ ​ 69.46 3.30a ​ ​
5 ​ ​ 76.84 4.10a ​ ​
6 ​ ​ 64.33 3.60a, 

3.82a
​ ​

β-Fru II (2 
→ 6)

1 ​ ​ ​ ​ 62.78 3.70a

2 ​ ​ ​ ​ 103.24 –
3 ​ ​ ​ ​ 76.79 4.12a

4 ​ ​ ​ ​ 71.30 3.20a

5 ​ ​ ​ ​ 84.24 3.78a

6 ​ ​ ​ ​ 64.27 4.10a

a Signal patterns are unclear due to overlapping.
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(1 → 4)]-3-OCH3-O-α-D-glucopyranosyl-(1 → 1)-O-β-D-glucopyranoside 
[O-β-D-Fruf-(2 → 6)-[O-β-D-Glcp-(1 → 4)]-3-OCH3-O-α-D-Glcp-(1 → 1)- 
O-β-D-Glcp], oily; [α]D

24 +132.7 (c 0.0102, CH3OH); Rf: 0.14 (BAW, 
4:1:0.1); FT-IR (ATR, cm− 1): 3363 (-OH), 2970, 2870 (-CH), 1643, 1519 
(C–C), 1056 (C–O); (− ) LC-QTOF-MS (m/z, %): C25H44O21 (680.237 g/ 
mol), [M − H]- 679.510 (1), calc. 679.229; [M+2Na + K–H]- 764.096 
(5), calc. 764.151; [M-Glc + CH3OH]- 533.148 (55), calc. 533.208; 1H 
and 13C NMR data presented in Table 3.

Compound 8: O-β-D-Fruf-(2 → 6)-[O-β-D-glucopyranosyl-(1 → 4)]-O- 
α-D-glucopyranosyl-(1 → 4)-O-α-D-glucopyranosyl-(1 → 2)-O-β-D-fruc
tofuranoside [O-β-D-Fruf-(2 → 6)-[O-β-D-Glcp-(1 → 4)]-O-α-D-Glcp-(1 
→ 4)-O-α-D-Glcp-(1 → 2)-O-β-D-Fruf], oily; [α]D

24 +71.4 (c 0.0121, 
CH3OH); Rf: 0.16 (BAW, 4:2:0.5); FT-IR (ATR, cm− 1): 3332 (-OH), 2924, 
2846 (-CH), 1643, 1458 (C–C), 1018 (C–O); (− ) LC-QTOF-MS (m/z, %): 
C30H52O26 (828.274 g/mol), [M+3K + Na–H]- 967.421 (20), calc. 
967.137; [M+2Na–H]- 873.448 (5), calc. 873.211; [M-2CH3OH + Na]- 

787.357 (85), calc. 787.211; [M-2CH3OH–H2O–H]- 745.347 (100), calc. 
745.214; [Glc+2K + H2O–H]- 274.965 (250), calc. 274.996; 1H and 13C 
NMR data are listed in Table 3.

2.4. HPLC analyses

HPLC chromatographic analyses of 1–8 were carried out on a Shi
madzu Prominence series HPLC instrument using a Kinetex® C18 (75 
mm × 4.6 mm, 2.6 μm) analytical column. The mobile phase was formed 
of acetonitrile (5 %). The sample injection volume was 10 μL, and the 
flow rate was 0.8 mL/min. The column furnace temperature was set to 
25 ◦C. The photodiode array detector was operated at 195 nm [31].

2.5. Minimal inhibition concentration (MIC) assay

All microorganisms were purchased from the Hifzissihha Institute of 
Refik Saydam (Ankara, Türkiye): Escherichia coli ATCC35218, Pseudo
monas aeruginosa ATCC43288, Staphylococcus aureus ATCC25923, Ba
cillus cereus 709 Roma, Mycobacterium smegmatis ATCC607, and Candida 
albicans ATCC60193. Isolated compound stock solutions were prepared 
at concentrations ranging from 1000 to 45000 μg/mL. The minimal 
inhibitory concentration against the test organisms was used to assess 
antimicrobial activity. Each well received 100 μL of Mueller-Hinton 
Broth (MHB) or Potato Dextrose Broth (PDB) along with a serially 
diluted extract solution. Test microorganisms were prepared using a 
McFarland standard of 0.5 (approximately 1 × 108 cfu/mL) and diluted 
1:10. The antimicrobial properties of the n-hexane, ethyl acetate, water 
fractions, methanol extract and compounds 1–8 were investigated 
quantitatively in respective broth media by using triplicate micro
dilution, and the MIC values (μg/mL) were examined [32,33]. We 
inoculated each well with 5 μL (equivalent to 5 × 104 cfu) of this dilu
tion. The plates were incubated at 37 ◦C for 24–48 h. Brain Heart 
Infusion broth (BHI) (Difco, Detriot, MI) was used for M. smegmatis and 
incubated at 37 ◦C for 72h. Three independent experiments confirmed 
the reproducibility of the MIC results. The MIC was defined as the lowest 
concentration at which no growth was observed. Ampicillin (10 μg/mL), 
streptomycin (10 μg/mL), and fluconazole (5 μg/mL) were used as the 
standard antibacterial and antifungal agents. A 1/10 dilution of each 
solvent was used as the control.

2.6. Enzyme inhibitory properties of compounds

The tyrosinase inhibitory potential of the compounds was deter
mined according to the method described by Ref. [34]. This study re
ports preliminary screening results at a single concentration (100 μM); 
IC50 values were not determined. Stock solutions of the compounds (10 
mM in dimethyl sulfoxide (DMSO)) were diluted with distilled water to 
obtain working solutions (500 μM). In the study conducted in a 96-well 
plate, compounds 1–8 (100 μM) and the positive control kojic acid 
(Sigma-Aldrich, K3125) were added to 100 mM phosphate buffer (100 
μL, pH 6.8). Then, 20 μL of 500 U/mL tyrosinase (Sigma-Aldrich, T3824) 
was added to the wells and incubated at room temperature for 15 min. 
To start with the enzymatic reaction, 3 mM 3,4-dihydrox
y-L-phenylalanine (20 μL) (Sigma-Aldrich, D9628) was added as a sub
strate. After 15 min, the absorbance of the mixtures at 475 nm was 
measured. The percentage of tyrosinase inhibition by the compounds 
was calculated using the formula Inhibition (%) = [(A0-A1)/A0) × 100]. 
Where A0 and A1 represent the absorbance values in the absence and 
presence of the compounds, respectively. The inhibitory effects of the 
compound on α-glucosidase were determined according to a previously 
described method with slight modifications [34]. Working solutions 
(500 μM) were prepared by diluting the stock solutions (10 mM in 
DMSO) of the compounds with distilled water. Compounds 1–8 (100 
μM) and the positive control, acarbose (Sigma-Aldrich, A8980), were 
added to a 96-well plate containing 50 μL phosphate buffer (100 mM, pH 
6.8). Then, 100 μL 0.5 U/mL α-glucosidase (Sigma-Aldrich, G5003) was 
added to each well and incubated at room temperature for 10 min. 
Subsequently, 50 μL of p-nitrophenyl–a–glucopyranoside (Sigma-Al
drich, 487506) (5 mM) solution was added to the wells. After 10 min, 
the absorbance values of the mixtures at 405 nm were measured using a 

Table 3 
1H and13C NMR data of 6–8 (400/100 MHz, D2O, δ in ppm).

6 7 8

δC δH (J Hz) δC δH (J Hz) δC δH (J Hz)

β-Fru (2 
→ 6) 
β-Fru I 
(2 → 6)

1 62.43 3.60, bs 62.38 3.60, bs 60.67 3.50a

2 98.04 – 98.06 – 103.58 –
3 75.61 4.02a 75.85 4.02a 73.89 4.05a

4 72.74 3.25a 72.65 3.25a 71.57 3.26a

5 80.64 3.74a 80.57 3.72a 81.33 3.76a

6 63.33 3.72a 63.27 3.86a 62.43 3.60a

α-Glc (1 
→ 1) 
α-Glc I 
(1 → 1)

1 92.06 5.12, 
1H, d, 
3.7

92.08 5.15, 
1H, d, 
3.7

92.00 5.28, 
1H, d, 
3.8

2 69.62 3.32a 69.56 3.30a 69.51 3.42a

3 72.74 3.38a 71.97 3.40a 70.47 3.60a

4 75.91 3.44a 75.85 3.42a 70.35 3.64a

5 71.46 3.80a 71.37 3.85a 72.46 3.80a

6 63.86 3.50a, 
3.74a

63.75 3.52a, 
3.72a

60.52 3.50a, 
3.62a

α-Glc II (1 
→ 4)

1 ​ ​ ​ ​ 92.10 5.16, 
1H, d, 
3.7

2 ​ ​ ​ ​ 69.59 3.30a

3 ​ ​ ​ ​ 71.99 3.46a

4 ​ ​ ​ ​ 75.85 3.44a

5 ​ ​ ​ ​ 71.57 3.80a

6 ​ ​ ​ ​ 63.80 3.45a, 
3.60a

β-Glc (1 → 
4) 
β-Glc I/ 
II

1 95.88 4.54, 
2H, d, 
7.9

95.90 4.56, 
2H, d, 
7.9

95.81 4.52, 
1H, d, 
7.9

2 73.94 3.12, t, 
7.9

72.05 3.10, t, 
7.8

74.05 3.10, t, 
7.9

3 69.17 3.30a 69.10 3.74a 69.12 3.68a

4 69.56 
67.52

3.74a

3.60a
69.48 
67.41

3.76a

3.61a
67.42 3.75a

5 75.66 3.42a 74.02 3.44a 75.65 3.42a

6 60.72 
60.56

3.60a, 
3.82a

3.64a, 
3.80a

60.63 
60.46

3.60a, 
3.76a

3.64a, 
3.72a

60.03 3.62a, 
3.84a

-OCH3 ​ ​ ​ 55.40 3.62, s ​ ​
β-Fru II (2 

→ 6)
1 ​ ​ ​ ​ 62.40 3.70, bs
2 ​ ​ ​ ​ 98.01 –
3 ​ ​ ​ ​ 75.85 3.42a

4 ​ ​ ​ ​ 72.68 3.46a

5 ​ ​ ​ ​ 80.67 3.75a

6 ​ ​ ​ ​ 63.30 3.74a

a Signal patterns are unclear due to overlapping.
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microplate reader. α-glucosidase inhibition percentages were calculated 
as Inhibition (%) = [(A0-A1)/A0) × 100]. Here, A0 represents the 
absorbance values in the absence of compounds and A1 in the presence 
of compounds.

2.7. Cell viability assay

Compounds 1–8 were dissolved in methanol to obtain 50 mg/mL (w/ 
v) stock solutions, which were then diluted to 0.3–100 μg/mL. The 
cytotoxic effects were evaluated on L-929 mouse fibroblast cells 
(ATCC®CCL-1™) using the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphe
nyltetrazolium bromide (MTT) assay (Serva, Germany). L-929 cell line 
was cultured in high glucose Dulbecco's Modified Eagle's Medium 
(DMEM) (Wisent, Canada) supplemented with 10 % fetal bovine serum 
(ATCC, Manassas, USA), 1 % penicillin (100 U/mL), and streptomycin 
(100 μg/mL) (Wisent, Canada), and maintained at 37 ◦C in 5 % CO2 
incubator. According to the MTT assay, cells were seeded at 1 × 104 

cells/well in 96-well plates and incubated for 24 h. The day after plating, 
the medium was replaced with test chemical solutions (0.1–100 μg/mL) 
for an additional 24 h. Cells incubated with 0.1 % methanol served as the 
solvent control. Cells incubated with 3 mM sodium lauryl sulfate (SLS) 
served as the positive control. Subsequently, the medium was replaced 
with 100 μL of serum-free medium containing 0.5 mg/mL MTT in each 
well, and the wells were incubated at 37 ◦C for 3 h. After that, the MTT- 
containing medium was gently removed. To dissolve formazan crystals, 
150 μL of DMSO was added to each well, and the plate was shaken for 10 
min. Absorbance was measured at 570 and 690 nm using a microplate 
reader (Thermo Scientific, Waltham, MA, USA). The percentage of cell 
viability was calculated using the following formula: Cell viability % =
[(Absorbance of control - Absorbance of treated)/Absorbance of con
trol] × 100 [35].

2.8. Molecular docking procedure

In molecular docking studies, the crystal structure of the Trehalose- 
LpqY complex (PDB: 7APE), isolated from the M. thermoresistible strain, 
was found to be the most effective for biological activity. In the mo
lecular docking workflow, the protein structure was prepared using the 
Maestro module in the Schrödinger Small Molecule Drug Discovery 
Suite (Version 2025-1, Schrödinger, LLC, 2025). For this study, the 
crystal structure of Trehalose-LpqY, isolated from the M. thermoresistible 
strain [25], was obtained from the Protein Data Bank (PDB). Water 
molecules in the target protein crystal structure were removed, and the 
missing atoms in the amino acid structures were subsequently added. In 
the next step, the hydrogen bonds in the structure were optimized. We 
applied the OPLS4 force field and carried out energy minimization with 
a maximum root-mean-square deviation (RMSD) of 0.3 Å (Å). We 
selected inhibitor compounds associated with enzymes, based on their 
X-ray crystal structures. We defined a 20 Å grid box surrounding the 
active sites of the inhibitors using the “receptor grid generation” panel. 
The OPLS4 force field was utilized again during this stage, with the van 
der Waals scaling factor set to 0.80 and the charge partial breakpoint set 
to 0.15 [36]. To validate the molecular docking protocol, the coligand 
from the X-ray crystal structure of the enzyme was docked into the 
relevant active site. The resulting conformation then overlapped with 
the bioactive conformation of the coligand, achieving an RMSD value of 
0.1113 Å (Redocking XP Glide score: − 12.585 kcal/mol). 
Three-dimensional structures of the compounds were generated using 
the Ligprep module. Docking of the compounds to the enzyme active 
sites was performed using the Extra Precision (XP) algorithm of the Glide 
module of Schrödinger, on a prerecorded grid file. Three conformations 
with the lowest glide energies were generated for each compound. 
Consequently, the predicted binding modes of the compounds at the 
active sites of the target protein were determined (Table 6 and Fig. 3).

3. Results and discussion

Sugars are a class of carbohydrates that consist of carbon, hydrogen, 
and oxygen. Carbohydrates serve as an energy source for metabolism. 
Naturally occurring 1 → 1′, 1 → 2′, 1 → 4′, 2 → 6, and 1 → 6′ linked 
oligosaccharides have been previously reported [28,37–41]. Oligosac
charides are widely distributed in plants, yeast, algae, lichen, and fungi.

3.1. Chemical structure

The air-dried whole parts of S. yildirimlii and S. zorkunensis were 
extracted with methanol and fractionated into n-hexane, ethyl acetate, 
butanol, and water-soluble fractions. The butanol and water fractions 
were further separated and purified by ordinary-phase chromatography, 
reversed-phase silica gel chromatography, and Sephadex column chro
matography, affording eight compounds (1–8). The structure of isolated 
new oligosaccharides 1–8, which are derivatives of sucrose and 
α-β-trehalose, was subsequently determined by 1D-NMR (1H, 13C, and 
attached proton test (APT), 2D-NMR (COSY, HSQC, HMBC, and NOESY) 
(Tables 1–4), and LC-QTOF mass spectra. All isolated compounds (1–3 
and 5 from S. yildirimlii and 1, 3–4 and 6–8 from S. zorkunensis) were 
elucidated for the first time from S. yildirimlii and S. zorkunensis. Sucrose 
was isolated from both species.

Compound 1 was oily, and its molecular formula (C18H32O16, 
504.169 g/mol) was determined using LC-QTOF-MS, resulting in a 
molecular ion peak at m/z 506.202 (100) [M-2H2O + K–H]-, with three 
degrees of unsaturation. The FT-IR spectrum of 1 showed hydroxyl 
groups at 3278 cm− 1, sp3 hybridized CH at 2970 cm− 1 and 2870 cm− 1, 
C–C bands at 1643 cm− 1 and 1512 cm− 1, and a C–O–C group at 1056 
cm− 1. The NMR (1H, 13C/APT, COSY, HSQC, HMBC, and NOESY), FT-IR, 
and LC-QTOF mass spectra of 1 are available in supplementary data 
Figs. S1–S9, respectively. The 1H and 13C NMR spectra of 1 showed a 
single anomeric proton at δH 5.40 ppm (d, J = 3.8 Hz) and a carbon peak 
at δC 93.90 ppm (Glc C-1, CH, APT) for the glucose residue. The 3JHH 
coupling constant (J = 3.8 Hz) between H-1 and H-2 of glucose indicated 
that the glucosyl bond was of α form, as shown in sucrose (Table 1). The 
1H NMR spectrum of 1 exhibited a complex pattern in the δH range of 
3.36–3.87 ppm. 1H COSY and HSQC spectra completed the assignment 
of all protons and carbons in the α-glucose (α-Glcp) residue (Table 1). 
The signals at δH 4.15 ppm (d, J = 3.8 Hz) showed COSY cross-peaks to 
H-2, H-3, H-4, H-5, H-6a,b, and exhibited chemical shifts similar to those 
of the nonreducing residues in 1 (Table 1). An inter-residual HMBC 
correlation was observed between Glc H-1 (δH 5.40 ppm) and Fru C-2 (δC 
105.30 ppm) (Table 4). The carbon signals at δC 93.90 ppm (d, C-1) and 
δC 105.30 ppm (s, C-2) confirmed the presence of glucose and fructose 
units in 1, which was identified as a disaccharide. A total of 16 carbons 
were identified in the 13C/APT and HSQC NMR spectra of 1, which were 
characterized as one C, twelve CH, and three CH2 carbons. Twelve of 
these were accountable for a sucrose residue of 1. The remaining four 
–OCH– peaks at δC 75.61 (d, C-1), 74.54 (d, C-2,6), 73.58 (d, C-3,5), and 
74.31 (d, C-4) were consistent with the 13C NMR data of inositol, which 
is a cyclic cyclitol [42]. In the literature, 9 distinct stereoisomers of 
inositol have been reported, and, depending on their structures, they 
exhibit one to six carbon signals in the 13C NMR spectrum [43]. Among 
the naturally occurring inositol compounds, myo-inositol has been the 
most frequently reported. Two di and trigalactosyl-D-chiro-inositols 
have been isolated from Fagopyrum esculentum seeds [41]. 13C NMR data 
for nine inositol derivatives have been reported in the literature [43], 
and it was observed that the 4-carbon peaks detected for the cyclitol 
compound 1 matched best with myo-inositol [43]. Interglycosidic link
age of inositol was assigned from fructose H-3 (δH 4.15 ppm) to the 
myo-inositol C-1 (δC 75.61 ppm) based on HMBC correlations [41–43] 
(Table 4). The NOESY correlation of α-Glcp H-1 (δH 5.40 ppm) to β-Fruf 
H-1 (δH 3.64 ppm) and β-Fruf H-3 (δH 4.15 ppm) to the myo-inositol H-1 
(δH 4.05 ppm) indicated that myo-inositol is linked at the C-3 position of 
β-Fruf (Fig. S7) (Table 4). Due to sample limitations, the absolute 

N. Yaylı et al.                                                                                                                                                                                                                                    Carbohydrate Research 562 (2026) 109833 

5 



configuration of the inositol moiety was not determined. The proposed 
configuration is based on a comparison of 13C NMR chemical shifts with 
literature data [41–43]. The assignments of the carbon peaks obtained 
from the HSQC and HMBC spectra are presented in Table 1. Conse
quently, compound 1 was assigned to O-α-D-Glcp-(1 → 2)-O-β-D-Fruf-(3 
→ 1)-O-myo-inositol (Fig. 1).

Compound 2 was oily, and its molecular formula (C17H30O15, 
474.158 g/mol) was determined by LC-QTOF-MS, yielding a molecular 
ion peak at m/z 534.233 [M + Na + K–2H]-, with 3 degrees of unsatu
ration. The FT-IR spectrum of 2 showed hydroxyl groups at 3302 cm− 1, 
sp3 hybridized CH at 2970 cm− 1and, 2870 cm− 1, C–C bands at 1643 
cm− 1 and, 1458 cm− 1, and a C–O–C group at 1056 cm− 1. The NMR (1H, 
13C/APT, COSY, HSQC, HMBC, and NOESY), FT-IR, and LC-QTOF mass 
spectra of 2 are available in supplementary data Figs. S10–S17, 
respectively. The 1H and 13C NMR spectra of 2 were similar to those of 1, 
suggesting a close relationship with 1. 1H NMR analysis of 2 showed a 
single anomeric signal at δH 5.39 ppm (d, J = 3.8 Hz). 13C/APT NMR 

spectrum of 2 gave two anomeric carbons at δC 93.75 ppm (Gul C-1, d) 
and 105.42 ppm (Fru C-2, C, s). The signals at δH 5.39 ppm were 
correlated with H-2, H-3, H-4, H-5, and H-6a,b in the COSY spectrum, 
identifying the α-Glcp residue. The signals at δH 4.15 ppm showed COSY 
cross-peaks to H-3, H-4, H-5, and H-6, exhibiting chemical shifts 
resembling those of nonreducing residues in 2 (Table 1). A total of 15 
carbons were identified in the 13C/APT and HSQC NMR spectra of 2, 
which were characterized as one C, eleven CH, and three CH2 carbons. 
The assignment of the carbon peaks for compound 2, obtained from the 
HSQC and HMBC spectra, is given in Table 1. A total of 12 carbon signals 
were assigned at δC 93.90 (d, C-1), 72.58 (d, C-2), 74.51 (d, C-3), 71.40 
(d, C-4), 74.65 (d, C-5), and 62.27 (t, C-6) for the glucose and peaks at δC 
63.50 (t, C-1), 105.42 (s, C-2), 79.34 (d, C-3), 75.77 (d, C-4), 83.89 (d, C- 
5), and 64.09 (t, C-6) for the fructose (Table 1). Twelve of these were 
accountable for a sucrose residue, as in 1. HMBC spectra of 2 showed a 
correlation from Glc H-1 (δH 5.39 ppm) to Fru C-2 (δC 105.42 ppm). The 
13C NMR spectrum of 2 revealed three additional OCH peaks for inositol 
at δC 75.77 (d, C-1), δC 74.73 (d, C-2,3,5,6), and δC 70.09 (d, C-4) ppm, 
which were consistent with the 13C NMR data of 3-O-methyl-epi-inositol 
[43]. Since inositol has 9 distinct stereoisomers [42,43], the three 
observed carbon peaks given above match those of epi-inositol [43]. 
Interglycosidic linkage of inositol was assigned from fructose H-3 (δH 
4.15 ppm) to the epi-inositol C-1 (δC 75.61 ppm) based on HMBC cor
relations [41] (Table 4). The NOESY correlation of α-Glcp H-1 (δH 5.39 
ppm) to the β-Fruf H-1 (δH 3.60 ppm) and β-Fruf H-3 (δH 4.15 ppm) to 
the epi-inositol H-1 (δH 4.04 ppm) indicated that epi-inositol is linked at 
the C-3 position of β-Fruf (Fig. S15) (Table 4). Due to sample limitations, 
the absolute configuration of the inositol moiety was not determined. 
The proposed configuration is based on a comparison of 13C NMR 
chemical shifts with literature data [41–43]. Consequently, compound 2 
was assigned to O-α-D-Glcp-(1 → 2)-O-β-D-Fruf-(3 → 1)-O-epi-inositol 
(Fig. 1).

Compound 3 was oily, and its molecular formula (C18H32O16, 
504.169 g/mol) was determined by LC-QTOF-MS, which yielded a 
molecular ion peak at m/z 568.188 [M + Na + K–2H]-, indicating three 
degrees of unsaturation. The FT-IR spectrum exhibited absorption bands 
for hydroxyl groups at 3278 cm− 1, sp3 hybridized CH at 2970 cm− 1 and 
2870 cm− 1, C–C bands at 1643 cm− 1 and 1458 cm− 1, and a C–O band at 
1056 cm− 1. The NMR (1H, 13C/APT, COSY, HSQC, HMBC, and NOESY), 
FT-IR, and LC-QTOF mass spectra of 3 are available in supplementary 
data Figs. S18–S26, respectively. The 1H NMR spectrum of 3 showed two 
anomeric signals at δH 5.13 ppm (d, 1H, J = 3.8 Hz) and δH 4.49 ppm (d, 
1H, J = 7.8 Hz). The signals at δH 5.13 ppm (3J1,2 = 3.8 Hz) and δH 4.49 
ppm (3J1,2 = 7.8 Hz) showed correlations to H-2, H-3, H-4, H-5, and H- 
6a,b in the COSY spectrum, identifying the α-Glcp and β-Glcp residues, 
respectively. The signals at δH 4.10 ppm (Fru H-6) showed COSY cross- 
peaks to H-5, H-4, and H-3, which are similar to those of the nonre
ducing residues (Table 2). 13C and APT NMR spectra of 3 allowed the 
identification of 18 carbon, and the carbon signals at δC 93.94 ppm (α-, 
C-1, d), δC 98.30 ppm (β-, C-1, d), and δC 99.33 ppm (C-2, s) confirmed to 
be a trisaccharide consisting of one α-D-glucopyranose, one β-D-gluco
pyranose, and one β-D-fructofuranans due to the 3JHH and 1JCH coupling 
constants, respectively [26]. The assignment of the carbons in 3, ob
tained from the HSQC and HMBC spectra, is given in Tables 2 and 4 Two 
anomeric protons (δH 5.13 ppm (d, 1H, 3.8 Hz) and δH 4.49 ppm (d, 1H, 
7.8 Hz) and carbon signals (δC 93.94 ppm, d, α-, C-1, δC 98.30, d, β-, C-1) 
of glucose units of 3 showed that two glucose units were linked by 1 → 1′ 
linkage and known as trehalose [26]. The C-1 carbons (δC 93.94 ppm 
and δC 98.30 ppm) of α-/β-glucose showed a 1JHC 166 and 158 Hz 
(HMBC) coupling, resulting in α-D-Glcp-(1 → 1)-O-β-D-Glcp [26,37,44,
45]. 13C NMR data of C-6 for α-D-Glcp were shifted downfield at δC 
65.93 ppm and showed an interglycosidic linkage (HMBC) with β-D-Fruf 
(2 → 6). HMBC spectra of 3 showed correlations from α-Glc H-6a,b (δH 
3.50, 3.68 ppm) to Fru C-2 (δC 99.33 ppm) (Table 4). Trehalose is a 
disaccharide with a 1 → 1′ linkage in the α,α, or α,β- configuration. All 
proton and carbon values of compound 3 are consistent with 

Table 4 
Long-range H→C and H→H correlation of 1–8.

No HMBC (3JHC) NOESY

1 α-Glcp H-1 (δH 5.40) to β-Fruf C-2 
(δC 105.30) 
β-Fruf H-3 (δH 4.15) to the myo- 
inositol C-1 (δC 75.61)

α-Glcp H-1 (δH 5.40) to β-Fruf H-1 (δH 

3.64) and α-Glcp H-2 (δH 3.40) 
β-Fruf H-3 (δH 4.15) to the myo-inositol H- 
1 (δH 4.05)

2 α-Glcp H-1 (δH 5.39) to β-Fruf C-2 
(δC 105.42) 
β-Fruf H-3 (δH 4.15) to the epi- 
inositol C-1 (δC 75.77)

α-Glcp H-1 (δH 5.39) to β-Fruf H-1 (δH 

3.60) and α-Glcp H-2 (δH 3.40) 
β-Fruf H-3 (δH 4.15) to the epi-inositol H-1 
(δH 4.04)

3 α-Glcp H-6a,b (δH 3.50, 3.68) to 
β-Fruf C-2 (δC 99.33) 
α-Glcp H-1 (δH 5.13) to α-Glcp C- 
1 (δC 93.94)a

β-Glcp H-1 (δH 4.49) to β-Glcp C- 
1 (δC 98.30)a

α-Glcp H-1 (δH 5.13 to β-Glc H-5 (δH 3.40) 
β-Glcp H-1 (δH 4.49) to α-Glcp H-2 (δH 

3.32) and β-Glcp H-5 (δH 3.15) 
β-Fruf H-3 (δH 4.10) to β-Fruf H-5 (δH 

3.78) and β-Glcp H-4 (δH 3.70)

4 α-Glcp H-6a,b (δH 3.52, 3.70) to 
β-Fruf C-2 (δC 99.30) 
α-Glcp H-1 (δH 5.10) to α-Glcp C- 
1 (δC 94.57)a

β-Galp H-1 (δH 4.47) to β-Galp C- 
1 (δC 98.30)a

α-Glcp H-1 (δH 5.10) to α-Glcp H-2 (δH 

3.32) 
β-Galp H-1 (δH 4.47) to β-Glcp H-3 (δH 

3.30) 
β-Fruf H-3 (δH 4.08) to β-Fruf H-1(δH 

3.65)
5 β-Fruf I H-6 (δH 4.10) to β-Fruf II 

C-2 (δC 103.24) 
α-Glcp H-6a,b (δH 3.50, 3.68) to 
β-Fruf I C-2 (δC 99.34) 
α-Glcp H-1 (δH 5.07) to α-Glcp C- 
1 (δC 94.02)a

β-Glcp H-1 (δH 4.44) to β-Glcp C- 
1 (δC 98.25)a

α-Glcp H-1 (δH 5.07) to α-Glcp H-5 (δH 

3.44) 
β-Glcp H-1 (δH 4.44) to α-Glcp H-2 (δH 

3.30) 
β-Fruf H-3 (δH 4.06) to β-Fruf H-1 (δH 

3.68)

6 α-Glcp H-6a,b (δH 3.50, 3.74) to 
β-Fruf C-2 (δC 98.04) 
β-Glcp II H-1 (δH 4.54) to α-Glcp 
C-4 (δC 75.91) 
α-Glcp H-1 (δH 5.12) to α-Glcp C- 
4 (δC 71.46) 
β-Glcp I H-1 (δH 4.54) to β-Glcp I 
C-4 (δC 75.66)

α-Glcp H-1 (δH 5.12) to β-Glcp I H-5 (δH 

3.42) 
β-Glcp H-1 (δH 4.56) to β-Glcp I H-3 (δH 

3.30) 
β-Fruf H-3 (δH 4.02) to β-Fruf H-1 (δH 

3.60)

7 α-Glcp H-6a,b (δH 3.52, 3.72) to 
β-Fruf C-2 (δC 98.06) 
β-Glcp II H-1 (δH 4.56) to α-Glcp 
C-4 (δC 75.85) 
α-Glcp H-1 (δH 5.15) to α-Glcp C- 
4 (δC 71.37) 
β-Glcp I H-1 (δH 4.56) to β-Glcp I 
C-4 (δC 74.02)

α-Glcp H-1 (δH 5.15) to β-Glcp I H-5 (δH 

3.44) 
β-Glcp H-1 (δH 4.56) to α-Glcp H-3 (δH 

3.40) and α-Glcp H-2 (δH 3.10) 
β-Fruf H-3 (δH 4.02) to β-Fruf H-1 (δH 

3.60)

8 α-Glcp II H-6a,b (δH 3.45, 3.60) 
to β-Fruf II C-2 (δC 98.01) 
α-Glcp II H-1 (δH 5.16) to α-Glcp I 
C-4 (δC 75.85) 
α-Glcp I H-1 (δH 5.28) to β-Fruf I 
C-2 (δC 103.58) 
β-Glcp H-1 (δH 4.52) to α-Glcp II 
C-4 (δC 70.35)

α-Glcp I H-1 (δH 5.28) to β-Fruf I H-1 (δH 

3.50) and α-Glcp I H-4 (δH 3.64) 
α-Glcp II H-1 (δH 5.16) to α-Glcp I H-4 (δC 

3.44) and α-Glcp I H-6 (δH 3.80) 
β-Glcp H-1 (δH 4.52) to α-Glcp II H-3 (δH 

3.46) and β-Glcp H-2 (δH 3.10) 
β-Fruf I H-3 (δH 4.05) to β-Fruf I H-1 (δH 

3.64)

a 1JHC 158–166 Hz.
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Fig. 1. Chemical structures of oligosaccharides (1–8) are isolated from S. yildirimlii and S. zorkunensis.
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α,β-trehalose [26]. HMBC spectra of 3 showed 3JCH correlations from the 
α-Glc H-1 (δH 5.13 ppm) to the α-Glc C-3 and C-5 (δC 74.95 ppm, δC 
73.03 ppm) and from the β-Glc H-1 (δH 4.49 ppm) to the β-Glc C-5 (δC 
78.15 ppm). However, no correlation was observed from the α-Glc H-1 
to the β-Glc C-1 in the HMBC spectrum. Comparison of NMR data of 3 
with the literature, two glucose units in compound 3 are glycosidically 
bonded via a 1 → 1′ linkage [26,37,44,45]. Compound 3 appears to be an 
isomer of O-β-D-Glcp-(1 → 4)-O-α-D-Glcp-(1 → 2)-O-β-D-Fruf (cellobio
se-Fru) [21]. However, the appearance of the fructose anomeric carbon 
peak at δC 99.00 ppm and the α-Glc C-6 carbon peak at δC 65.97 ppm 
showed that the monosaccharide units were in different sequences [23,
26,37,44,45]. The NOESY correlation of α-Glcp H-1 (δH 5.13 ppm) to the 
β-Glc H-5 (δH 3.40 ppm), β-Glcp H-1 (δH 4.49 ppm) to the α-Glcp H-2 (δH 
3.32 ppm), and β-Fruf H-3 (δH 4.10 ppm) to the β-Glcp H-4 (δH 3.70 ppm) 
indicated that the trisaccharide is in the linkage of the β-Fruf-(2 → 
6)-α-Glcp-(1 → 1)-β-Glcp (Fig. S24) (Table 4). NOESY spectrum of 3 did 
not show correlation from α-Glcp H-1 to β-Glcp H-1, due to the trans 
position. This indicated that the H-1 protons of two glucose molecules 
were in the trans position. Thus, compound 3 was assigned to 
O-β-D-Fruf-(2 → 6)-O-α-D-Glcp-(1 → 1)-O-β-D-Glcp (Fig. 1). The isomer 
of 3 is known in the literature as O-β-D-Fruf-(2 → 6)-O-α-D-Glcp-(1 → 
1)-O-α-D-Glcp [45].

Compound 4 was oily. Its LC-QTOF-MS showed an [M+2H2O–H]- 

ion peak at m/z 539.506 (100), corresponding to the molecular formula 
C18H32O16 and 3 degrees of unsaturation. The FT-IR spectrum of 4 
showed hydroxyl groups at 3332 cm− 1, sp3 hybridized CH at 2931 cm− 1, 
2890 cm− 1, C–C bands at 1643 cm− 1and, 1512 cm− 1, and C–O band at 
1057 cm− 1. The NMR (1H, 13C/APT, COSY, HSQC, HMBC, and NOESY), 
FT-IR, and LC-QTOF mass spectra of 4 are available in supplementary 
data Figs. S27–S35, respectively. The structure of 4 was determined 
using NMR spectroscopy (1H, 13C/APT, HSQC, and HMBC). The 1H and 
13C NMR spectra of 4 were similar to those of 3, suggesting a close 
relationship with the structure 3. 1H NMR analysis of 4 showed two 
anomeric signals at δH 5.10 ppm (d, J = 3.6 Hz) and δH 4.47 ppm (d, J =
7.8 Hz), which correlated with H-2, H-3, H-4, H-5, and H-6a,b in the 
COSY spectrum, identifying the α-Glcp and β-Galp residues, respectively. 
13C/APT NMR spectrum of 4 allowed the identification of 18 carbon and 
the carbon signals and three anomeric carbons at δC 94.57 ppm (Gul C-1, 
d), δC 98.30 ppm (Gal C-1, d), and δC 99.34 ppm (Fru C-2, C, s) showing 
the compound 4 is in a trisaccharide (Table 2). Two anomeric protons 
(δH 5.13 ppm (d, 1H, 3.8 Hz) and δH 4.49 ppm (d, 1H, 7.8 Hz) and carbon 
signals (δC 94.57 ppm d, α-, C-1, δC 98.30, d, β-, C-1) of glucose and 
galactose showed that they were linked by 1 → 1′ linkage [26]. The C-1 
carbons (δC 94.57 ppm and δC 98.30 ppm) of α-glucose and β-galactose 
showed a 1JHC 162 and 160 Hz (HMBC) coupling, resulting in 
α-D-Glcp-(1 → 1)-O-β-D-Galp [26]. 13C NMR data of C-6 for α-D-Glcp 
were shifted downfield at δC 65.97 ppm and showed an interglycosidic 
linkage (HMBC) with β-D-Fruf (2 → 6). HMBC spectra of 4 showed 
correlations from α-Glc H-6a,b (δH 3.52, 3.70 ppm) to Fru C-2 (δC 99.30 
ppm), from the α-Glc H-1 (δH 5.10 ppm) to the α-Glc C-5 (δC 73.09 ppm), 
and from the β-Gal H-1 (δH 4.47 ppm) to the β-Gal C-5 (δC 76.84 ppm) 
(Table 4). However, no correlation was observed from the α-Glc H-1 to 
the β-Gal C-1 in the HMBC spectrum. Comparison of NMR data of 4 with 
the literature, glucose and galactose units in compound 4 are glycosid
ically bonded via a 1 → 1′ linkage [26,37,44,45]. Compound 4 appears 
to be an isomer of O-β-D-Galp-(1 → 4)-O-α-D-Glcp-(1 → 2)-O-β-D-Fruf 
(lactose-Fru) [21]. However, the appearance of the fructose anomeric 
carbon peak at δC 99.30 ppm and the α-Glc C-6 carbon peak at δC 65.97 
ppm showed that the monosaccharide units were in different sequences 
[23,26,37,44,45]. The NOESY correlation of α-Glcp H-1 (δH 5.10) to 
α-Glcp H-2 (δH 3.32), β-Galp H-1 (δH 4.47) to β-Glcp H-3 (δH 3.30), and 
β-Fruf H-3 (δH 4.08) to β-Fruf H- 1 (δH 3.65) indicated the trisaccharide 
as β-Fruf, α-Glcp, and β-Galp (Fig. S33) (Table 4). NOESY spectrum of 4 
did not show correlation from α-Glcp H-1 to β-Galp H-1, due to the trans 
position. This indicated that the H-1 protons of two glucose molecules 
were in the trans position. Thus, compound 4 was assigned to 

O-β-D-Fruf-(2 → 6)-O-α-D-Glcp-(1 → 1)-O-β-D-Galp (Fig. 1).
Compound 5 was oily, and its molecular formula (C24H42O21, 

666.221 g/mol) was determined by LC-QTOF-MS, which yielded a 
molecular ion peak at m/z [M + Na + K+2H]- 730.239 (100), corre
sponding to four degrees of unsaturation. The FT-IR spectrum exhibited 
absorption bands for hydroxyl groups at 3286 cm− 1, sp3 hybridized CH 
at 2939 cm− 1 and 2868 cm− 1, C–C bands at 1643 cm− 1 and 1458 cm− 1, 
and a C–O band at 1056 cm− 1. The structure of 5 was determined using 
NMR (1H, 13C/APT, HSQC, and HMBC) and LC-QTOF mass spectrom
etry. The NMR (1H, 13C/APT, COSY, HSQC, HMBC, and NOESY), FT-IR, 
and LC-QTOF mass spectra of 5 are available in supplementary data 
Figs. S36–S45, respectively. The 1H and 13C NMR spectra of 5 were 
similar to those of 3, except for the presence of an additional terminal 
fructose unit. The 1H NMR spectrum of 5 (Table 2) showed two anomeric 
proton signals at δH 5.07 ppm (d, 1H, 3.8 Hz) and δH 4.44 ppm (d, 1H, 
7.8 Hz), which were correlated to H-2, H-3, H-4, H-5, and H-6a,b in the 
COSY spectrum, identifying the α-Glcp and β-Glcp residue, respectively. 
The signals at δH 4.15 ppm (Fru-I H-6) and δH 4.10 ppm (Fru-II H-6) 
exhibited COSY cross-peaks to H-5, H-4, and H-3, which resembled the 
chemical shifts of nonreducing residues in 5 (Table 2). The 13C/APT 
NMR spectrum of 5 allowed the identification of 24 carbon atoms. Four 
anomeric carbon signals were observed at δC 94.02 ppm (α-Glc C-1, d), 
δC 98.25 ppm (β-Glc C-1, d), δC 99.34 ppm (Fru I C-2, C, s), and δC 
103.24 ppm (Fru II C-2, C, s), showing the compound 5 is in a tetra
saccharide structure. Two anomeric protons at δH 5.06 ppm (d, 1H, 3.8 
Hz) and δH 4.44 ppm (d, 1H, 7.8 Hz) and carbon signals of two glucoses 
at δC 94.02 ppm (d, α-, C-1) and δC 98.25 ppm (d, β-, C-1) showed that 
they were linked by 1 → 1′ linkage [26,37,44,45]. The C-1 carbons (δC 
94.02 ppm and δC 98.25 ppm) of α-/β-glucose showed a 1JHC 162 and 
158 Hz (HMBC) coupling, resulting in α-D-Glcp-(1 → 1′)-O-β-D-Glcp [26,
37,44]. 13C NMR data of C-6 for α-D-Glcp were shifted downfield at δC 
65.97 ppm, and HMBC spectra of 5 showed an interglycosidic linkage 
from α-D-Glc H-6 (δH 3.50, 3.70 ppm) to the β-D-Fruf I C-2 (δC 99.34 
ppm) and from Fru I H-6 (δH 3.50 ppm) to Fru II C-2 (δC 103.24 ppm), 
showing the 2 → 6 linkages. HMBC spectra of 5 showed 3JCH correlations 
from the α-Glc H-1 (δH 5.07 ppm) to the α-Glc C-5 (δC 73.07 ppm) and 
from the β-Glc H-1 (δH 4.44 ppm) to the β-Glc C-5 (δC 77.56 ppm) 
(Table 4). However, no correlation was observed from the α-Glc H-1 to 
the β-Glc C-1 in the HMBC spectrum. Comparison of the NMR data for 5 
with the literature, two glucose units (α/β) in compound 5 are glyco
sidically linked via a 1 → 1′ as in 3 [26,37,44,45]. The NOESY correla
tion of α-Glcp H-1 (δH 5.07 ppm) to the β-Glc H-5 (δH 3.44 ppm), β-Glcp 
H-1 (δH 4.44 ppm) to the α-Glcp H-2 (δH 3.30 ppm), and β-Fruf H-3 (δH 
4.06 ppm) to the β-Fruf H-1 (δH 3.68 ppm) indicated that part of com
pound 5 is in the linkage of the β-Fruf I-(2 → 6)-α-Glcp-(1 → 1)-β-Glclp 
(Fig. S43) (Table 4). NOESY spectrum of 5 did not show correlation from 
α-Glcp I H-1 to β-Glcp I H-1, due to the trans position. This indicated that 
the H-1 protons of two glucose molecules were in the trans position. 
Consequently, compound 5 was assigned to a linear structure as 
O-β-D-Fruf-(2 → 6)-O-β-D-Fruf-(2 → 6)-O-α-D-Glcp-(1 → 1)-O-β-D-Glcp 
(Fig. 1).

Compound 6 was oily. Its LC-QTOF-MS showed a [M-2H2O+2K +
Na–H]- or [M+2Na + H2O]- ion peak at m/z 730.237 (5), corresponding 
to a molecular formula of C24H42O21 (666.221 g/mol) with four degrees 
of unsaturation. The FT-IR spectrum of 6 showed hydroxyl groups at 
3286 cm− 1, sp3 hybridized CH at 2931 cm− 1and, 2885 cm− 1, C–C bands 
at 1643 cm− 1and, 1419 cm− 1, and a C–O–C group at 1033 cm− 1. The 
structure of 6 was determined using NMR (1H, 13C/APT, HSQC, and 
HMBC) and LC-QTOF mass spectrometry. The NMR (1H, 13C/APT, 
COSY, HSQC, HMBC, and NOESY), FT-IR, and LC-QTOF mass spectra of 
6 are available in supplementary data Figs. S46–S56, respectively. 1H 
and 13C NMR spectra of 6 were similar to the NMR data of 3, except for 
an additional glucose inter-unit. The 1H NMR spectrum of 6 (Table 3) 
showed three anomeric proton signals at δH 5.12 ppm (d, 1H, 3.7 Hz) 
and δH 4.54 ppm (d, 2H, 7.9 Hz) and had correlations to H-2, H-3, H-4, 
H-5, and H-6a,b in the COSY spectrum, identifying the α-Glcp and two 
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β-Glcp residues, respectively. Two proton peaks integrated at δH 4.54 
ppm seen in the proton NMR spectrum of 5 indicate the presence of two 
glucose molecules and coincide with the chemical values of the 
anomeric proton peaks of cellobiose O-β-D-Glcp (δH 4.48 ppm, d, 7.8) 
[21] and α, β-trehalose O-β-D-Glcp (δH 4.65 ppm, d, 7.8) [44]. The sig
nals at δH 3.72 ppm (Fru H-6) showed COSY cross-peaks to H-5, H-4, and 
H-3, which are similar to those of the nonreducing residue in 6 (Table 3). 
13C/APT NMR spectrum of 6 allowed for the identification of 20 carbon 
atoms, and some carbon peaks were overlapped. Four anomeric carbon 
signals were observed at δC 92.06 ppm (α-Gul C-1, d), δC 95.88 ppm (2x 
β-Glc I and II C-1, d), and δC 98.04 ppm (Fru C-2, C, s), showing that 
compound 6 is in a tetrasaccharide structure (Table 3). Two anomeric 
protons (δH 5.12 ppm (d, 1H, 3.7 Hz) and δH 4.54 ppm (d, 2H, 7.9 Hz) 
and carbon signals (α-Glc, δC 92.06 ppm, d, C-1; β-Glc I, δC 95.88, d, C-1 
x 2) of two glucoses showed that they were linked by 1 → 1′ linkage. 
Carbon chemical shifts and coupling of α-Glc and β-Glc (1J1,2 162 and 
158 Hz, HMBC) resulted in the formation of α-D-Glcp-(1 → 
1)-O-β-D-Glcp I [26,37,44]. 13C NMR data of 6 showed that the C-6 
carbon peak for the α-D-Glcp was shifted downfield at δC 63.86 ppm and 
showed a terminal glycoside linkage (HMBC) with C-2 of β-D-Fruf. 
Interglycosidic linkage of β-D-Glcp II was assigned from β-D-Glcp II H-1 
(δH 4.54 ppm) to α-D-Glcp C-4 (δC 75.91 ppm) based on HMBC corre
lations [23,46] (Table 4). HMBC spectra of 6 showed correlations similar 
to those of compound 3 (Table 4). However, no correlation was observed 
from the α-Glc H-1 to the β-Glc I C-1 in the HMBC spectrum. Comparison 
of NMR data of 6 with the literature, two glucose units (α/β) in com
pound 6 are linked by a 1 → 1′ linkage [26,37,44,45]. The NOESY 
correlation of α-Glcp H-1 (δH 5.12 ppm) to the β-Glcp I H-5 (δH 3.42 
ppm), β-Glcp H-1 (δH 4.56 ppm) to the β-Glcp I H-3 (δH 3.30 ppm), and 
β-Fruf H-3 (δH 4.02 ppm) to the β-Fruf H-1 (δH 3.60 ppm) indicated that 
part of compound 6 is in the linkage of the [β-Glcp II-(1 → 4)]-α-Glcp-(1 
→ 1)-β-Glcp I (Fig. S54) (Table 4). NOESY spectrum of 6 did not show 
correlation from α-Glcp H-1 to β-Glcp I H-1, due to the trans position. 
This indicated that the H-1 protons of two glucose molecules were in the 
trans position. Thus, compound 6 was assigned to O-β-D-Fruf-(2 → 
6)-[O-β-D-Glcp-(1 → 4)]-O-α-D-Glcp-(1 → 1)-O-β-D-Glcp (Fig. 1).

Compound 7 was oily, and its molecular formula (C25H44O21, 
680.237 g/mol) was assigned by LC-QTOF-MS, which yielded a molec
ular ion peak at m/z [M+2Na + K–H]- 764.096 (5), corresponding to 
four degrees of unsaturation. The FT-IR spectrum of 7 showed hydroxyl 
groups at 3363 cm− 1, sp3 hybridized CH at 2970 cm− 1 and, 2870 cm− 1, 
C–C bands at 1643 cm− 1and, 1519 cm− 1, and a C–O–C group at 1056 
cm− 1. NMR (1H, 13C/APT, COSY, HSQC, HMBC, and NOESY), FT-IR, and 
LC-QTOF mass spectra of 7 are shown in Supplementary data 
Figs. S57–S66, respectively. The 1H and 13C NMR spectra of 7 are similar 
to those of 6, except for the presence of an additional methoxy group. 
The 1H NMR spectrum of 7 (Table 3) showed three anomeric proton 
signals at δH 5.12 ppm (d, 1H, 3.7 Hz) and δH 4.54 ppm (d, 2H, 7.9 Hz) 
and had correlations to H-2, H-3, H-4, H-5, and H-6a,b in the COSY 
spectrum, identifying the α-Glcp and two β-Glcp residues, respectively. 
The signals at δH 3.74 ppm (Fru H-6) showed COSY cross-peaks to H-5, 
H-4, and H-3, assignable to β-Fruf (Table 3). The 1H NMR spectrum 
showed a single methoxy group at δH 3.62 ppm (s, 3H). 13C/APT NMR 
spectrum of 7 allowed for the identification of 21 carbon atoms, and 
some carbon peaks overlapped. Four anomeric carbon signals were 
observed at δC 92.08 ppm (α-Gul C-1, d), δC 95.90 ppm (2 × β-Glc I and II 
C-1, d), and δC 98.06 ppm (Fru C-2, C, s), indicating that compound 7 is 
part of a tetrasaccharide structure. The two anomeric protons, at δH 5.15 
ppm (d, 1H, 3.7 Hz) and δH 4.56 ppm (d, 2H, 7.9 Hz), and the anomeric 
carbon signals of the two glucose units indicated that they were linked 
by a 1 → 1′ linkage [26,37,44,45]. Carbon chemical shifts and coupling 
of α-Glc and β-Glc I (1JHC 162 and 158 Hz, HMBC) resulted in 
α-D-Glcp-(1 → 1)-O-β-D-Glcp-I [26,37,44]. 13C NMR data of C-6 for 
α-D-Glcp was shifted downfield at δC 63.75 ppm and showed a terminal 
glycoside linkage (HMBC) with C-2 of β-D-Fruf. Interglycosidic linkage 
of β-D-Glcp was assigned from β-D-Glcp II C-1 (δH 4.40 ppm) and 

α-D-Glcp C-4 (δC 75.85 ppm) based on HMBC correlations [23,27,46] 
(Table 4). The methoxy proton peak at δH 3.62 ppm showed an HMBC 
correlation with α-D-Glcp C-3 (δC 71.97 ppm) [23,27,46]. The NOESY 
correlation of α-Glcp I H-1 (δH 5.15 ppm) to the β-Glcp I H-5 (δH 3.44 
ppm), β-Glcp H-1 (δH 4.56 ppm) to the α-Glcp H-3 (δH 3.30 ppm), and 
β-Fruf H-3 (δH 4.02 ppm) to the β-Fruf H-1 (δH 3.60 ppm) indicated that 
part of compound 7 is in the linkage of the [β-Glcp II-(1 → 4)]-α-Glcp-(1 
→ 1)-β-Glcp I (Fig. S64) (Table 4). NOESY spectrum of 7 did not show 
correlation from α-Glcp H-1 to β-Glcp I H-1, due to the trans position. 
This indicated that the H-1 protons of two glucose molecules were in the 
trans position. Consequently, compound 7 was assigned to O-β-D-Fruf-(2 
→ 6)-[O-β-D-Glcp-(1 → 4)]-3-OCH3-O-α-D-Glcp-(1 → 1)-O-β-D-Glcp 
(Fig. 1).

Compound 8 was oily, and its molecular formula (C30H52O26, 
828.274 g/mol) was determined by LC-QTOF-MS, which yielded a 
molecular ion peak at m/z 873.448 (10) [M+2Na–H]-, with 5 degrees of 
unsaturation. The FT-IR spectrum of 8 exhibited an absorption band for 
the hydroxyl group at 3332 cm− 1, sp3 hybridized CH at 2924 cm− 1, 
2846 cm− 1, C–C bands at 1643 cm− 1 and 1458 cm− 1, and a C–O–C group 
at 1018 cm− 1. The structure of 8 was determined using NMR (1H, 13C/ 
APT, HSQC, and HMBC) and LC-QTOF mass spectra. The NMR (1H, 13C/ 
APT, COSY, HSQC, HMBC, and NOESY), FT-IR, and HR-ESI-MS spectra 
of 8 are available in supplementary data Figs. S67–S77, respectively. A 
portion of the 1H and 13C NMR data of 8 was similar to the NMR data of 
6, except for the presence of an additional terminal sucrose unit. The 1H 
NMR spectrum of 8 (Table 3) showed three anomeric proton signals at δH 
5.28 ppm (d, 1H, 3.8 Hz), δH 5.16 ppm (d, 1H, 3.7 Hz), and δH 4.52 ppm 
(d, 2H, 7.9 Hz) and had correlations to H-2, H-3, H-4, H-5, and H-6a,b in 
the COSY spectrum, identifying the two different α-D-Glcp and one β-D- 
Glcp residue, respectively. The signals at δH 3.74 ppm (Fru II H-6) and δH 
3.60 ppm (Fru I H-6) exhibited COSY cross-peaks to H-5, H-4, and H-3, 
which resemble the chemical shifts of both terminal non-reducing resi
dues in 8 (Table 3). 13C/APT NMR spectrum of 8 allowed the identifi
cation of 30 carbon atoms. Five anomeric carbon signals were observed 
at δC 92.10 ppm (α-Gul I C-1, d), δC 92.00 ppm (α-Gul II C-1, d), δC 95.81 
ppm (β-Glc, C-1, d), δC 98.01 ppm (Fru II C-2, C, s), and δC 103.58 ppm 
(Fru I C-2, C, s), showing that the compound 8 is in a pentasaccharide 
structure (Table 3). 13C NMR data of 8 revealed that the α-D-Glcp II C-6 
carbon signal at δC 63.80 ppm was shifted downfield, indicating a 
glycoside linkage. HMBC correlations of 8 were observed from α-Glcp II 
H-6a,b (δH 3.45, 3.60 ppm) to β-Fruf II C-2 (δC 98.01 ppm), from α-Glcp II 
H-1 (δH 5.16 ppm) to α-Glcp I C-4 (δC 75.85 ppm), from α-Glcp I H-1 (δH 
5.28 ppm) to β-Fruf I C-2 (δC 103.58 ppm), and from β-Glcp H-1 (δH 4.52 
ppm) to α-Glcp II C-4 (δC 70.35 ppm) [27,46,47] (Table 4). The NOESY 
correlation of α-Glcp I H-1 (δH 5.28 ppm) to β-Fruf I H-1 (δH 3.50 ppm), 
α-Glcp II H-1 (δH 5.16 ppm) to α-Glcp I H-4 (δC 3.44 ppm), and β-Glcp H-1 
(δH 4.52 ppm) to α-Glcp II H-3 (δH 3.46 ppm) indicated that part of 
compound 8 is in the linkage of the [β-Glcp-(1 → 4)]-α-Glcp II-(1 → 
4)-α-Glcp I-(1 → 2)-β-Fruf I (Fig. S75) (Table 4). Thus, compound 8 was 
assigned to O-β-D-Fruf-(2 → 6)-[O-β-D-Glcp-(1 → 4)]-O-α-D-Glcp-(1 → 
4)-O-α-D-Glcp-(1 → 2)-O-β-D-Fruf (Fig. 1).

In addition to the above eight oligosaccharides (1–8), known sucrose 
was elucidated for the first time from the aqueous fractions of 
S. yildirimlii and S. zorkunensis.

Oligosaccharides based on sucrose have been identified in many 
plants and have a wide variety of compositions. The most common 
representatives are saccharides constructed from sucrose and one or 
more additional glucose molecules. In another group, raffinose and its 
homologs were found to be related to fructans. However, these occur
rences are more restricted. Trehalose is a non-reducing disaccharide, 
similar to sucrose, and several derived oligosaccharides have been re
ported in various organisms [26]. The role of trehalose as an anti-stress 
factor has been reported in several studies, and the biological functions 
of trehalose and related oligosaccharides are well understood [48]. 
Trehalose protects proteins, biomembranes, and bacterial cells from 
freezing temperatures [20,23,37]. All isolated oligosaccharides (1–8) 
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are found to be the derivatives of sucrose or trehalose.
A comprehensive review of carbohydrate constituents of the genus 

Scorzonera L. revealed maltose from S. laciniata, S. suberosa, arabinose 
from S. suberosa, fructose from S. laciniata, S. latifolia, S. suberosa, 
glucose from S. laciniata, S. latifolia, S. suberosa [49], and sucrose from 
S. austriaca [50], S. laciniata, S. latifolia, S. suberosa [49], S. hispanica 
[51], S. mongolica [9], and S. tomentosa [52]. Oligosaccharides have 
been isolated and reported from various natural sources, including 
Polygala senega L. [39], Gentiana species [53], and Asparagus officinalis L 
[37].

3.2. Biological activities

Within the scope of this study, the biological activities of the com
pounds were evaluated through preliminary screening experiments 
conducted at a single concentration of 100 μM. Compounds 1–8 were 
found to have purities of 88.6–93.6 % (1: 91.5 %; 2: 89.3 %; 3: 90.2 %, 4: 
88.1 %, 5: 91.7 %; 6: 92.2 %; 7: 93.6 %, and 8: 88.6 %) after HPLC 
analysis. The data obtained provide preliminary information on the 
potential effects of the compounds on the relevant biological target, and 
detailed kinetic analyses based on the dose–response relationship have 
not been performed at this stage. Therefore, IC50 values have not been 
calculated, and the results are reported only at the preliminary screening 
level. It is believed that the tests were error-free.

3.2.1. Antimicrobial activity
The antimicrobial activities of 1–8 were evaluated against six mi

croorganisms (two Gram-negative, two Gram-positive, one mycobacte
rium, and one yeast fungus) [31,32]. The antimicrobial activities of 
isolated compounds (1–8) are listed in Table 5. All tested compounds 
exhibited anti-pseudomonal and anti-tuberculosis activities. Com
pounds 2, 3, 1, and 4 exhibited high anti-pseudomonal activity at low 
concentrations (12.5–55.0 μg/mL), respectively. All compounds except 
compound 8 exhibited strong anti-tuberculosis activity, but compounds 
2, 3, 1, 5, and 7 exhibited activities at low concentrations of 3.13–15.00 
μg/mL, respectively. None of the compounds were effective against 
Gram-negative enteric bacteria, Gram-positive spore-forming bacilli, 
and yeast (except compound 5). Compounds 4, 7, and 8 were effective 
against gram-positive cocci at relatively high concentrations (110–250 
μg/mL). Unlike other compounds, compound 5 appeared to be effective 
against the yeast fungus C. albicans at a concentration of 232 μg/mL. 
These results confirmed the antimicrobial potential of certain oligosac
charide compounds from S. yildirimlii and S. zorkunensis, providing a 

promising direction for future antimicrobial treatments.
M. smegmatis typically causes skin infections. However, lung infec

tion in children with IFN-γ receptor deficiency has also been reported. 
The most effective treatment for skin, soft tissue, and bone infections 
caused by M. smegmatis typically involves a combination of long-term 
antibiotic therapy and surgical intervention. M. smegmatis is resistant 
to isoniazid and rifampin, both of which are used to treat infection. 
However, cefoxitin and cefmetazole have moderate antimicrobial ac
tivities. In contrast, known isolates are susceptible or intermediate to 
non-β-lactam agents, including imipenem, doxycycline, sulfamethoxa
zole, amikacin, and ciprofloxacin. The chemical structures of the iso
lated compounds (1–8) were very similar to those of amikacin and 
streptomycin, which are used to treat infections caused by M. smegmatis. 
Studies have investigated the antimicrobial activities of extracts or 
compounds isolated from Scorzonera spp. [12,13]. The isolated com
pounds were oligosaccharides, and, in the structure-activity relationship 
analysis, trisaccharides were more effective than tetra- and penta
saccharides. Oligosaccharides with fewer monosaccharide units are 
more effective because of their greater molecular freedom.

3.2.2. Tyrosinase and α-glucosidase enzyme inhibition
The inhibitory effects of compounds 1–8 on tyrosinase and 

α-glucosidase inhibition were investigated and are presented in Table 6, 
which shows a trend of inhibition at the tested concentrations. Tyrosi
nase inhibition of 4, 7, and 8 exhibited moderate inhibitory activity at 
39.78 ± 10.29 %, 29.59 ± 3.02 %, and 25.29 ± 2.04 %, respectively. In 
addition, compounds 6 (21.31 ± 3.82), 1 (19.02 ± 5.89 %), 5 (18.16 ±
2.51 %), and 2 (14.18 ± 3.30 %) showed mild inhibition, while com
pound 3 showed no inhibition. All the tested compounds were less 
effective than the positive control, kojic acid (70.01 ± 1.64 %). 
α-Glucosidase inhibition of 2 (68.04 ± 4.68 %), 1 (56.89 ± 1.78 %), and 
8 (48.83 ± 1.15 %) exhibited the highest activity among the tested 
compounds 1–8. Compounds 4 (28.26 ± 5.22 %), 5 (25.48 ± 1.63 %), 
and 3 (24.97 ± 1.65 %) were moderately active. Furthermore, com
pound 6 (9.22 ± 0.93 %) exhibited weak activity, whereas compound 7 
showed no inhibitory effect. All the tested compounds were less effective 
than acarbose (98.89 ± 0.06 %). This study reveals that compounds 2, 1, 
and 8 are promising candidates for the α-glucosidase inhibitory poten
tial. In a study, Sezer-Senol and colleagues investigated the inhibitory 
potential of methanol extracts obtained from the aerial parts and roots of 
27 Scorzonera species at a concentration of 100 mg/mL on acetylcho
line/butyrylcholinesterase (AChE/BuChE), and tyrosinase enzymes. 
They found that the extracts weakly inhibited AChE (3.75 ± 0.71–15.97 
± 0.43 %) and BuChE (2.08 ± 1.35 %–25.32 ± 1.37 %). The highest 
effect on tyrosinase was found in S. pisidica aerial parts (40.25 ± 0.74 %) 
and chlorogenic acid (46.97 ± 0.82 %) [1]. Studies on enzyme inhibi
tion have been performed using extracts and isolated compounds of 
Scorzonera species [12,13]. Considering the results, it can be concluded 
that the Scorzonera species possess inhibitory potential against tyrosi
nase and α-glucosidase, as evidenced by this study.

Table 5 
Screening for the antimicrobial activity of oligosaccharides 1–8 isolated from 
S. yildirimlii and S. zorkunensis.

Microorganisms and minimal inhibitory concentration (MIC, μg/mL)

Comp. Stock Sol. (μg/mL) Gram (− ) Bac. Gram (+) 
Bac.

No Gr. Fungi

Ec Pa Sa Bc Ms Ca

1 1300 – 32.5 – – 4.06 –
2 1000 – 12.5 – – 3.13 –
3 1100 – 13.7 – – 3.44 –
4 2200 – 55.0 110 – 27.5 –
5 4700 – 230 – – 14.69 232
6 4600 – 230 – – 57.0 –
7 300 – 220 230 – 15.0 –
8 10000 – 250 250 – 125 –
Amp. 10 10 >128 35 15 – –
Strep. 10 ​ ​ ​ ​ 4 ​
Flu. 5 ​ ​ ​ ​ ​ 8

Ec: Escherichia coli ATCC35218, Pa: Pseudomonas aeruginosa ATCC43288, Sa: 
Staphylococcus aureus, Bc: Bacillus cereus 709 Roma, Ms: Mycobacterium smeg
matis ATCC607, Ca: Candida albicans ATCC60193, Amp.: Ampicillin, Strep.: 
Streptomycin, Flu.: Fluconazole, (− ): no activity.

Table 6 
Screening for the enzyme inhibition of oligosaccharides 1–8 from S. yildirimlii 
and S. zorkunensis.

Compounds Tyrosinase α-glucosides

1 19.02 ± 5.89 56.89 ± 1.78
2 14.18 ± 3.30 68.04 ± 4.68
3 nd 24.97 ± 1.65
4 39.78 ± 10.29 28.26 ± 5.22
5 18.16 ± 2.51 25.48 ± 1.63
6 21.31 ± 3.82 9.22 ± 0.93
7 29.59 ± 3.02 nd
8 25.29 ± 2.04 48.83 ± 1.15
Kojic acid 70.01 ± 1.64 –
Acarbose – 98.89 ± 0.06

nd: Not detected.
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3.2.3. Cell viability assay
The cytotoxic activity of compounds 1–8 against L-929 cells has been 

investigated [35]. The results showed that compounds 1 and 2 exhibited 
no or weak growth inhibition at the tested concentrations (0.3–100 
μg/mL). Compounds 1–8 exhibit nearly identical cytotoxic activities 
against L-929 cells. Cell viability (%) values ranged from 81 ± 4.9 to 88 

± 2.05 % at concentrations up to 100 μg/mL, following 24 h exposure 
(Fig. 2). Numerous cytotoxicity evaluations of isolates of Scorzonera 
species have been reported in the literature [12,13]. The cytotoxic ac
tivities of platyphylloside, scorzoneric acid, and scorzonerin, isolated 
from S. divaricata and S. pseudodivaricata were investigated against the 

Fig. 2. MTT assay results of compounds 1–8 in L-929 cells. NC: Negative control. PC: Positive control. *: p < 0,05; **: p < 0,01; ***: p < 0,001. One-way ANOVA test 
was used to assess whether there was a statistically significant difference between the control group and the extracts. The Tukey test was used as a post test. All tests 
were performed using the Graphpad Prism 5.1 program.
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mouse lymphoma cell line (L5175Y) and exhibited over 90 % cell 
growth inhibition [5]. The cytotoxicity of the pure substances isolated 
from S. mongolica was evaluated against the A549 cell line [9]. Sulfo
scorzonine A-C and scorcodivaricin A-C isolated from S. divaricata were 
tested against HL-60, HeLa, HepG2, and SMMC-7721 cells, and Scor
codivaricin B exhibited significant cytotoxic activity with IC50 values of 
24.4 μM, 24.5 μM, 36.2 μM, and 66.7 μM, respectively [54]. The pure 
compounds isolated from the roots of S. judaica were cytotoxic against 
MCF7 (Human breast adenocarcinoma) [55]. There was no cytotoxic 
activity of S. austriaca isolates against the BEL-7404 and HL-60 cell lines 
[56]. Cytotoxicity is the primary step in classifying compounds as 
therapeutic agents. The isolated compounds were oligosaccharides, and 
cytotoxic effects were not observed as expected. Thus, it is evident that 
the O- and C-glycosidic compounds are biologically effective.

3.3. Molecular docking study

Molecular docking was performed to predict the binding modes of 
the compounds at the enzyme's active site. In molecular docking studies, 
the crystal structure of the Trehalose-LpqY complex (Protein Data Bank 
(PDB): 7APE) [25], isolated from the Mycobacterium thermoresistible 
strain, was identified as the most effective in biological activity assays. 
These compounds were found to bind to the same region as the known 
inhibitor compound in the Trehalose-LpqY complex structure (Fig. 2). 
Similar to these compounds, compound 4 binds to the same region but 
with a conformation different from that of the other compounds. 
Consequently, it may not interact with certain sites, resulting in lower 
enzyme inhibition (MIC = 27.5 μg/mL) than with the other derivatives. 
Molecular docking studies revealed that compounds 5–8 (MIC =
14.69–125 μg/mL), which were ineffective against the 

M. thermoresistable strain in the biological activity studies, were docked 
in a different region than the known inhibitor compound in the 
trehalose-LpqY complex structure. This resulted in the loss of important 
interactions. These derivatives are thought to be unable to bind to the 
active site due to their additional cyclic structures (Fig. 3).

According to molecular docking results, compounds 1–4 bind to the 
same region as Streptomycin, which is used as a positive control in 
biological activity studies and is also a known inhibitor of the Trehalose- 
LpqY complex. Owing to differences in group and volumetric properties, 
the compounds bind to distinct amino acids within the active binding 
region and form more hydrogen-bond interactions. 1, 2, and 3, which 
showed high inhibitory activity against the M. thermoresistable strain in 
biological assays, formed numerous hydrogen-bond interactions with 
the amino acids Glu118, Glu190, and Asp199. Among these compounds, 
2 had a binding energy of − 11.088 kcal/mol and showed higher bio
logical activity than other derivatives. These interactions are important 
for inhibitory activity. 4 was found to bind to the same region as these 
compounds (1, 2, and 3) but lacked the Asp199 bond. This loss of 
interaction was thought to be the reason for the low inhibitory activity of 
4 (Table 7, Fig. 4). According to the findings of the molecular docking 
study, compound 8 was found to have a high number of interactions and 
the best binding score in the Trehalose-LpqY complex due to the free 
hydroxyl groups in its structure. When compared to compounds 1, 2, 
and 3, which were determined to have the strongest inhibitory activity 
against the M. thermoresistible strain in biological activity studies, com
pound 8 was found to have lower activity. It was determined that 
compound 8 binds to a different region than these compounds due to its 
structural properties. It is thought that the different binding site of 
compound 8 causes a loss of biological activity.

4. Conclusion

The chemical studies of S. yildirimlii and S. zorkunensis led to the 
identification of eight new oligosaccharides (1–8), which were reported 
for the first time. Compounds 1–4 showed promising antimicrobial ac
tivity against M. bacterium without exhibiting significant toxicity. In the 
MD study of compounds 1, 2, and 3, which exhibited high inhibitory 
activity against the M. bacterium strain at the tested concentrations, it 
was determined that they formed numerous hydrogen bond interactions 
with the amino acids Glu118, Glu190, and Asp199. Compound 8 
exhibited the highest number of interactions and the best binding score 
in the Trehalose–LpqY complex, likely due to the presence of free hy
droxyl groups in its structure. Despite these favorable docking results, 
compound 8 exhibited lower inhibitory activity against the 
M. thermoresistible strain than compounds 1, 2, and 3, which 

Fig. 3. Binding modes of compounds 1–8 in the crystal structure of the 
Trehalose-LpqY complex. Purple: protein; Green: streptomycin; Cyan: com
pounds 1–4; Blue: compounds 5–8. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of 
this article.)

Table 7 
Binding energy values and interactions for the crystal structure of the Trehalose- 
LpqY complex in the active site of compounds 1–8.

ID XP Glide score 
(kcal/mol)

Interactions with amino acids

1 − 11.769 Glu118, Asn123, Gly124, Glu190, Leu197, 
Ser198, Asp199, Arg404

2 − 11.088 Glu118, Lys121, Asn123, Glu190, Ser198, 
Asp199, Arg329

3 − 11.860 Glu118, Glu190, Ser198, Asp199
4 − 11.643 Glu118, Glu190, Arg329, Leu398, Ile399
5 − 11.744 Glu190, Arg329, Leu398, Ile399, Ala406
6 − 14.297 Glu118, Asp199, Arg329, Ile399
7 − 12.310 Glu118, Glu190, Leu197, Ser198, Asp199, 

Arg329, Ala401
8 − 15.320 Glu118, Glu190, Leu197, Leu398, Ile399, 

Val403
Strep.a − 6.638 Asn25, Gln59, Asn134, Glu241, Asn242, Gly334
Coligand − 12.585 Asn25, Glu26, Gln59, Asp80, Asn134, Glu241, 

Gly334, Arg404

a Strep.: Streptomycin.
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Fig. 4. 2D Structures of binding poses of 1–8 in the crystal structure (PDB: 7APE) of the Trehalose-LpqY complex. Purple: hydrogen bonds. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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demonstrated the strongest biological activity. Among them, 2 had a 
binding energy of − 11.088 kcal/mol and exhibited higher biological 
activity than the other derivatives.

Structural analysis indicated that compound 8 binds to an allosteric 
or non-critical region of the target protein, and this alternative binding 
site is considered a key factor contributing to its reduced biological 
activity. Docking scores are computational measures that quantify the 
thermodynamic binding affinity between a ligand and a target protein, 
primarily reflecting static binding affinity. These scores represent the 
theoretical sum of interactions, such as hydrogen bonds, hydrophobic 
interactions, and electrostatic contributions, that the ligand forms 
within the binding site. However, because docking approaches largely 
assume the protein-ligand system to be rigid, they cannot fully account 
for dynamic processes critical to biological function, such as confor
mational changes, solvent effects, binding kinetics, and allosteric regu
lation. Therefore, high docking scores do not always correlate directly 
with strong functional inhibition or biological activity; further experi
mental data could support these results.

MD results for the M. thermoresistable strain indicate that compounds 
1–4 could serve as inhibitors of M. smegmatis. Further research is needed 
to identify specific agents that can overcome inhibitor effects on 
M. bacterium. The isolated compounds (1–8) are highly similar to the 
structures of streptomycin and amikacin, which are antibiotics used to 
treat various bacterial infections, including tuberculosis. This suggests 
potential use against M. smegmatis infections. Isolated compounds 1–8 
showed almost no cytotoxic activity in L-929 cells. Based on these re
sults, further in vivo studies may be planned for the isolated oligosac
charide compounds for pharmacological use.
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