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Abstract: Menaquinone (MK) has an important role in human metabolism as an essential vitamin
(VK2), which is mainly produced through the fermentation of microorganisms. MK8(H2) was
identified to be the main menaquinone from Rhodococcus sp. B7740, a bacterium isolated from the
arctic ocean. In this work, MK8(H2) (purity: 99.75%) was collected through a convenient and economic
extraction process followed by high-speed countercurrent chromatography (HSCCC) purification.
Additionally, high-resolution mass spectrometry (HRMS) was performed for further identification
and the hydrogenation position of MK8(H2) (terminal unit) was determined using nuclear magnetic
resonance (NMR) for the first time. MK8(H2) showed a superior antioxidant effect and antiglycation
capacity compared with ubiquinone Q10 and MK4. High-performance liquid chromatography–mass
spectrometer (HPLC-MS/MS) and molecular docking showed the fine interaction between MK8(H2)
with methylglyoxal (MGO) and bull serum albumin (BSA), respectively. These properties make
MK8(H2) a promising natural active ingredient with future food and medicine applications.

Keywords: isoprenoid quinone; MK8(H2); Rhodococcus sp. B7740 from Arctic ocean; UPLC-HRMS;
NMR; antioxidant and antiglycation

1. Introduction

Isoprenoid quinone has a characteristic quinone head and an isoprenyl tail which is indispensable
in almost all living organisms. Living organisms depend on photosynthetic phosphorylation or
oxidative phosphorylation to produce energy, in these processes, isoprenoid quinones play an
essential role in transferring protons and electrons between protein complexes. Ubiquinone (UQ)
and menaquinone (MK) were identified as two major isopreniod quinone classes (Figure 1) in nature.
Generally, natural UQ exist in prokaryotes and eukaryotes, while MK is distributed in archaea and
bacteria and serves as an essential vitamin (VK2) in the human diet [1].
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Figure 1. Molecular structure of menaquinone (MK) and ubiquinone (UQ): (A) HPLC spectrum of 
isoprenoid quinones from Rhodococcus sp. B7740; (B) MS/MS; (C) diode array detector (DAD); (D) 
spectrum of MK8(H2). 
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Figure 1. Molecular structure of menaquinone (MK) and ubiquinone (UQ): (A) HPLC spectrum
of isoprenoid quinones from Rhodococcus sp. B7740; (B) MS/MS; (C) diode array detector (DAD);
(D) spectrum of MK8(H2).

The structure of isoprenoid quinone gives it its specific functions in organisms. Its lipid-soluble
character, given by the isoprenoid side chain, anchors the molecule in membrane lipid bilayers,
while the quinone head gives the molecule an electron transfer capacity and defines its redox potential.
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In mammalian cells, UQ and MK are derived from diet in rather small but crucial amounts. UQ locates
itself in the inner mitochondrial membrane and functions in the electron transport chain, and MK
functions in blood coagulation, bone metabolism, and cell-cycle regulation etc. [2,3].

Specifically, the increasing demand for skin care products and the public awareness of the
health benefits of antioxidants made UQ10 (coenzyme Q10) highly popular as a food supplement [4].
Meanwhile, studies have shown that MK can serve as a treatment for osteoporosis and reducing
fractures in the elderly [5–8]. Empirical researches have shown that MK supplementation might
slow atherosclerotic progression and improve cardiovascular function in diseased patients, transplant
recipients, and active individuals [9–11]. Ongoing researches and hypotheses of the possible functions
of MK emerged in large numbers, including treatment for pulmonary elasto-degenerative diseases
and mitochondrial pathologies such as Parkinson’s disease and amyotrophic lateral sclerosis [12–14].
However, there is still a research gap between the potential applications of MK and its physiological
activity, including its molecular mechanism.

As reported, MK4, MK6, and MK7 usually exist in Flavobacterium, Deinococci, Elizabethkingia
meningoseptica, and Bacillus subtilis natto also contains reasonably high amounts, while MK8 was
reported to exist in pathogenic bacterium such as Escherichia coli [15–18]. Min at al. used metabolic
engineering to increase MK8 production, the highest content observed was 55–57 µg MK8/g-WCW (wet
cell weight) [19]. While in our previous studies, Rhodococcus sp. B7740 isolated from 25 m deep seawater
at the arctic B77 site was found to produce MK8(H2) and carotenoids in a rather high amount without
gene modification [20]. The structure of MK8(H2) (especially the hydrogenation position) was not
ensured in previous studies. Compared with MK4, the longer isoprenoid side chain of MK8(H2) extends
the conjugate structure which may positively affect biological activity [21]. Additionally, hydrogenation
could give the molecule a higher stability in the metabolic process. HPLC-APCI-MS/MS (atmospheric
pressure chemical ionization source-mass spectrum), high-speed countercurrent chromatography
(HSCCC), HRMS, and NMR were conducted to perform the separation, purification, and further
identification of MK8(H2). The hydrogenation position of MK8(H2) from Rhodococcus sp. B7740 was
first reported in this work.

Meanwhile, the lower redox mid-potential (E0) of MK (−74 mV) compared with UQ (+100 mV)
might give MK8(H2) a better antioxidant activity which has never been studied before [22]. Several
studies have reported that the antiglycation (inhibiting advanced glycation end product formation)
capability of bioactive compounds might be related to the antioxidant ability and the mechanism
of scavenging free radicals. Additionally, the active interaction of MK with proteins related with
coagulation function, bone metabolism, and cell-cycle regulation, etc., make us wonder if it can
interact with proteins in the formation process of advanced glycation end products (AGEs), which lead
us to investigate the potential function of MK in the field of antiglycation. Thus, in this work,
the antiglycation ability of MK8(H2) was first measured using three models and also compared with
MK4 and Q10. Meanwhile, molecular docking and HPLC-MS/MS were performed to explore the
mechanisms of the antiglycation ability of MK8(H2). According to our study, the hydrogenated
MK8(H2) also possesses high stability (acid and heat resistance). Information from both HRMS and
NMR confirmed that the saturated bond was located at the end of the isoprene tail. Antioxidant
and antiglycation measurements results showed the superior biological activities of MK8(H2) and its
promising application in the field of medicine.

2. Results and Discussion

2.1. HPLC-APCI-MS/MS Analysis of MKs

The MKs extracted from Rhodococcus sp. B7740 using the acid-hot method were primarily
identified based on the combined information obtained from HPLC-DAD-MS/MS and data from
published references [23]. The main MKs identified are presented in Table 1. The chromatograms of
the MKs monitored at 240 nm are presented in Figure 1B.
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According to Table 1, the MKs of Rhodococcus sp. B7740 were mainly MK-7, MK-8, and MK-9,
which contained 7, 8, and 9 isoprene units, respectively. Among these, Peak 6 is primarily identified as
MK8(H2) with the protonated molecule [M + H]+ at m/z 719, fragment ion at m/z 701, 637, and 227
(Figure 1C) and a characteristic menaquinone UV spectrum (Figure 1D). As shown in Figure 1B,
MK8(H2) (peak 6, 1025–1075 µg/g-WCW) was the main compound of the extracted MKs. Additionally,
the acid-hot extraction method showed that MK8(H2) was stable under strong acidic conditions
(2 mol/L) at 80 ◦C after 100 min.

Table 1. HPLC-DAD-MS/MS (diode array detector-mass spectrum) analysis of Menaquinones (MKs)
in Rhodococcus sp. B7740.

Peak a Compound b Formula tR (min) λmax (nm) c [M + H]+ (m/z) MS/MS (m/z)

1 MK8(H2) C51H74O2 10.2 250,264 719 701,675,227,
2 MK8 C51H72O2 10.4 248,262 717 699,567,227
3 MK8(H4) C51H76O2 13.0 252 721 703,571,227
4 MK8(H6) C51H78O2 14.4 252 723 705,571,227
5 MK7(H2) C46H66O2 15.4 243,268 651 633,567,187
6 MK8(H2) C51H74O2 19.7 247,269 719 701,635,227
7 MK9(H4) C56H84O2 24.8 223,269 789 770,637,501

a The peak number is based on the chromatogram in Figure 1B; b Tentative identification with the combined
information; c Linear gradient of elution solvents.

2.2. HSCCC Purification and URMS (Ultra-High Mass Spectrum) Analysis of MK8(H2)

Since Peak 6 was the main compound of the MKs from Rhodococcus sp. B7740 (Figure 1B), HSCCC
was used to purify and collect it. As shown in Figure S1, peak 6 was outflowing and collected during
135–155 min (purity: 99.75%, 807–844 µg/g-WCW). As shown in Figure 2A, the accurate hydrogen
molecular ion mass of purified peak 6 was measured by ESI-QTOF-HRMS. Peak 6 with an accurate
mass value [M + Na]+ at 741.5588 Da (error: 0.13 ppm) was identified as MK8(H2) (Figure 2B).
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Figure 2. High-resolution mass spectrometry (HRMS) image of: (A) MK8(H2) ((MK8(H2) + Na+) ion);
(B) molecule structure of MK8(H2).

2.3. NMR Analysis of MK8(H2)

With the combined information of HPLC-DAD-MS/MS and HRMS, the main compound of
MKs from Rhodococcus sp. B7740 was identified as MK8(H2). The MK8(H2) was speculated to be
formed with the addition of two hydrogen from MK8. To further analyze the structure of MK8(H2),
especially the position of the two added protons, the 1H NMR, 13C NMR, HSQC spectra are presented
in Figure S1B–D, respectively.

According to Table 2, the chemical shifts at 8.08 ppm, 7.68 ppm, 7.67 ppm, and 8.07 ppm were
established as being ArH which were four aromatic protons in the quinoid ring (C-5, C-6, C-7, and C-8,
respectively). The δ values of ArH coincide with the typical menaquinone proton NMR values [24].
A chemical shift at 2.19 revealed the presence of Ar–CH3 (C-2–CH3). A chemical shift at 5.34 revealed
the presence of –C=C–(C-2′), which showed a shift toward the low field due to the influence of the
aromatic ring. Likewise, a chemical shift at δ 3.38 revealed the protons at C-1′ with the influence of
the aromatic ring. Complex absorptions were observed in the δ 3.60–3.75 (protons at C-4′, C-5′, C-8′,
(C-9′, C-12′)4, C-13′, C-16′) and δ 5.08–5.12 (protons at C-6′, (C-10′)4) regions due to the presence of six
isoprene units. The complex absorptions at δ 0.90–1.48 revealed the six methyl attached to the isoprene
units. The chemical shifts at 5.00 ppm were assigned tothe protons at C-14′. The spectra revealed
two complex absorptions at δ 0.91–1.20 (C-17′, C-18′) and δ 1.50–2.09 (C-19′). Additionally, a complex
absorption at δ 0.82–0.89 revealed the two CH3 at the end of the carbon chain, demonstrating the
terminal unit was saturated.

Table 2. 1Hnuclear magnetic resonance (NMR) and 13C NMR information of MK8(H2).

C/H Position 1H 13C C/H Position 1H 13C

1 185.40 11′ 124.28
2 143.43 12′ 3.60–3.75 (m) 35.63
3 146.05 13′ 3.60–3.75 (m) 32.31
4 184.50 14′ 5.00 (t) 124.27
5 8.08 (q) 126.20 15′ 118.84
6 7.68 (q) 134.87 16′ 3.60–3.75 (m) 31.92
7 7.67 (q) 133.34 17′ 0.91–1.20(m) 29.60
8 8.07 (q) 126.12 18′ 0.91–1.20(m) 29.43
9 131.25 19′ 1.50–2.09 (m) 29.38

10 132.17 20′ 0.82–0.89 (m) 19.60
1′ 3.38 (d) 70.7 21′ 0.82–0.89 (m) 14.20
2′ 5.34 (t) 129.35 2-CH3 2.19 (s) 29.72
3′ 129.85 3′-CH3

0.90–1.48 (m)

29.34
4′ 3.60–3.75 (m) 40.04 7′-CH3 27.25
5′ 3.60–3.75 (m) 39.77 12′-CH3 26.71
6′ 5.08–5.12 (m) 126.20 12′-CH3 26.02
7′ 124.85 12′-CH3 25.71
8′ 3.60–3.75 (m) 37.09 12′-CH3 25.47
9′ 3.60–3.75 (m) 36.56 16′-CH3 25.26

10′ 5.08–5.12 (m) 124.42
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Similar analysis was applied to the 13C NMR data of MK8(H2). Since the chemical shifts of
MK8(H2) are listed in Table 2, only some typical 13C chemical shifts are discussed here. The chemical
shifts at 185.4 ppm, 143.43 ppm, 146.05 ppm, 184.50 ppm, 126.20 ppm, 134.87 ppm, 133.34 ppm,
126.12 ppm, 131.25 ppm, and 132.17 ppm were sighed as ten aromatic carbon atoms in the quinoid
ring. These δ values were consistent with the published articles which indicated the existence of the
typical menaquinone structure [16]. Chemical shift at 19.60 and 14.20 were assigned as C20′ and C21′,
two methyl at the end of the long carbon chain, respectively.

The HSQC spectra (Figure S1C) were presented to further illustrate the position of added protons
of MK8(H2). As shown in Figure S1C, the correlation of δC 19.6 ppm and δC 0.87 ppm and the
correlation of δC 14.2 ppm and δC 0.89 ppm revealed the two CH3 at the end of the carbon chain.
The combined information from1H NMR (δ 0.82–0.89), 13C NMR (chemical shift at 19.60 and 14.20),
and the HSQC spectrum demonstrate that the terminal unit was saturated. The stability of MK8(H2) is
speculated to increase with two more protons at the end of its isoprene tail compared with MK-8.

2.4. Antioxidative Effect and Antiglycation Capability

The antioxidant activity of MK8(H2) was measured and compared with MK4 and Q10 using
DPPH assay. The scavenging DPPH ability of three quinones increased alongside the increase in
concentrations (Figure S2A). The IC50 of MK8(H2) was 2.45 mg/mL (3.4 µmol/L), which was larger
than that of MK4 (0.85 mg/mL, 1.9 µmol/L), indicating a lower inhibiting DPPH effect. The inhibition
rate of Q10 at the max detected concentration (7 mg/mL, 8.1 µmol/L) was still under 50%, which might
indicate a lower antioxidant ability than MK8(H2) and MK4.

In the BSA-fructose model (Figure S2B), MK8(H2), MK4, and Q10 all presented an inhibitory effect
against the formation of AGEs in a dose-dependent mode. The IC50 of MK8(H2) was 5.26 mg/mL
(7.3 µmol/L), which was smaller than that of Q10 (20.22 mg/mL, 23.4 µmol/L). The inhibition rate of
MK4 at the maximum detected concentration was still under 50%. These results exhibited a different
trend with the DPPH inhibiting effect measurement, which may indicate that menaquinone and
ubiquinone are capable of inhibiting AGEs formation in the BSA-fructose model, which was not related
with the antioxidant ability.

Similarly, in the BSA-MGO (methylglyoxal) model (Figure S2C), MK8(H2) also showed a
significant effect in AGEs inhibition, compared with MK4 and Q10. The IC50 of MK8(H2) was 9.02
mg/mL (12.6 µmol/L), while the inhibition percentage of MK4 and Q10 were both under 50% at the
maximum detected concentration.

One of the irreversible glycation processes of the protein was the binding of arginine with
MGO [25]. In the arginine-MGO model (Figure S2D), MK8(H2) also showed a most significant
effect on AGEs inhibition, compared with MK4 and Q10. The IC50 of MK8(H2) was 8.69 mg/mL
(12.1 µmol/L), while the inhibition percentage of MK4 and Q10 were both under 50% at the maximum
detected concentration.

2.5. Analysis of MK8(H2)-Carbonyl Adducts by LC-MS/MS

Several studies have reported that the antiglycation capability of bioactive compounds might
be based on the mechanism of scavenging free radicals and MGO, attenuating its attack to amino
acids [26–29]. In this study, the MK8(H2)–MGO adduct was investigated by LC-MS analysis.

The formation process of MK8(H2)–MGO conjugate was investigated by HPLC and HPLC-MS/MS
analysis. The HPLC spectrums of MK8(H2), MGO and mass spectra of their conjugates were presented
in Figure 3. The MGO molecule (Figure 3A,C) and MK8(H2)molecule (Figure 3B,D) were both analyzed
using HPLC, before and after incubation. After the MK8(H2) and MGO solutions had reacted, these two
molecules were significantly reduced. Additionally, the HPLC-MS/MS were used to detect the
MK8(H2)–MGO conjugate. As shown in Figure 3C, the peak at 26.3 min was observed with the
MK8(H2)–MGO adduct (MM). As shown in Figure 3E,F, MM possessed a protonated molecule [M + H]+

at m/z 189, fragment ion at m/z 133, which indicated a loss of a fragment ion of MGO (C3H4O+,
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m/z = 56). Thus, MM (C11H24O2) was speculated as being a dimer of C4H10 (one hydrogenated
isoprene unit) added with one molecule of MGO.
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Figure 3. The HPLC spectrum of MGO (A) before and (C) after incubation. The HPLC
spectrum of MK8(H2) (B) before and (D) after incubation. (E) MS and (F) MS/MS spectrum of
MK8(H2)–MGO adduct.

2.6. Docking Studies

After the docking simulation, the structure of the most likely binding conformation and the 2D
interaction diagram of BSA with MK8(H2) in both site I and site II were captured. The interaction of
MK8(H2) with BSA at site I are presented in Figure 4A,B, which shows that the MK8(H2) can perfectly
fit into site I. The hydrophobic interaction is shown as the most significant interaction pattern in this
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system. At the same time, the residue Glu443 of BSA is intended to generate a arene-H interaction with
MK8(H2). Figure 4C,D shows the interaction of MK8(H2) with BSA at site II. As shown in Figure 4C,D,
MK8(H2) also fits well into site II, and the hydrophobic interaction is again the main interaction pattern.
The docking studies demonstrated the fine binding between MK8(H2) and BSA, which may explain the
internal mechanism of the antiglycation effect of MK8(H2) in the BSA-fructose and BSA-MGO model.
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MK8(H2) and amino acids of BSA at site I; (C) Main interaction of MK8(H2) binding to the BSA at site
II; (D) Molecular contacts between MK8(H2) and amino acids of BSA at site II.

Studies focused on menaquinones, especially hydrogenated MK8(H2), are rather rare. Hence,
there is a research niche which is generating great interest. According to our studies, we believe the
hydrogenated position (end of the eight isoprene units) and its typical menaquinone head give MK8(H2)
a unique activity including higher stability (acid and heat resistance) and a stable antiglycation ability.
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3. Materials and Methods

3.1. Extraction of MKs

Rhodococcus sp. B7740 lyophilized powders (0.1 g) were crushed with 4 ml hydrochloric acid
(2 mol L−1) and incubated at 80 ◦C for 100 min after a 15 s vortex. The mixture was centrifuged for
10 min at the speed of 7000× g at 4 ◦C. The residues were retained and resolved in 6 mL of acetone.
After a 15 s vortex and a 10 min centrifugation (7000× g, 4◦C), the MKs were adequately extracted in
the supernatant.

3.2. LC-MS/MS Analyses of MKs

MKs in acetone were concentrated by rotary evaporation and then resolved by methanol and
MTBE (methyl tert-butyl ether) (1:1, v/v) and filtered using 0.22 µm millipore filter (nylon 66) for
further analysis. The LC-APCI-MS/MS analysis was performed according to the previously published
article [20].

3.3. HSCCC for Purification of MKs

The separation procedure was performed according to the afore mentioned article with a few
changes [20]. Briefly, MKs in acetone were concentrated by rotary evaporation and then resolved
by the lower phase and then injected into the TBE-300C semi-preparative HSCCC equipment after
hydrodynamic equilibrium. The effluent was monitored by a UV-Visible detector at 242 nm.

3.4. UPLC-ESI-QTOF-HRMS Analysis of MKs

The purified MK compound was collected with the separation procedure described previously.
The UPLC-ESI-QTOF-HRMS analysis was conducted on an Acquity UPLC system (Waters, Milford,
MA, USA), equipped with a BEH (bridge hybrid ethyl particle) Shield RP18 column (100 mm× 2.1 mm,
1.7 µm). The mobile phases of the A and B pump were both methanol and the flow rate of the isocratic
elution was 0.3 mL/min. The injection volume was 2 µL, and the column temperature was set at 25 ◦C.
Full MS scans were acquired in positive ion mode with a mass range of m/z 400–1000 at a resolution of
60,000. The other applied HRMS parameters were set as in the published article [20].

3.5. NMR Analysis of MKs

1H NMR, 13C NMR, and HSQC spectra were recorded at 600 MHz on AVANCE III 600 (Bruker,
Billerica, MA, USA). Tetramethylsilane (TMS) was used as internal standard. The purified MK was
dissolved in 500 µL of CDCl3 in a NMR tube (5 mm) for NMR spectrometry [30].

3.6. Determination of Antioxidative Effect and Antiglycation Capability

The antioxidant activity of MKs and Q10 were determined by 2,2-diphenyl-1-picrylhydrazyl
(DPPH) scavenging activity, which was measured based on the published article [31].

Three models, including the BSA-fructose model, BSA-MGO model, and arginine-MGO model,
were used to simulate the process of protein glycation and AGEs production based on the former
studies with minor modifications [32]. Onemillilitreof BSA (60 mg/mL in 0.01 mol/L PBS (phosphate
buffer saline) pH 7.4) and 1 mL of fructose (1.5 mol/L in 0.01 mol/L PBS, pH 7.4) solution were mixed
and incubated with 100 µL of MK8(H2), MK4 or, Q10 solution (2.5, 5, 10, 15, or 20 mg/mL) at 50 ◦C for
24 h, respectively. Acetone (100 µL) was used as a blank control. To calculate the formation of AGEs,
the fluorescence intensities were measured by fluorescence spectrophotometer (F-4600, HIT) equipped
with a 1.0 cm quartz cell at an excitation wavelength of 360 nm and an emission wavelength of 460 nm.
The AGEs inhibition percentage was calculated using the equation below:

Inhibition rate (%) = (1 − (intensity of test sample/intensity of control)) × 100%
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Onemillilitreof MGO (60 mmol/L in 0.01 mol/L PBS, pH 7.4) solution was incubated with 100 µL
of MK8(H2), MK4, or Q10 solution (2.5, 5, 10, 15, or 20 mg/mL) at 37 ◦C for 2 h, respectively. Acetone
(100 µL) was used as a blank control. After 2 h incubation, 1 mL of the BSA solution (60 mg/mL
in 0.01 mol/L PBS, pH 7.4) was added and incubated at 37 ◦C for six days. The measurements and
calculation of AGEs inhibition were the same with the BSA-fructose model.

The arginine-MGO model was also performed to study the mechanism of AGEs production.
Onemillilitre of MGO (60 mmol/L in 0.01 mol/L PBS, pH 7.4) solution was incubated with 100 µL of
MK8(H2), MK4, or Q10 solution (2.5, 5, 10, 15, or 20 mg/mL) at 37 ◦C for 2 h, respectively. Acetone
(100 µL) was used as a blank control. After 2 h incubation, 1 mL of the arginine solution (60 mg/mL
in 0.01 mol/L PBS, pH 7.4) was added and incubated at 37 ◦C for six days. The measurements and
calculation of AGEs inhibition were the same with the BSA-fructose model.

3.7. Determination of MK8(H2)-Carbonyl Adducts by LC-MS/MS

MK8(H2) (10 mg/L, 0.1 mL in acetone) was mixed with 0.5 mL of MGO (10 mmol/L, in 0.01 mol/L
PBS, pH 7.4) and then incubated at 37 ◦C for 6 h. MK8(H2) with the PBS buffer solution at the same
volume was served as a control. After incubation, 0.5 mL of o-phenylenediamine (50 mmol/L in
acetone) was added to terminate the reaction. The HPLC analysis was performed to evaluate the
reaction process of MK8(H2) and MGO. The HPLC analysis of MGO before and after reaction was
performed according to the published article using a C18 column [33]. The HPLC analysis of MK8(H2)
before and after reaction was performed according to the published article using a C30 column [20].

To analyze the reaction product of MK8(H2) and MGO, Agilent 1100 Series LC-MSD-Trap-XCT
and GS-120-5-C18-A column (250 × 4.6, 5 µm) were used here. The elution program was based on
the published article [33]. Injection Volume was set at 40 µL. The column temperature was set at
25 ◦C and the samples were detected at 315 nm. MS conditions: APCI ion source, positive ion mode,
the ion source temperature: 280 ◦C, capillary voltage: 1500 V, drying air-flow rate: 5 L/min, atomizing
chamber temperature: 280 ◦C, atomizing chamber voltage: 60 psi, the scanning range of mass-to-charge
ratio: 30–2000.

3.8. Molecular Docking

The docking simulations were performed using Molecular Operating Environment (MOE), version
2018 (Chemical Computing Group, Montreal, QC, Canada). In this paper, the crystal structure of BSA
was obtained from the RCSB Protein Data Bank (PDB code: 4F5S). Before docking, both the receptor
and the ligand were prepared. The receptor (BSA)was processed to delete the original ligand and do
the LigX operation. According to the published paper, typical residues (Trp212 (trptophan), Ser453
(serine), Arg217 (arginine), Val34 (valine), Ala341 (alanine), Try340 (trytophan), Asp450 (aspartic acid))
with a 4.5 Å extend were chosen as site I for the docking simulation. Similarly, typical residues (Trp134,
Glu17 (glutamic acid), Gly21 (glycine), Gly135, Leu24 (leucine), Val40, Phe36 (phenylalanine), Asp129)
with a 4.5 Å extend were chosen as site II for docking [34]. The structure of MK8(H2) as the ligand
was built and energy-minimized by MOE. During docking, the following options should be set: for
the first scoring function, choose “London dG” for Rescoring 1 and drop down its Retain option to
10; second, choose “Forcefield” for refinement; third, make sure the Rescoring 2 of the second scoring
function is set to GBVI/WSA dG and Retain is set to 10. After docking, the conformation with the low
S-score was chosen as the potential binding conformation.

3.9. Data Analysis

The antioxidation and antiglycation experiments were run in triplicate. The mean and standard
deviation results were calculated, and inhibition curves were carried out using the Origin 8.0 software
(Origin Lab, Northampton, MA, USA).



Mar. Drugs 2018, 16, 391 12 of 13

Supplementary Materials: The following are available online at http://www.mdpi.com/1660-3397/16/10/391/
s1, Figure S1: HSCCC spectrum of Menaquinone from Rhodococcus sp. B7740 (A); 1H NMR (B), 13C NMR (C)
and HSQC (D) spectra of MK8(H2), Figure S2: Antioxidant ability of MK8(H2) compared with Q10 and MK4 (A);
Antiglycation effects of MK8(H2) compared with Q10 and MK4 in BSA-fructose model (B), BSA-MGO model (C)
and arginine-MGO model (D).

Author Contributions: Z.S., B.X., Y.C. conceived and designed the experiments; Y.C., Q.M., M.C., J.Y., J.C.
performed the experiments; Y.C., Q.M., K.H. analyzed the data; Y.C. wrote the paper.

Funding: This research was funded by The China national Marine Scientific Public Welfare (201405015-5) and the
Key Science and Technology Program of Ningbo City, Zhejiang Province, China (grant no. 2012C10038).

Acknowledgments: This research was funded by The China national Marine Scientific Public Welfare
(201405015-5) and the Key Science and Technology Program of Ningbo City, Zhejiang Province, China (grant no.
2012C10038). We are greatly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Makoto, K. Biosynthesis and applications of prenylquinones. Biosci. Biotechnol. Biochem. 2018, 82, 963–977.
2. Suttie, J.W. Mechanism of action of vitamin K: Synthesis of gamma-carboxyglutamic acid. Crit. Rev. Biochem.

1980, 8, 191–233. [CrossRef]
3. Tsaioun, K.I. Vitamin K-dependent Proteins in the Developing and Aging Nervous System. Nutr. Rev. 1999,

57, 231–240. [CrossRef] [PubMed]
4. Littarru, G.P.; Tiano, L. Clinical aspects of coenzyme Q10: An update. Nutrition 2010, 26, 250–254. [CrossRef]

[PubMed]
5. Kurosu, M.; Begari, E. Vitamin K2 in electron transport system: Are enzymes involved in vitamin K2

biosynthesis promising drug targets? Molecules 2010, 15, 1531–1553. [CrossRef] [PubMed]
6. Tsukamoto, Y.; Ichise, H.; Kakuda, H.; Yamaguchi, M. Intake of fermented soybean (natto) increases

circulating vitamin K2 (menaquinone-7). J. Bone Miner. Metab. 2000, 18, 216–222. [CrossRef] [PubMed]
7. Yamaguchi, M.; Taguchi, H.; Gao, Y.H.; Igarashi, A.; Tsukamoto, Y. Effect of vitamin K2 (menaquinone-7) in

fermented soybean (natto) on bone loss in ovariectomized. J. Am. Soc. Hypertens. 1999, 17, 23–29.
8. Mandatori, D.; Penolazzi, L.; Pipino, C.; Di Tomo, P.; Di Silvestre, S.; Di Pietro, N.; Trevisani, S.; Angelozzi, M.;

Ucci, M.; Piva, R.; et al. Menaquinone-4 enhances osteogenic potential of human amniotic fluid mesenchymal
stem cells cultured in 2D and 3D dynamic culture systems. J. Tissue Eng. Regen. Med. 2018, 12, 447–459.
[CrossRef] [PubMed]

9. McFarlin, B.K.; Henning, A.L.; Venable, A.S. Oral Consumption of Vitamin K2 for 8 Weeks Associated with
Increased Maximal Cardiac Output During Exercise. Altern. Ther. Health Med. 2017, 23, 26–32.

10. Mansour, A.G.; Hariri, E.; Daaboul, Y.; Korjian, S.; El Alam, A.; Protogerou, A.D.; Kilany, H.; Karam, A.;
Stephan, A.; Bahous, S.A. Vitamin K2 supplementation and arterial stiffness among renal transplant
recipients-a single-arm, single-center clinical trial. J. Am. Soc. Hypertens. 2017, 11, 589–597. [CrossRef]
[PubMed]

11. Vossen, L.M.; Schurgers, L.J.; van Varik, B.J.; Kietselaer, B.L.; Vermeer, C.; Meeder, J.G.; Rahel, B.M.;
van Cauteren, Y.J.; Hoffland, G.A.; Rennenberg, R.J.; et al. Menaquinone-7 supplementation to reduce
vascular calcification in patients with coronary artery disease: Rationale and study Protocol (VitaK-CAC
Trial). Nutrients 2015, 7, 8905–8915. [CrossRef] [PubMed]

12. Janssen, R.; Vermeer, C. Vitamin K deficit and elastolysis theory in pulmonary elasto-degenerative diseases.
Med. Hypotheses 2017, 108, 38–41. [CrossRef] [PubMed]

13. Noda, S.; Yamada, A.; Tanabe, R.; Nakaoka, K.; Hosoi, T.; Goseki-Sone, M. Menaquinone-4 (vitamin
K2) up-regulates expression of human intestinal alkaline phosphatase in Caco-2 cells. Nutr. Res. 2016,
36, 1269–1276. [CrossRef] [PubMed]

14. Sheetal, B.; Thomas, R.C. Vitamin K2 takes charge. Science 2012, 336, 1241–1242.
15. Meganathan, R. Biosynthesis of Menaquinone (Vitamin K2) and Ubiquinone (Coenzyme Q): A Perspective

on Enzymatic Mechanisms. Vitam. Horm. 2001, 61, 173–218. [PubMed]
16. Haruo, S.Y.J.; Tomoshige, H.; Miwako, F.; Kazuo, F.N.I.; Tohru, D. Studies on a New Biosynthetic Pathway

for Menaquinone. J. Am. Chem. Soc. 2008, 130, 5614–5615.

http://www.mdpi.com/1660-3397/16/10/391/s1
http://www.mdpi.com/1660-3397/16/10/391/s1
http://dx.doi.org/10.3109/10409238009105469
http://dx.doi.org/10.1111/j.1753-4887.1999.tb06950.x
http://www.ncbi.nlm.nih.gov/pubmed/10518409
http://dx.doi.org/10.1016/j.nut.2009.08.008
http://www.ncbi.nlm.nih.gov/pubmed/19932599
http://dx.doi.org/10.3390/molecules15031531
http://www.ncbi.nlm.nih.gov/pubmed/20335999
http://dx.doi.org/10.1007/s007740070023
http://www.ncbi.nlm.nih.gov/pubmed/10874601
http://dx.doi.org/10.1002/term.2471
http://www.ncbi.nlm.nih.gov/pubmed/28508565
http://dx.doi.org/10.1016/j.jash.2017.07.001
http://www.ncbi.nlm.nih.gov/pubmed/28756183
http://dx.doi.org/10.3390/nu7115443
http://www.ncbi.nlm.nih.gov/pubmed/26516910
http://dx.doi.org/10.1016/j.mehy.2017.07.029
http://www.ncbi.nlm.nih.gov/pubmed/29055397
http://dx.doi.org/10.1016/j.nutres.2016.10.001
http://www.ncbi.nlm.nih.gov/pubmed/27865621
http://www.ncbi.nlm.nih.gov/pubmed/11153266


Mar. Drugs 2018, 16, 391 13 of 13

17. Nowicka, B.; Kruk, J. Occurrence, biosynthesis and function of isoprenoid quinones. Biochim. Biophys. Acta
2010, 1797, 1587–1605. [CrossRef] [PubMed]

18. Berenjian, A.; Mahanama, R.; Talbot, A.; Regtop, H.; Kavanagh, J.; Dehghani, F. Designing of an intensification
process for biosynthesis and recovery of menaquinone-7. Appl. Biochem. Biotechnol. 2014, 172, 1347–1357.
[CrossRef] [PubMed]

19. Min, K.K.; Pyung, C.L. Metabolic Engineering of Menaquinone-8 Pathway of Escherichia coli as a Microbial
Platform for Vitamin K Production. Biotechnol. Bioeng. 2011, 108, 1997–2002.

20. Chen, Y.; Xie, B.; Yang, J.; Chen, J.; Sun, Z. Identification of microbial carotenoids and isoprenoid quinones
from Rhodococcus sp. B7740 and its stability in the presence of iron in model gastric conditions. Food Chem.
2018, 240, 204–211. [CrossRef] [PubMed]

21. Gast, G.C.M.; de Roos, N.M.; Sluijs, I.; Bots, M.L.; Beulens, J.W.; Geleijnse, J.M.; Witteman, J.C.; Grobbee, D.E.;
Peeters, P.H.; van der Schouw, Y.T. A high menaquinone intake reduces the incidence of coronary heart
disease. Nutr. Metab. Cardiovasc. 2009, 19, 504–510. [CrossRef] [PubMed]

22. Degli, E.M. A journey across genomes uncovers the origin of ubiquinone in cyanobacteria. Genome Biol. Evol.
2017, 9, 3039–3053. [CrossRef] [PubMed]

23. Kaiser, P.; Geyer, R.; Surmann, P.; Fuhrmann, H. LC-MS method for screening unknown microbial carotenoids
and isoprenoid quinones. J. Microbiol. Methods 2012, 88, 28–34. [CrossRef] [PubMed]

24. Wei, H.; Wang, L.; Zhao, G.; Fang, Z.; Wu, H.; Wang, P.; Zheng, Z. Extraction, purification and identification
of menaquinones from Flavobacterium meningosepticum fermentation medium. Process. Biochem. 2018,
66, 245–253. [CrossRef]

25. Mesías, M.; Navarro, M.; Martínez-Saez, N.; Ullate, M.; del Castillo, M.D.; Morales, F.J. Antiglycative and
carbonyl trapping properties of the water soluble fraction of coffee silverskin. Food. Res. Int. 2014, 62,
1120–1126. [CrossRef]

26. Harris, C.S.; Beaulieu, L.P.; Fraser, M.H.; McIntyre, K.L.; Owen, P.L.; Martineau, L.C. Inhibition of advanced
glycation end product formation by medicinal plant extracts correlates with phenolic metabolites and
antioxidant activity. Planta Med. 2011, 77, 196–204. [CrossRef] [PubMed]

27. Nattha, J.; Sirintorn, Y.; Sirichai, A. Inhibition of advanced glycation end products by red grape skin extract
and its antioxidant. BMC Complement. Altern. Med. 2013, 13, 171–179.

28. Muhammad, Z.; Shakeel, A.; Shazia, A.B.; Ryszard, A.; Sezai, E.; Hawa, Z.E.J. Compositional studies and
biological activities of some mash bean (Vigna mungo (L.) Hepper) cultivars commonly consumed in Pakistan.
Biol. Res. 2014, 47, 23–37.

29. Sadowska-Bartosz, I.; Bartosz, G. Prevention of protein glycation by natural compounds. Molecules 2015,
20, 3309–3334. [CrossRef] [PubMed]

30. Okano, T.; Shimomura, Y.; Yamane, M.; Suhara, Y.; Kamao, M.; Sugiura, M.; Nakagawa, K. Conversion
of phylloquinone (Vitamin K1) into menaquinone-4 (Vitamin K2) in mice: Two possible routes for
menaquinone-4 accumulation in cerebra of mice. J. Biol. Chem. 2008, 283, 11270–11279. [CrossRef] [PubMed]

31. Eugeäne, E.N.; Sylvain, S.; Khaled, B. Anthocyanins in wild blueberries of Quebec: Extraction and
identification. J. Agric. Food Chem. 2007, 55, 5626–5635.

32. Wang, W.; Yagiz, Y.; Buran, T.J.; Nunes, C.d.N.; Gu, L. Phytochemicals from berries and grapes inhibited
the formation of advanced glycation end-products by scavenging reactive carbonyls. Food Res. Int. 2011,
44, 2666–2673. [CrossRef]

33. Shen, Y.; Xu, Z.; Sheng, Z. Ability of resveratrol to inhibit advanced glycation end product formation and
carbohydrate-hydrolyzing enzyme activity, and to conjugate methylglyoxal. Food Chem. 2017, 216, 153–160.
[CrossRef] [PubMed]

34. Kiran, B.U.; Khan, B.A.A.; Arunachalam, J.; Anhazhagan, V. Spectrofluorimetric and molecular docking
investigation on the interaction of 6-azauridine, a pyrimidine nucleoside antimetabolite, with serum protein.
J. Mol. Liq. 2016, 219, 602–607.

© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1016/j.bbabio.2010.06.007
http://www.ncbi.nlm.nih.gov/pubmed/20599680
http://dx.doi.org/10.1007/s12010-013-0602-7
http://www.ncbi.nlm.nih.gov/pubmed/24173914
http://dx.doi.org/10.1016/j.foodchem.2017.06.067
http://www.ncbi.nlm.nih.gov/pubmed/28946263
http://dx.doi.org/10.1016/j.numecd.2008.10.004
http://www.ncbi.nlm.nih.gov/pubmed/19179058
http://dx.doi.org/10.1093/gbe/evx225
http://www.ncbi.nlm.nih.gov/pubmed/29106540
http://dx.doi.org/10.1016/j.mimet.2011.10.001
http://www.ncbi.nlm.nih.gov/pubmed/22036764
http://dx.doi.org/10.1016/j.procbio.2018.01.007
http://dx.doi.org/10.1016/j.foodres.2014.05.058
http://dx.doi.org/10.1055/s-0030-1250161
http://www.ncbi.nlm.nih.gov/pubmed/20717877
http://dx.doi.org/10.3390/molecules20023309
http://www.ncbi.nlm.nih.gov/pubmed/25690291
http://dx.doi.org/10.1074/jbc.M702971200
http://www.ncbi.nlm.nih.gov/pubmed/18083713
http://dx.doi.org/10.1016/j.foodres.2011.05.022
http://dx.doi.org/10.1016/j.foodchem.2016.08.034
http://www.ncbi.nlm.nih.gov/pubmed/27596404
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	HPLC-APCI-MS/MS Analysis of MKs 
	HSCCC Purification and URMS (Ultra-High Mass Spectrum) Analysis of MK8(H2) 
	NMR Analysis of MK8(H2) 
	Antioxidative Effect and Antiglycation Capability 
	Analysis of MK8(H2)-Carbonyl Adducts by LC-MS/MS 
	Docking Studies 

	Materials and Methods 
	Extraction of MKs 
	LC-MS/MS Analyses of MKs 
	HSCCC for Purification of MKs 
	UPLC-ESI-QTOF-HRMS Analysis of MKs 
	NMR Analysis of MKs 
	Determination of Antioxidative Effect and Antiglycation Capability 
	Determination of MK8(H2)-Carbonyl Adducts by LC-MS/MS 
	Molecular Docking 
	Data Analysis 

	References

