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ARTICLE INFO ABSTRACT

Nanodiscs (NDs), self-assembled lipid bilayers encircled by membrane scaffold proteins (MSPs), offer a versatile
platform for the reconstitution of membrane proteins for structural and biochemical investigations. Saturated,
isoprenoid lipids are commonly found in thermophiles and have been associated with thermotolerance. To test
whether these lipids confer additional stability on ND-incorporated membrane proteins, this study focuses on the
thermal stability of human cytochrome P450 3A4 (CYP3A4) inside NDs composed of different phosphocholine
lipids: 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC), 1,2-dimyristoyl-su-glycero-3-phosphocholine
(DMPC), and 1,2-diphytanoyl-sn-glycero-3-phosphocholine (DPhPC). NDs were characterized using size-
exclusion chromatography coupled with multi-angle light scattering (SEC-MALS) and densitometric SDS-
PAGE. CYP3A4-DPhPC-NDs were found to comprise three MSP copies instead of the canonical dimer, as re-
ported before for the empty NDs. Rapid, thermally induced unfolding of CYP3A4 inside NDs measured using
circular dichroism and differential scanning fluorimetry (nanoDSF) revealed that the CYP3A4 melting temper-
ature was dependent on ND composition. In POPC and DMPC-CYP3A4-NDs the melting temperature was com-
parable to CYP3A4 without NDs (59 “C). CYP3A4 in DPhPC-NDs showed an increase in melting temperature of
4 °C. Decline in CYP3A4 integrity as well as ND aggregation and disintegration occur at similar rates for all
membrane types when subjected to exposure at 37 "C for several hours, The POPC and DMPC- CYP3A4-NDs show
significant lipid loss over time, which is not observed for DPhPC-NDs. The results demonstrate that thermally
induced denaturation of protein-NDs is a complex, multifaceted process, which is not represented well by rapid
thermal unfolding experiments.
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1. Introduction

Apolipoprotein Al (ApoAl), the predominant constituent in high-
density lipoprotein (HDL) of the human reverse cholesterol transport
pathway, has the capacity to bind lipids and form discoidal particles
stable in solution [1,2]. From ApoAl, membrane scaffold proteins
(MSPs) have been derived, comprising solely the lipid-binding helical-
repeat domains of ApoAl. They similarly wrap around the hydrophobic
alkyl chains of lipids in a belt-like fashion to form nanometre-sized
protein-lipid Nanodiscs (NDs) [3,4]. NDs provide a platform for the
reconstitution of membrane proteins of interest for structural and bio-
physical studies, and have been extensively reviewed [5-10]. NDs, with
their ability to mimic the lipid environment of biological membranes,
have emerged as a valuable tool for studying enzymes in a monomeric
state. Here, we used cytochrome P450 3A4 (CYP3A4) to study the
integrity and stability of a membrane protein in NDs. CYP3A4 is
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advantageous as a model protein because the haem prosthetic group
allows independent evaluation of thermal stability of the membrane
protein inside NDs. CYPs are found in the human liver and intestinal
tract, where they reside primarily in the endoplasmic reticulum mem-
brane [11], and have a major role in biotransformation of both endog-
enous ligands, such as in steroid biosynthesis, and the breakdown of
xenobiotics. It has been predicted that CYPs are involved in ~75 % of
metabolism of all marketed drugs, with CYP3A4 being the most preva-
lent human isoform [12,13]. CYPs are haem-thiolate proteins that ca-
talyse mono-oxygenase reactions. Their involvement in the metabolism
of a diverse range pharmacologically active substances found in food
and medicine makes them susceptible to inhibition or activation by
concomitant drug administration [14]. CYPs are attached to the mem-
brane via a single transmembrane helix, and are able to cruise over the
membrane surface while being partially submerged [13,15-17]. The
CYP3A4 active site haem can be reached with the help of a network of
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access/egress channels from/to both the aqueous and membrane envi-
ronments to enable interactions with a range of substrates and products
that differ in hydrophobicity. Thermal stability of CYP is highly
dependent on single nucleotide polymorphisms (SNPs), and exposure to
elevated temperatures leads to conversion to the so-called P420 form
(loss of iron coordination of the axial cysteine ligand) and a concomitant
decrease in activity [18-21]. NDs have been used to study these enzymes
in a monomeric state, helping to the elucidate mechanisms of the homo/
heterotropic cooperative substrate binding, accommodated by the
spacious active site of CYP3A4 [22-25].

The mono-unsaturated lipid 1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC, 16:0-18:1) has a main lipid phase transition tem-
perature (Tj) of —2 °C in liposomes and is the most commonly used lipid
for reconstitution of P450 enzymes at low temperatures. The thermal
stability of CYP3A4-POPC- NDs has been investigated using differential
scanning calorimetry (DSC) [16]. In this study a higher thermal stability
was reported for CYP3A4 inside NDs than in solution, in which CYP3A4
is in an aggregated state. The fully saturated lipid 1,2-dimyristoyl-sn-
glycero-3-phosphocholine (DMPC, 14:0, T, = 24 °C) was also
employed in an earlier study by McClary and coworkers to investigate
the effect of mixed membranes of POPC and DMPC on CYP3A4 thermal
stability using DSC and circular dichroism (CD) spectroscopy [26]. It
was reported that CYP3A4 thermal stability improved with an
increasing fraction of DMPC, with an optimum at 50 % DMPC.

Previously, we have compared the thermal stability of empty NDs
comprising different phosphocholine lipids. NDs were prepared with
lipids that differ in saturation, have either ether- or ester linkages be-
tween the fatty acid and glycerol backbone or contain isoprenoid fatty
acid tails [27]. Fully saturated lipids such as dipalmitoylphosphati-
dylcholine (DPPC, 16:0) produced the most thermostable NDs. Howev-
er, DPPC membranes have a high Ty, of 41 °C, which is detrimental for
the incorporation of CYP3A4 and, therefore, was not used in this study.
1,2-Diphytanoyl-sn-glycero-3-phosphocholine (DPhPC, 16:0, 4ME) has
unique properties stemming from its saturated isoprenoid lipid tails.
DPhPC membranes display no measurable temperature transition be-
tween ~120 and + 120 °C and their NDs deviate from classic NDs by
comprising a third copy of the MSP instead of the canonical dimer [27].
Isoprenoid alkyl chains lipids are commonly found in the membranes of
thermophilic Archaea and have been associated with thermotolerance
[28,29]. Here, POPC, DMPC and DPhPC lipids (Fig. 1) were selected to
prepare NDs, incorporate CYP3A4 and test if the stabilizing effect of the

1-palmitoyl-2-oleoyl-glycero-3-phosphocholine
(POPC, 16:0-18:1)
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Fig. 1. Chemical structures of the phospholipids used for ND assembly.
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lipids on ‘empty’ NDs can be translated to a membrane protein-
incorporated ND.

Self-assembled molecular systems such as NDs comprise multiple
components, and inherently form heterogeneous particles. NDs have a
size limit determined by maximum number of lipids that can be confined
by the MSP belt. However, smaller products than the maximally loaded
configuration are much more likely and can be considered the rule
rather than the exception [30]. Unfortunately, the self-assembly process
is not well understood, but critically depends on the stoichiometry of the
components, which have to be laboriously optimized. When a target
membrane protein is introduced, and alongside it, co-purified lipids and
detergent, heterogeneity can increase. Particles surpassing the theoret-
ical size of a protein-ND with one protein molecule could be carrying
multiple copies of the protein or consist of an aggregate. Such species
may nevertheless contain functional membrane protein, but depending
on the downstream applicaton could be deleterious. Even within a
single, well-resolved size exclusion chromatography (SEC) peak, a dis-
tribution of the assembly components is often found. We and others
[27,31-33] have shown that the lipid component decreases steadily
across the elution peak, meaning that the trailing end of the peak rep-
resents NDs with fewer lipids than the NDs at the front of the peak. To
obtain a sample that is as monodisperse as possible, a trade-off has to be
made between yield and homogeneity. Thus, it is of importance to
visualize the underlying particle distributions to optimize the assembly
procedure towards a desired composition. In this paper we address ND
size distributions encountered after a typical ND reconstitution experi-
ment, next we determine the molecular weight (Mw) of the particle
populations and their composition through densitometric and SEC-
MALS protein-conjugate analysis. Our main objective is to investigate
the effect of lipid composition on the formation and thermostability of
protein-NDs complexes and establish whether ND lipid composition can
extend the lifetime of an incorporated target membrane protein.

Interestingly, CYP3A4-DPhPC-NDs were shown to contain three
copies of the scaffold protein instead of the canonical dimer of MSP, in
line with what was observed in our prior research on empty DPhPC-NDs
{27]. In CYP3A4-NDs formed with POPC and DMPC, the melting tem-
perature closely resembled that of CYP3A4 in solution, whereas CYP3A4
in DPhPC-NDs exhibited a significant increase in melting temperature.
However, this stabilization does not translate to a longer lifetime when
exposed for several hours to 37 °C, which leads to a decline in CYP3A4
integrity as well as aggregation and disintegration of NDs. During such
incubations, lipid loss is observed for POPC and DMPC-NDs but not for
DPhPC-NDs.

2. Results

2.1. CYP3A4-NDs assembled with DPhPC contain three copies of
MSP1D1

NDs were prepared by dissolution of dry lipid into aqueous buffer
containing cholate detergent, MSP1D1 and CYP3A4 labelled with a His-
tag. Self-assembly of NDs was initiated by removal of detergent through
dialysis at the lipid phase transition temperature. The resulting mixture
was applied to an immobilized metal affinity chromatography (IMAC)
column to remove empty NDs, followed by size-exclusion chromatog-
raphy (SEC). Analytical SEC coupled to multi-angle light scattering
(SEC-MALS) and densitometric SDS-PAGE were used to characterize the
SEC fractions expected to contain the NDs to determine the weight
fractions of CYP3A4-ND components. Empty NDs assembled with
DPhPC lipids comprise three copies of the scaffold protein [27], raising
the question whether a third copy of MSP1D1 is also present in CYP3A4-
NDs. The data show that CYP3A4-DPhPC-NDs have a size of ~190 kDa
and comprise three copies of MSP1D1 as determined by densitometric
SDS-PAGE, and mostly contain one copy of CYP3A4, as was measured by
SEC-MALS (Fig. 2). Another species of ~240 kDa was identified which
contains two CYP3A4 copies (Table 1). Itis difficult to fully resolve these
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Fig. 2. Characterization of CYP3A4-DPhPC-NDs size and composition. (A) After self-assembly, NDs were purified by IMAC to remove empty NDs, followed by
preparative SEC, absorbance was monitored at 280 nm. (B) The underlying particle populations of the initial SEC experiment shown in A were further resolved by
reinjection of the numbered fractions on a SEC-MALS system. The total Mw of the CYP3A4-DPhPC-NDs is shown in the SEC-MALS chromatogram. The Mw of CYP3A4
and of the ND conjugate (MWnanogiscy MSP + lipids), were determined by protein conjugate analysis around the peak maxima, using the 417 nm absorbance to
quantify CYP3A4. All fractional Mw data are summarized in Table 1. (C) The ratios of MSP1D1 and CYP3A4 were measured by densitometric SDS-PAGE for each
fraction. The relative band intensity was quantified by comparing to MSP1D1 and CYP3A4 standards of known concentrations. (D) The linear relationship between
band intensity and amount of protein was used to calculate the molar ratio between the components. As can be seen from the table in D, CYP3A4-DPhPC-NDs contain
three copies of MSP1D1 per ND, instead of the canonical dimer, as was previously determined for DPhPC-NDs without an inserted protein [271. Due to the presence of
higher Mw species, determined by SEC-MALS to contain two copies of CYP3A4 (~10.5 mL), early fractions show a lower average MSP1D1 / CYP3AA.

Table 1

Size and composition of CYP3A4-DPhPC-ND fractions in Fig. 2, measured at peak maxima by SEC-MALS protein-conjugate analysis. The expected size for CYP3A4-
DPhPC-NDs was calculated by assuming three copies of MSP1D1, one copy of CYP3A4 and 24-30 DPhPG lipids per MSP1D1 [27]. The expected Mwcypzas Was
calculated from the amino acid sequence, with the addition of haem b. The 1st SEC fraction contained a mixture of NDs with one or two copies of CYP3A4, producing an
Mwcypsas of ~100 kDa at the apex of the peak.

SEC fractions Mwcypans-np (kDa)" Mweypaas (kDa) MWyznodise (kDa)¢ MW ipid (kDa)"! Lipids/nanodisc Lipids/MSP1D1

Expected size 193 =7 59 135 =7 68 + 8 81 =9 27 +£3
fr. 1 248 103 145 79 93 31
Fr.2 192 63 129 63 74 25
Fr.3 191 60 130 64 76 25
Fr. 4 186 58 128 62 73 24
Fr. 5 188 62 126 60 71 24

3 Mwcypsaqnp IS the size of the entire CYP3A4-ND complex calculated using the A4j7,m and dRI signals to determine the concentration for the light scattering
calculations.

b Mwcypsas was determined using the A4 70m to determine the concentration of CYP3A4 for the light scattering calculations.

€ MWnanodisc is the calculated weight fraction of the conjugated ND, after subtraction of Mwcypaaq from Mwcypsas.np-

d Mwy,iq was calculated by subtracting three copies of Mwysp1pi(-hisy (3 x 22 kDa) from Mwyanodisc:
NDs, so an average Mw of NDs is obtained for the overlapping peaks. 2.2. CYP3A4 is thermostabilized in DPhPC NDs
However, the measured weights are in close agreement with the ex-
pected values based on the Mw of CYP3A4 and empty DPhPC-NDs. The
Mw of CYP3A4 was measured directly by protein-conjugate analysis

CYP3A4-NDs comprising POPC, DPhPC or DMPC were freshly puri-
fied for a comparison of thermal stability of CYP3A4 inside NDs with

using the absorbance at 417 nm from the haem Soret band to determine
the concentration for the light scattering calculations. For proteins
lacking an absorbance band other than the one at 280 nm, it is difficult
to distinguish between MSP and target membrane protein. In that case a
densitometric analysis is especially useful to supplement the SEC-MALS
protein-conjugate analysis.

different lipid compositions. Interestingly, the highest yield of CYP3A4-
NDs was obtained by reconstitution with DPhPC, followed by POPC and
DMPC lipids, suggesting that DPhPC is suited for the reconstitution of
membrane proteins that are not natively present in isoprenoid mem-
branes. It was also apparent from the SEC purification after self-
assembly (Fig. 3) that formation of CYP3A4-DMPC-NDs does not effi-
ciently take place at 25 °C and yields heterogeneous particles, because a
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Fig. 3. SEC purifications of CYP3A4-NDs prepared with POPC, DMPC or DPhPC
lipids after self-assembly are shown on the left (empty NDs were removed prior
to SEC by IMAC). The highlighted area depicts the ND fractions that were
reinjected on an SEC-MALS system (chromatograms on the right). The Mw of
the entire CYP3A4-ND complex are shown, the CYP3A4 and lipid weight
fractions can be found in Table 2. Note the Mw plateauing at the peak apex
(~200 kDa} and the larger Mw of the two-copy CYP3A4-NDs (~250 kDa) and
aggregates species (> 250 kDa) to the left of the main ND peak. The NDs in the
2nd fractions (darker colours) are more homogeneous.

broad elution peak and aggregates are present.

Nevertheless, CYP3A4-DMPC-NDs could be isolated as confirmed by
SEC-MALS (Fig. 3), and the sizes and composition of all freshly purified
CYP3A4-NDs are summarised in Table 2. The SEC calibration standard
curve for the initial ND purification is shown in Fig. S1. Note the left
shoulder peak around 10.5 mL elution volume for CYP3A4-POPC-NDs
and CYP3A4-DPhPC-NDs, which contain two copies of CYP3A4.

To investigate the thermal stability of CYP3A4 inside different lipid
membranes, CD spectroscopy and differential scanning fluorimetry
(nanoDSF) measurements were employed. CD provides a measure of the
unfolding of proteins as a function of temperature. From the midpoint of
the unfolding transition, the protein melting temperature (Tm) is
derived. Proteins like CYP3A4 and MSP1D1, which are largely alpha

Table 2
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helical, display characteristic minima at 208 and 222 nm. For an
aggregate of CYP3A4 in the absence of detergent, the loss of CD signal at
222 nm was measured between 20 and 95 °C (Fig. 4). A clear unfolding
transition was observed with a T, of 59.6 £ 0.1 °C, which was repro-
ducible between different batches of purified protein and is similar to
what has been reported in literature [34]. The steep slope of the
unfolding transition is indicative of positive cooperative unfolding of the
aggregated CYP3A4. The same temperature scan was performed for
empty POPC, DMPC and DPhPC-NDs to measure the change in residue
ellipticity at 222 nm originating from the ND scaffold proteins (Fig. 5.).
Unfolding of MSP1D1 in empty POPC and DMPC-NDs was very com-
parable, however, for DPhPC-NDs the onset of the unfolding transition
happens earlier. At the same ND concentration, the mean residue
ellipticity of DPhPC-NDs MSPs was exactly 1.5 times that of POPC and
DMPC-NDs, in line with the presence of a third copy of MSP in these NDs
and suggesting that the MSPs have a comparable «-helical fold at 20 °C.
The reason for an earlier onset of unfolding is unclear, but may be
related to the presence of three MSP copies in DPhPC-NDs. The
unfolding transition for empty NDs is incomplete, therefore T, values
were not determined, but these are estimated to be above 75 °C. To
determine the Ty, for CYP3A4 in NDs, the background change in ellip-
ticity of the empty NDs was subtracted from the CD temperature scan of
the CYP3A4-NDs, yielding Ty, values of 58.7 + 0.3, 58.3 + 0.3 and 62.4

O CYP3A4 batch #1
O CYP3A4 batch #2

1.0

o =)
o )
I} i

o

Normalised CD
+

o
N
1

0.0 1

30 40 50 60 70 80 90 100
Temperature (°C)

Fig. 4. CD spectroscopy temperature scan for CYP3A4 in solution without
detergent from two purification batches. The average melting temperature, Ty,
is 59.6 = 0.1. -C.

Size and composition of CYP3A4-NDs assembled with POPC, DPhPC and DMPC lipids measured by SEC-MALS, averages of five replicate measurements are shown =

two standard deviations of the mean.

CYP3A4-NDs containing Mwcypaaq-np (kDa)” Mwcypaas (kDa)

MWnanodise (kDa)®

Mwiipia (kDa) Lipids/nanodisc Lipids/MSP1D1

POPC Expected 198 59
POPC, Fr. 1 197 £ 1 60 + 0.8
POPC, Fr. 2 186 + 1 60 £ 0.8
DMPC Expected 208 59
DMPC, Fr. 1 210 +£5 58 +3
DMPC, Fr. 2 1955 53+3
DPhPC Expected 193 59
DPhPC, Fr. 1 193 +2 58 + 2
DPhPC, Fr. 2 181 = 2 57 +2

140
136
127
150
153
142
135
134
124

96" 126 63
+ 08 92 + 0.8 121 +1 61+1
+0.8 83 £ 0.8 108 +1 55+ 1

106° 156 78
+5 109+ 5 160 + 8 80+ 4
*5 98 +5 144 £ 8 72+ 4

68° 81 27
+2 68 + 2 80 £3 27 +1
+2 58 +2 68 £ 3 23+1

® Mwcypaasa.np is the size of the entire CYP3A4-ND complex calculated using the A417,m and dRI signals to determine the concentration for the light scattering

calculations.

® Mwcypzas was determined using the A4i7nm to determine the concentration of CYP3A4 for the light scattering calculations.
© MWnanodise i the weight fraction of the conjugated ND, after subtraction of Mwcypsas from MWcyp3a4-ND-

Mwyipia was calculated by subtracting three copies of MWwspipi( his) (3 x 22 kDa) from Mwpanodisc-
¢ The expected Mwypiq is based on empty ND composition with 4 lipids displaced by CYP3A4 membrane helix per ND.
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Fig. 5. CD spectroscopy temperature scan for empty (lipid-only) and CYP3A4-NDs comprising POPC (black squares), DMPC (red circles) and DPhPC (blue triangles)
lipids. (A) The MSP inside empty NDs does not display complete unfolding over the measured temperature range. (B) The unfolding transition of CYP3A4 in NDs is
the summation of the effects on the MSP and CYP3A4. The arrow indicates where the unfolding of CYP3A4 is clearly visible. (C) Subtraction of the CD signal from the
respective empty NDs yields the curves for CYP3A4 unfolding inside NDs. Sigmoidal fits are represented by the solid lines and T,,’s are indicated by the vertical
dotted lines, and listed in Table 3. (D) The 1st derivatives of the unfolding transition fits show a ~ 4 “C higher T, for CYP3A4 in DPhPC NDs than in POPC or DMPC
NDs. The CD curves for DMPC and POPC samples are displaced vertically for clarity.

+ 0.4 °C for POPC, DMPC and DPhPC-CYP3A4-NDs, respectively.

NanoDSF measures the fluorescence intensity ratio at 350 / 330 nm
of intrinsic tryptophan and tyrosine residues in MSP1D1 and CYP3A4,
which become solvent exposed upon unfolding. Thermally induced
unfolding curves of CYP3A4 in solution without detergent measured by
nanoDSF closely resemble the CD data, showing a single T, at 59.3 +
0.3 (Fig. 6). Similar to the CD analysis, for CYP3A4-NDs, the contribu-
tion of the empty NDs to the total fluorescence intensity ratio was sub-
tracted (Fig. 7). The two methods yield very similar results (Table 3) and
show that CYP3A4 in POPC- and DMPC-NDs has a melting temperature
similar or slight less than in solution. In the DPhPC-ND, CYP3A4 is
thermostabilized by 34 °C.

2.3. POPC and DMPC but not DPhPC NDs lose lipids over time

We wondered whether the rapid thermal denaturation measured by
CD and nanoDSF is a suitable predictor of stability during prolonged
exposure to moderate temperatures. The long-term stability of NDs at
such temperatures is of interest for their application in drug screening
and formulation. The human body temperature is the most relevant for
CYP3A4 biology, and for the potential application of NDs as a carrier—/
drug delivery system. Thus, the long-term stability of CYP3A4-NDs
formed with POPC, DMPC and DPhPC were compared at 37 °C. The
integrity of CYP3A4 haem active site was measured by carbon monoxide
binding after 5-168 h (one week) at 37 >C. When the axial cysteine
sulphur ligand is bound to the haem iron, a characteristic maximum of
the Soret band is observed for the ferrous CO-bound enzyme at 450 nm.
Upon loss of the axial ligand, a band at 420 nm is visible, indicative of

TF——CYP3A4 #1
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Fig. 6. NanoDSF temperature scan for CYP3A4 in solution without detergent
for three batches. The average Tr, = 59.3 £ 0.3 "C. The POPC and DMPC curves
are displaced vertically for clarity. Left, normalised Fluorescence; right,
1st derivative.

inactive CYP3A4 [18,19]. Before incubation at 37 *C, CYP3A4-NDs
showed a fraction of ~95 % of active enzyme for POPC and DPhPC-
NDs and ~ 90 % for CYP3A4-DMPC-NDs. The somewhat lower active
fraction of CYP3A4 in DMPC-NDs can probably be attributed to the
required 48 h of dialysis at 25 “C during ND assembly, which is the
approximate Ty, of DMPC membranes. The active fractions of CYP3A4
were normalised to 100 % at the start of the analysis for comparison
between the different NDs and CO binding spectra were measured over
time (Fig. 8). The data show a clear decrease in CYP3A4 integrity for all
NDs. The decline in POPC- and DPhPC-NDs was comparable, whereas
CYP3A4 showed a faster integrity loss in DMPC-NDs. Control samples
measured after one week at 4 *C show that all CYP3A4-NDs were mostly
unaffected by storage at this temperature. To establish the size distri-
bution of NDs and aggregates, the same samples were subjected to
analytical SEC. The elution profiles were deconvoluted to determine the
peak surface area of the NDs with a single copy of CYP3A4 at the start,
and during exposure at 37 *C (Fig. 9). Elution profiles are reported for
the three types of CYP3A4-NDs, and the relative recovery of the
CYP3A4-ND area under the curves are summarized in the bottom right
panel of Fig. 10. The data show that CYP3A4-NDs disintegrate at 37 °C
over the course of several hours to several days. CYP3A4-DMPC-NDs
were the least stable, showing a rapid decrease in peak area after just
5 h of incubation at 37 °C. CYP3A4-DPhPC-NDs initially appear the most
stable, before decreasing faster after 24 h than CYP3A4-POPC-ND,
which was the most stable after 48 h — 1 week of exposure. A differ-
ence in the degree of aggregation is observed between CYP3A4-NDs
containing POPC and CYP3A4-NDs prepared with DMPC or DPhPC.
The distribution of aggregated species should be interpreted with care
because these are large, ill-defined particles that could also be partially
lost on the HPLC or column filters before reaching the detectors. For the
CYP3A4-NDs formed with POPC and DMPC, a shift of the main peak to a
later elution volume is apparent, a phenomenon we observed previously
for empty NDs, and that was attributed to a loss of lipids, and not
MSP1D1 [27]. If the size differences measured by SEC-MALS for
CYP3A4-NDs are attributed to the lipid component, this translates to a
~ 5% and ~ 10 % loss of POPC and DMPC lipids, respectively after 72 h,
and ~ 20 % loss of POPC lipids after one week. The CYP3A4-DPhPC-NDs
do not display a shift in elution volume and concomitant loss of lipid. For
CYP3A4-POPC-NDs a peak at 10.5 mL remains visible, which corre-
sponds roughly to the size of a ND with two copies of CYP3A4 and this
species is equally stable as the monomeric CYP3A4-POPC-NDs. Due to
more overlap with variable aggregated species in this region, the
quantification of NDs with two copies of CYP3A4 is not possible for
DPhPC and DMPC. Smaller species are also present at ~16 mL elution
volume, corresponding to the expected size of MSP1D1 devoid of lipid.
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Fig. 7. Thermally induced unfolding of empty - (A) and CYP3A4 NDs (B), comprising POPC, DPhPC and DMPC lipids, measured by differential fluorescence. (C)
Subtraction of the empty ND fluorescence signal yields similar T, values for CYP3A4 in NDs. Data were analysed by performing a Boltzmann fit (magenta lines) over
the 50-75 °C region encompassing the main T,, of CYP3A4 in NDs (dotted lines). (D) The 1st derivatives of the unfolding transition fits show a ~ 4 °C higher T, for
CYP3A4 in DPhPC NDs than in POPC or DMPC NDs. The POPC and DMPC fluorescence intensity ratio curves are displaced vertically for clarity.

Table 3
CD and differential fluorescence Ty, values for CYP3A4 in solution without
detergent and inside NDs. The contributions of MSP1D1 to the CD helicity or

NanoDSF fluorescence intensity ratio in the empty NDs were subtracted from
CYP3A4-NDs.

Sample CD, T, (°C) NanoDSF, T, (°C)
CYP3A4 in buffer 59.7 + 0.1° 59.3+0.3°
CYP3A4-POPC-NDs 58.7 + 0.3" 59.2 + 0.1°
CYP3A4-DMPC-NDs 58.3 + 0.3" 58.4 + 0.9°
CYP3A4-DPhPC-NDs 62.4 + 0.4° 63.2 + 0.9¢

? Average of two measurements + two standard deviations of the mean.
b Standard error of the mean of the sigmoidal fit.
¢ Averages of 3 to 6 measurements + two standard deviations of the mean.
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Fig. 8. Active fraction of CYP3A4 in NDs based on carbon manoxide binding,
for NDs containing POPC, DPhPC and DMPC. The red asterisk indicates
missing data.

The normalised absorbance ratio was calculated from the deconvoluted
peak areas measured at 417 nm (CYP3A4) and 280 nm (CYP3A4 +
MSP1D1) for the main peak CYP3A4-NDs. A ratio of 1 indicates that
CYP3A4 remains present inside the ND. The A47nm/280nm ratio mini-
mally decreases to ~0.9, indicating some loss of CYP3A4 or haem
cofactor but the majority remains NDs encapsulated during the tem-
perature incubation, though much of the CYP3A4 becomes inactivated
as seen by the appearance of 420 nm band in the carbon monoxide assay.
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Fig. 9. Deconvolution and fitting of CYP3A4-DMPC-NDs elution profile with a
sum of gaussians.

3. Discussion and conclusions
3.1. Discusssion

NDs self-assembled with DPhPC were shown to contain three copies
of MSP1D1 in the absence [27] and presence of incorporated CYP3A4.
This observation suggests that the lipid membrane is an important
driving force of ND formation and that ND topology can be influenced
through self-assembly by changing the lipid composition. The detailed
organisation of MSPs in DPhPC-NDs remains unclear and is a subject of
future research. Thermally induced unfolding of CYP3A4-ND was
assessed through CD, nanoDSF and SEC-MALS, aimed at monitoring
different aspects of stability. The rapid temperature ramp experiments
yielded a T, of ~59-64 °C for CYP3A4, and CYP3A4-ND integrity was
measured after prolonged exposure at 37 “C, where aggregation and
disintegration of NDs are evident over time. Previously, McClary and
coworkers reported a lower Ty, of ~50 °C for CYP3A4 in aqueous so-
lution without detergent and the enzyme was thermostabilized by
incorporation into NDs, yielding a T, of ~56 "C [16,26]. However, the
CD thermal unfolding measurements were not adjusted for the helicity
of MSP1D1. Interestingly, an increase in the Ty, of CYP3A4 inside NDs
comprising POPC/DMPC mixtures, with an optimum at 50 % DMPC, was
also reported. Lipid mixtures were beyond of the scope of this study,
because it is not trivial to distinguish between lipid mixtures inside NDs
after assembly, let alone monitor lipid composition during the course of
a temperature-dependent experiment. Mixed lipid NDs composition
could also display significant disc-to-disc variation while having similar
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Fig. 10. Analytical SEC profiles (Azgonm) of CYP3A4-NDs formed with POPC, DMPC and DPhPC after incubation at 37 °C for 5 h up to a week. Each chromatogram
was deconvoluted as shown in Fig. 9, and the relative fraction of the main CYP3A4-NDs peak area was quantified (bottom right panel). The normalised absorbance
ratio between 417 nm (CYP3A4) and 280 nm (CYP3A4 + MSP1D1) is also shown, a constant ratio indicates that CYP3A4 remains present inside the ND. Error bars
indicate two standard deviations of the mean peak surface area and absorbance ratios for duplicate measurements. The red asterisk indicates missing data.

hydrodynamic volumes. Furthermore, we have shown that ND lipid
composition is not stable during incubation at elevated temperature for
NDs comprising single linear alkyl chain lipids, because a portion of the
lipid cargo is progressively lost during heating. In our hands, the T of
CYP3A4 in aqueous solution was ~59 °C, which was comparable to
CYP3A4 inside POPC and DMPC-NDs after correction for the presence of
MSP1D1 and is similar to what others have reported for CYP3A4 in
solution [34]. If our CD measurements are not corrected for the helicity
of the MSPs, Ty, values of ~4 °C higher are obtained, in line with the CD
data of McClary and co-workers. CYP3A4 displayed a Ty, of about 4 "C
higher in DPhPC-NDs than in POPC and DMPC-NDs, indicating a dif-
ference in stability, which could be due to the lipid composition or
presence of the third copy of MSP1D1.

We also demonstrate the use of SEC-MALS as a practical tool for the
optimization of ND preparations and for determining the stability of
membrane protein-incorporated NDs by assessing size distribution and
composition as a function of temperature. Unfortunately, the thermo-
stabilizing effects observed for saturated (phytanyl) lipids on empty NDs
[27] did not translate well to CYP3A4-DPhPC-NDs. It appears that
DPhPC-NDs were less stable with CYP3A4 incorporated, because the
unfolding of CYP3A4 occurs before that of the MSPs, likely destabilising
the complex. An important observation by McClary et al. was that the
variation in T, of CYP3A4-NDs could have been due to lipid packing
differences, as they mention that the mixed POPC/DMPC CYP3A4-NDs,
which conferred the highest stability to CYP3A4, were relatively lipid
poor. In the present study, CYP3A4 was least stable in DMPC-NDs, and
DMPC lipids were much more tightly packed in NDs than POPC and
DPhPC, as is evident from the average lipid / ND contents measured by
SEC-MALS, perhaps leaving less space available for CYP3A4 in the
DMPC membrane. POPC is probably the most important lipid for the
reconstitution of temperature sensitive membrane proteins, due to its
low Ty, and DPhPC is similarly valuable because it is in a fluid

crystalline state in a wide temperature range, and a high yield of
CYP3A4-NDs could be achieved with DPhPC, demonstrating its potential
application for the reconstitution of other instable membrane proteins.

3.2. Conclusions

NDs consisting of POPC or DMPC do not thermostabilize CYP3A4
relative to the soluble, aggregate form of this enzyme. In DPhPC-NDs,
however, CYP3A4 exhibits a significantly higher melting temperature.
This increase in stability does not translate to increased lifetime at 37 °C,
unlike what was observed for DPhPC-NDs without an inserted mem-
brane protein. The DPhPC ND is special, because it contains three, rather
than the canonical two copies of MSP1D1. Also the branched nature of
the isoprenoid lipids may confer specific properties to these NDs. The
mixing of these fully saturated, rigid lipids with highly fluid lipids such
as POPC or DPhPC could potentially yield a functional and stable
membrane and would be an interesting strategy to pursue for the sta-
bilization of proteins in NDs. However, mixed lipid ND composition and
potential phase separation of the lipids will require careful monitoring.

4. Materials & methods
4.1. Storage and handling of lipids

Chemically synthetized lipids were bought from Avanti polar lipids.
Lipid aliquots were stored at —20 °C as powder (saturated lipid) or
chloroform/methanol ampules (unsaturated lipid). Lipids were taken
directly from powder stocks into pre-weighed glass vials. Lipid in
chloroform/methanol stocks were pipetted using Hamilton syringes into
pre-weighed glass vials and dried under a gentle stream of nitrogen gas
and kept overnight inside a vacuum chamber at <0.1 mPa. Lipid powder
or films were weighed on a Sartorius Cubis® MCA6.65-2500-M
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microbalance. This procedure was compared to total phosphorous con-
centration determination of the lipid stock solutions [35] and produced
comparable and reproducible measures of the total lipid amounts.

4.2. Expression and purification of CYP3A4

The amino acid sequence for human CYP3A4 was obtained from the
Uniprot online database, accession number P08684 and the gene
encoding it was synthesized by GeneArt (Thermo Fisher Scientific).
Previously, it was reported that an N-terminal truncation of amino acid
residues 3-12 and a S18F substitution leads to increased CYP3A4
expression in E. coli [26,36]. The N-terminus of wild type CYP3A4 is
MALIPDLAMETWLLLAVSLVLL..., and in this sequence the underlined
residues were removed and at residue 18 (in bold) a Ser-to-Phe substi-
tution was introduced [26]. The construct also included a C-terminal 6 x
histidine purification tag. The gene was amplified by PCR and cloned
into the pET28a vector using Ndel and Xhol restriction enzymes.
CYP3A4 was recombinantly expressed as described [23] with alter-
ations; E. coli BL21(DE3) pLysS was transformed with the CYP3A4
(A3-12, S18F, 6-His) construct and the cells were incubated in terrific
broth media supplemented with 50 pg / mL kanamycin, 34 pg / mL
chloramphenicol and 1 mM thiamine in flat-bottom Erlenmeyer flasks at
37 °C, 200 rpm. Expression of the CYP3A4 gene was induced with 1 mM
IPTG at ODggg = 0.5. At the time of induction, 4 g / L arabinose and 0.5
mM 8-aminolevulinic acid were added and the temperature was
decreased to 30 °C, and the cells were harvested 40 h after induction.
Cells harvested from 6 L were lysed by French press in buffer A (50 mM
KPi, pH 7.4, 0.5 M KCl, 5 mM p-mercaptoethanol, 20 % glycerol) sup-
plemented with cOmplete™, EDTA-free protease inhibitor tablet
(Roche), 10 mg of DNase-I, ~50 mg lysozyme, in presence of 2 % (w/v)
CHAPS detergent with a 5-fold excess of lysis buffer per gram of cell
pellet (mL / g). After French press, the crude lysate was ultra-centrifuged
at 45 k rpm in a 45 Ti rotor (Beckman Coulter). Imidazole (20 mM) was
added to the supernatant and the pH readjusted to 7.4, after which the
sample was loaded on a 5 mL TALON column (Cytiva) pre-equilibrated
in buffer A, containing 20 mM imidazole and 0.5 % CHAPS on an NGC
FPLC system (Bio-Rad) at 4 "C. The CYP3A4 bound to the column was
washed extensively with up to 30 mM imidazole and was eluted with
300 mM imidazole. Finally, the protein was dialyzed to 3 x 1 L of
storage buffer (50 mM KPi pH 7.4, 100 mM KCl, 20 % glycerol, 1 mM
DTT), and 5 mM EDTA was added during the 1st buffer exchange, but
during 2nd and 3rd exchange, EDTA was omitted to avoid interference
with downstream IMAC purification steps during ND reconstitution. The
concentration of CYP3A4 was determined (Fe?* CO/Fe?* difference
spectra) according to the method of Omura and Sato [18], that was later
elaborated by Geungerich and coworkers [19].

4.3. Nanodisc assembly procedures

MSP1D1 protein was expressed and purified as described previously
[4,27]. His-tagged MSP1D1 was cleaved using Tobacco-etch virus (TEV)
protease at a 1:50 molar ratio of TEV:MSP overnight and purified by
reverse IMAC. Dried lipids were solubilized by addition of 100 mM so-
dium cholate stock solution. Sample vials were heated in warm tap
water, vortexed and sonicated intermittently for approximately 45 min

Table 4
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until the solution became completely transparent, MSP1D1 and CYP3A4
were added at the appropriate molar ratio determined for each of the
lipids (Table 4). The reconstitution mixtures were prepared at a final
concentration of 5 mM lipid and 20 mM cholate and left to equilibrate
near the main phase transition temperature of the lipids for 1 h, DPhPC-
NDs were equilibrated and assembled at 4 °C. The detergent was
removed by 48 h dialysis at the respective equilibration temperatures in
a 10 kDa MWCO slide-a-lyzer MINI dialysis tube (Thermo Fisher), con-
taining 5 g amberlite bio-beads XAD-2 on the opposing side of the
dialysis membrane. It was observed during previous experiments that
direct contact with biobeads resulted in significant loss of protein and
reduced ND yields by up to 50 %. The ND stoichiometric MSP1D1-to-
lipid ratios were estimated by calculating the composition of a maxi-
mally filled ND by dividing the ND membrane surface area by the area
per lipid. During the initial SEC purification, aggregated fractions, NDs
and lipid poor fractions were identified by comparing to a gel filtration
standard (Bio-Rad #1511901). The resulting lipid and protein compo-
sition of each fraction were analysed in detail by SEC-MALS and the
MSP1D1-to-lipid ratio of the maximally filled ND was used for subse-
quent assembly experiments. A 5-fold excess of NDs over CYP3A4 was
used with the same lipid-to-MSP1D1 ratio as for empty NDs. The con-
centrations of MSP1D1 and empty NDs were determined by absorbance
spectroscopy at Aggg using a theoretical extinction coefficient of gygg =
18,450 M~ '.cm™! for MSP1D1(—his).

4.4. SEC-MALS protein conjugate analysis of NDs

Absolute Mw of empty and CYP3A4-NDs was measured using a SEC-
MALS system comprising a miniDAWN® TREOS®, DynaPro®, Optilab
differential refractometer (Wyatt technology) and 1260 Infinity II mul-
tiple wavelength absorbance detector (Agilent). The composition of
empty NDs was determined using the protein conjugate method present
in the ASTRA 8 software package. After selecting the peak area of in-
terest and defining the dn/dcpruteins dn/dclipid; €280 nm, protein and e2g0 nm,
lipids the Mw of the complex, the protein fraction and the conjugate
“modifier” at each data slice throughout the peak selection are calcu-
lated. The program SEDFIT was used to calculate a theoretical dn/
deyvispipy of 0.188 mL/g and a weight averaged extinction coefficient of
0.869 mg/mL'l-cm_1 at e9g0 nm for MSP1D1, based on its amino acid
sequence [40]. A theoretical dn/dc)jpiq of 0.16 mL/g was used for all
lipids, and €286 417 nm, lipia = 0 mg/mL~"-cm 1, The empty-ND MSP1D1-
to-lipid ratios were determined by dividing the resulting protein and
lipid Mw fractions by their respective molecular weights and calculating
the ratio between the ND components. For CYP3A4 a dn/dccypsas Of
0.187 was calculated. CYP3A4-NDs comprise three components;
MSP1D1, CYP3A4 and lipids, as such the ND conjugate (lipids and MSPs)
was regarded as the total “modifier”, and depending on the lipid-to-
MSP1D1 stoichiometry, dn/dcnanedise Varies slightly. The dn/dc values
0f 0.169 (POPC-NDs), 0.168 (DMPC-NDs) and 0.174 (DPhPC-NDs) mL/. g
were calculated based on the compositions measured for empty NDs. A
weight-averaged extinction coefficient of 1.387 mg/mL ™ '-cm™! at 417
nm for the aggregated CYP3A4 (in absence of detergent) was measured
by SEC-MALS using a dRI detector to determine the concentration for
the light scattering calculations. The resulting €417, was lower than
expected (~19 %), which can be explained the presence of apo CYP3A4

Optimal reconstitution conditions determined for NDs assembled with different lipids.

Lipid Assembly ratio (Lipid/ Assembly ratio MSP1D1/ ND assembly@temp. Lipid theoretical @mass Lipid main phase transition temp.
abbreviation MSP1D1) CYP3A4 Qo (Da) Tm Q)
POPC 65 10 4 760 -2 [37]
(16:0-18:1)
DMPC (14:0) 80 10 25 678 24.1 [38]
DPhPC (4ME 30 15" 4 846 None (-120 to 120) [39]
16:0)

 DPhPC-NDs contain three copies of MSP1D1, so the ND ratios are adjusted accordingly.
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or residual conjugated lipid or detergent from purification. Using the
€4170m, An/dccypsas, and dn/dcpanodisc, the weight fraction of CYP3A4
and ND “modifier” were determined separately by protein-conjugate
analysis. The Mw of the lipid fraction in CYP3A4-NDs was calculated
by subtracting the theoretical Mwspipi(—his) Of 22 kDa per copy from
the experimental MWnyanodise (44 kDa for POPC-NDs and DMPC-NDs, 66
kDa for DPhPC-NDs).

4.5. Circular dichroism spectroscopy

CD spectra were recorded using a JASCO J-815 spectropolarimeter,
fitted with a Peltier temperature controller at a concentration of 4 pM
CYP3AA4, either free in solution or in NDs in 50 mM NaPi pH 7.4, 100 mM
NaCl. During temperature scan experiments, residue ellipticity was
measured at 222 nm at a ramp rate of 1 °C / min. The instrument was set
to equilibrate to within 0.1 °C difference at each temperature increment.
The raw CD data were baseline-corrected for the CD signal of buffer at
222 nm and where applicable for CYP3A4-NDs, the contribution of
empty NDs comprising the same lipids, measured at the same concen-
tration was subtracted. CD spectra were normalised from O to 1 and
fitted with a Boltzmann sigmoidal function using OriginPro (OriginLab)
to find the midpoint of the unfolding transition. The average apparent
Tn is reported =+ the standard error of the mean.

4.6. Differential scanning fluorimetry

NanoDSF measurements were performed on a Tycho (NanoTemper).
Capillaries were loaded with 4 pM CYP3A4 either free in solution or in
NDs, in 50 mM NaPi pH 7.4, 100 mM NaCl, and unfolding was measured
from 35 to 95 °C for three to six replicates per sample, at a ramp rate of
30 °C per minute. The average Ty, is reported = two standard deviations
of the mean. The Boltzmann fit produced the same T, values within
error as was obtained from the 1st derivative of the smoothed unfolding
transition produced by the Tycho software package.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.bbamem.2024.184372.
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