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Abstract: Small-molecule protein kinase inhibitors are used for the treatment of various diseases.

Although their effect(s) on the respective kinase are generally quite well understood, surprisingly,

their interaction with membranes is only barely investigated; even though these drugs necessarily

come into contact with the plasma and intracellular membranes. Using biophysical methods such

as NMR, ESR, and fluorescence spectroscopy in combination with lipid vesicles, we studied the

membrane interaction of the kinase inhibitors sunitinib, erlotinib, idelalisib, and lenvatinib; these

drugs are characterized by medium log p values, a parameter reflecting the overall hydrophobicity of

the molecules, which is one important parameter to predict the interaction with lipid membranes.

While all four molecules tend to embed in a similar region of the lipid membrane, their presence

has different impacts on membrane structure and dynamics. Most notably, sunitinib, exhibiting

the lowest log p value of the four inhibitors, effectively influences membrane integrity, while the

others do not. This shows that the estimation of the effect of drug molecules on lipid membranes

can be rather complex. In this context, experimental studies on lipid membranes are necessary to

(i) identify drugs that may disturb membranes and (ii) characterize drug–membrane interactions on

a molecular level. Such knowledge is important for understanding the efficacy and potential side

effects of respective drugs.

Keywords: small-molecule kinase inhibitors; lipid membranes; membrane structure; sunitinib;

erlotinib; idelalisib; lenvatinib; NMR; fluorescence

1. Introduction

In order to understand the impact of therapeutically applied drugs on cells, the
knowledge about interactions of the molecules with cellular membranes is of high relevance.
Firstly, plasma membranes can be defined as the primary contact site of the drug with
the cell. Secondly, upon drug uptake, interactions with intracellular organelle membranes
will occur. It can be presumed that this aspect of cellular drug effect(s) is important for
understanding the efficacy and side effects of the respective substances. However, despite
this significance, drug–membrane interactions have not been investigated in detail for
many existing medications.

One obvious approach to anticipate the membrane interaction of membrane active
molecules is to consider their log p value, which quantitatively reflects the partition of
the respective compound between octanol and water. The higher the log p value of a
molecule, and thus the affinity to the hydrophobic octanol phase, the higher should also be
its tendency to incorporate into membranes and therefore the prospect to cause a membrane
impact. The contrary is expected for molecules with low log p values. Of course, focusing
on log p values is a very simplified method and more (physico-chemical) parameters have
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to be considered to understand drug–membrane interactions on a molecular level. This
is in line with the rule of five proposed by Lipinski et al. [1], which includes additional
parameters such as hydrogen bond donors and acceptors as well as the molecular mass
in order to estimate solubility and permeability in drug discovery and drug development
procedures. However, an incorporation of molecules into a certain part of a membrane
is not necessarily accompanied by an influence on its properties, such as membrane
integrity and structure/dynamics of membrane components. The nature, the number
and the localization of drug molecules in the lipid bilayer define the degree of impact
and disturbances.

In case of the family of small-molecule kinase inhibitors, the knowledge about mem-
brane impact is still insufficient. That is why we recently performed studies characterizing
the interaction of those molecules with lipid membranes. Small-molecule kinase inhibitors
are a class of heterogeneous molecules of small size that inhibit the phosphorylation of pro-
teins or lipids by blocking the respective kinases. Since an overregulation of kinase activity
may cause various kinds of cancer disease, the usage of small-molecule kinase inhibitors is
an established approach in cancer therapy. Currently, 65 FDA-approved small-molecule
kinase inhibitors are therapeutically applied (http://www.brimr.org/PKI/PKIs.htm, ac-
cessed on 7 March 2021). Comparing the log p values, these molecules display astonishing
differences covering more than 6 orders of magnitude in the partition equilibrium. In
order to investigate the interaction of small-molecule kinase inhibitors with membranes,
we have focused recently on molecules with high and low log p values, hypothesizing a
large membrane impact for the former and a lower one for the latter. Indeed, we found for
lapatinib (log p = 6.45, calculated with Molinspiration, http://www.molinspiration.com/,
accessed on 15 June 2021) compared to tofacitinib (log p = 0.45) a deeper embedding into
phospholipid membranes and an increased membrane permeability for polar molecules [2].
Consistently, in a comparable study, no disturbance of membrane integrity was observed
for the inhibitor ruxolitinib (which has recently been considered for usage in the treatment
of COVID-19 [3]) having a moderate log p value of 1.83 [4].

In the present work, we studied small-molecule kinase inhibitors with mean
log p values, i.e., we used the drugs sunitinib (log p = 1.95), erlotinib (log p = 2.90), idelalisib
(log p = 3.68), and lenvatinib (log p = 4.36) (structures see Figure 1). We note that this ‘mean’
range of log p values still represents a larger than 100-fold difference in the partition of
respective molecules between octanol and water.

 

Figure 1. Structures and proton assignment of the researched kinase inhibitors (a) suntinib,
(b) erlotinib, (c) idelalisib, (d) lenvatinib, as well as the protons used in 1H-1H MAS NOESY NMR.

http://www.brimr.org/PKI/PKIs.htm
http://www.molinspiration.com/
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Erlotinib inhibits the tyrosine kinase of the epidermal growth factor receptor (EGFR)
and has been used for a couple of years in the treatment of non-small cell lung cancer
(NSCLC) [5]. It showed even more promising results than chemotherapy against advanced
EGFR mutation-positive non-small-cell lung cancer [6] and is also applied in combination
with sunitinib against NSCLC [7]. Sunitinib is a multitarget tyrosine kinase inhibitor that
is often used in the treatment of advanced gastrointestinal stromal tumor when resistant
to imatinib [8] and also results in lengthened progression-free survival in patients with
pancreatic neuroendocrine tumors [9]. Lenvatinib is another tyrosine kinase inhibitor
that is effective against thyroid cancer along with broad antitumor and antiangiogenic
activity [10]. Idelalisib is a representative of the few drugs inhibiting lipid kinases. It affects
phosphatidylinositol-3-kinase activity [11] and is used in the treatment of relapsed chronic
lymphocytic leukemia (CLL) in conjunction with rituximab [12] and is recommended for
treatment of non-Hodgkin lymphoma [13].

The membrane impact of these kinase inhibitors was investigated using various
methods of NMR, ESR, and fluorescence spectroscopy and lipid vesicles containing 1-
palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) and POPC/cholesterol. These two
lipids belong to the major lipid species present in biological membranes. The experiments
should answer the following questions: (i) Do the molecules incorporate into lipid bilayers?
(ii) In which membrane region(s) do the molecules embed? (iii) What influence do the
molecules have on membrane structure, dynamics, and integrity?

2. Results
2.1. Localization of Kinase Inhibitors in the Membrane

1H MAS NMR spectroscopy was used to investigate the localization and orientation
of the kinase inhibitors in the bilayer of POPC membranes. 1H MAS NMR spectra of POPC
membranes in the presence of 20 mol% of the molecules are shown in Figure S1. The 1H
NMR peak assignment for the inhibitors was performed with the help of the SPINUS NMR
prediction (http://neural.dq.fct.unl.pt/spinus/, aceeseed on 15 June 2021), as well as 1H
NMR spectra provided by manufacturers.

Each inhibitor produced unique 1H NMR signals besides those of POPC, which
allowed to measure cross-relaxation rates of the respective protons to molecular segments
of the POPC membrane in 1H-1H MAS NOESY experiments. The plot of these cross-
relaxation rates over the molecular groups of POPC along the membrane normal can be
interpreted as a distribution function of the inhibitor protons across the normal membrane.
Previous works performed similar approaches for many other small molecules including
kinase inhibitors [2,4,14,15]. From these data, conclusions about the membrane position
and orientation of the respective molecule can be drawn.

In Figure 2, exemplary for all measured drugs, the obtained cross relaxations rates of
three protons of idelalisib (I1, I6 and I7, see Figure 1) over the molecular segments of POPC
along the membrane normal are shown. The protons were chosen due to their distribution
over the idelalisib molecule and their well resolved cross peaks in the NOESY spectra (see
Figure S2). All protons exhibit a relatively broad distribution function, which is a result of
the high molecular disorder and the dynamics in lipid membranes. For the protons of I1,
the maximum of this distribution is located in the glycerol region of the membrane. While
for the protons of the aromatic ring (I6), a somewhat deeper position is observed; for the
protons of I7, the maximum is shifted in the direction of the headgroup region. From these
data, one can conclude an average location and orientation of idelalisib with the aromatic
ring pointing into the hydrocarbon region of the membrane, while the naphtalene and
indane-like substructures are oriented towards the aqueous phase.

A similar picture was obtained for the other three inhibitors investigated. All show a
mean position in the glycerol region of the phospholipid bilayer (see Figures S3–S5), but
having broad distributions along the membrane normal, which indicates high molecular
dynamics with regard to rotational and translational mobility. Therefore, it is difficult to
determine a clear orientation of these molecules in the lipid membrane.

http://neural.dq.fct.unl.pt/spinus/
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Figure 2. Normalized cross relaxation rates of the protons (I1-red, I6-blue, I7-green, see also Figure 1)
of idelalisib with the proton groups of the POPC membrane. The data show that the aromatic ring of
the molecule points into the hydrocarbon membrane, while both the naphtalene and the indane-like
substructures are oriented towards the aqueous phase. On average, idelalisib is localized in the
glycerol region of the membrane, however, it remains mobile throughout the bilayer.

2.2. Influence of Kinase Inhibitors on Headgroup and Acyl Chain Behavior of the
Phospholipid Membrane

To investigate the influence of the inhibitor molecules on the structure and dynamics
of the surrounding lipids, 31P and 2H NMR spectroscopy were employed for analyzing the
behavior of the phosphatidyl headgroup and the acyl chains of POPC.

Analysis of line shapes of static 31P NMR powder spectra (see Figure S6) provides
information about the phase state of the phospholipid membrane as well as vesicle orienta-
tion and headgroup dynamics. The 31P NMR line shapes indicate that the lamellar bilayer
phase of the POPC vesicles is maintained in presence of each of the inhibitors. Except
for sunitinib, all other drugs have little to no effect on the mobility of the headgroup as
indicated by very similar values of the chemical shift anisotropy (CSA). Sunitinib slightly
raises the CSA, which indicates a more constrained phosphatidyl headgroup or changes in
head group orientation, probably due to a localization of sunitinib near the aqueous phase.

Static 2H NMR spectroscopy was used to compare the impact of the different inhibitors
on acyl chain behavior, as well as on lipid chain packing. The 2H NMR Pake spectra of
the lamellar liquid crystalline lipid membrane were measured in the presence of each
inhibitor and are shown in Figure S7. Smoothed chain order parameters calculated from
the depaked spectra are shown in Figure 3. The chain extent Lc* was calculated according
to Petrache et al. [16].

Both erlotinib and lenvatinib raise the acyl chain order parameter (see Figure 3a),
which indicates an increase in lipid chain packing, also reflected by the increase in chain
length Lc* (see Table 1). The other two inhibitors sunitinib and idelalisib decrease the
ordering of the lipid chains, with a more pronounced effect in the presence of sunitinib (see
Figure 3b). This corresponds to shorter chain lengths Lc* and a decrease in the lipid change
packing. The four inhibitors can therefore be divided in two subgroups, either increasing
or decreasing the lipid membrane density.
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Figure 3. 2H NMR smoothed order parameter profiles of the sn-1 chain perdeuterated analogue
of POPC (POPC-d31) both in the absence and in the presence of 20 mol% of each of the inhibitors.
While lenvatinib and erlotinib (a) raise the order parameter, indicating stiffening of the membrane,
idelalisib and sunitinib (b) lower the order parameter along the chain.

Table 1. The 31P NMR chemical shift anisotropy (CSA), the average 2H NMR order parameter <S>,
and the calculated chain length LC* of the POPC sn-1 acyl chain for pure POPC-d31 and for POPC-d31

in the presence of the respective inhibitor.

31P CSA (ppm) Lc*[Å] <S>

POPC 45 11.0 0.144
+Erlotinib 45 11.6 0.154

+Lenvatinib 44 11.2 0.147
+Sunitinib 47 10.6 0.130
+Idelalisib 44 10.8 0.136

2.3. Influence of Kinase Inhibitors on Transmembrane Permeation of Anions

The impact of kinase inhibitors on membrane structure was determined by mea-
suring their influence on membrane permeation of the ions dithionite and ascorbate us-
ing a fluorescence- and ESR-based assay, respectively (see Section 4. This permeation is
normally rather slow. A disturbance of membrane integrity e.g., due to the presence
of membrane-inserting molecules, is reflected by an accelerated ion permeation. The
experiments were performed for POPC and POPC/cholesterol (4:1) large unilamellar
vesicles (LUVs), which were labeled with 1-palmitoyl-2-(12-[N-(7-nitrobenz-2-oxa-1,3-
diazol-4-yl)amino]dodecanoyl)-sn-glycero-3-phosphocholine (NBD-PC) or 1-palmitoyl-2-
(4-doxylpentanoyl)-sn-glycero-3-phosphocholine (SL-PC). The fluorescence data show that
lenvatinib, erlotinib, and idelalisib caused a low or no increase of the dithionite permeation
constant for both vesicle types at a lipid to drug ratio (L:D = 5:1) (see Figure 4a,b). Similar
data were obtained in the presence of larger drug concentrations (L:D = 2.5:1), with the
exception of lenvatinib in POPC LUVs, which showed about threefold accelerated NBD-
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reduction kinetics (see Figure S8). Unfortunately, this assay could not be performed for
sunitinib. This molecule has strong light absorption characteristics in the same wavelength
range as the NBD moiety [17], impeding a successful recording of NBD fluorescence in
the presence of sunitinib. However, using the ESR assay, which does not depend on light
absorption, we found in the presence of sunitinib a significant increase of the ascorbate
permeation rate (see Figure 4c,d). This impact was twofold larger in POPC vesicles com-
pared to cholesterol-containing LUVs. In agreement with the dithionite assay, no or only a
moderate increase of the ascorbate permeation rate constant was observed in the presence
of lenvatinib, erlotinib or idelalisib.

 

Figure 4. Influence of small-molecule kinase inhibitors on membrane properties. The membrane
permeation of dithionite for POPC LUVs (a) and POPC/cholesterol (4:1) LUVs (b), and of ascorbate
for POPC LUVs (c) and POPC/cholesterol (4:1) LUVs (d) was measured in the absence and presence
of drugs by fluorescence and ESR spectroscopy. From experimental reduction kinetics of NBD-PC
by dithionite or of spin-labeled-lipids by ascorbate measured at 37 ◦C, the rate constants (kp) for
either anion were determined. The kp values in in the presence of respective drugs (L:D = 5:1) were
normalized to those determined in the absence of the drugs (only addition of DMSO). The mean +/−
SE of three independent experiments are shown. Moreover, the average fluorescence lifetime (τav) of
NBD-PC labelled POPC (e) and POPC/cholesterol (4:1) (f) LUVs was measured in the absence (only
addition of DMSO) or in the presence of the given drugs (L:D = 2.5:1) at 25 ◦C. The data represent the
mean +/− SD of at least three independent experiments.
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2.4. Influence of Kinase Inhibitors on Fluorescence Lifetime of NBD Labelled Vesicles

The measurement and analysis of the fluorescence lifetime of fluorescent lipids may
provide information about the influence of membrane embedded molecules on their
molecular environment [18]. The fluorescence life time of NBD-PC was measured in POPC
and in POPC/cholesterol (4:1) LUVs without and with the addition of the respective kinase
inhibitors. From the kinetics, an average lifetime (τav) was determined (see Section 4.
No changes of τav were detected in the presence of erlotinib, idelalisib, or lenvatinib in
comparison to control vesicles even at a rather large drug concentration (L:D = 2.5:1) (see
Figure 4e,f). Again, these experiments could not be performed for sunitinib.

3. Discussion

In the present study, we investigated the interaction of the small-molecule kinase
inhibitors sunitinib, erlotinib, idelalisib, and lenvatinib with membranes using various
biophysical methods. Compared to other small-molecule kinase inhibitors, these ther-
apeutically applied drug molecules have mean log p values in common, a parameter
describing the overall molecular hydrophobicity. It has been shown that small-molecule
kinase inhibitors with large and small log p values are capable of binding and interacting
to/with lipid membranes ([2], Heerklotz and Scheidt, unpublished data). Therefore, such
interactions have to be assumed also for the inhibitors investigated in this study.

Using 1H MAS NMR spectroscopy, we found that the four investigated molecules
embed mainly into the glycerol region of the phospholipid bilayer with similar distributions
of their molecule segments along the phospholipid structure, though with a broad variance
along the membrane normal. Some molecular segments also show stronger interactions
with the C-2 and C-3 (sunitinib, erlotinib and lenvatinib) or the CH=CH segments of
POPC (idelalisib), reflecting a somewhat deeper penetration into the upper hydrophobic
core of the lipid membrane. Nevertheless, due to the inherent molecular disorder and
internal mobility of lipid membranes, all molecules possess large degrees of rotational and
translational freedom within the membrane, indicating a lack of clear and fixed orientation
within the bilayer.

Notably, despite such a similar membrane embedding, the kinase inhibitors investi-
gated have different impacts on membrane structure and dynamics. While two drugs, i.e.,
erlotinib and lenvatinib, increase the lipid chain packing, the presence of sunitinib and
idelalisib causes a decrease of this parameter. The latter lowering effect is mainly observed
in the middle and lower segments of the fatty acyl chain, which seems to contradict the
preferential incorporation of the molecules into the upper bilayer region. An explanation
might be that the incorporation of drugs into this membrane section induces a certain
“void” space below, allowing greater freedom of movement to the acyl chains. In addition,
the high motional dynamics of the molecules observed along the normal membrane could
also cause an effect in deeper membrane regions.

The kinase inhibitors have different degrees of influence on membrane integrity as
concluded from their impact on ion permeation. While a treatment with sunitinib results
in a significant disturbance of the membrane as seen from the increased permeation rate
constants of ascorbate in POPC as well as in POPC/cholesterol membranes, the other
molecules either not at all or only slightly affect ascorbate and dithionite permeability.
Unfortunately, sunitinib could not be investigated with the alternative dithionite assay (see
above) to confirm the strong impact of this inhibitor on membrane integrity as observed in
the ESR-based assay. Interestingly, the presence of sunitinib also results in the compara-
tively largest decrease of lipid chain order parameters compared to the other molecules.

Furthermore, erlotinib, idelalisib, and lenvatinib have no influence on the fluorescence
lifetime of NBD-PC, indicating no or low disturbances of the membrane structure in the
region of the NBD moiety. This is in line with the other data of this study, proposing a
similar membrane embedding and no or low effects on lipid chain order in the upper
bilayer region for these molecules. Note that the NBD-PC used here bears the label moiety
at the end of a long (C12) fatty acyl chain, which might suggest a localization of the NBD
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group in the deeper hydrophobic membrane region. However, it has been shown that the
NBD group, due to its polarity, loops back to the water/lipid interface, thereby sensing
the conditions of this membrane region [19–21]. Since these experiments also could not
be performed for sunitinib, a potential effect of this molecule on the surrounding of the
NBD-group could not be verified.

The different extents of impact of the four kinase inhibitors on membrane structure
and integrity found in this study underline the necessity to consider various molecular
parameters for explaining drug–membrane interactions [1,22]. Describing the present
data solely on the basis of log p values, the lowest impact on membranes would be
expected for sunitinib. However, this drug, while displaying a similar embedding into
the lipid bilayer like the other inhibitors, causes the strongest influence on membrane
permeation. Notably, we recently found that the kinase inhibitor ruxolitinib, which has
a log p value comparable to sunitinib, does not influence lipid membranes similarly at
identical conditions [4]. Molecular parameters that additionally have to be considered to
understand the physiological impact of drugs, are, among others, the molecular weight,
steric orientations, the dipolar moment, the number and spatial arrangement of hydrogen
bond donor and acceptor atoms, and the topological polar surface area [1]. E.g., it is
conceivable that the presence of hydrogen bond donors and acceptors allows the formation
of hydrogen bonds between a drug molecule and surrounding lipids in the membrane,
which may also influence and define the character of drug embedding into the bilayer and
the interaction with the surrounding lipidic phase [23,24].

Therefore, experimentally investigating the interaction of (medically applied) drugs
with lipid membranes supports our knowledge about physiological drug-mediated ef-
fects [25]. Although those studies are not able to present alternative mechanism(s) of drug
efficacy, i.e., of their specific impact on the respective kinase, they might help to understand
and to overcome unspecific side effects of the drugs, which are as follows:

Firstly, the application of drugs is often accompanied by (unspecific) cytotoxic effects
due to invasive impacts on enzymes, organelles and/or membranes, which have also been
shown for the molecules investigated in this study [26–30]. Such toxicities might be (par-
tially) caused by a drug-mediated cell lysis due to a perturbation of the plasma membrane,
which could be reflected by an increased ion permeability across (lipid) membranes as
found here for sunitinib. Secondly, a drug-mediated influence on membrane properties,
like membrane fluidity or lateral lipid arrangement, may modify the activity of membrane-
bound enzymes [31–33], which might have harmful consequences on the cellular level.
Thirdly, it was shown that tyrosine kinase inhibitors are substrates for and/or inhibitors of
various ATP-binding cassette (ABC) transporters, which require an interaction between
both molecules within the membrane. The knowledge of this process is important for
understanding the pharmacokinetics of drug accumulation within cells (see below) [34–36].

Moreover, drug–membrane studies contribute to understanding and improving the
cellular uptake of the respective substances. For many molecules, the precise uptake
mechanisms, i.e., whether they enter cells by passive diffusion or by active transport
processes like endocytosis or membrane transporters, are unknown. Although some
studies have dealt with this topic, the cellular import process(es) is/are not yet identified
for the inhibitors used here to the best of our knowledge [37–41]. An effective membrane
binding of a drug may support its passive transmembrane diffusion, arguing for an uptake
via diffusion. To the contrary, a low water solubility of hydrophobic molecules may hinder
their effective entrance into target cells. To improve a cellular uptake, e.g., in therapeutic
application, those drugs are incorporated into supra-molecular structures to facilitate their
uptake via endocytosis [42–49].

To summarize, to understand unspecific cellular effects of drugs on a molecular level,
the impact of the molecules on membranes should be considered. For that, experimental
studies on lipid membranes may help to identify drugs with an ability to effectively disturb
membranes. With rising sets of data and of knowledge about potential structural changes
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in the lipid bilayer, the results might be correlated to side effects and prospectively support
the drug development processes.

4. Materials and Methods
4.1. Chemicals

The lipids POPC, cholesterol, NBD-PC, and POPC-d31 were purchased from Avanti
Polar Lipids, Inc. (Alabaster, AL, USA). SL-PC was prepared as described previously [50].
Kinase inhibitors were acquired from Hycultec GmbH (Beutelsbach, Germany), while
all other chemicals were attained from Sigma-Aldrich (Taufkirchen, Germany) and used
without further purification. For the experiments, stock solutions of the drugs were
prepared in DMSO and stored at −80 ◦C.

4.2. Preparation of LUVs

Preparation of LUVs was performed by the extrusion method as described by [51].
Briefly, aliquots of the respective lipids were dissolved in chloroform and dried in a rotating
round-bottom flask under vacuum until a lipid film was formed. Subsequently, lipids were
resuspended in a small volume of ethanol (final ethanol concentration was below 1% (v/v)
and HEPES buffered saline (HBS, 150 mM NaCl and 10 mM HEPES, pH 7.4) was added to
reach a final lipid concentration of 1 mM. After vortexing, the suspension was subjected to
six freeze-thaw cycles. Finally, LUVs were generated by extrusion of the lipid suspension
10 times through 0.1 µm polycarbonate filters at 50 ◦C (extruder from Lipex Biomembranes
Inc., Vancouver, BC, Canada; filters from Costar, Nucleopore, Tübingen, Germany).

4.3. Sample Preparation for NMR Experiments

Both lipids and inhibitors were dissolved in chloroform and mixed together in an
8:2 molar ratio, after which the solvent was evaporated. The samples were re-dissolved
in cyclohexane and lyophilized overnight at high vacuum. A fluffy white powder was
obtained and then hydrated with 50 wt% H2O buffer solution (100 mM NaCl, 10 mM
HEPES, pH 7.4) for 2H and 31P NMR experiments, or D2O buffer for 1H MAS NMR
experiments. The samples were equilibrated by multiple freeze-thaw cycles and gentle
centrifugation, and then transferred to 4 mm HR MAS rotors with spherical Kel-F inserts.

4.4. H NMR and 31P NMR Spectroscopy

Static solid-state NMR spectra were acquired on both a Bruker DRX 300 (for 2H), as
well as a 750 MHz Bruker Avance I (for 31P) NMR spectrometer (Bruker Biospin GmbH,
Rheinstetten, Germany). All measurements were performed at 303 K.

A Hahn echo sequence was used for the 31P NMR experiments, with a relaxation
delay of 2.5 s, 1H decoupling, and a 90◦ pulse of about 3.5 µs. Approximately 20 k scans
were conducted, and a line broadening of 100 Hz was applied. Simulations of the line
shapes were done in a Python 3.7 script.

The 2H NMR spectra were acquired with a phase-cycled quadrupolar echo sequence [52]
with a recycle delay of 1 s. The two π/2 pulses of about 4 µs were staggered by a 50 µs
delay and, depending on the sample, 8 k to 12 k scans were conducted. After depaking [53]
the spectra, smoothed order parameter profiles were calculated according to [54].

4.5. H MAS NMR Spectroscopy
1H MAS NMR measurements were conducted on a Bruker Avance III 600 MHz

spectrometer equipped with a 4 mm HR-MAS probe operating at a MAS frequency of
6 kHz with a π/2 pulse length of 4 µs.

For all 1H NMR spectra, the chemical shift of the terminal methyl group of the POPC
was calibrated to 0.885 ppm relative to TMS. Five different two-dimensional NOESY spectra
were acquired with mixing times between 0.1 ms and 500 ms, a relaxation delay of 3.3 s,
and 256 datapoints in the indirect dimension with at least 32 scans each.
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The volume of the resulting cross- and diagonal peaks was integrated with the Bruker
Topspin 4.0.6 software and cross-relaxation rates were calculated from fits of NOE build-up
curves according to the spin pair model of Scheidt and Huster [14].

4.6. Measurement of Membrane Permeation of Polar Molecules

Two assays were applied in order to measure the impact of drugs on membrane
structure, determining the influence of kinase inhibitors on the permeation of anions, i.e.,
dithionite and ascorbate, across membranes. The assays employ the property of dithionite
and ascorbate to rapidly reduce and irreversibly quench the fluorescence of the NBD
group and the ESR signal intensity of spin-labeled lipids, respectively [15,55–57]. When
the labeled lipids are incorporated into unilamellar lipid vesicles, the anions quench the
signal intensities of the respective labeled lipids in the outer membrane leaflet, which is
observed by a rapid initial decrease of signal intensity. Subsequently, the fluorescence
or ESR signal intensity decays slowly due to a slow permeation of dithionite/ascorbate
across the membrane, reacting with the labeled lipids in the inner membrane leaflet. The
rate constant for the slow decrease (kp) (i.e., permeation of dithionite/ascorbate across the
membrane) was used as parameter for membrane integrity [58,59]. The values of kp in the
presence of the drugs were normalized to the respective values in the absence of drugs and
in the presence of an equivalent volume of DMSO (solvent of drugs).

4.7. Measurement of Fluorescence Lifetime

POPC LUVs containing 1 mM lipid and 0.5 mol% NBD-PC were mixed in a cuvette
with the respective kinase inhibitor or DMSO (same volume as used for the drugs). Flu-
orescence lifetimes on LUVs were measured by time-correlated single photon counting
using a FluoTime200 Time-resolved Spectrometer (Picoquant, Berlin, Germany). A 467 nm
laser was used for excitation, whereas emission was detected at 540 nm. Data were ac-
quired up to 20,000 counts based on the maximum of the fluorescence lifetime decay curve.
The lifetime decay kinetics for both sets of experiments were fitted with two exponential
components. From these fittings, an average fluorescence lifetime (τav) was determined
according to Equation (1):

τav =

∑i αi·τi

∑i αi
(1)

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/ph14080746/s1, Figure S1: 1H MAS NMR spectra of POPC in the presence of 20 mol% of
each inhibitor, Figure S2: Counter plot of the aromatic region of the 1H MAS NOESY spectrum of
20 mol% idelalisib in a POPC membrane, Figure S3: Normalized cross relaxation rates of the protons
(E1, E2, and E6) of erlotinib, Figure S4: Normalized cross relaxation rates of the protons (L2, L3,
and L5) of lenvatinib, Figure S5: Normalized cross relaxation rates of the protons (S1, S2, and S4) of
sunitinib, Figure S6: 31P NMR powder spectra of both pure POPC and within and without presence
of 20 mol% of each inhibitor, Figure S7: Static 2H NMR powder spectra of both pure POPC-d31, and
POPC-d31 in presence of 20 mol% inhibitor, Figure S8: Influence of small-molecule kinase inhibitors
on membrane integrity.
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