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ABSTRACT: Cytochrome P450 (CYP) 3A4 contributes to the metabolism of approximately 50% of
commercial drugs by oxidizing a large number of structurally diverse substrates. Like other endoplasmic
reticulum-localized P450s, CYP3A4 contains a membrane-anchoring N-terminal helix and a significant
number of hydrophobic domains, important for the interaction between CYP3A4 and the membrane.
Although the membrane affects specificity of CYP3A4 ligand binding, the structural details of the interaction
have not been revealed so far because X-ray crystallography studies are available only for the soluble
domain of CYP3A4. Here we report sample preparation and initial magic-angle spinning (MAS) solid-
state NMR (SSNMR) of CYP3A4A3—12) embedded in a nanoscale membrane bilayer, or Nanodisc.
The growth protocol yields-2.5 mg of the enzymatically active, uniformiC,>N-enriched CYP3A4

from 1 L of growth medium. Polyethylene glycol 3350-precipitated CYP3A4 in Nanodiscs yields spectra
of high resolution and sensitivity, consistent with a folded, homogeneous protein. CYP3A4 in Nanodiscs
remains enzymatically active throughout the precipitation protocol as monitored by bromocriptine binding.
The 13C line widths measured froffC—13C 2D chemical shift correlation spectra ar®.5 ppm. The
secondary structure distribution within several amino acid types determined¥ichemical shifts is
consistent with the ligand-free X-ray structures. These results demonstrate that MAS SSNMR can be
performed on Nanodisc-embedded membrane proteins in a folded, active state. The combination of SSNMR
and Nanodisc methodologies opens up new possibilities for obtaining structural information on CYP3A4
and other integral membrane proteins with full retention of functionality.

Membrane proteins participate in numerous important several small globular proteins to be determined in the
biological processes and are targets of most modern phar-microcrystalline state3—6). These studies benefited from
maceuticals 1, 2). Significant progress has been made in improved instrumentation and pulse sequence techniques, as
protein structure determination by both X-ray crystallography well as sophisticated isotopic labeling schemes. MAS NMR
and solution NMR in recent years. However, membrane studies on membrane proteins are especially interesting since
proteins remain the least structurally characterized of all a variety of membrane mimetics are compatible with SSNMR
proteins. Solid-state NMR (SSNMRs a powerful technique  techniques, allowing investigations into the structure
for obtaining site-specific structural information without function relationships of both lipid and proteir)( Histori-
requiring proteins to be soluble at high concentrations for cally, many studies of membrane proteins have been
solution NMR or to form single crystals for diffraction  performed with site-specific labeling, and such techniques
studies. Recent advances in magic-angle spinning (MAS) continue to be valuable for providing insights, for
NMR techniques have enabled high-resolution structures of example, into liganetprotein interactionsd). More recently,
efforts have increasingly focused on samples isotopically
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and function. For most solution NMR studies of membrane functionally by a number of biophysical techniqués,(19,
proteins performed so far, extensive screening of detergents4l).
and phospholipids has been required to identify micelle or In this work, we demonstrate the first SSNMR study of
bicelle conditions approximating the native stais, (14). an integral membrane protein embedded in a Nanodisc. The
Likewise, the preparation of lipid bilayer samples for oriented employed sample preparation protocol retains the activity
sample SSNMR works best for proteins that are mostly of CYP3A4. We further demonstrate that the microscopic
embedded in the membrane. These approaches have beestructural homogeneity of CYP3A4 in Nanodiscs is well
successful in a number of cases, but may not be extendablesuited for high-resolution MAS NMR studies. Secondary
to all integral membrane proteins. An elegant and promising structure analysis based &fC chemical shift distribution
alternative membrane mimetic that has proved valuable for within the same amino acid type validates the structural
studies of a variety of membrane proteins is the Nanodisc integrity of CYP3A4 in precipitated Nanodiscs. The experi-
system in which discoidal phospholipid bilayers are encircled mental data agree well with the spectrum predicted from the
by two molecules of amphipathic helical membrane scaffold highest resolution ligand-free CYP3A4 X-ray structusé)(
protein (MSP). Nanodiscs have been well-characteriz&d (  indicating that the global fold of precipitated CYP3A4 in a
16) and extensively used to stabilize and study membrane Nanodisc remains similar to that of the truncated crystallized
proteins in fully functional states, since self-assembly of protein prepared in the absence of lipids. These results
target membrane proteins into the Nanodisc provides thedemonstrate that SSNMR in combination with the model
ability to control the lipid constitution and protein oligo- membrane system, Nanodisc, is an excellent technique
merization statel(7—19). Nanodiscs are monodisperde), complementary to crystallography, for the purposes of
stable over a variety of conditions including a large range examining ligand-specific binding events, allosteric regula-
of temperatures2(, 21), and amenable to incorporation of tion, and the impact of membrane interactions on CYP3A4
a variety of lipids. Besides Nanodiscs consisting of a single activity.
type of lipid such as POPQ6, 18), DMPC, and DPPC2AY),
Nanodiscs with POPC and varying concentrations of POPS EXPERIMENTAL PROCEDURES
(22), POPC/POPG mixture2®), and totalE. colilipids (23) Protein Expression and PurificatiotHuman CYP3A4
have been prepared and utilized for membrane proteinfrom the NF-14 construct in the pCWQrector A3—12),
studies. These properties of Nanodiscs have made them quitevith a C-terminal pentahistidine tag (provided by Dr.
useful in extending functional studies of a number of Guengerich and co-workers, Vanderbilt University, Nash-
membrane proteins, as recently reviewgd)( ville, TN) (42), was coexpressed in the DHSstrain with
Nanodiscs have been demonstrated to be especially valu-GroEL and GroES chaperone plasmid8)(purchased from
able for the study of cytochrome P450 monooxygena®gs ( Fisher Scientific (Hampton, NH). Chaperone plasmid pG-
26), including CYP3A4 (8), the most abundant P450 inthe KJE8 has GroES and GroEL under control of tAet-1
human liver, which metabolizes approximately 50% of promoter inducible by tetracycline. High-yield expression of
xenobiotics encountered by ma2i’j. CYP3A4 is a promis- CYP3A4 was achieved with a modified version of the Marley
cuous enzyme with a large, adaptive active site, capable ofet al. protocol 44); cells were grownn 1 L of Terrific broth
accommodating two to three smaller substra®ss 29) and (TB) enhanced with BactoPeptone (2 g/L), supplemented
often exhibiting allosteric kinetic behaviot&, 19, 30, 31). with trace metals, 50 mg/L ampicillin, and 20 mg/L
Some studies suggest that the presence of external factorghloramphenicol, at 240 rpm, in a New Brunswick Scientific
such as phospholipids may stabilize some of the CYP3A4 Series 25 incubator shaker (Edison, NJ) at’@7to ODsqo
kinetically distinguishable conformations and affect substrate ~ 0.7—1. The cells were then centrifuged &8500y and
affinity (32, 33). Further characterization of CYP3A4 transferred to 250 mL of3C,!*N-enriched M9 minimal
interactions with its ligands is driven by the fact that medium n a 2 L baffled flask for induction. Each liter of
development of effective drug therapies is often hampered *C,'*N-enriched M9 minimal medium contained 100 mL of
by unwanted drugdrug interactions between substrates and 10x M9 salts (67.8 g of Na&HPQO,, 30 g of KHLPO,, and 5
inhibitors 34, 35). The crystal structure of substrate-free g of NaCl in 1 L of autoclaved HO, pH 7.4, adjusted using
CYP3A4 has been solved to 2.05 A resoluti@®)( along 5 M KOH), 2 g of *5%NH,ClI, 4 g of 3C glucose, 0.011 g of
with the several substrate- and inhibitor-bound structures of CaCk-2H,0, 0.246 g of MgS@® 0.02 g of thiamine, 50 mg/L
CYP3A4 at lower resolution37, 38). The available struc-  ampicillin, and 20 mg/L chloramphenicol and was sterile
tures obtained on CYP3A4 with the N-terminal lipid anchor filtered before use. Isotopically labeled materials were
domain absentA3—23) are extremely valuable, but because obtained from Cambridge Isotope Laboratories (Andover,
they were obtained in the absence of lipids, they do not MA). After a 1 hadaptation period, expression was induced
provide insights into the effects of membrane interactions at a new shaking rate of 190 rpm, 280 °C, by adding 1
on the CYP3A4 structure and its context-specific affinity mM IPTG and 1 mM d-aminolevulinic acid (Frontier
for various ligands. Incorporation of CYP3A4 into Nanodiscs Scientific, Logan, UT) to help promote heme synthesis and
yields homogeneous samples of monomeric CYP3A4 in a holoenzyme formation. Cells were collected 48 h after
~10 nm physiologically relevant phospholipid bilayer. This induction, and CYP3A4 was purified as described by
construct allows structural and functional characterization Denisov et al. 41). Purified CYP3A4 was quantified using
of CYP3A4 void of complications induced by conformational carbon monoxy (CO)-bound ferrous difference spectra with
heterogeneity caused by different oligomeric stag3 6r an extinction coefficient of 91 mNt cm™! (45). The use of
by interactions between P450 and detergents used forthe Nanodisc system for solubilization of CYP3A4 and
solubilization @0). This system has also been characterized incorporation into nanoscale bilayers has been described in
structurally by small-angle X-ray scatterin@6( 18) and detail in several previous publication$g( 19, 24, 41).
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Ficure 1: Bromocriptine binding to CYP3A4: (A) purified CYP3A4 in Emulgen 913 containing buffer in the presence of an equal molar
amount of bromocriptine, (B) CYP3A4 Nanodiscs in the presence gfM3romocriptine prior to PEG 3350 precipitation, (C) CYP3A4
Nanodiscs in the presence of 2K bromocriptine after precipitation with PEG 3350. The precipitation pellet was resuspended b 130

of 0.1 M potassium phosphate buffer, pH 7.5. The concentration of the CYP3A4 Nanodisc sampié wsfor (B) and~6 uM for (C)

as calculated from the absorbance at 417 nm, and the CYP3A4 extinction coefficient was taken as1¥6tm

Precipitation of CYP3A4 Nanodisa8YP3A4 Nanodiscs  'H—3C—'°N Balun probe. Spectra were acquired at an MAS
were concentrated to 6@B0uM and batch-precipitated with  rate of 10 kHz, and the temperature of the sample cooling
a volume equivalent of 40% PEG 3350. The mixture was gas was maintained at25 4+ 3 °C unless otherwise noted.
incubated overnight at 2C and centrifuged at 8000 rpm in  Pulse sequences were implemented with tangent ramped
an Eppendorf 5415 centrifuge for 2 h. The supernatant wascross-polarization (CPY{) with ~60 kHz on'H and~83
removed, and the pellet was transferred into a 4.0 mm limited kHz on 13C and two-pulse phase modulation (TPPAH
speed rotor (Varian, NMR, Palo Alto, CA) with working decoupling 48) at ~65—75 kHz. The typicalz/2 pulse
volumes of~80uL and confined to the active sample region widths were 2.3us on*H and 3.2us on *3C. Data were
(central 60uL) of the rotor by Kel-F and rubber spacers as processed with NMRPipe4@) with back linear prediction
described previously4g). The total mass of the material and polynomial baseline (frequency domain) correction
packed into the rotor was'60 mg. The sample contained applied to the direct dimension. Zero filling and Lorentzian-
~3 mg of CYP3A4 in Nanodiscs as determined by the to-Gaussian apodization were employed for each dimension
difference of protein quantities in the solution before before Fourier transformation. Additional acquisition and
precipitation and the supernatant after precipitation. The processing parameters for each spectrum are included in the
amount of protein was also confirmed by comparison in figure captions. Chemical shifts were referenced externally
intensity of one-dimensional (1D¥C spectra to standard with adamantane5().
proteins of known quantity.

To test the integrity of CYP3A4 in precipitated Nanodiscs, RESULTS AND DISCUSSION

a sample was prepared with natural abundance CYP3A4 and protein Expression and Precipitation of Nanodisc-Embed-
subjected to the same precipitation treatment as the isoto-ged CYP3A4The expression of functional CYP3A4 with
pically labeled CYP3A4 in Nanodiscs for SSNMR. Bro- yields sufficient for SSNMR structural studies required
mocriptine was added prior to precipitation, and a spectrum gevelopment of a high-yield expression protocol for this
of the precipitated pellet was acquired, which indicated that membrane protein. Growths performed on minimal medium,
the protein remains active in the precipitated state (see the1o, Bioexpress 1000-supplemented minimal medium, or
Supporting Information). This sample could not be fully 1009 Bioexpress 1000 (Cambridge Isotopes, Massachusetts)
resuspended, preventing accurate analysis of the resuspendegjled to yield significant quantities of natively folded protein.
pellet by UV—vis spectra. We prepared another sample with Rather, the use of the TB starter culture according to the
addition of 20% glycerol prior to precipitation, which parley method 44), in combination with the chaperone
promoted full resuspension of the pellet. The supernatant wasgroEL and GroES coexpression system, was instrumental
removed, and the precipitated pellet was resuspended in 13Gn, obtaining sufficient quantities of the isotopically labeled
uL of 0.1 M potassium phosphate buffer (pH 7.5). Sample cyp3a4, as shown for other P45061f. Cell growth was
integrity in both cases was confirmed by bromocriptine- jnjtiated in the modified TB medium to an Qg of 0.8—1,
binding-induced high-spin shift. Furthermore, SSNMR data and then the cells were transferred to a 1/4 volume of
were acquired on the samples containing (data not shown)minimal medium to produce milligram per liter quantities
and lacking glycerol, and they are identical within experi- of natively folded CYP3A4 (as defined by absorbance at 450
mental error, indicating that glycerol does not affect the pm using CO difference spectroscopy). Under these condi-
CYP3A4 conformation. All experiments in this work were  tions, supplementation of 10 mL of Bioexpress 1000 to 1 L
performed on a CYP3A4 Nanodisc sample not containing of minimal medium did not significantly increase CYP3A4
glycerol, since this sample has a higher packing density. expression. Also, alternate host strains sucEscherichia
SSNMR SpectroscoppSNMR experiments were per- coli C41 and C43 (Avidis, France®) did not improve the
formed on a 600 MHz InfinityPlus four-channel Varian NMR  protein yield. For the highest level of protein expression, 2
spectrometer. The spectrometer was equipped svid mm L baffled flasks were utilized during the growth period in
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FiGURE 3: (A) 2D 13C—13C chemical shift correlation spectrum of
[U-13C I3NJCYP3A4 in Nanodiscs at 600 MHH frequency with

a 25 ms DARR mixing time. (B) Enlarged AlaoC-Cp cross-peak
region from the same spectrum demonstrating the secondary
structure distribution. (C) Tentatively assigned Trp 126 spin system

200 180 160 140 120 100 80 &0 40 20 enlarged from the same data set, processed with 0.66 ppm (100
13 . . Hz) (top panel) and with 0.33 ppm (60 Hz) (bottom panel) net line
C Chemical Shift (ppm) broadening (Lorentzian-to-Gaussian apodization) in both dimen-

Ficure 2: CP-MAS 1D 13C spectra of [ULBCN]CYP3A4 in sions. Data were acquired for 48 h. Other acquisition parameters
Nanodiscs at-10, —25, and—40°C. CP and decoupling conditions ~ are a 0.75 msH—3C CP contact time~72 kHz *H TPPM
were optimized at each temperature; other acquisition parametersdecoupling (6.us, 16), a 6.4 mst; acquisition time (640« 10
were the same. Spectra were acquired~&0 nmol 3 mg) of us) with TPPI detection, a 15.36 ntsacquisition time (1536«
CYP3A4, with a 10.24 ms acquisition time (102410 us), ~75 10 us), and a 3 pulse delay. The data were processed with 0.33
kHz *H TPPM decoupling (6.%s, 16.3), 1024 scans, aha 3 s ppm (50 Hz) net line broadening (Lorentzian-to-Gaussian apodiza-
pulse delay. The CP contact time was 0.7 ms for all of the tion)inthe F1 dimension and 0.26 ppm (40 Hz) net line broadening
temperatures (optimized for total signal intensity). The data were (Lorentzian-to-Gaussian apodization) in the F2 dimension-eitf
processed without apodization and zero filled to 16 384 complex phase shifted sine bell functions in each dimension and zero filled
points prior to Fourier transform. to0 8192 (F2)x 4096 (F1) complex points before Fourier transfor-

mation.

;nég'TqaLl mesddlé? ;g;ﬁgi?il?ee(;aitéog’e\clg:?;; Sg?e"i?]r t?;g spin shift. The CO difference spectrum of purified CYP3A4
Purification of the labeled CYP3A4 proceeded aps in prezious: in.buffer containing !Emulgen .913 reveals functional CYP3A4
studies 41) with all of the protein absorbing at 450 nm and none at 420
' ) ] . nm (Supporting Information). Bromocriptine binding of
MAS NMR experiments require samples to be micro- cyp3a4 in Emulgen 913 results in a partial spin shift,
scopicglly ordered and macros.copically immqbilized on the shifting the absorbance from420 to~390 nm (Figure 1A).
NMR time scale. On the basis of our previous study of |y contrast, the complete low spin to high spin shift is
Nanodiscs by SSNMR5Q), and use of PEG as the gptained upon bromocriptine binding to CYP3AManodiscs
precipitant in the reported CYP3A4 crystallography studies (rFigure 1B). The spectral features observed prior to precipi-
(36, 38), we screened a small range of PEG concentrations ation (Figure 1B) are replicated after resolubilization in
to identify a robust condition for the precipitation of the phosphate buffer (Figure 1C). The bromocriptine-binding
CYP3A4-Nanodisc complex. The best conditions were spectra before and after precipitation confirm that the
highly similar to those optimal for the precipitation of precipitated CYP3A4Nanodisc sample contains the active
Nanodiscs without an embedded membrane protein. protein, since a refolding event restoring activity upon
We tested the sample integrity before and after CYP3A4 dilution into phosphate buffer is not feasible.
Nanodisc precipitation by bromocriptine binding, an assay 2D 3C—13C Correlation Spectra and Spin System Iden-
that reports not only the integrity of CYP3A4 itself, but also tification. To determine the optimal temperature for multi-
that of the CYP3A4Nanodisc complex. As previously dimensional experiments of CYP3A4 Nanodiscs, 1D CP-
reported 41, 54), functional CYP3A4 in solution exhibits ~ MAS 3C spectra were acquired in the temperature range of
only a partial low spin to high spin shift upon binding of —10 to —40 °C (Figure 2). Resolution was optimal at the
bromocriptine, while CYP3A4 in Nanodiscs displays a full high end of this temperature range, but for purposes of
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sample longevity, 2D correlation spectra were acquired at A
—25 °C, where the resolution as judged by the 1D spectra
is only compromised slightly.

2D 3C—'C homonuclear correlation spectra of uniformly
3CN-labeled CYP3A4 embedded in Nanodiscs were
acquired at 600 MH2H frequency. The spectrum with a 25
ms dipolar-assisted rotational resonance (DARR) mixing time
(55) (Figure 3A) shows3C line widths of~0.5 ppm from
individually resolved cross-peaks, demonstrating that high-
resolution SSNMR spectra can be obtained with the Nanodisc = o % rn % 5 1
sample preparation protocol. The observed narrow line F2 -13C Chemical Shift (ppm)
widths (see the Supporting Information) are comparable to
those observed in SSNMR studies of 2D microcrystag} ( “‘3 G L L N Q S“
and membrane proteins in a liposome mimetld)(and ADFHEKMPRTW
indicate that the protein is microscopically well-ordered.
Although the very large number of amino acid spin systems
(498) in this~57 kDa protein cannot yet be assigned, the
2D 3C—-C homonuclear correlation spectra allow for
identification of signals corresponding uniquely to individual
residues in the protein. Analysis of chemical shifts yields
information about the secondary structure due to the strong
dependence of €and @3 chemical shifts on not only amino
acid type but also backbone conformaticv,(58).

Ser, Thr, Gly, Ala, and lle are among the most easily F2 -13C Chemical Shift (ppm)

identifiable spin systems. As shown in Figure 3B, six isolated FiouRE 4: (A) 2D 13C—13C chemical shift correlation spectrum of
Ala Co—Cp cross-peaks can be observeee), with the [U-13C,15N]CYP3A4 (~50 nmol) in a Nanodisc overlaid with the

chemical shifts corresponding to eith@strand or random  5p 13C-13C spectrum predicted from a CYP3A4 crystal structure
coil, assigned according to secondary chemical shifts deter-(PDB ID 1TQN). The contours were cut at the Boise level, with

mined from the statistics of the re-referenced protein chemi- positive contours in turquoise and negative contours in blue. The

cal shift database (RefDB59). Integration of the remaining gﬁteac‘)’;’ﬁgf ggggigﬁ%x"ggrg‘; ggg'gr;egooegggsf%hggi?ﬁ;‘d

Ala Ca—Cg intensity using Sparky (Goddard and Kneller, time, ~72 kHz 'H TPPM decoupling (6.9:s, 16.6), a 6.4 mst;
Sparky 3.112, University of California, San Francisco) in acquisition time (640« 10 us) with TPPI detection, a 15.36 s
the chemical shift range characteristic for Ala in a helical acquisition time (1536< 10 us), and a 3 pulse delay. The data
secondary sruture (s350.8 pom for Gand 172195 Were Brocessed Wit 020 P (0 1) e e oaceng
ppm _for @) ylelded a peak count Qf 13.\{68%)’ which is phase shifted sine bell fuﬁctions and zero filled to 8192 (k2)
consistent with the number of alaninesA8—12 CYP3A4. 2048 (F1) complex points prior to Fourier transformation. (B)
It should be noted that, due to the statistical nature of the Overlay of the simulated 2EBC—13C spectrum predicted from the
database, this approach could only be used to give an estimat&etoconazole-bound CYP3A4 structure (PDB ID 2J0CB) and the
of the secondary structure distribution within a spectrum, Same experimental spectrum. The chemical shifts used to generate
S . the simulated spectra are predicted by the program Sh@gX (
and correct secondary structure determination requires as-
signments of a stretch of amino acids. We anticipate that, As another example of individually resolved spin systems,
with improvements in sensitivity, assignments of this type three Trp residues have been identified in the samé*eb
will be possible in future studies. To compare our experi- 13C spectrum (Figure 3C), consistent with the number of Trp
mental data with X-ray structures of CYP3A4, we chose the residues in the CYP3A4 sequence. One Tgp &t 109.8
ligand-free CYP3A4 structure with the highest resolution ppm, Gx at 63.5 ppm, and £at 28.1 ppm) can be tentatively
(PDB ID 1TQN) and assigned the secondary structure usingassigned to Trp 126 in the middle of helix C, on the basis of
the program DSSPcong@). The distribution of Ala second-  chemical shift patterns consistent with a helical conformation,
ary structure {-38% -strand and coil and-62% helix) is  which is observed for only one tryptophan (Trp 126) in the
in good agreement with the experimental data. Spectra werecrystal structure. The interactions of heme propionates with
further analyzed for other amino acids with easily identifiable the side chain of this Trp (they are withs A of each other)
chemical shifts. Similar integration of the entire Gly.€ (37) could cause a further downfield shift in thex®f this
C' cross-peak region and ThrpeCy cross-peak region  Trp. The other two Trp residues ha¥® chemical shifts
(analyzed from a 2D"C—!3C correlation spectrum with  consistent with3-strand or random coil conformations and
polarization transferred by the SPC-5 recoupling sché&fle (  can be assigned to the remaining two Trp residues (Trp 72
which transfers significant polarization only between directly and Trp 408). They are individually resolved in the spectrum
bonded atoms at the mixing time used) yielded estimates of processed for improved resolution (only 0.33 ppm, or 60 Hz,
22 peaks out of 26 residues for Gly and 24 out of 26 for line broadening applied in each dimension).
Thr. Overall, the agreement of secondary structure between Comparison with Crystal Structures Based on Predicted
the experimental SSNMR data and the ligand-free crystal Chemical ShiftsTo assess at low resolution whether the
structure further proves that CYP3A4 is in its folded state SSNMR experimental data are consistent with the available
within the precipitated Nanodisc complex. crystal structures, we used Shift&3) to calculate the G
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and @ chemical shifts semiempirically, using both the
highest resolution ligand-free CYP3A4 X-ray structudé)(
and the ketoconazole-bound CYP3A4 structusg).( We
restricted our analysis to theoGand @3 chemical shifts, for
which ShiftX gives the highest correlation factors between
predicted chemical shifts and experimental values (0.98 for
Ca and 0.996 for @), with reported rms errors of 0.98 ppm
for Co. and 1.1 ppm for @ chemical shifts. The predicted
chemical shifts of the two structures were then compared
with the 2D 13C—13C correlation spectrum incorporating
SPC-5 polarization transfer. The overall agreement for most

Biochemistry, Vol. 46, No. 48, 200713701

As demonstrated in many previous studies, Nanodiscs
provide a number of advantages for biophysical studies of
membrane proteins, including functional relevance, free
choice of lipid constitution, robustness, homogeneity, stabil-
ity, and ease of assembly and membrane protein incorpora-
tion. They have been proven as an ideal membrane system
for structural studies of CYP3A4, a protein that makes
conformationally and functionally inequivalent oligomers in
other membrane mimetic8%). Approaches presented here
are very likely to be applicable to numerous other membrane
proteins, particularly those that are strongly affected by

spectral regions is quite good between either of the structuredipid—protein interactions and suffering from obstacles for

and the experimental spectrum (Figure 4). However, some
differences are clear between predicted chemical shifts for
both CYP3A4 structures and the experimental data, as well
as between the chemical shifts of the two different CYP3A4
structures. These differences are most readily observed
among Leu, Asp, Ser, and Phe€Cf chemical shifts, and
they indicate the sensitivity of chemical shifts to small
structural differences. For example, in the ketoconazole-
bound CYP3A4 structure, residues 24213 (two Leu’s,
Arg, and Phe) adopt a helix-like shape from random coil in
the ligand-free structure, resulting in predicted chemical shift
changes of more than 3 ppm for some atoms ¢€Leu210,

for example). In a similar manner, it is expected that future
studies of CYP3A4 in a Nanodisc will reveal details about
changes that take place upon the interaction of CYP3A4 with
the lipid membrane.

such studies similar to those of CYP3A4. Combining the
unique features of the Nanodisc with MAS SSNMR opens
a number of possibilities for conducting functional and

structural studies of membrane proteins in common, near-
native bilayer conditions, long an outstanding problem in

membrane protein biochemistry.
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The construct used in these structural studies has 10 aminc>UPPORTING INFORMATION AVAILABLE

acids from the N-terminal helix of the full-length CYP3A4
deleted, but it retains the membrane-anchoring domain. From
previous studies it is known that this construct is fully active
(18, 19, 42, 63). Studies conducted on other P450s with the
same global fold 4, 65) show that human P450s contain

A figure showing the CO difference spectrum of purified
uniformly 13C *N-labeled CYP3A4 and the spectrum of
bromocriptine-bound precipitated CYP3A4 Nanodiscs, a
figure for line width comparison of microcrystalline protein
preparation and the CYP3AfNanodisc complex, and a table

other hydrophobic patches that represent secondary membrangss jine widths from thel3C—13C correlation spectrum. This

binding domainsg6). These membrane-interacting domains
include the F/G and the B/C loop$4, 65, 67), which
possibly orient a substrate-access channel toward the mem
brane. They are also consistent with the available crystal-
lographic data, but the effect of the membrane bilayer and
its properties on the protein conformation leading to proper

orientation of the substrate channel remains to be determined

(37).
CONCLUSIONS

We have demonstrated methods for preparation of active
CYP3A4 for SSNMR studies in a nanoscale membrane
bilayer. The optimized growth protocol for unifortfC,>N-
labeling includes use of the pG-KJES8 plasmid for coexpres-
sion with GroEL and GroES chaperones. Incorporation of
CYP3A4 into Nanodiscs yields milligrams of enzymatically
active CYP3A4 in a membrane environment, which remains
intact and active when precipitated with PEG. The complex
prepared in this manner yields 2D MAS SSNMR spectra
with narrow line widths and high sensitivity. Chemical shift

analysis demonstrates that the secondary structure of CYP3A4

in Nanodiscs is consistent with that reported by crystal-
lography. Although the 2D spectra alone are not yet sufficient
to determine site-specific assignments, they indicate that this
new sample preparation method is viable for full assignments
and structure determination.

material is available free of charge via the Internet at http://
pubs.acs.org.
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