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Materials and methods

Sample preparation of DMPC multilamellar vesicles with DNP polarizing agents

Stock biradical solutions of [Dg]glycerol/D,O/H,0O (60:30:10 volume ratio) containing 40 mM
DNP polarizing agents (AMUPol,' or TOTAPOL?) and a DNP solution of
[Ds]glycerol/D,O/H,0 (60:30:10 volume ratio) were prepared, and were kept in a -80°C deep
freezer. Twenty five milligrams of DMPC powder was hydrated using stock biradical solutions
and/or DNP solution, the resulting samples were homogeneously mixed by vortexing, then
freeze-and-thaw cycles were applied five times. Obtained 50%(w/v) DMPC multilamellar
vesicles with and without a 10 mM DNP polarizing agent were packed into 3.2 mm sappier MAS
rotors. The NMR probe was pre-cooled to 99.5 K before samples were inserted into the probe.
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Figure S1. Higher Nuclear Dynamic Polarization (DNP) efficiency of a hydrophilic
polarizing agent, AMUPol. (A) The molecular structure of DMPC. One dimensional "*C
NMR spectra of 50% (w/v) DMPC mutilamellar vesicles in [Dg]glycerol/D,O/H,O (60/30/10
volume ratio) using (B) one pulse excitation, and (C, D, and E) CPMAS® with microwave
irradiation on (red), and off (black). (D) 10 mM AMUPol, or (E) 10 mM TOTAPOL in
[Ds]glycerol/D,O/H,0 (60/30/10 volume ratio) were used as DNP polarization agents. Magic
Angle Spinning speeds were 5.3 kHz (B, and C), and 8.5 kHz (D, and E), and sample
temperatures were at 273 K (B, and C) and 99.5 K (D, and E). Recycle delays of 6 s (without
DNP polarization agents, B, and C), 1.30 s (for 10 mM TOTAPOL, D), and 2.73 s (for 10
mM AMUPol, E) were used. Total experimental time was 3.33 hours (B, and C), and 3 min
for (D, and E). The CP contact times’ were 5 ms (C), and 0.8 ms (D, and E), and a 50 kHz (B,
and C) and 100 kHz (D, and E) SPINALG64 pulse sequence’ was used for hetero nuclear
decoupling during the signal acquisition of 50 ms (B, and C), and 25.9 ms (D, and E).
Spinning side bands in the spectra are indicated by asterisks. A background signal arising
around 0 ppm is from the silicon rubber seal used in MAS rotors.
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175.6 ppm 63.8 ppm 27.0 ppm 16.5 ppm

(C=0) (Glycerol) (&) (C1a)
'H T; relaxation time of DMPC MLVs 1.98 1.89 2.08 2.05
with 10 mM AMUPol (s)
€ DMPC MLVs with 10 mM AMUPol 12.4 13.2 12.5 23.8
'H T; relaxation time of DMPC MLVs 0.81 1.93 1.18 0.87
with 10 mM TOTAPOL (s)
€ DMPC MLVs with 10 mM TOTAPOL 1.96 2.06 2.12 4.86
'H T; relaxation time of DMPC MLV (s) 30.2 13.7 14.3 N/A

Table S1. Proton T, spin-lattice relaxation times obtained from 50%(w/v) DMPC mutilamellar

vesicles with and without polarizing agents (10 mM AMUPol, or 10 mM TOTAPOL) in

[Ds]glycerol/D,O/H,0 (60/30/10 volume ratio) using proton 7 saturation recovery with CP
detection, and the signal enhancement (¢) of '°C CPMAS spectra obtained from Figure S1. 'H 7}
spin-lattice relaxation times were measured for selected '°C resonances in DMPC at 8.5 kHz
MAS, 99.5 K sample temperature, and 8 scans. NMR spectra was recorded with microwave
irradiation for AMUPol/TOTAPOL containing DMPC MLVs. Errors estimated for the reported

T, relaxation time range from 0.001 to 0.03 s.
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Figure S2. A natural abundance *C-">C chemical shift correlation spectrum of 50%(w/v)
DMPC bilayers via DNP-ssNMR using a high efficient polarizing agent, AMUPol. (A) Two
dimensional >C-">C proton driven spin diffusion (PDSD)®’ chemical shift correlation
spectrum of DMPC mutilamellar vesicles with 10 mM AMUPol in [Ds]glycerol/D,O/H,O
(60/30/10 volume ratio) with microwave irradiation at 12.5 kHz MAS, 99.5 K sample
temperature. A 3 s PDSD mixing time, 192 ¢; increments, 16 scans, 4 dummy scans, and 2.73
s recycle delay were used. Total experimental time was 4.9 hours. The CP contact time was
1.5 ms and 100 kHz SPINAL64 pulse sequence was used for hetero nuclear decoupling
during the signal acquisition of 13 ms. Covariance NMR® was used for the two dimensional
spectrum processing. (B) One dimensional slices at 32.2 ppm, 62.1 ppm, and 172.3 ppm from
two dimensional *C-">C PDSD chemical shift correlation are shown. Spinning side bands in
the spectra are indicated by asterisks.
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Figure S3. Pulse sequences for DNP sensitivity-enhanced MAS ssNMR spectroscopy used to
determine intermolecular interactions between U-'"N-labeled cytochrome P450 and
selectively "*C-labeled cytochrome bs. (A) Two-dimensional REDOR-filtered *C-"*C
chemical shift correlation experiments with microwave irradiation under MAS.’ The natural
abundance "*C magnetizations of U-""N cytochrome P450 selected by '’N-">C REDOR
scheme'’, which are encoded during the #, evolution, and subsequently correlated to the
neighboring "*C nuclei of selectively *C-labeled cytochrome bs during a long PDSD mixing
time, 3 s, to obtain *C-""C chemical shift correlation. (B) One-dimensional REDOR-filtered
3C chemical shift experiments. “C-'>’N REDOR scheme was used to select the natural
abundance "*C resonances located adjacent to '°N spins in U-"°N cytochrome P450 using the
optimized REDOR-filtering time. (C) One-dimensional REDOR-filtered ">C chemical shift
spectrum was obtained using very short 80 ps of PDSD mixing time to prevent 'H spin
diffusions, 256 scans, 4 dummy scans, and 4.68 s recycle delay. Total experimental time was
21 minutes. The spectra in both Figure S3(C) and Figure 4(A) were obtained with microwave
irradiation at 12.5 kHz MAS, 99.5 K sample temperature, the REDOR-filter of 2.56 ms to
select the neighboring natural abundance '°C magnetizations of U-""N cytochrome P450, the
CP contact time of 1.5 ms, and 100 kHz SPINAL64 pulse sequence to decouple protons
during the signal acquisition of 13 ms.
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Figure S4. Helical wheel projections of transmembrane domains of membrane-bound
cytochromes
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Amino Acid Chemical Shift (ppm)

W27cs1 126.7
L28¢, 53.7
L30¢,, 53.2
V340 174.8
L37¢, 52.7
L41c, 60.0
V500 176.4
L51¢, 55.7
A55¢ 20.4
L99¢,, 52.2

V1030 174.3

W113¢5; 127.5

V114co 176.8

All7¢ 20.3

A120¢ 17.1
1121c, 56.7

V1230 176.6

Al124¢ 18.5
L125¢, 57.0
L128¢, 54.7

Table S2. Assigned chemical shifts of selectively *C-labeled cytochrome bs incorporated into
DMPC bilayers.

DMPC Chemical Shift (ppm)
gs 67.1
gz 71.9
g: 64.6
C; 175.6
Cs 27.0
Cs1z 34.5
Cia 16.5

Table S3. Assigned chemical shifts of DMPC bilayers.
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