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Expression, purification and reconstitution of ASR
BL21-Codonplus-RIL E. coli cells were transformed with a plasmid encoding C-
terminally 6xHis-tagged ASR truncated at position 229 (1), and cultured in M9 minimal
medium at 30°C, using 4 g of uniformly labelled *C-glucose, and 1 g of ’N-ammonium
chloride per litre of culture as the carbon and nitrogen sources. The expression of ASR
was induced by 1 mM IPTG when the cell density reached Agopo = 0.4 OD. Retinal at a
concentration of 7.5 uM was added exogenously at the time of induction to regenerate the
expressed opsin. The harvested cells were pre-treated with lysozyme (12 mg per litre of
culture) and DNase I (600 units per litre of culture), and subsequently broken by
sonication. The membrane fraction was solubilized in 1 % DDM at 4 °C, and purified
following the batch procedure described in the Qiagen Ni*’-NTA resin manual.
Approximately 5 mg of ASR was purified from one litre of culture. The molar amount of
ASR was determined by the absorbance of opsin-bound retinal, using the extinction
coefficient of 48,000 M'em™.
Liposomes were prepared by hydrating dried DMPC and DMPA mixed in 9:1 ratio
(w/w), and mixed with purified ASR solubilized in detergent, at a lipid:protein ratio of
1:2 (w/w). The mixture was incubated for one hour at room temperature before adding

Bio-beads (Biorad) for detergent removal.

H/D Exchange of ASR

Following reconstitution, ASR proteoliposomes were suspended in D,0O-based
NMR buffer (10 mM NacCl, 25 mM 2-(N-Cyclohexylamino)ethane sulfonic acid, pH 9) at
a protein concentration of 0.4 mg/mL. The suspension was illuminated with a 100W
white light source, at 22 °C (monitored throughout the experiment) under constant
stirring. To prevent sample deterioration, the illumination was done in blocks of 30
minutes with 30 min interruptions until the desired illumination time was achieved.
Proteoliposomes were collected by ultracentrifugation at 150,000xg for one hour for

NMR experiments.

MAS SSNMR spectroscopy



Approximately 11 mg of lipid reconstituted U-"C,”"N ASR sample was
transferred and center-packed in a thin wall 3.2 mm rotor All SSNMR experiments were
performed on a Bruker Avance III spectrometer operating at 800.230 MHz equipped with
3.2 mm E-free "H-""C-""N probe (Bruker USA, Billerica, MA). The MAS frequency was
14.3 kHz and the sample temperature was maintained at 5 °C in all experiments. Three-
dimensional NCACX chemical shift correlation experiments were performed using
previously described pulse sequences (2,3) but without J-decoupling.

The typical /2 pulses were 2.5 ps for 'H, 4 us for B¢, and 6 ps for °N. '"H/N
cross-polarization (CP) (4) contact time was 300 ps, with a constant radio-frequency (r.f.)
field of 50 kHz on nitrogen, and with the proton lock field ramped linearly around n=1
Hartmann-Hahn condition (5) (10% ramp, optimized experimentally). "N/ BCa transfer
(6) was implemented with a contact time of 6 ms, with a constant lock field of 2.5x1;

v. =®. /2, spimning frequenc iela strength applied on , and with the 1€
(v, = o, pinning frequency) field gth applied on N, and with the *C field

ramped linearly (10% ramp) around 1.5x 1. The CW decoupling during >C/"*N CP step
was always 90 kHz. SPINAL-64 decoupling (7) of 80 kHz was used during indirect and

direct chemical shift evolutions.

Acquisition and processing parameters

NCACX experiments were recorded with DARR mixing time of 50 ms. Time
domain data matrix was 120(t;) x 172(t;) x 1280(t3), with t;, t;, t3 increments of 108 ps,
41 us, and 16 us, respectively. The carrier frequency was placed at 118 ppm and 55 ppm
for nitrogen and carbon chemical shift evolution, respectively. 8 scans per point were
recorded, with a recycle delay of 1.8 s. Data were processed with Lorentzian-to-Gaussian
apodization functions and zero filled to 1024 (t;) x 1024 (ty) x 4096 (t3) prior to Fourier
Transform. 16 Hz of Lorentzian line narrowing and 40 Hz of Gaussian line broadening
were applied in the t; "N indirect dimension, 40 Hz of Lorentzian line narrowing and 80
Hz of Gaussian line broadening were applied in the t, >CA indirect and the t; *CX direct

dimensions, respectively.

H/D exchange data analysis



The carbon chemical shifts were indirectly referenced to 2,2-dimethyl-2-
silapentane-5-sulfonic acid (DSS) by adjusting the position of the *C adamantane
downfield peak to 40.48 ppm (8). The nitrogen chemical shifts were referenced indirectly
(9) by using the ratio of gyromagnetic ratios yn/yc=0.402979946, taken without a
temperature factor correction (10). Experimental data were processed with NMRPipe
(11). Peak picking and noise analysis were performed with the CARA software (12).

Noise statistics was analyzed for a signal-free 3D box containing ~10° points in
each of the 3D spectra by running a suite of in-house-built LUA scripts in the CARA
environment. A cutoff of 56 was chosen for peak picking. Only isolated cross peaks were
considered in the analysis.

For each amino acid, the intensities of all resolved N-CA-CX (i.e., N-CA-CA, N-
CA-CB, N-CA-CO, etc.) cross peaks were added for each of the experiments. Some
amino acids are fully resolved even in the 2D NCA spectrum (Fig. S2), while many
others require 3D spectroscopy for a complete resolution. Consequently, well resolved
residues, and in particular those with well resolved NCA peaks (Fig. S2) will have higher
peak intensity (sum of N-CA-CA, N-CA-CB, peaks, etc.). This explains great variability
of the intensities in Fig. 1. For presentation purposes in Figs. S1 and 2 all residues were
conservatively classified into two groups of exchangeable (cross peak intensities in D,O-
incubated samples are attenuated by at least a factor of four compared to the fully
protonated sample) and non-exchangeable. The latter include some residues with cross-
peak intensities attenuated in D,0, but not to the extent observed for the completely
exchangeable residues.

To correct spectral intensities for slight variation of sample amount in the rotor,
we collected >C CP spectra (CP mixing time of 2 ms), and used the intensities of the
aliphatic side chains, primarily CH; groups, for normalization. These carbons are far
away from the backbone nitrogens, and draw their polarization primarily from their
directly attached protons. Their signals are independent of the amide protonation states

and can therefore be used for normalization.
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Figure S1. Amino acid sequence and colour representation of residues affected by H/D exchange.
Blue are exchangeable in the dark, red are exchangeable under illumination (4.5 h), grey are non-
exchangeable (note that those include residues with moderate decrease in the cross-peak intensities), and
white are unassigned residues.

Thus, we conclude that cross peaks in the 2D and 3D NCACX (Fig. S3) spectra
can be used to qualitatively assess the extent of the H/D exchange of amide protons. We
do note, however, that the suppression of NCA correlations may be incomplete, with as
much as ~ 25% of the signal remaining. Although even better excitation selectivity can,
in principle, be achieved by further shortening the CP time, this results in overall

sensitivity losses, and was not used in this study.

Error estimation

Spectrometer performance is stable over prolonged periods of time (many
months) as confirmed by the consistency of data collected on multiple samples, including
standards, like glycine and microcrystalline sample of GB3, and proteorhodopsin and
ASR. Signal intensities in Figure 1 (main manuscript) are given in the units of root mean
square (RMS) of noise and provide direct measure of random error. It is generally much
more difficult to estimate systematic errors. Among them are (i) residual CP signal,
which is expected even in fully back-exchanged residues. We estimate from proline

signals that this contribution should not exceed 25% of the signal from protonated



residues, and typically is much less. (ii) Inaccurate extractions of peak intensities, which
are in turn related to spectral overlap, imperfect phasing, etc. All these sources
cumulatively contribute to a slight variation of peak intensities of non-exchangeable
residues between experiments with different illumination times. There are a few
instances, when the intensity unexpectedly increases after additional 3 h of illumination.
For the majority of cases these increases are within 3c. Notable exceptions are residues
46, 50, 103, 120, 139, and 199, for which the increase is in the range of 556-9c. However,
with the exception of Ala50, these peaks are very weak and below the cutoff of 56 in the
1.5 h spectrum, and are only slightly above the cutoff in the 4.5 h spectrum. Ala50 has
about 20% higher intensity in the 4.5 h spectrum, which gives a rough estimate of the

systematic errors.
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Figure S2. A comparison of 2D NCA spectra of ASR incubated under different conditions and
collected with different CP times as indicated in the figures.

Effects of CP mixing time and H/D exchange on the intensity of cross peaks
in °N-"3C correlation spectra
ASR gives 2D NCA spectra of high resolution as shown in Fig. S2A, where many

individual cross peaks are fully resolved. A noteworthy feature of this spectrum is the



presence of a large number of proline correlations, both of NCA and NCD type, which
are driven by “long-range” 'H/'°N (e.g., at least two-bond) polarization transfer
processes. On average, their cumulative intensities are roughly two thirds of the
correlations of non-prolyl NCA signals. Shortening the CP time to 300 usec (Fig. S2B)
results in general attenuation of the non-prolyl cross peaks (~70-75% of the original
intensity is retained), and in disappearance of most of proline peaks, indicating that under
these conditions, the long-range transfer is significantly attenuated. The only noticeable
exception is at the position of two overlapping NCA correlations of P44 and P180, which

about four times weaker than in the spectrum with 2 ms HN CP mixing.

(A)H,O |10
S158C°
L82c’ L82p L8251
o @ 9 o
o , [} 9 L 115
L218Cs © ¢ Q195C L218 Q%P 1218,
Lsac’ 9 eap g
LI L216p . 216 ? [ 120
4 D217y D217 .
Le7C R ELB?I‘: ©LBH P
L164C" . Li64, °
e m773 %@ 77 12
M77C ¢
, M77C ' ' F,-CA@S57.8 ppm
180 175 40 35 a0 25 20 15 £
o
e
(B) D,O non-illuminated |10 &
S158C” =
uazc;a La2p L8261 [}
0 o —
0 o o L1153
L218C" Q195¢’ L218f; QI95%  L218y Q
e o o - £
Lg4C’ eLBap L84 g []
L216CN “L216p L216y [ 120 G
mlxso.-nzn-- 2gD2173 - o
T ] >
Le7c AP GLe7p La7y 5
L164C" L164y i
° ae [ 125 |,
M77C M77R M7y
° F.-CA@57.8 ppm
180 175 40 35 30 25 20 15
(C) D,O illuminated 270min [ ;4
S158C°
L82c’ L82p L8281
L} L] []
. L 115
L218C' # Q195¢’ L218p Qu9sp L2118y
. s .
~LB4C o LB4p L84y 0
L216c, 52168 1216 [ 120
D21’ — D217y - D217
Le7c" /‘ L87f 87y *
L164C e L164y [ 125
M77C MITR MT7y
F-CA@57.8 ppm
180 175 40 35 0 25 20 15

F.-"*C chemical shift (ppm)

Figure S3. A comparison of selected 2D NC planes from the 3D NCACX correlation spectra
collected in samples incubated in (A) H,O, (B) D,0O in the dark, and (C) D,O illuminated for 270 min.
Reduction of cross peak intensities in (B) and (C) indicates an increasing level of deuteration upon
illumination.



Incubation in D,0O in the dark results in disappearance and attenuation of many
cross peaks in the spectra (Fig. S2C), as discussed in the main text. Further attenuation

can be seen when exchange is performed under illumination (Fig. S2D, S3).
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