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ABSTRACT: Menaquinones (MKs) are essential for electron transport in prokaryotes, and importantly, partially saturated
MKs represent a novel virulence factor. However, little is known regarding how the degree of saturation in the isoprenyl side
chain influences conformation or quinone redox potential. MenJ is an enzyme that selectively reduces the second isoprene unit
on MK-9 and is contextually essential for the survival of Mycobacterium tuberculosis in J774A.1 macrophage-like cells, suggesting
that MenJ may be a conditional drug target for pathogenic mycobacteria. Therefore, fundamental information about the
properties of this system is important, and we synthesized the simplest MKs, unsaturated MK-1 and the saturated analogue,
MK-1(H2). Using two-dimensional nuclear magnetic resonance spectroscopy, we established that MK-1 and MK-1(H2)
adopted similar folded−extended conformations (i.e., the isoprenyl side chain folds upward) in each solvent examined but the
folded−extended conformations differed slightly between organic solvents. Saturation of the isoprenyl side chain slightly altered
the MK-1 analogue conformation in each solvent. We used molecular mechanics to illustrate the MK-1 analogue conformations.
The measured quinone redox potentials of MK-1 and MK-1(H2) differed between organic solvents (presumably due to
differences in dielectric constants), and remarkably, an ∼20 mV semiquinone redox potential difference was observed between
MK-1 and MK-1(H2) in pyridine, acetonitrile, and dimethyl sulfoxide, demonstrating that the degree of saturation in the
isoprenyl side chain of MK-1 influences the quinone redox potential. Finally, MK-1 and MK-1(H2) interacted with Langmuir
phospholipid monolayers and Aerosol-OT reverse micelle (RM) model membrane interfaces, where MK-1 adopted a slightly
different folded conformation within the RM model membrane interface.

Q uinones are a unique type of α,β-unsaturated ketone
existing as metabolites in numerous pathways where

they have many functions in nature.1−6 The importance of
quinone chemistry has been recognized since the mid-1800s.
Quinone-containing compounds can be antioxidants, antitu-
moral agents, or carcinogenic agents and are the inherent
components of biological systems such as photosystem II.1−6

Menaquinones (MKs) (or naphthoquinones) are members of
the lipoquinone (lipid-quinone) class of molecules and are
essential components of the respiratory electron transport
system (ETS), where they shuttle electrons and protons
between protein complexes by acting as electron donors and
acceptors.6 Partial saturation of the isoprenyl side chain of MK
has been known for a long time, but MenJ was recently shown
to selectively reduce MK-9 at the second isoprene unit,
demonstrating the origin and necessity of partially saturated

MKs for the survival of the bacteria.7,8 Currently, little is
known regarding the conformation of MKs in solution or
within cell membranes and how partial saturation of the
isoprenyl side chain affects conformation and quinone
reactivity, even though the structures and biological signifi-
cance of lipoquinones and isoprenoids have been known for
more than 50 years.6,9−13 It is well-known that evolutionarily
conserved structural differences in the lipoquinone headgroup
alter quinone redox potential,1 but how partial saturation of
the isoprenyl side chain affects quinone redox potential
remains uncertain. Therefore, this work aims to characterize
the conformation of the most fundamental MKs containing
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one isoprene unit (unsaturated vs saturated side chain) in an
organic solution and a model membrane interface and to
determine the quinone redox potentials of unsaturated MK-1
and saturated MK-1(H2) in organic solutions.
MKs are structurally characterized by a naphthoquinone

moiety and a repeating isoprenyl side chain of varying length
(Figure 1), where the latter is a characteristic that has long
been used to assist taxonomic efforts.14,15 The most widely
known MK compound is vitamin K2 (or MK-4), which is
essential for life in humans as it is a key cofactor in blood
coagulation.16 MK-4 was recently shown to be biosynthesized
in humans17 and as a part of the ETS in Drosophila.18 Vitamin
K3 (or menadione), the simplest 1,4-naphthoquinone deriva-
tive lacking the isoprenyl side chain, has been reported to have
significant antitumoral properties.2 N-Alkylated MK derivatives
have also been synthesized and characterized in the literature,
with several exhibiting interesting biological properties.19−22

The truncated MK analogues, menaquinone-1 (MK-1) and
menaquinone-1(H2) [MK-1(H2)], are vital to study as they are
the simplest, most fundamental MKs, where they retain the
core requirements (i.e., a naphthoquinone moiety and a one-
unit isoprenyl side chain). MK-1(H2) is crucial to study as it
lacks the double bond in the isoprenyl side chain, and
importantly, biologically isolated MK analogues containing
partial saturation (reduced double bond) in the isoprenyl side
chain have been reported (Figure 1).6−8 Truncated MK
analogues are more soluble than the natural MK substrate, thus
allowing rigorous characterization in aqueous assays.8

Furthermore, MK-9 contains 80 hydrogens with significant
spectral overlap, making conformational analysis nontrivial.
Therefore, the conformational analysis of these two truncated
MK-1 analogues is essential as the conformation of the first
isoprene unit will influence the conformation of the rest of the
isoprenyl side chain in naturally occurring longer MK
analogues [e.g., MK-4, MK-9, or MK-9(II-H2) (Figure 1)].
The synthesis of truncated MK analogues is necessary as it

allows experimental conformational analysis to be carried out.
Molecular conformations are significant for manifesting
physical and chemical reactivity as well as recognition in
biological systems. MKs contain alkyl side chains of varying
lengths, and conformations have been reported for various
alkanes, alkenes, and fatty acids, which all contain alkyl chains
of varying lengths.23−35 For example, the degree of folding of
C5−C32 n-alkanes in solution depends on the strength of the
dispersion force of the solvent and increases with an increase in
chain length.27−29 Furthermore, studies of n-hexane and n-
pentane in various solvents suggested that the solvent
environment had only minor effects on the conformational
equilibrium.35 Interestingly, conformations observed in polar
and spherical solvents such as dimethyl sulfoxide (DMSO)
favored gauche conformations.35 Computational studies have

been carried out on MK analogues in which folded
conformations were found to be favorable.34,36 Importantly,
we recently reported that menaquinone-2 (MK-2) adopts a
folded, U-shaped conformation in solution and within a model
membrane interface.37 However, MK-1 contains only one
isoprene unit and presents the best opportunity for a flat−
extended conformation to exist, and therefore, it is important
to determine if a flat−extended (i.e., trans or extended
configuration of the side chain and isoprene planar), folded−
extended (i.e., isoprene folded upward), or U-shaped
conformation (i.e., isoprene folded up and back toward the
naphthoquinone in a U shape) is preferred (see the illustration
below). On the basis of these selected examples, we
hypothesized that MK-1 analogues adopt folded conformations
regardless of the degree of saturation in their isoprenyl side
chain.

The conformation and electronic properties of a molecule
can affect both the reactivity and function of a molecule in
solution and within biological environments. The longer
partially saturated isoprenyl side chain MK analogue, MK-
9(II-H2) (Figure 1), is an electron transporter within
Mycobacterium tuberculosis, and the synthesis of MK-9(II-H2)
was found to be essential for the survival of pathogenic M.
tuberculosis in host macrophages; thus, partially saturated MKs
represent a novel virulence factor.7,8 In addition, partially
saturated MK analogues have been reported in other organisms
such as members of the genera Streptomyces and Actino-
madura.11 It is unclear whether hydrogenation of the double
bond in specific isoprene units changes the reactivity of the
quinone system. The double bonds present within the
isoprenyl side chain are not conjugated to the quinone system
within MK. Therefore, it would not be anticipated that a
significant change in the quinone redox potential would occur
upon reduction of an isoprenyl unit. However, it has been
reported that even when there is no direct conjugation
between the quinone system and a substituent group,
electrochemical reduction of the quinone system is sensitive
to the electronic perturbation of the substituents.1 Thus, it is
possible that partial saturation in the isoprenyl side chain could
influence the quinone redox potential, where an indirect
through-bond effect could be a contributing factor and/or
conformational effects of the substituent. Therefore, we
hypothesized that the quinone redox potential of MK-1 may

Figure 1. Structures of (A) MK-9(II-H2), present within Mycobacterium tuberculosis, (B) the unsaturated MK analogue, MK-1, and (C) the
saturated MK analogue, MK-1(H2).
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be influenced by the degree of saturation in the isoprenyl side
chain.
In this work, MK-1 and MK-1(H2) (Figure 1) were first

synthesized and then their conformations within organic
solvents were elucidated by one-dimensional (1D) and two-
dimensional (2D) 1H nuclear magnetic resonance (NMR)
spectroscopy. MK-1 and MK-1(H2) adopted similar folded−
extended conformations in each solvent, but the preferred
folded−extended conformations differed slightly between
solvent environments. The quinone redox potentials of MK
and MK-1(H2) were measured in three organic solvents, where
a solvent effect (presumably due to a change in the dielectric
constant) was observed, and most interestingly, an ∼20 mV
difference in semiquinone redox potential was observed
between MK-1 and MK-1(H2). The interaction of MK-1 and
MK-1(H2) with phospholipid monolayers was characterized
using Langmuir phospholipid monolayers, and the two MK-1
analogues were found to interact with the phospholipid
interface. Finally, using a complementary study, the location,
orientation, and conformation of MK-1 and MK-1(H2) within
a reverse micelle (RM) model membrane interface were
determined using 1D and 2D NMR spectroscopy. The two
MK-1 analogues interacted similarly with the RM model
membrane interface, and MK-1 adopted a slightly different
folded conformation within the RM interface compared to that
observed in an organic solution.

■ EXPERIMENTAL SECTION
Materials. Menadione (crystalline), sodium hydrosulfite

(85.0%), 1,4-dioxane (99.9%), 3-methyl-2-buten-1-ol (99%),
BF3 etherate (≥46.5%), Luperox A98 benzoyl peroxide
(≥98%), 1-iodo-3-methylbutane (97%), dioctyl sulfosuccinate
sodium salt (AOT, 97.0%), isooctane (2,2,4-trimethylpentane,
≥99.0%), chloroform (99.8%), methanol (99.9%), tetrabuty-
lammonium perchlorate (TBAP, ≥99.0%), ferrocene (Fc,
anhydrous), silver nitrate (AgNO3, ≥99.0%), and activated
charcoal were purchased from Sigma-Aldrich and used as
received unless otherwise noted. Absolute ethanol and ultra-
high-purity argon gas (99.9%) were acquired from Pharmco-
Aaper and Airgas, respectively. Deuterated solvents of
acetonitrile (d3-ACN or CD3CN) (99.8% D), dimethyl
sulfoxide (d6-DMSO) (99.9% D, 0.05% (v/v) tetramethylsi-
lane), and d6-benzene (≥99.6%) were acquired from Sigma-
Aldrich. Deuterium oxide (D2O, 99.9%), d2-dichloromethane
(99.9%), and d4-methanol (99.8%) were acquired from
Cambridge Isotope Laboratories, Inc. Deuterated pyridine
(99.8% D) was purchased from Arcos Organics. DPPC (1,2-
dipalmitoyl-sn-glycero-3-phosphocholine, ≥99.0%) and DPPE
(1,2-dipalmitoyl-sn-glycero-3-phosphoethanolamine, ≥99.0%)
were purchased from Avanti Polar Lipids Inc. Monosodium
phosphate (NaH2PO4, 96.0%) and sodium phosphate dibasic
anhydrous (Na2HPO4) were purchased from Fisher Scientific,
and distilled deionized water (DDI H2O) was purified with a
Barnstead E-pure system (∼18 MΩ cm).
General Methods. All non-aqueous reactions were carried

out under an argon atmosphere in flame-dried glassware, and
all mixtures were stirred on a magnetic stir plate using an
anhydrous solvent unless otherwise noted. Reactions were
monitored by thin layer chromatography (TLC) on Whatman
Partisil K6F TLC plates (silica gel 60 Å, 0.250 mm thickness)
and visualized using an ultraviolet lamp (366 or 254 nm).
Products were purified by flash chromatography (SiliCycleSi-
liaFlash F60, 43−60 μm, 60 Å). Yields refer to chromato-

graphically and spectroscopically (1H NMR) homogeneous
materials unless otherwise noted. All chemicals were used
without purification except AOT and the organic solvents.
AOT was purified using activated charcoal and methanol to
remove acidic impurities using previously reported methods.38

Organic solvents dimethyl sulfoxide (DMSO), acetonitrile
(CH3CN or ACN), and pyridine were purified by distillation
and then dried over activated 3 Å molecular sieves (40 g/200
mL of solvent) for 3 days. Benzene was dried by being passed
through an alumina drying column (Solv-Tek Inc.) under
argon pressure. When samples were prepared for RM NMR
experiments, deuterium oxide was used instead of H2O and the
pH was adjusted to consider the presence of deuterium (pD =
0.4 + pH).39 1H and 13C NMR spectra were recorded on a 400
MHz Varian Model MR400, 400 MHz Varian iNova400, or
500 MHz Varian iNova500 spectrometer. Chemical shift
values (δ) are reported in parts per million and referenced
against the internal solvent peaks in 1H NMR (CDCl3, δ 7.26;
d3-acetonitrile, δ 1.94; d6-DMSO, δ 2.50; d4-methanol, δ 4.87;
d2-methylene chloride, δ 5.32; d6-benzene, δ 7.16; d5-pyridine,
δ 8.74; D2O, δ 4.79) and in 13C NMR (CDCl3, δ 77.16; d6-
benzene, δ 128.06).

Preparation of 2-Methyl-3-(3-methylbut-2-en-1-yl)-
naphthalene-1,4-dione, MK-1 (3). Menadiol 2 was
synthesized as previously described37 from menadione 4, and
MK-1 3 was synthesized previously.8 However, in this work,
the reaction to form MK-1 3 was scaled up and character-
ization reported data in CDCl3. To a dry 100 mL Schlenk flask
were added a stir bar, EtOAc (16 mL), and 1,4-dioxane (16
mL), which was then purged/evacuated with argon repeatedly.
Then, crude menadiol 2 (2.50 g, 4:1 menadiol:menadione by
NMR integration; note that menadiol is prone to autoxidation
in CDCl3, 11.48 mmol) was added followed by 3-methyl-2-
buten-1-ol 1 (1.08 g, 12.52 mmol) and then dropwise addition
of distilled BF3 etherate (0.8 mL). The reaction solution
turned dark orange and was refluxed at 70 °C for 3 h under
argon. The reaction was quenched with ice and H2O (100
mL), and then the mixture extracted with diethyl ether (3 ×
100 mL). The yellow organic extracts were washed with
saturated NaHCO3 (100 mL), washed with brine (100 mL),
dried with anhydrous Na2SO4, and then concentrated under
reduced pressure at ambient temperature to yield 3.50 g of
crude red oil. The crude oil was purified by flash column
chromatography (1000 mL of 230−400 mesh SiO2, 70 mm
column, 20:1 n-pentane:EtOAc). The red oil obtained was
dried under reduced pressure (∼125 mTorr) overnight to yield
0.628 g of a deep red oil (2.61 mmol, 22.7% yield): 1H NMR
(400 MHz, CDCl3) δ 8.06−8.08 (m, 2H), 7.67−7.69 (m, 2H),
5.02 (t, J = 7.0 Hz, 1H), 3.36 (d, 2H, J = 7.0 Hz), 2.19 (s, 3H),
1.79 (s, 3H), 1.69 (s, 3H); 13C NMR (101 MHz, CDCl3) δ
185.6, 184.7, 146.2, 143.4, 134.1, 133.47, 133.42, 132.33,
132.30, 126.4, 126.3, 119.3, 26.3, 25.9, 18.2, 12.8; HRMS
(DART) m/z [(M + H)+] calcd for C16H17O2 241.1223, found
241.1222.

Preparation of 2-Isopentyl-3-methylnaphthalene-
1,4-dione, MK-1(H2) (6). To a dry 100 mL round-bottom
Schlenk flask were added a stir bar and dry and degassed
benzene (30 mL) followed by 1-iodo-3-methylbutane 5 (1.98
g, 10.0 mmol, 1 equiv), which was then purged/evacuated with
argon repeatedly. To a dry 20 mL vial was added dry benzene
(15 mL), which was then degassed via argon needle purge,
followed by addition of menadione 4 (1.72 g, 10.0 mmol) and
benzoyl peroxide (2.42 g, 10.0 mmol, 1 equiv). This solution
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was sonicated until dissolution occurred under argon. The
naphthoquinone/benzoyl peroxide solution was added drop-
wise over 135 min to the refluxing prenyl iodide solution,
which was under an argon atmosphere during the reaction.
After the addition was complete, the solution was refluxed for
an additional 1 h. The solution was then diluted with saturated
NaHCO3 (100 mL) and diethyl ether (100 mL), and then the
two phases were separated. The aqueous layer was extracted
with diethyl ether (3 × 100 mL), and the combined organic
extracts were washed with saturated NaHCO3 (100 mL),
washed with brine (100 mL), dried with anhydrous Na2SO4,
and then concentrated under reduced pressure at ambient
temperature to yield a crude yellow powder. The crude powder
was purified by flash column chromatography (10:1.5 n-
pentane:EtOAc) to yield 0.493 g of a yellow solid (2.03 mmol,
20.3% yield) after drying overnight under reduced pressure
(∼125 mTorr): 1H NMR (400 MHz, C6D6) δ 8.05−8.07 (m,
2H), 7.04−7.06 (m, 2H), 2.41−2.45 (m, 2H), 1.92 (s, 3H),
1.45−1.55 (m, 1H), 1.16−1.21 (m, 2H), 0.89 (d, J = 6.6 Hz,
2H); 13C NMR (101 MHz, C6D6) δ 184.9, 184.3, 147.5, 142.7,
133.09, 133.08, 132.74, 132.71, 126.26, 126.21, 37.8, 28.9,
25.2, 22.5, 12.3; HRMS (DART) m/z [(M + H)+] calcd for
C16H19O2 243.1380, found 243.1378.
Mass Spectrometry. High-resolution mass spectrometry

(HRMS) experiments were conducted on an Agilent 6224
TOF LC/MS instrument [O-time-of-flight (TOF)] interfaced
with the Direct Analysis in Real Time (DART) source
(IonSense DART-100). A standard of Jeffamine was used as an
internal standard calibration for HRMS DART experiments
carried out in positive mode.
NMR Spectroscopic Studies. 1D and 2D 1H NMR

spectroscopic studies were carried out both in organic solvents
and in an RM model membrane system. 1H and 13C NMR
spectra were recorded using either a Varian model MR400,
model Inova400, or model Inova500 spectrometer operating at
either 400, 500, or 101 MHz, respectively. Chemical shift
values (δ) are reported in parts per million and referenced
against the internal solvent peaks in 1H NMR (CDCl3, δ 7.26;
d3-ACN, δ 1.94; d6-DMSO, δ 2.50; d4-methanol, δ 4.87; d2-
methylene chloride, δ 5.32; d6-benzene, δ 7.16; d5-pyridine, δ
8.74; D2O, δ 4.79) and in 13C NMR (CDCl3, δ 77.16; d6-
benzene, δ 128.06). All NMR spectra were recorded at either
22, 25, or 26 °C. See figure captions and the Supporting
Information for more details.
Solution 1D 1H NMR Spectroscopic Studies. Samples

were prepared by dissolving ∼5.0 mg of MK-1 in 0.5 mL of
either d1-chloroform, d2-methylene chloride, d4-methanol, d6-
DMSO, d5-pyridine, d3-ACN, or d6-benzene. The NMR
instrument was locked onto the respective deuterium signal
in the deuterated solvent used. NMR spectra were then
collected using 32 scans for each sample. The data were
processed using MestReNova NMR processing software
version 10.0.1. The spectra were manually phased, and then
the baseline was corrected using a Bernstein Polynomial Fit
(polynomial order 3). The obtained spectra were referenced to
the proper internal solvent peak.
Sample Preparation for 1H−1H 2D NOESY and 1H−1H

2D ROESY NMR Spectroscopic Studies. To prepare the
solutions of MK-1 or MK-1(H2) in d5-pyridine, d3-ACN, and
d6-DMSO, 0.0024 g of MK-1 or 0.0024 g of MK-1(H2) was
dissolved in 0.5 mL of a deuterated solvent to produce a 20
mM solution of MK-1 or MK-1(H2), respectively. The NMR

samples containing the MK-1 or MK-1(H2) solution were
purged with argon briefly and capped prior to data collection.

1H−1H 2D NOESY and 1H−1H 2D ROESY NMR
Spectroscopic Solution Studies. 1H−1H 2D NOESY
NMR and 1H−1H 2D ROESY NMR spectroscopic experi-
ments were conducted using a 400 MHz Varian MR400 NMR
spectrometer operating at 26 °C. A standard NOESY pulse
sequence was used consisting of 256 transients with 16 scans in
the f1 domain using a 500 ms mixing time, a 45° pulse angle,
and a 1.5 s relaxation delay. The standard ROESYAD pulse
sequence consisted of 256 transients with 16 scans in the f1
domain using a 400 ms mixing time, a 45° pulse angle, and a
2.0 s relaxation delay. The NMR was locked onto either d5-
pyridine, d3-ACN, or d6-DMSO. The resulting spectrum was
processed using MestReNova NMR software version 10.0.1
(see the Supporting Information for further details). The
spectra were referenced to the proper internal solvent peak.

Molecular Mechanics Calculations. To illustrate con-
formations for MK-1 and MK-1(H2), Merck Molecular Force
Field 94 (MMFF94) molecular mechanics gas phase
simulations were conducted using ChemBio3D Ultra 12.0 at
25 °C. Starting conformations were obtained by building
ChemDraw structures and rotating desired bonds, and then
simulations were run followed by energy optimization or
simply an energy minimization to achieve the desired
conformation. Conformations A, A1, B, B1, C, and C1 in
Figure 5 were constructed and then energy minimized with a
root-mean-square (RMS) gradient of 0.1 and up to 50
iterations to obtain MK-1 and MK-1(H2) conformations that
agreed with our interpretation of the cross peak observations
and intensities in the 1H−1H 2D NOESY and ROESY NMR
spectral data. Two simulations were run for 10000 iterations
and then energy minimized using an MMFF94 energy
minimization calculation using 500 iterations with an RMS
gradient of 0.001 to achieve conformations D and D1 in Figure
S27. Conformations E, E1, F, and F1 in Figure S27 were
generated by rotating bonds to achieve the desired
conformation followed by an energy minimization using 20−
50 iterations and an RMS gradient of 0.1. A table of structural
parameters such as selected distances between hydrogens
within the conformations in Figure 5 and Figure S27 and
energies calculated for the three-dimensional (3D) conforma-
tions can be found in the Supporting Information. Tables of
Cartesian coordinates for the MK-1 analogue conformations
can be found in the Supporting Information.

Electrochemistry Methods. The electrochemistry was
performed on a CHI 750D potentiostat. For cyclic
voltammetry, a classical three-electrode system was used with
a scan rate of 100 mV/s at ambient temperature. A glassy
carbon working electrode (BASi MF2012, 3 mm) was lightly
polished between runs with alumina powder and then rinsed
with water and ethanol. A platinum wire counter electrode
(BASi MW1032) was gently polished between runs with 600
grit sandpaper. A Ag+/Ag reference electrode (BASi MW1085)
was constructed by using the Ag wire gently polished with 600
grit sandpaper inserted into a freshly prepared solution of
organic solvent (ACN, pyridine, or DMSO) with 0.1 M TBAP
and 0.01 M AgNO3. This reference electrode was equilibrated
in the MK-1 or MK-1(H2) solution (2 mM) of the same
organic solvent for 10 min. The solutions were bubbled for
∼5−10 min with argon gas to ensure as much dissolved O2(g)
was removed as possible before the cyclic voltammogram was
recorded. All half-wave potentials recorded were referenced to
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the internal standard Fc+/Fc couple by subtracting the
averaged potential in each solvent. The Fc+/Fc couple against
the Ag+/Ag reference in ACN was 0.081 ± 0.002 V, in DMSO
was 0.176 ± 0.004 V, and in pyridine was 0.562 ± 0.001 V.
The reliability of the Fc+/Fc couple half-wave potential in each
solvent was within experimental error.

E
E E

21/2
pc pa=

+
(1)

i

i
1, for a reversible processpc

pa
=

(2)

E E E n x
V

E
,

0.059
p pc pa

p
Δ = − = ×

Δ (3)

The half-wave potentials are calculated using eq 1, where Epc
and Epa are the cathodic and anodic peak potentials,
respectively. The cathodic and anodic peak currents, ipc and
ipa, respectively, were measured manually with a ruler on the
cyclic voltammograms in centimeters to determine reversibility
as a measure of the closeness to unity (eq 2). The number of
electrons, n, in each process was determined using eq 3, where
x is the adjustment factor in each solvent determined by setting
the standard ferrocene number of electrons to 1 (n = 1).
Electrochemistry performed in non-aqueous solvents may have
ΔEp values that are not indicative of the number of electrons;
therefore, the ferrocene standard was used to determine the
true value. See the Supporting Information for more detailed
electrochemistry methods and discussion.
Langmuir Monolayer Compression Isotherms. Lang-

muir phospholipid monolayers were prepared using a Kibron
μtroughXS. The subphase consisted of ∼50 mL of a 20 mM
phosphate buffer (pH 7.4). Phospholipid stock solutions of
18.4 mg (1 mM) of DPPC or 17.3 mg (1 mM) of DPPE were
prepared by dissolving the phospholipid in 25 mL of a
chloroform/methanol solvent [9:1 (v/v)]. Stock solutions (1
mM) of both MK-1 and MK-1(H2) were prepared with 0.97
and 0.96 mg, respectively, in 4 mL of a chloroform/methanol
solvent [9:1 (v/v)]. Then, 20 μL of a stock solution [20 nmol
of DPPC, DPPE, MK-1, or MK-1(H2)] or a mixture (10 nmol
of lipid and 10 nmol of MK) was applied in dropwise fashion
to the surface of the subphase. This was then allowed to
equilibrate for 15 min, allowing the lipids to spread and the
solvent to evaporate. The DPPC/DPPE mixed solution and
MK-1 or MK-1(H2) were prepared by mixing equimolar
amounts of phospholipid and MK analogue in a separate vial
before application to the subphase. The resulting monolayer
was compressed at a rate of 10 mm min−1 (5 mm min−1 from
two sides) with a Teflon ribbon, and the surface tension was
measured using the Wilhemy plate method using a wire probe
as the Wilhemy plate. The temperature of the compression
isotherm experiments was kept consistent at 25 °C using a
circulating water bath. The surface pressure reported is
calculated from eq 4, where π is the surface pressure, γo is
the surface tension of water without lipid (72.8 mN/m40,41),
and γ is the surface tension of water with lipid present during
compression. Each compression isotherm presented herein is
an average of three measurements. The data acquired were
processed using OriginPro version 9.1 graphing software. The
compression modulus was calculated as described in the
Supporting Information.

oπ γ γ= − (4)

Sample Preparation for RM NMR Spectroscopic
Studies. A 0.50 M AOT stock solution was prepared by
dissolving AOT (5.56 g, 12.5 mmol) in isooctane (25.0 mL).
Empty RMs were prepared by mixing a 0.50 M AOT stock
solution with a D2O water pool and then vortexed. MK-1 and
MK-1(H2) RMs were made in a similar manner, the only
difference being a 14.3 mM stock solution for MK-1 or MK-
1(H2) was prepared by dissolving MK-1 or MK-1(H2),
respectively, in a 0.50 M AOT/isooctane solution. The RMs
were then prepared using the MK-1 or MK-1(H2) AOT/
isooctane stock solution. First, 2.0 mL samples were made
using specific amounts of MK-1 or MK-1(H2) AOT/isooctane
stock solution and then diluting the sample to 2.0 mL with the
0.50 M AOT/isooctane solution. From the 2.0 mL solutions,
1.0 mL RM samples were prepared using designated amounts
of the 2.0 mL sample and then adding the proper amount of
D2O at pH 6.65 (see General Methods for pH measurements)
for MK-1 [the D2O pH was 6.71 for the MK-1(H2) samples]
to form RMs of the desired size. The samples were then
vortexed until the solution was clear. The overall concen-
trations for the 1.0 mL MK-1 RM samples are as follows: w0 4,
13.8 mM; w0 8, 6.5 mM; w0 12, 3.5 mM; w0 16, 1.9 mM; and
w0 20, 1.3 mM. The overall concentrations for the 1.0 mL MK-
1(H2) RM samples are as follows: w0 4, 13.8 mM; w0 8, 6.4
mM; w0 12, 3.5 mM; w0 16, 2.0 mM; and w0 20, 1.4 mM.

1D 1H NMR Spectroscopic Studies of AOT/Isooctane
RMs Containing MK-1 or MK-1(H2). NMR spectra of MK-1
and MK-1(H2) in various size RMs, isooctane, and D2O were
obtained using a Varian Inova 400 MHz instrument operating
at 22 °C using routine parameters (45° pulse angle and 1 s
relaxation delay) and 64 scans. The NMR instrument was
locked onto the 10% D2O signal for the RM samples and
locked onto 100% D2O for the sample in D2O. The 1D 1H
NMR spectra of MK-1 or MK-1(H2) in isooctane were doped
with ∼5% d6-benzene for the NMR instrument to lock onto
and to achieve properly shimmed spectra. The spectral data
were processed using MestReNova NMR processing software
version 10.0.1. The spectra were manually phased, and then
the baseline was corrected using a multipoint baseline
correction (cubic splines). The spectrum in D2O was
referenced to the internal D2O peak, and the spectra in
isooctane and RMs were referenced to the isooctane methyl
peak (0.904 ppm) as previously reported.39

Sample Preparation for 1H−1H 2D NOESY and 1H−1H
2D ROESY NMR Spectroscopic Studies in AOT/
Isooctane RMs. RM samples of MK-1 and MK-1(H2) were
prepared in the following manner. A 0.50 M AOT stock
solution was first prepared by dissolving AOT (5.56 g, 12.5
mmol) in isooctane (25.0 mL). A 1.0 mL stock solution of 112
mM MK-1 in an AOT/isooctane solution was prepared by
dissolving 27.7 mg of MK-1 in 1.0 mL of a 0.50 M AOT/
isooctane stock solution. To prepare a w0 12 RM, 894.68 μL of
a 112 mMMK-1 AOT/isooctane stock solution and 105.32 μL
of D2O at pH 7.03 were mixed together and then vortexed
until the solution was clear. The MK-1(H2) w0 12 RM sample
was prepared like that of MK-1 using a 112 mM stock solution
and D2O (pH 7.01). This final mixture results in a w0 12 RM
microemulsion with an overall concentration of MK-1 or MK-
1(H2) of ∼100 mM (∼29 molecules per RM). The NMR
samples containing the MK-1 or MK-1(H2) RM solution were
purged with argon briefly and capped prior to data collection.

1H−1H 2D NOESY and 1H−1H 2D ROESY NMR
Spectroscopic Studies in a w0 12 AOT/Isooctane RM.
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2D NMR spectra of MK-1 and MK-1(H2) in RMs were
obtained using similar conditions and methods described
previously37,42,43 using a 400 MHz Varian MR400 NMR
spectrometer operating at 26 °C for MK-1 and were obtained
using a 500 MHz Varian Inova 500 spectrometer operating at
25 °C for MK-1(H2). A standard NOESY pulse sequence was
used consisting of 200 or 256 transients with either 16 or 32
scans in the f1 domain using a 200 ms mixing time, a 45° pulse
angle, and a 1.5 s relaxation delay. A standard ROESYAD pulse
sequence was used consisting of 256 transients with 16 scans in
the f1 domain using a 200 ms mixing time, a 45° pulse angle,
and a 2.0 s relaxation delay. The NMR instrument was locked
onto the 10% D2O signal. The resulting spectrum was
processed using MestReNova NMR software version 10.0.1
(see the Supporting Information for further details). The
spectrum was referenced to the isooctane methyl peak at 0.904
ppm on both axes as previously reported.39 The 3D
conformation illustration within an RM interface was
constructed using ChemDraw Professional 15.0 and Chem-
Bio3D Ultra 12.0 based on spectral parameters described in
Results and Discussion.
Dynamic Light Scattering (DLS) Studies. RMs for DLS

studies were prepared as described for the NMR spectroscopic
studies except that DDI H2O was used as the water pool
instead of D2O and 0.50 M AOT was diluted with isooctane
after the RM had formed to a final AOT concentration of 0.1
M. The hydrodynamic radius of the RMs was determined by
DLS measurements performed on a Malvern Zetasizer Nano
ZS instrument (Malvern Instruments, Malvern, U.K.). The
DLS cuvette (1 cm × 1 cm, glass) was washed three times with
isooctane followed by three washes with the RM sample. Then,
the cuvette was filled with 1 mL of the RM sample and closed
with a Teflon cap. Each experiment was conducted at 25 °C
and consisted of a 700 s sample equilibration period followed
by 10 measurements consisting of 15 scans each.42 Each
sample was measured in triplicate, and the radius and
polydispersity (PDI) were recorded. The data were analyzed
using Malvern Zetasizer Software version 7.11 and compared
to values reported in the literature.44 See the Supporting
Information for data and interpretation.

■ RESULTS AND DISCUSSION

Synthesis and Characterization of MK-1 Analogues.
We have previously synthesized MK-1,8 and it has been
synthesized by other reported routes;45−49 however, here we
present a scaled-up version and NMR spectral characterization
in chloroform-d (Scheme 1). Menadiol 2 was synthesized as
previously described from menadione 4.37,50,51 To introduce
the isoprenyl side chain, menadiol 2 was treated with 3-methyl-

2-buten-1-ol 1 in the presence of the Lewis acid catalyst, boron
trifluoride.37,51 MK-1 3 was obtained as a red oil in a 23% yield
(Scheme 1). Although the route to obtain MK-1(H2) has been
reported in the literature52 (Scheme 1), the product was not
isolated in pure form or characterized by NMR spectroscopy.
We modified and optimized the reported route to increase the
yield and scaled the reaction up to a preparatory scale using a
similar methodology we recently reported.53 MK-1(H2) 6 was
synthesized by a one-step radical alkylation reaction in which
menadione 4 and 1-iodo-3,7-dimethylbutane 5 were coupled
using benzoyl peroxide as the radical initiator.52,53 MK-1(H2)
6 was obtained as a yellow powder in a 20% yield (Scheme 1).
The menadione/benzoyl peroxide solution was added
dropwise over ∼2 h to the refluxing prenyl iodide solution
to keep the stationary menadione 4 concentration sufficiently
low in the reaction to ensure good selectivity of alkylation,
favoring alkylation at C3 over C2 (Scheme 1).52,53

1D 1H NMR Spectroscopic Studies of MK-1 in Organic
Solvents. The synthesis of MK-1 and MK-1(H2) provided
material to investigate if the solvent environment induced
chemical shift changes. NMR spectra of MK-1 were collected
in various organic solvents ranging from aromatic to non-
aromatic and of differing polarity (Figure 2). The most drastic
chemical shift change observed for MK-1 was in the aromatic
solvents, d6-benzene and d5-pyridine, compared to the other
solvents in Figure 2. This is seen by focusing on the chemical

Scheme 1. (A) Synthetic Scheme for the Allylic Alcohol Coupling Reaction To Form MK-1 3 and (B) Synthetic Scheme for the
Radical Alkylation of Menadione 4 and 1-Iodo-3-methylbutane 5 To Form MK-1(H2) 6

8,37,51−53

Figure 2. 1D 1H NMR (400 MHz) spectra illustrating chemical shift
differences of MK-1 hydrogens between various organic solvent
environments. Abbreviations: ACN, d3-acetonitrile; DMSO, d6-
dimethyl sulfoxide; MeOH, d4-methanol; DCM, d2-dichloromethane;
Pyr, d5-pyridine. A structure of MK-1 with a hydrogen labeling
scheme key is shown in Figure 3.
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Figure 3. 1H−1H 2D NOESY and 1H−1H 2D ROESY NMR (400 MHz) spectra of 20 mM MK-1 in d5-pyridine, d3-acetonitrile (d3-ACN), and d6-
DMSO at 26 °C. (A) Full 1H−1H 2D NOESY NMR spectrum of MK-1 in d5-pyridine. (B) Partial

1H−1H 2D NOESY NMR spectrum of MK-1 in
d5-pyridine. (C) Partial

1H−1H 2D ROESY NMR spectrum of MK-1 in d5-pyridine. (D) Partial
1H−1H 2D NOESY NMR spectrum of MK-1 in d3-

ACN. (E) Partial 1H−1H 2D ROESY NMR spectrum of MK-1 in d3-ACN. (F) Partial
1H−1H 2D NOESY NMR spectrum of MK-1 in d6-DMSO.

(G) Partial 1H−1H 2D ROESY NMR spectrum of MK-1 in d6-DMSO. Blue intensity contours represent negative NOEs or ROEs, and red intensity
contours represent positive NOEs or ROEs. A standard NOESY pulse sequence consisting of 256 transients with 16 scans in the f1 domain using a
500 ms mixing time and a 1.5 s relaxation delay was used. A standard ROESYAD pulse sequence consisting of 256 transients with 16 scans in the f1
domain using a 400 ms mixing time and a 2.0 s relaxation delay was used. The structure of MK-1 is shown with a hydrogen labeling scheme key.
Green arrows indicate hydrogen Hx, where the observed cross peaks differed the most between the three solvents studied.
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shift differences observed between the MK-1 aromatic
hydrogens, Ha/Hb and Hc/Hd. The chemical shift difference

is nearly 1 ppm in d6-benzene compared to 0.2−0.4 ppm in the
other solvents. The methylene hydrogens, Hr/Hs, and the

Figure 4. 1H−1H 2D NOESY and 1H−1H 2D ROESY NMR (400 MHz) spectra of 20 mM MK-1(H2) in d5-pyridine, d3-acetonitrile (d3-ACN),
and d6-DMSO at 26 °C. (A) Full 1H−1H 2D NOESY NMR spectrum of MK-1(H2) in d5-pyridine. (B) Partial

1H−1H 2D NOESY NMR spectrum
of MK-1(H2) in d5-pyridine. (C) Partial

1H−1H 2D ROESY NMR spectrum of MK-1(H2) in d5-pyridine. (D) Partial
1H−1H 2D NOESY NMR

spectrum of MK-1(H2) in d3-ACN. (E) Partial
1H−1H 2D ROESY NMR spectrum of MK-1(H2) in d3-ACN. (F) Partial

1H−1H 2D NOESY NMR
spectrum of MK-1(H2) in d6-DMSO. (G) Partial 1H−1H 2D ROESY NMR spectrum of MK-1(H2) in d6-DMSO. Blue intensity contours represent
negative NOEs or ROEs, and red intensity contours represent positive NOEs or ROEs. A standard NOESY pulse sequence consisting of 256
transients with 16 scans in the f1 domain using a 500 ms mixing time and a 1.5 s relaxation delay was used. A standard ROESYAD pulse sequence
consisting of 256 transients with 16 scans in the f1 domain using a 400 ms mixing time and a 2.0 s relaxation delay was used. The structure of MK-
1(H2) is shown with a hydrogen labeling scheme key. Green arrows indicate hydrogen Hx, where the observed cross peaks differed the most
between the two solvents studied, and black ovals highlight the region that changes the most between spectra.
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naphthoquinone methyl (Hx) also shift in d6-benzene
compared to the other solvents. Via examination of the
chemical shift differences in the spectra in Figure 2, it is clear
that MK-1 is influenced by solvent environment, but whether
MK-1 adopts different conformations in these organic solvent
environments remains unclear.

1H−1H 2D NOESY and 1H−1H 2D ROESY NMR
Spectroscopic Studies of MK-1 and MK-1(H2) in d5-
Pyridine, d3-Acetonitrile, and d6-DMSO. The 1D 1H NMR
experiments demonstrated that the solvent environment
impacts the chemical environment surrounding MK-1 enough
to change the observed chemical shift. However, whether the
conformation of MK-1 and MK-1(H2) changes depending on
the solvent environment remained unclear. Therefore, we used
two different complementary 2D NMR spectroscopic
techniques (1H−1H 2D NOESY and 1H−1H 2D ROESY
NMR) to elucidate the conformation of the MK analogues in
organic solutions. We present the 2D NMR data for MK-1 in
Figure 3, the 2D NMR data for MK-1(H2) in Figure 4, and the
3D conformations for MK-1 and MK-1(H2) in Figure 5. We
used a semiquantitative approach for the 2D NMR conforma-
tional analysis in which NOE/ROE distance intensities are as
follows: a strong cross peak intensity is an ∼2−3 Å distance, a
medium cross peak intensity is an ∼3−4 Å distance, and a
weak cross peak intensity is a >4 Å distance.54 We standardized
the signal intensities on the basis of the intensity of the Ha−Hc
cross peak of MK-1 or MK-1(H2), which was used as the
internal intensity calibrant (the actual distance is 2.5 Å, which
indicates a strong cross peak). Figure 3 shows 1H−1H 2D
NOESY and 1H−1H 2D ROESY NMR spectra of MK-1 in d5-
pyridine, d3-acetonitrile (d3-ACN), and d6-DMSO (see Figures
S3−S11 and S16−S24 for full 2D NMR spectra and Figure
S26 for ROE/NOE correlation traces). These organic solvents
were chosen because they differed sufficiently with regard to

shape, polarity, and aromatic versus non-aromatic and are well
behaved in electrochemical studies.
The conformation of MK-1 in d5-pyridine was determined

by analyzing the 1H−1H 2D NOESY and ROESY NMR
spectra (Figure 3A−C and Figures S3 and S4). Figure 3B
shows a strong NOE cross peak observed between hydrogens
Hr/s and Hz and a weak NOE cross peak between Hr/s and Hy
(see the Supporting Information for hydrogen peak assign-
ments of Hz and Hy). Weak NOE/ROE cross peaks are also
observed between Hx and Hy (Figure 3B,C), which supports a
folded−extended conformation in which the terminal methyl
groups orient themselves in a manner to fold upward (C−C
bond rotation allows the methyl groups to rotate upward)
positioning Hy close enough to Hx to observe a NOE/ROE
cross peak. The weak cross peak (same phase as the diagonal)
observed between Hx and Hz is likely due to TOCSY exchange.
The weak NOE cross peak in Figure 3B between Hx and Hk
has an intensity similar to that of the NOE cross peak observed
between Hx and Hy, which is not explained by an extended−
flat conformation (see Figure S27E and Table S1 for structure
and internuclear distances of the MK-1 flat−extended
conformation). Together, these observations provide evidence
that MK-1 adopts a folded-extended conformation in d5-
pyridine in which the isoprenyl side chain folds upward.
With regard to the conformation of MK-1 in d3-ACN, panels

D and E of Figure 3 (Figures S6 and S7) show a weak NOE/
ROE cross peak observed between Hx and Hz and no cross
peak observed between Hx and Hy. The cross peak observed is
opposite in phase to the diagonal and possibly due to chemical
exchange or TOCSY exchange. TOCSY exchange is more
likely as are there are no readily exchangeable hydrogens in the
molecule. There is a weak NOE cross peak between Hx and Hk
that is visible only in the spectrum upon zooming in on lower
floors, which is not consistent with an extended−flat

Figure 5. MK-1 and MK-1(H2) conformations generated using MMFF94 calculations to illustrate the possible conformations consistent with the
1H−1H 2D NOESY and ROESY NMR spectral studies in which conformations agree with observed cross peak interactions and intensities. MK-1
series: (A) proposed MK-1 conformation in d5-pyridine determined from 1H−1H 2D NOESY and ROESY NMR spectral data for cross peak
interactions (51.8 kcal/mol; Hx−Hy, 4.3 Å), (B) proposed MK-1 conformation in d3-ACN determined from 1H−1H 2D NOESY and ROESY NMR
spectral data for cross peak interactions (48.6 kcal/mol; Hx−Hz, 3.9 Å), and (C) proposed MK-1 conformation in d6-DMSO determined from
1H−1H 2D NOESY and ROESY NMR spectral data for cross peak interactions (47.3 kcal/mol; Hx−Hz, 3.2 Å). MK-1(H2) series: (A1) proposed
MK-1(H2) conformation in d5-pyridine determined from 1H−1H 2D NOESY and ROESY NMR spectral data for cross peak interactions (42.1
kcal/mol; Hx−Hz, 3.6 Å), (B1) proposed MK-1(H2) conformation in d3-ACN determined from 1H−1H 2D NOESY and ROESY NMR spectral
data for cross peak interactions (43.0 kcal/mol; Hx−Hz, 4.0 Å), and (C1) proposed MK-1(H2) conformation in d6-DMSO determined from
1H−1H 2D NOESY and ROESY NMR spectral data for cross peak interactions (41.9 kcal/mol; Hx−Hz, 3.4 Å).
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conformation and is different from that observed in d5-
pyridine, indicating slightly different conformations adopted
between solvent environments. However, the cross peak
intensity between Hr/s and Hz or Hy is similar to that in d5-
pyridine. There is also a NOE/ROE cross peak observed
between Hy and HOD and between Hy and the solvent, d3-
ACN, and interactions between MK and the solvent were not
observed in the 2D NMR spectra of MK-1 in d5-pyridine or d6-
DMSO. On the basis of observations described above, MK-1
likely adopts a folded−extended conformation in d3-ACN that
differs slightly from the folded−extended conformation in d5-
pyridine.
Finally, the conformation of MK-1 in d6-DMSO was

determined. Panels F and G of Figure 3 (Figures S9 and
S10) show a weak NOE cross peak between Hx and Hk and a
medium NOE/ROE cross peak between Hx and Hz and with
no NOE/ROE cross peak observed between Hx and Hy. This is
similar to the cross peaks observed in d3-ACN, but the Hx to
Hz cross peak is stronger in d6-DMSO, indicating slightly
different conformations. These observations would not be
explained by a flat−extended conformation, and MK-1 likely
adopts a folded−extended conformation in d6-DMSO more
similar to that in d3-ACN than in d5-pyridine.
To investigate whether saturation of the alkene in the

isoprenyl side chain influences the conformation of MK-1(H2),
1H−1H 2D NOESY and 1H−1H 2D ROESY NMR spectra
were collected in d5-pyridine, d3-ACN, and d6-DMSO (Figure
4). Similar NOE/ROE cross peaks were observed for MK-
1(H2) in d5-pyridine and MK-1 in d5-pyridine (Figure 4A−C
and Figures S16 and S17). Specifically, a weak NOE/ROE
cross peak between Hx and Hz/Hy, a medium NOE/ROE cross
peak between Hx and Hr/s, and a medium NOE/ROE cross
peak between Hr/s and Hy were observed. There is also no
NOE/ROE cross peak observed between Hx and Hl, which
further supports a folded−extended conformation. This is
suggestive of a similar conformation for MK-1(H2) and MK-1
in d5-pyridine, where both adopt a similar folded−extended
conformation. Similar NOE/ROE cross peaks were observed
for MK-1(H2) in d3-ACN and MK-1 in d3-ACN (Figure 4D,E
and Figures S19 and S20). Specifically, the lack of an
observable cross peak between Hx and Hz/Hy (compared to
a weak NOE/ROE cross peak in the case of MK-1), a medium
NOE/ROE cross peak between Hx and Hr/s, a medium NOE/
ROE cross peak between Hr/s and Hy, and a very weak NOE/
ROE cross peak between Hx and Hk was observed. There is
also no NOE/ROE cross peak observed between Hx and Hl.
This is suggestive of a similar conformation for MK-1(H2) and
MK-1 in d3-ACN, where both adopt a similar folded−extended
conformation. Comparable NOE/ROE cross peaks were
observed for MK-1(H2) in d6-DMSO and MK-1 in d6-
DMSO (Figure 4F,G and Figures S22 and S23). For instance,
a medium NOE/ROE cross peak between Hx and Hz/Hy, a
medium NOE/ROE cross peak between Hx and Hr/s, a
medium NOE/ROE cross peak between Hr/s and Hy/Hz, and a
medium NOE/ROE cross peak between Hx and Hk were
observed. There was also no NOE/ROE cross peak observed
between Hx and Hl. This is suggestive of a comparable
conformation for MK-1(H2) and MK-1 in d6-DMSO, where
both adopt a similar folded−extended conformation.
Considering the similar trends in cross peaks and intensities

observed for MK-1 and MK-1(H2) in d5-pyridine, d3-ACN, and
d6-DMSO, it appears that saturation does not affect the
conformation significantly. The subtle differences observed for

MK-1 and MK-1(H2) in the different organic solvents suggest
that slightly different folded−extended conformations are
adopted between each of the organic solvents, but MK-1 and
MK-1(H2) have very similar conformations in each solvent.
This suggests that there could be a correlation between a
preferred conformation in each solvent environment and that a
simple change such as saturation of a double bond only slightly
influences this preferred conformation. Overall, these truncated
MK analogues appear to adopt folded−extended conforma-
tions in organic solutions based on the 2D NMR data and the
folded−extended conformations differ slightly between solvent
environments. However, it is possible that an equilibrium
population exists between multiple conformations (e.g., folded
and/or nonfolded conformations). The observations from the
2D NMR spectroscopic studies support our first hypothesis
that the most fundamental MK-1 analogues adopt folded
conformations regardless of the degree of saturation in their
isoprenyl side chain.

Illustrating MK-1 and MK-1(H2) Conformations Using
Molecular Mechanics. To clearly show illustrations of MK-1
and MK-1(H2), conformations were generated on the basis of
our interpretation of observed cross peak intensities in the
1H−1H 2D NOESY and ROESY NMR spectral data using a
semiquantitative approach. We used molecular mechanics
(MM) calculations to illustrate and model these conforma-
tions. This allowed us to explore the energy surface of
conformations corresponding to MK-1 or MK-1(H2) in either
d5-pyridine, d3-ACN, or d6-DMSO determined from the
spectral data and provided a means for a visual comparison
between conformations (Figure 5). Specific conformations
were generated by constraining internuclear distances con-
sistent with the observed 2D NMR spectral data and then
energy optimized to calculate an energy value as well as
produce realistic bond lengths and angles.
One of the low-energy conformations generated for MK-1

(Figure 5A; 51.8 kcal/mol; Hx−Hy, 4.3 Å) is consistent with
the 2D NOESY/ROESY spectral parameters in d5-pyridine. A
lower-energy conformation for MK-1 (Figure 5B; 48.6 kcal/
mol; Hx−Hz, 3.9 Å) is consistent with the 2D NOESY/ROESY
spectral parameters in d3-ACN. A slightly lower-energy
conformation for MK-1 (Figure 5C; 47.3 kcal/mol; Hx−Hz,
3.2 Å) is consistent with the 2D NOESY/ROESY spectral
parameters in d6-DMSO. One of the low-energy conformations
generated for MK-1(H2) (Figure 5A1; 42.1 kcal/mol; Hx−Hz,
3.6 Å) is consistent with the NOESY/ROESY spectral
parameters in d5-pyridine. A conformation with a slightly
higher energy for MK-1(H2) (Figure 5B1; 43.0 kcal/mol; Hx−
Hz, 4.0 Å) is consistent with the 2D NOESY/ROESY spectral
parameters in d3-ACN. A lower-energy conformation for MK-
1(H2) (Figure 5C1; 41.9 kcal/mol; Hx−Hz, 3.4 Å) is
consistent with the 2D NOESY/ROESY spectral parameters
in d6-DMSO. All six of these conformations exhibit folding of
the isoprenyl side chain upward out of the quinone plane
(Figure 5) and can be described as folded−extended
conformations. Each conformation for MK-1(H2) is very
similar to that of MK-1 in each organic solvent environment
examined based on 2D NMR studies.
For comparison, conformations seen in panels D and D1 of

Figure S27 are the lowest-energy conformations we found for
MK-1 or MK-1(H2), where an extended−flat conformation
was subjected to a MM simulation using 10000 iterations
followed by an energy minimization, which illustrates that
folded conformations are easily reached and energetically
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favorable. In addition to the folded conformations shown in
Figure 5, a series of alternative flat conformations for MK-1
and MK-1(H2) (panels E, E1, F, and F1 of Figure S27) were
also generated on the basis of what is commonly seen in life
science textbooks and literature and then subjected to energy
optimization.12,55,56 These flat−extended conformations are
∼11−20 kcal/mol higher than the lowest-energy conforma-
tions of MK-1 and MK-1(H2). A table of selected internuclear
distances for conformations seen in Figure 5 and Figure S27 is
given in the Supporting Information.
Importantly, the folded−extended conformations for MK-1

determined in an organic solution closely resemble the folded
conformation of the first isoprene unit of MK-2 (containing
two isoprene units), which we determined previously in the
same organic solvent environments.37

Reactivity of MK-1 and MK-1(H2) in Different Organic
Solvents: Electrochemistry. To determine the effect of
saturation of the MK isoprenyl side chain on the quinone
redox potential, we used cyclic voltammetry to measure the
redox potentials of MK-1 and MK-1(H2). Both MK-1 and MK-
1(H2) have two reversible single-electron redox processes; the
first is the quinone to semiquinone (Q/Q•−) process, and the
second the semiquinone to dianion (Q•−/Q2−) process
(Scheme 2). The half-wave potentials for each redox process
Q/Q•− and Q•−/Q2− in each solvent for MK-1 and MK-1(H2)
are listed in Table S9, and cyclic voltammograms are shown in
Figure 6. The electrolyte tetrabutylammonium perchlorate

(TBAP) was chosen because of its excellent solubility in all
organic solvents. Furthermore, the addition of TBAP to MK-1
solutions in each solvent did not affect the observed chemical
shifts of the MK-1 hydrogens, and thus, no evidence of ion
pairing or association was found (see Figure S28). The water
content of the solvents can affect the semiquinone Q•−/Q2−

process as acidic hydrogens influence hydroquinone produc-
tion, which results in potentials that approach the quinone Q/
Q•− half-wave potentials, and therefore, we compared only the
first redox process, Q/Q•−, in our analyses.57,58 Thus, it was
important that we carried out our electrochemical experiments
in anhydrous aprotic organic solvents as this issue is then
avoided and organic solvents more closely resemble the native
MK environment within a cellular membrane compared to
aqueous solutions.
As shown in Figure 6, the ferrocene couple, Fc+/Fc, was

used as an internal reference standard so that the half-wave
potentials are set to 0 V versus Fc+/Fc. The values of Q/Q•−

E1/2 versus Fc+/Fc for MK-1 in ACN, DMSO, and pyridine
were measured to be −1.227 ± 0.002, −1.158 ± 0.002, and
−1.319 ± 0.001 V, respectively. The values of Q/Q•− E1/2
versus Fc+/Fc for MK-1(H2) in ACN, DMSO, and pyridine
were measured to be −1.247 ± 0.007, −1.179 ± 0.002, and
−1.343 ± 0.001 V, respectively. The values of Q/Q•− E1/2
versus Fc+/Fc are near those reported for 1,4-naphthoquinone
and those previously reported by our group for MK-2.37,59,60

The values Q•−/Q2− E1/2 versus Fc+/Fc for MK-1 in ACN,
DMSO, and pyridine were measured to be −1.882 ± 0.014,
−1.949 ± 0.006, and −2.037 ± 0.005 V, respectively. The
values of Q•−/Q2− E1/2 versus Fc

+/Fc for MK-1(H2) in ACN,
DMSO, and pyridine were measured to be −1.912 ± 0.009,
−1.9947 ± 0.0008, and −2.109 ± 0.005 V, respectively. The
measured quinone half-wave redox potential differences in
these solvents are statistically significant as they are distinctly
different from each other at high confidence intervals (see
Figure 7 caption and the Supporting Information).
The difference in millivolts between the unsaturated MK-1

and the saturated MK-1(H2) quinone redox potential in each
solvent of the less variable Q/Q•− process is of the same
magnitude as ∼20 mV with specific values of 20.033 ± 0.007,
21.333 ± 0.002, and 23.917 ± 0.001 mV for ACN, DMSO,
and pyridine, respectively (Figure 7). The Q/Q•− process
potentials are less variable as the presence of acidic hydrogens
and/or water can create the hydroquinone species, which
results in the Q•−/Q2− process coalescing onto the first redox
potential. Our previous work with MK-2 demonstrated that the
isoprenyl side chain folds over toward the naphthoquinone
moiety and that the solvent environment can influence the
preferred conformation.37 The mixing of molecular orbitals
(MOs) on the naphthoquinone moiety with the isoprenyl side
chain may potentially result in different energies of the
electrochemical band gap (or HOMO to LUMO gap) needed

Scheme 2. Illustration of the One-Electron Reduction of the Quinone (Q) of MK-1 to the Semiquinone Radical Anion (Q•−)
and the Second One-Electron Reduction to the Dianion (Q2−)

Figure 6. Six cyclic voltammograms of 2 mM MK-1 and MK-1(H2) in
ACN, DMSO, and pyridine. The potentials are referenced to the Fc+/
Fc couple internal standard (2 mM) determined in each solvent.
From left to right, redox processes are Q•−/Q2−, Q/Q•−, and Fc+/Fc,
respectively. Each sample has 0.1 M TBAP and was degassed with
argon gas for 10 min at ambient temperature before spectra were
recorded. Current sweeps are in the anodic direction from −2 to 1 V
and back to −2 V vs Ag/AgCl. A 100 mV/s scan rate was used.
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to reduce the quinone carbonyl oxygen to an anionic oxygen
radical. The electrochemical band gap is suggestive of the
potential observed or the energy required to reduce or oxidize
an electrochemical process. This difference in the band gap
energy results in unique half-wave potentials as the energy (E)
and potential difference (V) are directly proportional as shown
clearly by the electrostatic equation E = VQ, where Q is charge.
The saturation or unsaturation of the isoprenyl side chain can
therefore potentially influence these MOs and may alter the
quinone redox potential in this manner. The semiquinone
redox potential difference of ∼20 mV between MK-1 and MK-
1(H2) could indicate the band gap energy difference between
the saturated and unsaturated double bond in the one-unit
isoprenyl side chain. However, the difference of ∼20 mV is
most likely due to an indirect effect manifested by a through-
bond electronic change by the isoprenyl substituent on the
quinone. An indirect substituent effect was used to explain a
redox potential change for an N-aromatic substituent on a
quinone.1 The conformational differences in MK-1 between
solvents were small, and the short isoprenyl side chain has
limited spatial reach toward the naphthoquinone. If such an
effect existed between conformation and redox potential, it
may not be evident in the one-isoprene unit system. However,
suitable high-level computational calculations should be carried
out to characterize the HOMO−LUMO gap of this system and
determine the exact contributions to the observed ∼20 mV
difference.
We also observed a trend in the data of the potential

difference for the Q/Q•− process as compared by solvent
versus degree of saturation (Table S10). For MK-1 and MK-
1(H2), the potential differences in the Q/Q•− process between
ACN and DMSO are 69.250 ± 0.003 and 67.950 ± 0.008 mV,
respectively. The other solvent comparisons also yield values
that agree with each other. For MK-1 and MK-1(H2), the

potential differences in the Q/Q•− process between DMSO
and pyridine are 161.050 ± 0.002 and 163.633 ± 0.002 mV,
respectively. Similarly, the potential differences of MK-1 and
MK-1(H2) of the Q/Q

•− process between ACN and pyridine
are 91.800 ± 0.003 and 95.683 ± 0.008 mV, respectively. This
conserved difference in the Q/Q•− half-wave potentials
between MK-1 and MK-1(H2) in each solvent may signify
that how the isoprenyl side chain folds is truly solvent-
dependent and/or may suggest that the conformation of the
short isoprenyl side chain (five carbons) of MK-1 has little
effect on the observed quinone redox potential in the one-
isoprene unit system.
In summary, both MK-1 and MK-1(H2) during the first

electrochemical process producing the semiquinone have the
most positive potentials in DMSO and the most negative
potentials in pyridine, demonstrating MK-1 or MK-1(H2) is
slightly more reducible in DMSO than in ACN or pyridine.
Most remarkably, the observation of an ∼20 mV change in
quinone Q/Q•− E1/2 between MK-1 and MK-1(H2) supports
our second hypothesis that saturation of the isoprenyl side
chain of MK-1 affects the observed quinone redox potential.
This is the first time that these subtle changes have been
demonstrated in a quinone/MK system. The difference is
presumably mainly due to a through-bond indirect effect,
which results in an electronic perturbation of the quinone
system upon saturation of the isoprenyl side chain. There was
not a large difference between the MK-1 analogue con-
formations, and therefore, changes in the observed redox
potentials are not likely due to conformational differences.
However, a potential correlation should be investigated using
the appropriate fully unsaturated and partially saturated MK-2
analogues in combination with computational methods to
determine if conformational folding of the second isoprene
unit can alter the quinone redox potential in MK analogues
with an unsaturated versus a partially saturated isoprenyl side
chain.

Interaction of Langmuir Phospholipid Monolayers
with MK-1 and MK-1(H2). To understand the interaction and
conformation of fundamental MK analogues within a
membrane environment, we focused on characterizing the
interaction of the most simple, truncated MK analogues, MK-1
and MK-1(H2), with model membrane interfaces. Model
membrane systems, such as Langmuir phospholipid mono-
layers, liposomes, micelles, and RM microemulsions, have been
used to characterize the interaction and location of probe
molecules with membranelike interfaces (Figure 8).44,61−69

Langmuir phospholipid monolayers and RMs are two
complementary model membrane systems that together can
be used to characterize the interaction, location, placement,
and conformation of MKs within a model membrane interface.
Using these two model membrane systems together allowed us
to determine whether MK-1 analogues interact with model
membrane interfaces and if a folded conformation is adopted
within the RM model membrane interface.
Surface-pressure compression isotherm experiments using

Langmuir monolayers (Figure 8A) have been useful in
characterizing interactions among lipids, lipids and fatty
acids,37,40,70−72 and lipids and hydrophilic molecules.42,61,70

During a surface-pressure compression isotherm experiment,
condensing and expanding effects caused by the presence of
another lipid (such as MK) can be observed and changes in
phase transitions of the lipids can indicate an interaction
between the two lipids. To establish that the two MK

Figure 7.Measured E1/2 (vs Fc
+/Fc in volts) of MK-1 and MK-1(H2)

Q/Q•− and Q•−/Q2− redox process vs solvent. Each solvent was run
in triplicate, with error bars shown. Added horizontal lines show the
distinction between each solvent for each redox process. All solvent
comparisons (ACN vs DMSO, etc.) for each redox process half-wave
potential for MK-1 or MK-1(H2) are statistically different with
Student’s t test confidence intervals of 99.9% (p < 0.0001), except for
that of the ACN vs DMSO Q/Q•− of MK-1, which was 99.5% (p <
0.0016) (four degrees of freedom). Comparisons between MK-1 and
MK-1(H2) half-wave potentials of Q/Q•− and Q•−/Q2− for each
solvent were at the 99.9% (p < 0.0001) confidence level, except for
those of ACN, which were 98% (p < 0.0089) and 95% (p < 0.0355),
respectively (four degrees of freedom). See the Supporting
Information for data.
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Figure 8. Schematic diagram of (A) a Langmuir phospholipid monolayer (top) and (B) a reverse micelle (bottom) present in a microemulsion
with the following labeling: (A) water pool, (B) Stern layer, (C) hydrophobic surfactant tails, and (D) organic solvent isooctane. Adapted with
permission from ref 37. Copyright 2018 American Chemical Society.
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analogues interact with membrane interfaces, compression
isotherms of Langmuir monolayers were used to characterize
the interactions of MK-1 and MK-1(H2) with phospholipid
interfaces of common phospholipids found in biological
systems such as dipalmitoylphosphatidylcholine (DPPC) or
dipalmitoylphosphatidylethanolamine (DPPE).73−75 There-
fore, surface-pressure compression isotherms of Langmuir
monolayers consisting of DPPC, DPPE, MK-1, MK-1(H2), or
a mixture of a phospholipid and an MK analogue were
performed to determine if the MK analogues had any effect on
the packing and compressibility of the phospholipids. The
resulting compression isotherms are shown in Figure 9. The
control monolayers of DPPC and DPPE are comparable to
what has been found in the literature.40,76 The DPPC
monolayers both show a characteristic gas−liquid phase
transition at 5 mN/m and collapse at 55 mN/m. The DPPE
monolayers also collapsed at 55 mN/m, which aligns well with
results in the literature.40,76

The MK-1 and MK-1(H2) pure films were compressed in
the same manner as the phospholipid films. Both MK-1 and
MK-1(H2) monolayers did not reach a pressure above 20 mN/
m similar to findings reported for ubiquinone-10 (UQ-10) and
plastoquinone.40,71,77 The films were not able to reach a high
pressure like other lipoquinones, suggesting that the MK films
either slightly soluble in the subphase (similar to UQ-240) as
the pressure was increased or aggregation was occurring, which
has been shown for lipoquinones with longer isoprenyl side

chains.40,71 Most likely, the MK-1 analogues are aggregating as
neither analogue was soluble in D2O (see 1D 1H NMR
RM Spectroscopic Studies).
When the MKs are mixed with DPPC or DPPE

phospholipids, differences in phase transitions and compres-
sion moduli indicate that an interaction with the MK analogues
and phospholipids can be observed. First, the gas to liquid
phase transition for DPPC is nonexistent when either MK-1 or
MK-1(H2) is present. This suggests a condensing effect at low
pressures. Within all the compression isotherms of the mixed
monolayers, a change in slope occurs at ∼20 mN/m [similar to
the collapse pressure of MK-1 and MK-1(H2)], which follows
the pattern in the literature with the MK analogues being
compressed out of the monolayer to the top of the monolayer
similar to UQ.40,71 To determine if the MK-1 analogues still
affected the phospholipid monolayers even at higher surface
pressures, the compression moduli of each curve are compared
in Figure S29 (see the Supporting Information for compression
moduli data and interpretation). In each case, the mixed
monolayer exhibited a decrease in its compression modulus
(easier to compress) than the pure phospholipid monolayers,
indicating that the MK analogues affect the phospholipid
monolayer throughout compression even at physiologically
relevant surface pressures (∼30−35 mN/m).41

Overall, the MK analogues do not form stable monolayers at
high pressures (>20 mM/m) and have a compressing effect on
the phospholipid monolayers, and at higher pressures, the MK

Figure 9. Compression isotherms of MK-1 and MK-1(H2) films (dashed red lines), DPPC or DPPE phospholipid monolayers (solid black lines),
or a 50:50 mixture of MK-1 or MK-1(H2) and a phospholipid (dotted blue lines): (A) compression isotherms of MK-1 and DPPC, (B)
compression isotherms of MK-1 and DPPE, (C) compression isotherms of MK-1(H2) and DPPC, and (D) compression isotherms of MK-1(H2)
and DPPE.
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analogues most likely are compressed out of the monolayer
onto the phospholipid tails similar to previously reported
lipoquinones with longer isoprenyl side chains.37,40,71,77 It is
important to note that the Langmuir phospholipid monolayers
do not provide evidence of a folded MK conformation due to
the nature of the experiment; however, they do demonstrate
that MK-1 and MK-1(H2) interact with the phospholipid
model membrane interface even at physiological surface
pressures like other quinones, and there was not a large
difference observed between the unsaturated and saturated
MK-1 analogue.37,40,71,77

1D 1H NMR Spectroscopic Studies of MK-1 and MK-
1(H2) in RMs. The studies carried out using Langmuir
phospholipid monolayers established that the two MKs
interacted with the phospholipid interface. However, the
placement, orientation, and conformation of the MK-1
analogues within an interface were still uncertain. Therefore,

to fully characterize the location, orientation, and conforma-
tion of the MKs within a model membrane interface, we used
RMs (Figure 8B), which are ternary microemulsion systems in
which the surfactant is dissolved in an organic solvent and the
addition of water creates nanosized water droplets encased in
the surfactant.44,64−66,78,79 MK-1 or MK-1(H2) was placed in
RMs of various sizes (w0 4, 8, 12, 16, and 20; where w0 =
[H2O]/[AOT]), and then 1D 1H NMR spectra were obtained
for each RM size as well as a spectrum in isooctane (2,2,4-
trimethylpentane) (Figure 10).
The chemical shift difference between MK-1 aromatic

hydrogens, Ha/Hb and Hc/Hd, is greater with a value of 0.55
ppm in isooctane versus that of MK-1 in w0 20 = 0.47 ppm or
w0 4 = 0.45 ppm RMs, which is diagnostic of a change in the
environment surrounding MK-1 (Figure 10). Similarly, the
chemical shift difference between MK-1(H2) aromatic hydro-
gens, Ha/Hb and Hc/Hd, is greater with a value of 0.56 ppm in

Figure 10. 1D 1H NMR (400 MHz) spectra of (A) MK-1 and (B) MK-1(H2) aromatic hydrogens Ha, Hb, Hc, and Hd in different sized RMs (w0 4,
8, 12, 16, and 20) prepared from a 0.50 M AOT/isooctane stock solution. MK-1 or MK-1(H2) in isooctane is used as a comparison reference
spectrum, and w0 12 Empty is a control spectrum without MK-1 or MK-1(H2). Peaks are labeled with corresponding hydrogens for MK-1 and MK-
1(H2) (see Figures 3 and 4 for the hydrogen labeling scheme key). Hydrogens, Ha, Hb, Hc, and Hd, undergo a shift upon insertion into the RMs for
both MKs. The overall concentrations for the 1.0 mL MK-1 RM samples are as follows: w0 4, 13.8 mM; w0 8, 6.5 mM; w0 12, 3.5 mM; w0 16, 1.9
mM; w0 20, 1.3 mM. The overall concentrations for the 1.0 mL MK-1(H2) RM samples are as follows: w0 4, 13.8 mM; w0 8, 6.4 mM; w0 12, 3.5
mM; w0 16, 2.0 mM; w0 20, 1.4 mM.

Figure 11. Partial 1H−1H 2D ROESY and 1H−1H 2D NOESY NMR (400 MHz) spectra of MK-1 in a w0 12 RM. (A) Partial ROESY spectrum
illustrating interactions of MK-1 aromatic hydrogens with AOT. (B) Partial NOESY spectrum illustrating interactions of MK-1 Hk hydrogens with
AOT. Blue to blue hydrogen text labeling shows MK-1−MK-1 interactions, and blue to teal hydrogen text labeling shows MK-1−AOT interactions.
Blue intensity contours represent negative NOEs or ROEs, and red intensity contours represent positive NOEs or ROEs. See Figure 3 for the MK-1
hydrogen labeling scheme key and Figure 13 for the AOT hydrogen labeling scheme key. A standard NOESY pulse sequence consisting of 256
transients with 16 scans in the f1 domain using a 200 ms mixing time and a 1.5 s relaxation delay was used. A standard ROESYAD pulse sequence
consisting of 256 transients with 16 scans in the f1 domain using a 200 ms mixing time and a 2.0 s relaxation delay was used.
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isooctane versus that of MK-1(H2) in w0 20 = 0.47 ppm or w0
4 = 0.45 ppm RMs (Figure 10). The loss of splitting (peak
broadening) observed for the aromatic hydrogens as the RM
size decreases is attributed to the poorer ability of MK-1 or
MK-1(H2) to tumble freely within the RM interface of smaller
sized RMs (e.g., w0 4). We were unable to obtain a spectrum in
D2O as neither MK was soluble even after extended sonication
due to the hydrophobicity of the two MK analogues and it is
not likely that either of the MKs are in the water pool due to
the very poor water solubility of each compound. Together, the
results demonstrated that there was a significant chemical shift
difference between the aromatic hydrogens in isooctane and
the RMs for both MK-1 analogues. Therefore, we can conclude
that neither of the MK-1 analogues are interacting with the
isooctane and are residing either at the RM interface or within
the AOT alkyl tail region. Furthermore, DLS experiments were
carried out and demonstrated that inserting MK-1 or MK-
1(H2) into the RM does not alter the size of the RM or destroy
the RMs once inside and the RMs are stable over the course of
NMR experiments (see Table S12). Overall, we concluded that
MK-1 and MK-1(H2) interacted with RMs and resided within
the RM model membrane interface.

1H−1H 2D NOESY and 1H−1H 2D ROESY NMR
Spectroscopic Studies of MK-1 and MK-1(H2) in a RM
Model Membrane System. The 1D 1H NMR spectra of
MK-1 and MK-1(H2) in RMs demonstrated that MK-1
analogues reside within the interface of RMs. However, more
information was needed to determine the orientation, position,
and conformation while the MK-1 species is residing inside the
RM interface. MK-1 was placed inside a w0 12 RM, and
1H−1H 2D NOESY and 1H−1H 2D ROESY NMR spectra
were obtained (Figures 11 and 12 and Figures S12 and S13).
NOE/ROE cross peaks between MK-1 and AOT provide
evidence for the location, orientation, and conformation within
the RM interface. Figure 11A shows ROE cross peaks among
all four aromatic hydrogens of MK-1 and the CH2/CH3 groups
of the AOT alkyl tails. Figure 11B shows cross peaks between
MK-1’s alkene hydrogen Hk and HOD, H1, H3/H3′, and H4/
H4′. Figure 12A also shows cross peaks between hydrogens
Hr/Hs and H1, H3, and H3′, which together indicate that MK-

1 is located within the RM interface. Panels A and B of Figure
12 show NOE/ROE cross peaks between Hr/Hs and Hz,
between Hx and Hz, and between Hz and H1 and H3 and the
lack of a cross peak between Hx and Hk, which supports a
folded conformation for MK-1 while it is residing in the
interface (see Figure S26 for ROE/NOE correlation traces).
On the basis of these observations, MK-1 is oriented in a
manner in which the naphthoquinone is positioned toward the
AOT alkyl tails and the folded isoprenyl side chain is
positioned between hydrogens H1/H1′ and H3/H3′ as
illustrated in Figure 13. A proposed folded MK-1 conformation
that is consistent with the 2D NOESY and ROESY spectral
data is illustrated in Figure 14. The phase of the MK-1 to MK-
1 cross peaks observed in the NOESY spectrum (Figures 11
and 12) within the RM interface is the opposite phase of the
diagonal, indicating MK-1 is behaving as a small molecule
within the RM interface and likely tumbling freely but

Figure 12. Partial 1H−1H 2D NOESY and 1H−1H 2D ROESY NMR (400 MHz) spectra of MK-1 in a w0 12 RM. (A) Partial 1H-1H 2D NOESY
NMR spectrum in a w0 12 RM. (B) Partial 1H-1H 2D ROESY NMR spectrum in a w0 12 RM. Blue to blue hydrogen text labeling shows MK-1−
MK-1 interactions, and blue to teal hydrogen text labeling shows MK-1−AOT interactions. Blue intensity contours represent negative NOEs or
ROEs, and red intensity contours represent positive NOEs or ROEs. See Figure 3 for the MK-1 hydrogen labeling scheme key and Figure 13 for the
AOT hydrogen labeling scheme key. A standard NOESY pulse sequence consisting of 256 transients with 16 scans in the f1 domain using a 200 ms
mixing time and a 1.5 s relaxation delay was used. A standard ROESYAD pulse sequence consisting of 256 transients with 16 scans in the f1 domain
using a 200 ms mixing time and a 2.0 s relaxation delay was used.

Figure 13. Illustration of the placement and proposed conformation
of MK-1 penetrating the RM interface. This arrangement is consistent
with the 1H−1H 2D NOESY and 1H−1H 2D ROESY NMR spectral
data obtained in a w0 12 RM. However, MK-1 likely tumbles freely
within the interface but maintains interactions with the region of AOT
shown in the illustration. The AOT hydrogen labeling scheme key is
shown.
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maintaining interactions with the AOT regions shown in
Figure 13.
To determine if saturation of the isoprenyl side chain affects

the location and orientation within the RM interface, the same
experiment was carried out with MK-1(H2) (Figure S25).
NOE cross peaks are observed between MK-1(H2) aromatic
hydrogens, Ha−Hd, and AOT’s CH2 and CH3 alkyl tail groups
(Figure S25). NOE cross peaks are observed between
methylene hydrogens, Hr/Hs, and HOD, H1/H1′, H3/H3′,
and H4/H4′. NOE cross peaks are observed between the
naphthoquinone methyl, Hx, and HOD, H1/H1′, H3/H3′, and
H4/H4′ (Figure S25). The AOT and isooctane hydrogens
overlapped with MK-1(H2)’s terminal methyl hydrogens, Hz
and Hy, and the methine hydrogen, Hl, signals in the spectrum
for MK-1(H2) within the RM interface; therefore, we were
unable to determine the conformation of MK-1(H2) within the
interface with confidence. Despite this, we would anticipate
that MK-1(H2) adopts a folded conformation similar to that of
MK-1 within the RM interface based on similar interactions
observed in the 1D and 2D NMR experiments carried out for
MK-1. Together, these observations demonstrate that MK-
1(H2) interacted with the interface and has a position and
orientation similar to those of MK-1, indicating that saturation
of the isoprenyl side chain does induce an observable change in
the position and orientation within the RM interface.
Overall, the 1H−1H 2D NOESY and ROESY NMR spectral

data of MK-1 inside an RM interface are consistent with MK-1
adopting a folded conformation within an RM model
membrane interface. Interestingly, the conformation of MK-1
inside the RM interface remains folded but differs slightly from
the folded conformations observed in organic solutions. The
observation that MK-1 adopts a folded conformation within
the RM model membrane interface is important as under-
standing the conformational preferences of the first isoprene
unit of MK will be crucial in determining and understanding
conformations of the naturally occurring longer MK analogues
within cellular membranes.

■ CONCLUSIONS
Lipoquinones such as MK, are special types of lipid-quinones
and are essential components of the ETS. Partial saturation of
MK in these biological systems is necessary for some
organisms to survive such as pathogenic M. tuberculosis.7,8,11

The rationale for the observation of partially saturated MK
derivatives in various organisms remains unclear. It is
intriguing as the double bonds present in the isoprenyl side

chain of MK are not conjugated with each other or to the
redox active quinone system and therefore would not be
expected to affect the redox potential. Interestingly, we recently
showed that MK-2 adopts a folded conformation in which the
double bond in the second isoprene unit is in the proximity of
the quinone carbonyl groups on the naphthoquinone and may
potentially have an influence on the reactivity of the quinone.37

The studies described herein improve our understanding of the
chemical, conformational, and biochemical properties on an
important class of quinone-containing compounds involved in
electron transfer processes. The partially saturated MKs
represent an unrecognized group of biologically significant
molecules that are essential for pathogenic taxonomic
classification.
In this work, we first demonstrated using a semiquantitative

2D NMR spectroscopy approach that the two simplest, most
fundamental MK analogues, unsaturated MK-1 and saturated
MK-1(H2), adopt similar folded−extended conformations in
each organic solvent but differ slightly between each organic
solvent environment. We also observed that the degree of
saturation in the isoprenyl side chain of MK-1 only slightly
alters the conformation. Importantly, the conformations
observed for MK-1 closely resembled the conformation of
the first isoprene unit in MK-2, which we previously showed
adopted folded conformations in solution and within a model
membrane interface.37 Together, these results support the first
hypothesis that MK-1 analogues adopt folded conformations
regardless of the degree of saturation in their isoprenyl side
chain.
The quinone redox potentials of MK-1 and MK-1(H2) were

measured in various anhydrous organic solvent environments.
The organic solvent environments studied more closely
resemble the environment of the cellular membrane in which
native MKs are located and serve as better comparisons for
biological reactivity than those carried out in aqueous
solutions. We demonstrated that the measured quinone
redox potentials of MK-1 and MK-1(H2) varied with the
solvent environment (presumably mainly due to differences in
dielectric constants) where the ease of quinone reduction for
the Q/Q•− process follows the trend DMSO > ACN >
pyridine. Remarkably, we report for the first time that the
degree of saturation in the isoprenyl side chain of MK-1
influences the observed quinone redox potential, where
unsaturation in the isoprenyl side chain of MK-1 makes the
quinone easier to reduce by ∼20 mV and the difference is
conserved across several organic solvents (pyridine, ACN, and
DMSO). The observed ∼20 mV redox potential difference is
presumably due mostly to a perturbation of the electronics of
the quinone system upon saturation of the double bond by an
indirect through-bond effect. The observation of a 20 mV
difference in the redox potential between the two MK-1
derivatives with a saturated and unsaturated isoprenyl side
chain observed in three different solvents is unexpected and
may reflect some important general reactivity pattern of this
system. We speculate that if such a difference is also observed
for the MKs with longer isoprenyl side chains that it may
reflect the biological function of these molecules and
provide evidence for the possibility that such a small difference
in redox potential may be biologically significant. However, in
the simple MK-1 system containing one isoprene unit, the side
chain may not have the spatial reach needed present in the
MK-9 system, and therefore, more data are needed to properly
evaluate the longer MK derivatives. The electrochemical results

Figure 14. Proposed conformation of MK-1 at an RM interface
illustrated using MMFF94 calculations that is consistent with 1H−1H
2D NOESY and 1H−1H 2D ROESY NMR spectral data. (A) Side
view of the energy-minimized folded MK-1 conformation (50.3 kcal/
mol; Hx−Hz internuclear distance, 2.8 Å). (B) Top view of the
energy-minimized proposed MK-1 conformation showing the
isoprene methyl groups positioned folded upward.

Biochemistry Article

DOI: 10.1021/acs.biochem.9b00007
Biochemistry 2019, 58, 1596−1615

1612

http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00007/suppl_file/bi9b00007_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00007/suppl_file/bi9b00007_si_001.pdf
http://pubs.acs.org/doi/suppl/10.1021/acs.biochem.9b00007/suppl_file/bi9b00007_si_001.pdf
http://dx.doi.org/10.1021/acs.biochem.9b00007


confirm our second hypothesis that saturation of the isoprenyl
side chain of MK-1 affects the observed quinone redox
potential.
Finally, combining results, we found MK-1 and MK-1(H2)

both interacted with Langmuir phospholipid monolayers and
RM model membrane interfaces, where MK-1 and MK-1(H2)
had very similar interactions with the Langmuir phospholipid
monolayers (DPPC and DPPE phospholipids) and similar
placement and location within the RM interface. Importantly,
MK-1 also adopted a folded conformation within the RM
model membrane interface, further supporting our first
hypothesis. The results combined from all the conformational
analysis studies presented herein for MK-1 and MK-1(H2)
indicated a folded−extended conformation to be a favorable
and stable conformation for MK-1 analogues. Altogether, these
results are significant as the conformation and reactivity of
these MKs in organic solution and model membrane interfaces
provide a first prediction/consideration of the form that exists
within the native hydrophobic cellular membrane interface.
Overall, the findings of this study improve our under-

standing of how the conformation and the degree of saturation
in the isoprenyl side chain affect the reactivity and function of
biologically relevant molecules. The elucidation of the
conformation of MK-1 and MK-1(H2) in organic solutions
and at a model membrane interface is essential and necessary
as understanding the conformational preferences of the first
isoprene unit of MK is useful for predicting the conformations
of the naturally occurring longer MK analogues within solution
and cellular membranes. We observed that partial saturation in
the isoprenyl side chain only minimally alters the conformation
of MK-1 but may potentially affect the reactivity and function
within biologically relevant environments because a difference
in the redox potential is observed. MK analogues with longer
isoprenyl side chains (e.g., MK-9) may also adopt folded
conformations, although likely much more complex. Saturation
of the double bond in the first isoprene unit of the isoprenyl
side chain serves to only minimally alter the preferred
conformation but distinctly affects the redox function. The
results presented here provide a working model involving the
role of structure and redox potential that explains why partial
saturation of MK is a virulence factor for pathogenic M.
tuberculosis, which is responsible for the deaths of ∼1.3 million
people annually.7,8,80
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