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Abstract

Cytochrome P4503A4 (CYP3A4) is a peripheral membrane protein that plays a major role in 

enzymatic detoxification of many drugs and toxins. CYP3A4 has an integral membrane N-

terminal helix and a localized patch comprised of the G′ and F′ helix regions that are embedded 

in the membrane, but the effects of membrane composition on CYP3A4 function are unknown. 

Here, circular dichroism and differential scanning calorimetry were used to compare the stability 

of CYP3A4 in lipid bilayer nanodiscs with varying ratios of 1-palmitoyl-2-oleoyl-sn-glycero-3-

phosphocholine to 1,2-dimyristoyl-sn-glycero-3-phosphocholine (DMPC). These lipids differ in 

the acyl-chain length and their degree of unsaturation. The thermal denaturation of CYP3A4 in 

nanodiscs occurs in a temperature range distinct from that of the nanodisc denaturation so it can be 

monitored calorimetrically. Melting temperatures (Tm), heat capacities (ΔCp), and calorimetric 

enthalpies (ΔHcal) for denaturation of CYP3A4 each increased with an increasing fraction of 

DMPC, with a maximum at 50% DMPC, before decreasing at 75% DMPC. Addition of the 

inhibitor ketoconazole results in increased thermal stability, and larger ΔCp and ΔHcal values, with 

different sensitivities to lipid composition. Effects of lipid composition on ligand binding 

dynamics were also studied. Equilibrium binding affinities of both ketoconazole (KTZ) and 

testosterone (TST) were minimally affected by lipid composition. However, stopped-flow analyses 

indicate that the rates of KTZ binding reach a maximum in membranes containing 50% DMPC, 

whereas the rate of TST binding decreases continuously with an increasing DMPC concentration. 

These results indicate that CYP3A4 is highly sensitive to the acyl-chain composition of the lipids 

and fluidity of the membrane in which it is embedded.
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The cytochrome P450 monooxygenases (CYPs) dominate enzymatic detoxification and drug 

metabolism in humans.1–4 Among the hepatic membrane-bound CYPs, CYP3A4 is the 

isoform that contributes most to drug clearance and its substrate promiscuity results in drug–

drug inter-actions.5,6 The resolution of several X-ray crystal structures of various CYP 

isoforms has provided mechanistic details about the CYP catalytic cycle, as well as a basis 

for understanding their overlapping, but distinct, substrate selectivities.7–11 However, the 

effects of membrane composition, and lipid acyl-chain structure in particular, on the 

structure and function of CYPs are unknown.

Interactions of CYP3A4 with the membrane are likely to be a critical determinant of enzyme 

function and stability. On the basis of H/D exchange mass spectrometry and molecular 

dynamics (MD) simulations, CYP3A4 adopts an orientation on the membrane with the N-

terminal membrane anchor deeply embedded, and with the F′ and G′ helices inserted less 

deeply into the lipid phase (Figure 1a).12–14 Most of the remainder of the protein appears to 

interact only with the membrane surface or bulk solution. Several putative access or egress 

channels for substrates or products have been suggested, and it is expected that substrates 

and inhibitors access the active site through the membrane.14,15 However, experimental 

methods that report on the CYP3A4-membrane interactions are not well developed. 

Furthermore, the thermal stabilities of membrane-bound CYPs, and membrane-bound 

proteins in general, have been difficult to assess in the presence of a lipid bilayer.

Lipid nanodiscs make up a model membrane platform that allows for the interrogation of 

CYP3A4 properties in a lipid bilayer.16–20 Because of their narrow size distribution (~10 nm 

diameter), nanodiscs make possible the study of monomeric CYPs, or CYPs in complex 

with associated redox partner proteins, in a membrane of defined lipid composition. In 

contrast, it is often more difficult to control the size distribution and lamellarity of 

liposomes.17 Consequently, it is difficult to study the monomeric form of membrane proteins 

in liposomes, without the potential for transient or persistent, and poorly controlled, protein–

protein interactions. We recently reported a calorimetric study of the stability of CYP3A4 in 

POPC lipid nanodiscs, which demonstrated a very significant membrane-induced 

stabilization.21 Here we extend those studies to nanodiscs containing varying ratios of POPC 

and DMPC (Figure 1a,b). The results suggest correlations among the lipid acyl-chain 

structure or membrane fluidity, the thermal stability of CYP3A4, substrate binding kinetics, 

and the heat capacity of the folded CYP. The results, therefore, emphasize the sensitivity of 

the stability and function of CYP3A4 to its lipid environment.
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MATERIALS AND METHODS

Protein Expression and Nanodisc Self-Assembly

CYP3A4 and MSP1D1 expression and purification and CYP3A4 nanodisc assembly were 

performed as described previously with routine use of disc forming buffer (DFB).21 Briefly, 

CYP3A4 was expressed in Escherichia coli C41(DE3) cells transformed with pCWOri+ 

encoding ampicillin resistance and a CYP3A4 gene with an N-terminal deletion of residues 

3–12 and further modified with a C-terminal His tag. The protein also includes a serine to 

phenylalanine substitution at position 18. Most of the membrane anchor residues, residues 1, 

2, and 13–27 of full length CYP3A4, are contained in the construct used here for all 

experiments. The sequence of the N-terminus of the wild type is NH2-

MALIPDLAMETWLLLAVSLVLL…, where the underlined residues are deleted in the 

construct used here and the bold residue is a Phe to Ser replacement. For Laurdan-containing 

nanodiscs, 1% (w/w) Laurdan was included in the lipid film prior to initiation of the 

nanodisc self-assembly process. Measurement of Laurdan generalized polarization (LGP) 

was done with an Aminco AB2 fluorimeter with 5 mm excitation and emission slits at room 

temperature. The Laurdan generalized polarization was determined from

where I440 and I490 are the relative fluorescence emission intensities at 440 and 490 nm, 

respectively.

The total lipid:MSP1D1 ratios for nanodiscs containing a mixture of POPC and DMPC were 

empirically optimized; nanodisc formation was validated using size-exclusion 

chromatography prior to CYP3A4 nanodiscs, and the percent yields for each CYP3A4-

nanodisc lipid composition was ~60% for pure POPC, ~70% for a 3:1 POPC:DMPC ratio, 

~90% for a 1:1 POPC:DMPC ratio, and ~35% for a 1:3 POPC:DMPC ratio. The 

lipid:MSP1D1 ratios that yielded optimal nanodisc formation for each lipid composition are 

summarized in Table S1.

Circular Dichroism (CD)

Circular dichroism (CD) spectroscopy was performed using a Jasco 720 circular dichroism 

spectrophotometer (Jasco, Inc., Easton, MD). The instrument was allowed to pre-equilibrate 

at 25 °C for 10 min prior to the acquisition of data. To prevent the dynode from exceeding 

700 V, CYP3A4 and CYP3A4 nanodiscs were diluted to a total CYP3A4 concentration of 1 

µM with CD buffer [25 mM potassium phosphate and 50 mM sodium fluoride (pH 7.4)] 

prior to analysis. Phosphate and chloride ions are known to absorb in the far-UV region of 

interest, and as such, it was necessary to lower the phosphate concentration as well as 

substitute sodium chloride in our buffer with sodium fluoride. The sample was loaded into a 

0.1 cm path length quartz cuvette and allowed to equilibrate inside the CD 

spectrophotometer for 5 min at 25 °C prior to the collection of data. The instrument was set 

to record data from 25 to 85 °C with increments of 10 °C. Eight replicate scans were 

collected from 195 to 270 nm in continuous scanning mode for each temperature, with a 
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scan speed of 100 nm/min and a 2 nm bandwidth. The temperature slope was set to 1 °C/

min, and samples were allowed to equilibrate for an additional 5 min after the instrument 

reached a new temperature increment prior to the collection of data.

CD spectra were smoothed, buffer-subtracted, and corrected for CYP3A4 concentration. For 

CYP3A4 nanodiscs, to correct for the contribution of the MSP1D1 from the nanodisc, CD 

spectra were collected with empty nanodiscs in the same manner as described above. 

Assuming that CYP3A4 does not significantly alter the MSP1D1 CD signal, the nanodisc 

raw spectra at each temperature were then scaled for concentration and subtracted from the 

raw spectrum of the CYP3A4 nanodisc at the corresponding temperature.

At 85 °C, the state of CYP3A4 is not defined by this approach. However, the fractional 

conversion to this thermally generated, but undefined, state was used to compare empirically 

CYP3A4 in buffer versus that in nanodiscs. Specifically, the fractional change at 222 nm 

versus temperature was considered as the fraction of denatured protein by fitting to a 

logistical function (eq 1). This is a general equation frequently used to determine the 

midpoint of a sigmoidal curve.

(1)

where T is the temperature, Tm is the melting temperature, and k is a measure of the 

cooperativity of unfolding, with larger values indicating higher cooperativity.

The secondary structural content was estimated from far-UV CD spectra recorded at 25 C 

using CONTINLL, CDSSTR, and SELCON3 from the CDPro software package.22,23

Ligand Binding Titrations

Binding titrations were performed at 25 °C and a scan range of 350–700 nm using an 

Aminco DW2a spectrophotometer (Olis, Inc., Norcross, GA). Ketoconazole (KTZ) was 

purchased from Sigma-Aldrich (St. Louis, MO), and 75 and 125 µM stocks were made in 

50% (v/v) methanol. A sample cuvette was filled with CYP3A4 nanodiscs diluted to 1.4 µM 

with DFB. A reference cuvette was filled with an equivalent concentration of empty 

nanodiscs in DFB to best compensate for any potential effects from binding of ligand to the 

nanodisc membrane. Cuvettes were allowed to equilibrate to temperature for 10 min. Prior 

to the addition of KTZ, a ligand-free absolute absorbance spectrum was recorded. Binding 

of KTZ to the enzyme was then monitored by titrating equal volumes of ligand into each 

cuvette and recording absolute spectra after each addition of ligand. The final concentration 

of methanol in both cuvettes did not exceed 1% (v/v). Data were baseline-corrected and 

corrected for the change in volume, and difference spectra were calculated by subtracting the 

ligand-free spectrum for CYP3A4 nanodiscs from the spectra recorded from each 

subsequent addition of ligand. Binding isotherms were generated by plotting the difference 

between the absorbance maximum and minimum of the spectra as a function of ligand 

concentration. To determine the dissociation constant, KD, IgorPro (Wavemetrics, Inc.) was 

used to fit data using a quadratic equation for tight binding ligands (eq 2):

McClary et al. Page 4

Biochemistry. Author manuscript; available in PMC 2017 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



(2)

where ΔAbs is the change in peak-to-trough absorbance, Absmax is the maximal absorbance 

difference at infinite ligand concentrations, [E] is the total enzyme concentration, [L] is the 

KTZ concentration, and KD is the dissociation constant.

Binding titrations with testosterone (TST) were carried out in a fashion similar to that 

described above. For the TST titrations, 13 and 4 mM stocks of TST were prepared in 70% 

methanol. The final methanol concentration never exceeded 0.5% (v/v). Titrations, data 

collection, and data correction were performed as described above for KTZ, and an apparent 

KD was determined by fitting the data to a Hill equation (eq 3):

(3)

where KD,app is the apparent dissociation constant, n is the Hill coefficient, and all other 

parameters are the same as in eq 2.

Differential Scanning Calorimetry

Differential scanning calorimetry (DSC) experiments were performed using a MicroCal 

Capillary DSC System (MicroCal, Northampton, MA). CYP3A4 nanodiscs or empty 

nanodisc samples were dialyzed overnight against DFB and diluted to a final concentration 

of 2.5 µM. KTZ-bound CYP3A nanodisc samples were prepared in the same manner as 

described above, and KTZ (dissolved in methanol) was added to a final concentration of 50 

µM immediately prior to the DSC scans being performed [the final methanol cosolvent 

concentration did not exceed 1% (v/v)]. As recommended for DSC, the instrument was 

“conditioned” by performing three consecutive scans with DFB alone prior to the analysis of 

a single sample. For KTZ-containing samples, the instrument was “conditioned” using DFB 

supplemented with 50 µM KTZ. CYP3A4 endotherms were measured by scanning samples 

from 10 to 130 °C at a scan rate of 60 °C/h. CYP3A4 endotherms were baseline corrected, 

and transition temperatures (Tm), changes in heat capacity (ΔCp), calorimetric enthalpies 

(ΔHcal), and van’t Hoff enthalpies (ΔHvH) were determined by fitting the data using the 

software package Origin (MicroCal).

Stopped-Flow Spectroscopy

Stopped-flow spectroscopy was performed using an Applied Photophysics (Surrey, U.K.) 

SX-20 stopped-flow apparatus. All stopped-flow experiments were performed at 25 °C using 

a 1:10 mixing setup. A 2 mM stock of KTZ dissolved in methanol was diluted to 55 µM 

using DFB and loaded into a 250 µL syringe, and a 2.5 mL syringe was loaded with 0.55 µM 

CYP3A4 nanodiscs of varying lipid composition in DFB. This results in final KTZ and 

CYP3A4 nanodisc concentrations of 5 and 0.5 µM after mixing, respectively. The contents 
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of both syringes were rapidly mixed, and absorbance data were collected using a photodiode 

array detector. For each lipid composition, seven repeat injections were performed and 1000 

data points were collected for each injection. The absorbance difference between 434 and 

409 nm was plotted as a function of time (t) and fit to an equation for a biphasic process (eq 

4):

(4)

where Absmax is the maximal absorbance change, t0 is the earliest time point that is fit to the 

equation, Afast and Aslow are the magnitudes of the fast and slow phases of the kinetic trace, 

respectively, and kfast and kslow are the observed rates for the fast and slow phases, 

respectively.

Stopped-flow spectroscopy with TST was performed with a protocol similar to that 

described above. The initial concentration of CYP3A4 nanodiscs was kept at 0.55 µM (final 

concentration of 0.5 µM), and the initial concentration of TST was 2.2 mM (final 

concentration of 200 µM). Injections were performed and data collected as described above 

for KTZ. The absorbance difference between 387 and 418 nm was plotted as a function of 

time, and data were fit to an equation for a monophasic process (eq 5):

(5)

where kobs is the observed rate constant for the reaction, A is the magnitude of the kinetic 

trace, and all other parameters are the same as in eq 4.

RESULTS

Circular Dichroism

To compare the sensitivity of the secondary structure of CYP3A4 in buffer versus in POPC 

nanodiscs, CD spectroscopy was performed at varying temperatures between 25 and 85 °C. 

This temperature increase was expected to result in CYP3A4 denaturation with a negligible 

contribution from the nanodisc. Previous DSC results with CYP3A4 in POPC nanodiscs 

have indicated that CYP3A4 denatures with a complex non-two-state behavior, with a Tm 

for the major transition at ~56 °C. In this temperature range, there is a negligible enthalpy 

change for the nanodisc, which yielded a Tm of >75 °C. Thus, the DSC transitions in the 

56 °C region were assigned to CYP3A4. The resolution of CYP3A4 transitions from POPC 

nanodisc transitions allows for more detailed analysis of the structural changes of CYP3A4 

in the membrane. Figure 2 shows CD spectra recorded at varying temperatures for CYP3A4 

in buffer and CYP3A4 incorporated into POPC nanodiscs. Also shown are CD spectra for 

empty POPC nanodiscs (Figure 2b, inset). The mean residue ellipticity of empty nanodiscs 

changes minimally over the temperature range analyzed, so the contribution of MSP1D1 to 

changes in CD signal is small relative to that of CYP3A4.
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As expected, at room temperature both CYP3A4 in buffer and CYP3A4 nanodiscs yield 

double minima characteristic of a protein that is largely α-helical in structure. Secondary 

structure analysis results in an α-helix content of 63.7 ± 1.5% and a β-sheet content of 3.5 

± 1.0% for CYP3A4 in buffer. While the α-helix content of CYP3A4 nanodiscs remained 

unchanged (64.0 ± 1.8%), the β-sheet content showed a slight increase to 5.0 ± 0.5%, 

relative to that of CYP3A4 in buffer. Available crystal structures of CYP3A4 indicate that it 

is approximately 50% α-helical and 8% β-sheet in secondary structure.11,25–28 This is in 

good agreement with our experimental results, and the minor discrepancies in secondary 

structure content may likely be explained, in part, by the fact that the available crystal 

structures do not include the crystallographically disordered N-terminal helix in the 

calculation of secondary structure.

For CYP3A4 and CYP3A4 in nanodiscs, as the temperature increases, the mean residue 

ellipticity at 222 nm increases (becomes less negative), corresponding to an apparent loss of 

α-helix content. Plots of fraction unfolded versus temperature indicate that denaturation of 

CYP3A4 in buffer is highly cooperative, whereas denaturation of CYP3A4 in POPC 

nanodiscs is less cooperative (Figure 2c). An estimate of Tm for CYP3A4 in POPC 

nanodiscs based on the CD spectra is 56.8 ± 1.1 °C, versus 49.8 ± 0.5 °C for CYP3A4 in 

buffer, in excellent agreement with the previously reported Tm values based on DSC.21 In 

separate samples, the UV-vis spectrum of the CYP3A4 in nanodiscs was monitored after 

they had been heated to 85 °C at the same rate as in the CD experiments, and a CO 

difference spectrum was obtained (not shown). The intensity of the spectrum was reduced by 

~10-fold compared to that of an unheated sample of CYP3A4 in nanodiscs, and the 

remaining hemoprotein was nearly completely converted to P420 (>95%). Apparently, a 

significant fraction of the protein lost the heme, and the remainder had a highly denatured 

active site. No heme spectrum was apparent in the corresponding CYP3A4 heated in buffer.

The plots in Figure 2c should not be interpreted as evidence that the unfolding of CYP3A4 

in either environment is a two-state process; denaturation is clearly highly complex, and the 

protein likely populates multiple states. Because of this complexity, we are cautious not to 

interpret the date in terms of an unfolding mechanism. Also, the final CD spectrum of 

CYP3A4 in buffer at 85 °C is very low intensity and cannot be analyzed for secondary 

structure with confidence. In contrast, the final spectrum of CYP3A4 in nanodiscs retains 

some residual structure, and spectral analysis indicates it retains approximately 22.8% helix. 

Speculatively, the remaining helicity partially reflects the N-terminal membrane helix that is 

anchored in the membrane. Because there is slightly more residual helical structure at the 

highest temperature for CYP3A4 in nanodiscs than for CYP3A4 in buffer, the normalized 

fractional changes may slightly underestimate the stabilization provided by the nanodisc. 

That is, the magnitude of the total spectral change is larger for the CYP3A4 in buffer, but 

this difference in magnitude is lost upon internal normalization of each data set.

Together, the CD results confirm that CYP3A4 in POPC nanodiscs is thermally more stable 

than CYP3A4 in buffer and that the denaturation of CYP3A4 in POPC nanodiscs is resolved 

from the higher-temperature denaturation of the nanodisc complex. This temperature 

resolution further suggested the possibility of measuring the thermodynamic effects of 

varying lipid composition on the thermal unfolding of CYP3A4 in membranes of different 
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composition. The previously reported calorimetric signal in the range of 45–65 °C is nearly 

completely associated with changes in secondary structure of CYP3A4 with a minimal 

contribution from changes in the MSP1D1 structure.

Differential Scanning Calorimetry in Lipid Mixtures

Thermodynamic parameters for CYP3A4 denaturation in pure POPC nanodiscs by DSC 

were demonstrated previously.21 In that study, we reported the total calorimetric enthalpy as 

well as the van’t Hoff enthalpy/calorimetric enthalpy ratio, ΔHvH/ΔHcal, for several 

individual endotherms recovered from the deconvolution of the complex endotherm. For the 

CYP3A4 POPC nanodiscs, three transitions were observed, with Tm values of 46, 53, and 

56 °C, which span most of the transition observed in CD.

To determine the effects of lipid composition on the stability of CYP3A4 in a membrane, 

calorimetric parameters for unfolding were determined by DSC, using CYP3A4 nanodiscs 

with varying POPC:DMPC ratios. POPC and DMPC have identical headgroups but differ in 

the length and saturation of the acyl chains (Figure 1b,c). Specifically, DMPC is completely 

saturated and has an acyl chain shorter that that of POPC, which also contains a double bond 

in one of its acyl chains. Of course, a limitation of this approach is the requirement for lipids 

with gel–liquid transitions that do not overlap with the denaturation of CYP3A4, and it is, 

therefore, impossible to exactly model biological membranes from specific cells or 

organelles. As shown below, POPC and DMPC satisfy this requirement. In addition, the 

identity of the lipid headgroup could have an impact on the stability and function of CYPs. 

However, to focus on a single chemical property of the lipids in this initial demonstration of 

membrane effects, we limited these initial studies to the variable acyl chain.

CYP3A4 nanodiscs were prepared with pure POPC, or a POPC:DMPC molar ratio of 3:1 

(25% DMPC by mole content), 1:1 (50% DMPC by mole content), and 1:3 (75% DMPC by 

mole content). To achieve this, it was necessary to optimize the lipid:MSP1D1 ratio used for 

assembly of nanodiscs with each different lipid mixture composition. The results of this 

optimization are shown in the Discussion, and the data are compiled in Table S1; however, 

here it is noted that the results emphasize that different combinations of lipids pack with 

different densities, resulting in variation in the optimal lipid:MSP1D1 ratio. Pure DMPC 

empty nanodiscs were also prepared. However, attempts to incorporate CYP3A4 into DMPC 

nanodiscs were unsuccessful in maintaining the integrity of the enzyme and thus could not 

be analyzed.

To ensure that the nanodiscs prepared with different lipid mixtures had different bilayer 

properties, their relative fluidity was compared using Laurdan generalized polarization 

measurements. Laurdan is a fluorescent probe that is commonly used to study the lateral 

dynamics of membrane components.29,30 The Laurdan fluorescence emission maximum is 

primarily dependent upon the dynamics of water molecules at the lipid-water interface of the 

membrane near the excited state dipole of the naphthalene moiety of the probe, and this in 

turn is linked to dynamics of the lipid molecules. Upon excitation at 340 nm, the Laurdan 

fluorescence displays a maximum at 440 nm when the membrane is in the gel phase. This 

emission maximum shifts to 490 nm in the liquid phase, as the water molecules and lipids 

are less spatially restricted and more dynamic. Laurdan generalized polarization 
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measurements, which monitor the ratio of emission at 440 nm to that at 490 nm, suggest that 

the membrane surface near the aqueous boundary becomes increasingly ordered with an 

increasing DMPC content. This is further elaborated in the Discussion. The specific values 

for the Laurdan polarization are included in Table S2. Combined with the optimal 

lipid:MSP1D1 ratio at varying POPC:DMPC ratios, these data suggest a complex 

relationship between membrane order and packing density, and they demonstrate that the 

different lipid mixtures used here yield bilayers with different fluidities.

To ensure that the thermal lipid transitions in mixed lipid nanodiscs were resolved from 

CYP3A4, as in pure POPC nanodiscs, DSC of the empty nanodiscs was performed. The 

DSC thermograms are shown in Figure 3a. Each lipid composition has a characteristic low-

temperature transition (<35 °C) that corresponds to the gel-to-liquid phase transition of the 

lipids and a high-temperature transition (~65–100 °C) due to nanoparticle denaturation. 

Most importantly, it is clear that for each lipid composition, the DSC transitions of the 

empty nanodiscs do not occur in the range of 35–65 °C (Figure 3).

The CYP3A4 nanodisc DSC thermograms are shown for each composition in the region of 

35–65 °C, in the absence of ligand (Figure 3b), as well as in the presence of a saturating 

concentration of KTZ (Figure 3c), a well-documented tight binding inhibitor of 

CYP3A4.31–34 To ensure that the concentration of KTZ used was saturating for each lipid 

composition, the equilibrium binding affinity of KTZ was determined in each nanodisc 

(Figure 5). The KD for KTZ varied from 127 to 138 nM among the CYP3A4 nanodiscs with 

different lipid compositions; the KD was not altered significantly by the lipid composition. 

DSC of the ligand-free samples showed an apparent increase in the CYP3A4 endotherm 

maximum for 50% DMPC nanodiscs. Further increasing the DMPC content of the nanodiscs 

to 75% results in the CYP3A4 endotherm shifting back to a lower temperature. Upon 

addition of a saturating concentration of KTZ, there are not significant differences in the 

DSC in different lipid compositions. Regardless of the lipid composition, KTZ shifts the 

CYP3A4 endotherms to a similar melting temperature. The calorimetric enthalpy, heat 

capacity, and melting temperature values for each CYP3A4 endotherm are listed in Table 1. 

The endotherms were further analyzed by deconvolution into the sum of multiple 

components (Figure S1), and the Tm, the van’t Hoff enthalpy (ΔHvH), the calorimetric 

enthalpy (ΔHcal), and the ΔHvH/ΔHcal ratio for each are reported in Table S3. It is apparent 

for each lipid composition that the DSC endotherm is complex and unfolding is a non-two-

state process (Figure 4).

Ligand Binding Kinetics

The kinetics of binding of two ligands were also examined using stopped-flow spectroscopy 

at a single saturating concentration of each. The first ligand was KTZ, which is a tight 

binding inhibitor as noted above. KTZ drives the ferric heme to a greater fraction of the low-

spin state as a result of its coordination to the heme iron via an imidazole group. The second 

ligand was testosterone (TST), which binds with an apparent 3:1 TST:CYP3A4 

stoichiometry, with modest positive cooperativity.35,36 TST pushes the ferric equilibrium 

toward the high-spin form. Thus, the two ligands studied span several different behaviors for 

CYP3A4: low spin versus high spin, and single versus multiple binding.
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When KTZ was mixed with CYP3A4 nanodiscs, there was a clear time-dependent increase 

in the fraction of low-spin CYP3A4 (Figure 5). The approach to equilibrium for each 

nanodisc composition was fit to a double exponential with the recovered parameters listed in 

Table 2. There is a clear increase in the rate of KTZ binding with an increase in the nanodisc 

DMPC content to 25%, relative to 0% DMPC. Further increasing the DMPC content to 50% 

resulted in a further increase in rate; however, increasing the DMPC content to 75% resulted 

in a decrease in the rate of binding. This is elaborated further in the Discussion.

For TST, the binding isotherms were fit to a Hill model as done previously by many 

investigators (Figure S2). We note that for the case of multiple-ligand binding, the spectral 

change may not correlate precisely with the extent of binding if sequential binding steps 

differentially perturb the spin state.35,36 Regardless, the binding isotherms reveal relevant 

binding parameters. The equilibrium S0.5 value and Hill coefficient are ~40 µM and 1.4, 

respectively, in close agreement with previously published values.35,36 As with KTZ, the 

equilibrium binding isotherm with TST was not significantly affected by the lipid 

composition. However, in contrast to KTZ, the rate of TST binding decreases continuously 

with an increasing fraction of DMPC in the nanodisc (Table 3). The stopped-flow data are 

found in Figure S3. The rate constant for binding in POPC nanodiscs is ~4-fold faster than 

the rate in 25% POPC/75% DMPC nanodiscs. This is elaborated further in the Discussion.

DISCUSSION

The lipid nanodisc system used here provides a platform for interrogating the effects of 

membrane structure or composition on membrane proteins embedded within them. A 

limitation of this system for calorimetry is the fact that some lipids yield calorimetric signals 

from their gel transitions in the temperature range that overlaps with that of protein 

unfolding.37–39 Therefore, we have limited our studies to mixtures of POPC and DMPC, 

which conveniently lack DSC signals in the temperature range in which CYP3A4 denatures 

and which allow for the specific interrogation of the effect of acyl-chain composition on 

CYP3A4 properties (Figure 3). The studies reported here specifically demonstrate a 

significant sensitivity of CYP3A4 thermal stability, thermodynamic parameters for thermal 

denaturation, and ligand binding kinetics to the lipid acyl-chain composition or fluidity in 

mixed lipid bilayers. POPC and DMPC differ only in the presence of a single double bond in 

one acyl chain and two additional carbons in POPC (Figure 1a,b). It is well established that 

membrane fluidity is influenced by the degree of acyl-chain saturation, with membranes 

containing unsaturated lipids being more fluid than membranes containing fully saturated 

lipids. Furthermore, it has been demonstrated that lipid acyl-chain length also modulates 

membrane fluidity, with longer chain lengths decreasing the fluidity of membranes.38–40 The 

lipids used in this work differ in both acyl-chain length and degree of saturation, resulting in 

their two contrasting phase transition temperatures (−2 °C for POPC, 25 °C for DMPC) as 

well as in the optimal lipid:MSP1D1 ratio for each of these lipid mixtures. Interestingly, in 

this work, we observed that the optimal lipid:MSP1D1 ratio required for nanodisc self-

assembly deviated from a linear trend, and this suggests that fewer lipids are incorporated 

per nanodisc in the lipid mixtures than in the pure POPC nanodiscs or pure DMPC 

nanodiscs. The different properties of the mixed lipid nanodiscs were also evident in the 
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Laurdan generalized polarization, which clearly indicates increasing fluidity with increasing 

DMPC content. These properties are discussed further below.

The CD and DSC results further extend our previous demonstration that CYP3A4 undergoes 

thermal denaturation at temperatures lower than that of the nanodiscs, allowing for thermal 

resolution of CYP3A4 unfolding. The thermal stability of CYP3A4 in nanodiscs is sensitive 

to even modest changes in lipid acyl-chain composition and is more stable in the POPC/

DMPC mixtures than in pure POPC (Figure 3). This is interesting because CYP3A4 is 

thought to have only a single structural element, the N-terminal helix, which penetrates 

deeply into the membrane. The N-terminal helix, which has 12 amino acids truncated from 

the wild-type sequence in the engineered variant used here, is expected to penetrate ~15–20 

Å into the membrane, based on modeling studies with several CYP isoforms, including 

CYP3A4.41,42 The F′ and G′ helices have been suggested to penetrate much less deeply, 

and the remainder of the CYP3A4 is solvent-exposed, including the highly plastic F and G 

helices and interconnecting loop that are thought to control access to the active site.13,41,42

The POPC/DMPC lipid mixture appears to provide a hydrocarbon environment less densely 

packed than that of pure POPC or pure DMPC nanodiscs, based on the optimal lipid:protein 

ratios. Presumably, this favors deeper insertion of the N-terminal helix into the membrane. 

Recently, crystal structures of full length Saccharomyces cerevisiae lanosterol 14α-

demethylase (CYP51) incorporated into N-decyl β-D-maltoside micelles were obtained by 

Monk and co-workers.43 On the basis of these structures, they suggest a possible interaction 

of the N-terminal membrane helix with the catalytic domain of the enzyme, which could 

have potential effects on enzyme conformation and ligand binding dynamics. A similar 

interaction may be occurring with CYP3A4 in nanodiscs, wherein the N-terminal helix 

interacts with the catalytic domain more efficiently in mixed lipid nanodiscs than in pure 

POPC nanodiscs. This in turn could promote deeper insertion of CYP3A4 into the 

membrane, resulting in an increase in its thermal stability and in ΔHcal and ΔCp for 

denaturation, as observed here (Table 1). Above 50% DMPC, the lipid packing density 

increases, potentially limiting the interaction of the N-terminal anchor with the catalytic 

domain and resulting in our observed decreases in thermal stability, ΔHcal, and ΔCp for 

denaturation. This could also explain why attempts to incorporate CYP3A4 into pure DMPC 

nanodiscs were unsuccessful in maintaining enzyme structural integrity. Alternatively, the 

lipid mixtures could perturb the boundary lipid layer that forms an ordered phase on the 

periphery of the nanodisc, and this could alter the location or orientation of CYP3A4 within 

the bilayer.43–47 Regardless, it is clear that the lipid acyl-chain composition modulates the 

thermodynamics of irreversible CYP3A4 denaturation, but this effect is limited to the 

ligand-free enzyme; the thermal stability was nearly independent of lipid composition when 

KTZ was bound.

The effects of the lipid acyl chain on the rate of KTZ binding or TST binding are interesting 

and not necessarily surprising, but such effects also have not been previously demonstrated. 

They clearly demonstrate that lipid acyl-chain composition affects the kinetics of binding in 

a ligand-dependent manner. It is instructive to consider possible correlations between 

membrane properties and ligand binding for the cases we studied here.

McClary et al. Page 11

Biochemistry. Author manuscript; available in PMC 2017 January 29.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



For KTZ binding, which is complex and multiphasic, the rate constant for the fast phase 

increases with an increasing DMPC content initially but reaches a maximum at 50% DMPC 

before decreasing. Interestingly, this correlates inversely with the optimal lipid:MSP1D1 

ratio for the different lipid compositions, which reflects the lipid packing density. The lipid 

packing density and rate constant for the fast binding phase of KTZ are plotted as a function 

of lipid composition in Figure 6 (top). These plots suggest the interesting possibility that the 

KTZ binds fastest when the lipid packing density is lowest. In contrast, the rate of TST 

binding decreases steadily as the fraction of DMPC increases, and thus, the binding rate 

correlates inversely with the Laurdan generalized polarization or the membrane headgroup 

fluidity. As the lipid headgroups become less fluid, TST binds less rapidly (Figure 6, 

bottom). Although the detailed molecular bases for these observations remain unknown, the 

results emphasize the importance of lipid acyl chain in ligand interactions with CYP3A4, 

possibly resulting from differences in lipid packing and headgroup fluidity.

While it is widely assumed that hydrophobic substrates and ligands for CYP3A4 bind to the 

active site via the membrane, there are few data that directly demonstrate this. The 

modulation of KTZ or TST binding and dissociation kinetics with a change in lipid 

composition is consistent with this, although the results do not directly prove that ligands 

must enter the active site from the membrane. Speculatively, both ligand diffusion in the 

lipid bilayer and protein movement within the bilayer could be facilitated in the less densely 

packed lipid phase with the mixed lipids. An increased level of diffusion of the ligand and 

protein elements would be expected to increase rates of binding and dissociation. Also, 

lipid–CYP3A4 interactions near the aqueous boundary could alter ligand binding kinetics, 

and the lipid mixture clearly alters the relative order in this region of the membrane, based 

on the Laurdan polarization.

These effects could be dependent on the CYP isoform, as well. Presumably, different CYPs 

with different F′ and G′ helix region sequences would be differentially affected by a 

changing lipid composition. In fact, Das and co-workers have demonstrated that mutations 

in the F and G helix regions of CYP2J2 result in changes in penetration of the protein into 

the lipid bilayer of nanodiscs.48 Together, the data suggest the likelihood that both the CYP 

sequence at the membrane interface and the lipid composition are likely to contribute to 

functional properties of these enzymes.

A related aspect of CYP function that should be acknowledged is the possibility that, in 
vivo, various CYP isoforms more readily localize to different regions of the endoplasmic 

reticulum, based on the lipid composition of the membrane.47–49 This could have important 

effects on both the catalytic properties and substrate selectivity of membrane-bound CYPs. 

While this study focuses on the effects of lipid composition on CYP3A4 stability and 

function, in principle the mixed lipid nanodisc system could be extended to other CYP 

isoforms, which have been demonstrated to have differential lipid domain preferences.50,51

In conclusion, we have demonstrated the differential thermal stability of CYP3A4 in 

nanodiscs containing varying POPC:DMPC ratios. The increase in thermal stability, 

enthalpy of unfolding, and heat capacity of unfolding using a 1:1 POPC/DMPC mixture 

suggests a greater degree of interaction between the enzyme and the membrane in optimal 
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lipid mixtures, which may in turn facilitate the binding of some hydrophobic substrates. In 

fact, the maximum that is reached for the ΔCp for denaturation, the ΔHcal for denaturation, 

and the rate constant for the fast phase of KTZ binding coincides in each case with the 

lowest packing density of lipids in the 50:50 POPC/DMPC mixture, highlighting the role of 

membrane dynamics or packing density in the structure and function of CYP3A4 (Figure 6). 

Obviously, TST binding is controlled by other properties, such as membrane fluidity near 

the head-groups. In the absence of crystal structures of mammalian CYPs in a membrane 

environment, DSC in combination with the use of phospholipid bilayer nanodiscs serves as a 

powerful method for investigating the membrane topology and conformational dynamics of 

mammalian CYPs under varying lipid conditions.
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Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

DSC was performed in the Analytical Biopharmacy Core facility of the Department of Medicinal Chemistry and 
Molecular Engineering and Sciences Institute (http://depts.washington.edu/cidb4bio/index.shtml).

Funding

This work was supported by National Institutes of Health Grants R01GM098457 (W.M.A.) and T32GM007750 
(W.D.M.).

ABBREVIATIONS

CD circular dichroism

CYP cytochrome P450

DFB disc forming buffer

DMPC 1,2-dimyristoyl-sn-glycero-3-phospho-choline

POPC 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocho-line

DSC differential scanning calorimetry

KTZ ketoconazole

MD molecular dynamics

MSP membrane scaffold protein

MSP1D1 molecular scaffold protein 1D1

ND nanodisc
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Figure 1. 
(a) Putative orientation of CYP3A4 in the lipid bilayer. This representation is consistent with 

many MD simulations and H/DX mass spectrometry. The N-terminal helix is expected to 

insert deeply into the membrane, whereas the F′ and G′ helices insert less deeply (Protein 

Data Bank entry 1TQN11). The structures of (b) POPC and (c) DMPC are also shown.
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Figure 2. 
Circular dichroism spectroscopy for samples collected at varying temperatures. CD spectra 

were recorded at temperatures between 25 and 80 °C for (a) CYP3A4 in DFB and (b) 

CYP3A4 incorporated into 100% POPC nanodiscs (inset, CD spectra for empty POPC 

nanodiscs). (c) Fractional change in ellipticity at 222 nm (Fu) at increasing temperatures: red 

for CYP3A4 in buffer and blue for CYP3A4 in 100% POPC nanodiscs. Solid lines are fits to 

a logistic function to empirically estimate Tm. The specific temperatures used to measure 

CD spectra were 25, 35, 45, 55, 65, 75, and 85 °C.
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Figure 3. 
DSC endotherms for empty nanodiscs and CYP3A4 nanodiscs with varying POPC:DMPC 

ratios. (a) DSC of empty nanodiscs indicates that for each lipid composition there is a 

negligible DSC signal in the range of 35–65 °C: blue for 100% POPC, red for 100% DMPC, 

and green for a 50% POPC/50% DMPC mixture. The highlighted area represents the 

temperature range of CYP3A4 unfolding. DSC thermograms of ligand-free CYP3A4 

nanodiscs (b) and KTZ-bound CYP3A4 nanodiscs of varying lipid composition (c) are 

shown: black for pure POPC, red for a 3:1 POPC:DMPC ratio, blue for a 1:1 POPC:DMPC 
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ratio, and green for a 1:3 POPC:DMPC ratio. Melting temperatures, enthalpies, and heat 

capacity changes for the CYP3A4 endotherms are summarized in Table 1.
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Figure 4. 
Binding isotherms for binding of KTZ to CYP3A4 in nanodiscs composed of (a) pure 

POPC, (b) 3:1 POPC/DMPC, (c) 1:1 POPC/DMPC, and (d) 1:3 POPC/DMPC CYP3A4 

nanodiscs. The inset shows the corresponding difference absorbance spectra. Equilibrium 

binding parameters are summarized in Table 2.
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Figure 5. 
Stopped-flow kinetic analysis of binding of KTZ to CYP3A4 nanodiscs composed of (a) 

pure POPC, (b) a 3:1 POPC:DMPC ratio, (c) a 1:1 POPC:DMPC ratio, and (d) a 1:3 

POPC:DMPC ratio. Solid black lines are the result of fitting the kinetic data to eq 4. The 

saturating KTZ concentration was 5 µM. Kinetic parameters for KTZ binding are 

summarized in Table 2.
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Figure 6. 
Correlations of ligand binding kinetics with membrane properties of CYP3A4 nanodiscs. 

(Top) Optimized total lipid:MSP ratio for mixed lipid nanodiscs (● and solid line) and the 

rate constants for the fast phase of KTZ binding obtained by stopped-flow spectroscopy (○ 
and dashed line) plotted as a function of the mole percentage of DMPC in the nanodisc 

membrane. (Bottom) Laurdan generalized polarization (● and solid line) for mixed lipid 

nanodiscs and the observed rate constants for TST binding from stopped-flow spectroscopy 
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(○ and dashed line), plotted as a function of the mole percentage of DMPC in the nanodisc 

membrane.
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Table 2

Dissociation Constants and Observed Rates of Binding of KTZ to CYP3A4 Nanodiscs

system KD (µM) kfast (s−1) kslow (s−1)

0% DMPCa 0.127 ± 0.010 4.80 ± 0.18 0.939 ± 0.141

25% DMPCa 0.138 ± 0.008 8.73 ± 0.28 0.363 ± 0.044

50% DMPCa 0.130 ± 0.009 9.51 ± 0.16 0.349 ± 0.033

75% DMPCa 0.134 ± 0.006 6.61 ± 0.13 0.172 ± 0.019

a
Percentage of DMPC in POPC nanodiscs.
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Table 3

Apparent Dissociation Constants, Hill Coefficients, and Observed Rate Constants for Binding of TST to 

CYP3A4 Nanodiscs

system KD,App (µM)b nc Kobs (s−1)

0% DMPCa 43.6 ± 0.9 1.51 ± 0.04 1256.7 ± 96.9

25% DMPCa 33.4 ± 0.5 1.47 ± 0.03 731.7 ± 74.2

50% DMPCa 40.7 ± 0.7 1.50 ± 0.03 524.7 ± 54.5

75% DMPCa 38.3 ± 0.6 1.48 ± 0.03 398.6 ± 46.0

a
Percentage of DMPC in POPC nanodiscs.

b
Determined using the Hill equation.

c
Hill coefficient.
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