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Drug Delivery from Water to Membrane by NMR:
Diffusion, Membrane Binding and Dissociation, Thermodynamic
Stability, and Cell Membrane Permeability
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Drug delivery from water to lipid bilayer membranes is crucial as a primary step of bioactivities in the cell. To
gain insight into molecular mechanisms of drug deliveries, we have developed the method to monitor dynamic properties
of drugs and lipid components in membranes, by applying high-resolution solution NMR combined with the pulsed-
field-gradient (PFG) technique in a noninvasive manner. The PFG method unveiled the bound component after the
preferential decay of the free component at the high field gradient, where the chemical shift difference between these
components was not enough to distinguish from each other. Using phospholipid vesicles as model cell membranes, we
quantified the diffusivity, the kinetics of membrane binding, and thermodynamic stability of small-sized drugs in relation
to the temperature. Cell membrane permeability was also discussed by real-time in-cell NMR spectroscopy in
combination with isothermal titration calorimetry of the model system. Finally, the dynamical features in lipid
membranes, as platform of drug transport, were characterized by temperature dependence of NMR nuclear overhauser
effect (NOE) in cell-sized giant vesicles, to demonstrate large fluctuation of lipids in the vertical direction to the

membrane surface related to drug delivery phenomena.
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Fig.1 Dynamic model of the drug delivery from water to lipid
membrane.? A part of the drug is bound to the membrane (the
fraction, fg), moves within the membrane (diffusion), and/or
dissociates from the membrane. Here Dr and Dg are the diffusion
coefficients of drugs in bulk water and the membrane. krs and ksr
are the rate constants of binding and dissociation, respectively.
(Color online).
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Fig.2 Molecular structure of 5-fluorouracil (5FU) and '°F NMR
spectra of 5FU in the presence (solid line) and absence (dashed
line) of EPC LUV. Asterisk shows a new peak that appears in the
presence of the membrane. (Reprinted with permission from
Ref.4. Copyright 2008 AIP Publishing LLC).
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Fig.3 Attenuation of '°F NMR signals of 5FU in the presence of
LUV under the magnetic FG (g) of 0.05, 0.15, 0.225, 0.30, 0.35,
0.40, 0.45, 0.50, 0.55, 0.60, 0.65, 0.70, 0.75, 0.80, 0.85, and 0.91
T/m (from left to right). Here the rectangular FG pulses were
applied with a time interval (4ditr) of 100 ms, with the gradient
pulse width (J) of 2 ms. (Reprinted with permission from Ref.4.
Copyright 2008 AIP Publishing LLC.)
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Fig.4 Temperature dependence of the diffusion coefficients of
membrane-bound and free SFU, together with the mobility of the
membrane lipid. Note that the dependence of the bound S5FU
diffusion is deviated from the Arrhenius type at 313 K. For free
5FU and the lipid, the temperature dependences of the diffusion
are of the Arrhenius type with activation energies of 21 (free SFU)
and 26 kJ/mol (lipid), respectively. (Reprinted with permission
from Ref.4. Copyright 2008 AIP Publishing LLC.)
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Fig.5 Signal attenuation of (a) free and (b) bound components
of 5SFU at 293 (o), 298 (<), 303 (0), and 313 K (V). The symbols
represent the experimental values and the solid lines are obtained
by fitting Eqs. (2) and (3) to the signal intensity. The results of 7'
=298, 303, and 313 K are shifted to negative value by -0.5, -1.0,
and -1.5, respectively. The symbols in (a) indicate the average of
the doublet peak intensities, and the error bar represents the
deviation of the observed intensity from the average value.
(Reprinted with permission from Ref.6. Copyright 2009 Elsevier.)
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Fig.6  Arrhenius plots of the exchange rates ksr (@) and krs (A)
of 5FU. The averaged activation energy of ksrand krg is 57 kJ/mol
(shown as solid line). The temperature dependence of the
diffusion coefficient Ds is also plotted as A . The activation
energy of Dp is 26 kJ/mol (dashed line)®. (Reprinted with
permission from Ref.6. Copyright 2009 Elsevier.)
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Fig.7 Dependence of (A) the SFU concentration and (B) the
temperature on the membrane binding. In (A), the fraction of
bound 5FU at 303 K is plotted against the SFU concentration. In
(B), the temperature dependence of the binding is shown at the
5FU concentration of 10 mM. Circles and triangles designate the
results from the '"F and 'H NMR analyses, respectively.
(Reprinted with permission from Ref.4. Copyright 2008 AIP
Publishing LLC.)
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Table 1 Amino acid sequences of membrane-permeable peptides.

Peptide Amino acid sequence
Octaarginine RRRRRRRR
Penetratin RQIKIWFQNRRMKWKK
HIV-TAT GRKKRRQRRRPPQ
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BY, ZORSIIBIT S EREBREOEENRBIND, &
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Fig.8 Real time '°F NMR spectra of '°F-octaarginine (°F-R8)
after addition to cells at (a) 4 and (b) 37 °C.'» The number
attached to each spectrum indicates the passage of time before (0
min) and after the addition to cells (in min unit). At 37 °C (b), a
new peak is observed at —61.84 ppm after 10 min, and gradually
increased with time. The increase of the peak at -61.84 ppm is
coupled with a gradual decrease in the original signal of °F-R8 at
—61.66 ppm. Notice that such kind of signal change is not
observed at 4 °C (a).
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Fig.9 '"F NMR spectrum of "F-R8 in buffer (0 min), and
difference spectra of the real-time in-cell '°F NMR of °F-R8 4, 6,
8, 10, 12, 14 and 16 min after the addition to cells at 4 °C'?.
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Fig.10 ITC associated with the interaction between

octaarginine and heparin.'? (a) ITC for heparin (100 pM)
injection into octaarginine solution (45 pM) at 25 °C. Each peak
in heat flow chart corresponds to the injection of 1.0 uL aliquots
of heparin solution. (b) Heats of reaction (integrated from the
calorimetric trace, and corrected for the dilution control) plotted
as a function of heparin/peptide molar ratio. The solid line is the
best fit to the experimental data, from which the thermodynamic
parameters are determined by using the single site binding model.
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Fig.11 A plausible mechanism for non-endocytic, energy-
independent translocation of '’F-octaarginine into cells.'” The
mechanism involves (i) binding of octaarginine to GAG at the cell
surface, followed by (ii) the transfer to the cell membrane and (iii)
the entry into cytosol. (Color online).
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Fig.12 Differential interference image (A) and fluorescent
microscopic image (B) of cell-sized vesicles composed of 80 %
EPC, 20 % EPG, and small amount of CF-DOPE (1,2-dioleoyl-
sn-glycero-3-phosphoethanolamine-N-(carboxyfluorescein))
prepared for the NMR study (C). The bars in the images
correspond to 20 um. (Color online).
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Fig.13 'H-'"H NOESY (A) and 'H-'"H COSY (B) spectra of cell-
sized vesicle at 303 K. The circle shows the correlation peak
between the protons of hydrophilic choline methyl and
hydrophobic chain methylene and methyl. (Reprinted with
permission from Ref.13. Copyright 2013 Elsevier.)
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Fig.14 The NOE enhancement factor, 77, between the
hydrophilic headgroup choline and hydrophobic alkyl chains of
various sized vesicles plotted as a function of the reciprocal of
thermodynamic temperature. (Reprinted with permission from
Ref.13. Copyright 2013 Elsevier.) (Color online).
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