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Probing the photointermediates of light-driven sodium 
ion pump KR2 by DNP-enhanced solid-state NMR
Orawan Jakdetchai1, Peter Eberhardt2, Marvin Asido2, Jagdeep Kaur1, Clara Nassrin Kriebel1, 
Jiafei Mao1, Alexander J. Leeder3, Lynda J. Brown3, Richard C. D. Brown3, Johanna Becker-Baldus1, 
Christian Bamann4, Josef Wachtveitl2*, Clemens Glaubitz1*

The functional mechanism of the light-driven sodium pump Krokinobacter eikastus rhodopsin 2 (KR2) raises 
fundamental questions since the transfer of cations must differ from the better-known principles of rhodopsin-based 
proton pumps. Addressing these questions must involve a better understanding of its photointermediates. Here, 
dynamic nuclear polarization–enhanced solid-state nuclear magnetic resonance spectroscopy on cryo-trapped 
photointermediates shows that the K-state with 13-cis retinal directly interconverts into the subsequent L-state 
with distinct retinal carbon chemical shift differences and an increased out-of-plane twist around the C14-C15 
bond. The retinal converts back into an all-trans conformation in the O-intermediate, which is the key state for 
sodium transport. However, retinal carbon and Schiff base nitrogen chemical shifts differ from those observed 
in the KR2 dark state all-trans conformation, indicating a perturbation through the nearby bound sodium ion. 
Our findings are supplemented by optical and infrared spectroscopy and are discussed in the context of known 
three-dimensional structures.

INTRODUCTION
KR2 (Krokinobacter eikastus rhodopsin 2) is a light-driven sodium 
pump found in the marine bacteria K. eikastus (1, 2). It belongs to 
the family of microbial rhodopsins, characterized by seven trans-
membrane helices and a retinal cofactor linked via a Schiff base (SB) 
to a lysine (K255) in helix 7. If the sodium concentration is low, 
KR2 has been found to be able to translocate protons and lithium 
ions as well (1, 3). Engineering of the protein structure in the uptake 
cavity region leads to an expanded ion selectivity including potassi-
um or cesium (4–6). As for other microbial rhodopsins, light-driven 
ion translocation by KR2 creates an electrochemical gradient and a 
membrane potential. KR2 has therefore attracted considerable in-
terest because it is the first microbial rhodopsin that shows a cation 
pumping activity other than proton pumping, making it a promis-
ing tool for optogenetics. The potential application of KR2 as an 
effective optogenetic silencer would have the advantage that it could 
hyperpolarize the membrane potential without having an influence 
on the pH balance of cells (7).

Sodium pumps contain a signature NDQ motif (N112, D116, 
and Q123) in transmembrane helix 3 (1), which differs from the 
DTD [bacteriorhodopsin (BR) (8)] or DTE [proteorhodopsin (PR) 
(9)] motif found in proton pumps. In KR2, D116 is the retinal SB 
(RSB) counterion forming an H-bond with the protonated SB 
(pSB). The highly conserved proton donor and acceptor residues 
found in outward proton pumps are replaced by glutamine (Q123) and 
asparagine (N112) residues, which do not have such a functionality.

The discovery of KR2 was unexpected because the translocation 
of a cation such as Na+ across the positively charged RSB appeared 

energetically unfavorable due to the expected repulsion from the SB 
proton. Furthermore, sodium transport and its link to the photocycle 
raise many questions because mechanisms derived from well-studied 
proton pumps involving, for example, Grotthuss transfer steps do 
not apply.

Extensive efforts have been undertaken to resolve the structure 
and functional mechanism of KR2, making it the most intensively 
studied sodium pumping rhodopsin. Methods applied include 
femtosecond optical, ultrafast infrared, Raman, and solid-state 
nuclear magnetic resonance (NMR) spectroscopy (10–15) as well as 
molecular dynamics simulations (16). They were often combined 
with site-directed mutagenesis and transport assays to resolve the 
importance of key residues such as the NDQ motif as well as those 
affecting sodium binding, ion selectivity, or the ion transport path-
way (e.g., H30, S70, D102, R109, R243, D251, N61, G263, E11, and 
E160) (1, 2, 4–6, 17).

Optical flash photolysis experiments revealed four distinct pho-
tointermediates named K, L, M, and O (Fig. 1A) (1, 18). After light 
activation, the retinal isomerizes from all-trans to 13-cis, resulting 
in the red-shifted K-state as known from BR and other microbial 
rhodopsins (10, 19). Subsequently, a blue-shifted L-state is formed, 
during which the pSB is prepared to transfer a proton to D116 in the 
even further blue-shifted M-state (1, 20). Uptake of sodium is be-
lieved to take place between the M-state and the red-shifted O-state 
(1, 3). The population of the O-state has been found to depend 
strongly on the sodium concentration (5, 21). The retinal confor-
mation has been discussed controversially as 13-cis (20, 22) or all-
trans (23, 24). The protein then relaxes back to the dark state to 
complete the photocycle.

Monomeric (5, 6) and pentameric (17) KR2 dark state crystal 
structures have been reported. In contrast to proton or chloride 
pumping microbial rhodopsins, no bound ion substrate has been 
found inside dark state KR2. The only bound sodium ion found in 
the resting state is at the extracellular side of the protomer interface 
in the pentameric crystal structure, but its binding site seems to be 
not directly related to the function of KR2 (6). The crystal structures 
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of monomeric KR2 adopt a more “compact” conformation in which 
the large water-filled cavity close to the RSB found in the “expanded” 
pentameric state is missing (7).

Very recently, a serial crystallography study using an x-ray 
free-electron laser on monomeric KR2 has been reported (25). Two 
sodium-binding events have been observed, one near N112 and 
D251 (“O1 state”), followed by a second binding between E11, 
N106, and E160 (“O2 state”). In contrast, the crystal structure of the 
O-intermediate of pentameric KR2 (23) reveals a bound sodium ion 
near the RSB coordinated by N112 and D116 (23). These studies 
represent excellent progress in resolving structures of resting and 

relevant photointermediate states. However, the resolution is still 
limited, and fine electrostatic details may not be observable.

To link three-dimensional (3D) structures with optical proper-
ties and functional data, NMR parameters such as chemical shifts, 
internuclear distances, or torsion angles within the chromophore 
can be extremely useful, especially in the context of model building 
assisted by quantum chemical approaches. In particular, solid-state 
NMR (ssNMR) has been very strong in the field as it offers unique 
possibilities to obtain structural details at atomic resolution for 
membrane proteins directly in lipid bilayer environments (26). It 
has been intensively used for the study of the retinal chromophore 

Fig. 1. Experimental approach. (A) Schematic photocycle of KR2. (B) Light-induced cryo-trapping for dynamic nuclear polarization (DNP)–enhanced magic angle spin-
ning (MAS) NMR. (C) Retinal and KR2 isotope-labeling schemes. KR2 proteoliposomes were incubated with AMUPol in D2O/H2O/glycerol (see Materials and Methods). 
(D) DNP-enhanced 13C spectra of 13C10–18-KR2. (i) 13C CP spectra reveal a DNP signal enhancement of 40. (ii) 13C DQF spectra in the dark state and (iii) after illumination at 
110 K. (iv) Difference spectrum (light dark). (v) Pure light-induced spectrum obtained by subtracting the remaining dark state contribution (see fig. S1). Retinal peak 
assignment is based on data in Fig. 2. mw, microwave.
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(27–32). The sensitivity of NMR can be markedly improved by 
dynamic nuclear polarization (DNP), where polarization is trans-
ferred from paramagnetic dopants to nuclear spins (33). DNP, 
therefore, offers an excellent way to probe light-induced, cryo-trapped 
photointermediate states. The method was applied previously to the 
microbial rhodopsins BR (28, 34, 35), channelrhodopsin-2 (ChR2) 
(36), and PR (32, 37, 38) but has not been used for sodium pumps 
such as KR2.

Here, we applied DNP-enhanced ssNMR to monitor chemical 
shifts of retinal carbons and SB nitrogen in the dark state and K-, L-, 
and O-states of KR2 in its physiological pentameric form reconsti-
tuted into lipid bilayers. The light-induced photointermediates 

were stabilized by various cryo-trapping protocols such as illumination 
at 110 K, thermal relaxation, or flash freezing (Fig. 1B). Cryo-  
trapping is highly compatible with the low-temperature require-
ments of DNP (39). The applied procedures were validated by 
recording time-resolved as well as cryo-trapped ultraviolet/visible 
(UV/Vis) absorption spectra of photointermediates. Our data re-
veal an equilibrium between the early K- and L-states with distinct 
13C chemical shift differences. The 15N chemical shift of the SB 
nitrogen gradually increases from the dark state via K to L, indicat-
ing a stronger H-bond to D116. Furthermore, an increased out-of-
plane twist at the end of the polyene chain in the L-state is observed. 
In the O-state, where sodium is bound inside KR2, the chromophore 

Fig. 2. Retinal resonance assignment. 13C-13C PDSD and DQSQ spectra of 13C10–18-KR2 in the dark state (G) (A and B) and after illumination at 110 K (C and D). In the light 
state, two separate spin systems corresponding to the K-state (•) and L-state (◊) and the residual dark state (x) population are detected. Cross peaks belonging to the same 
spin system are connected in the DQSQ spectra (B and D). (E) 13C DQF spectra of 13C12,13,20-KR2 in the dark state (G) and after illumination at 110 K (G, K, and L) show reso-
nances for C13, C12, and C20. (F) PDSD spectra of 13C12,13,20-KR2 reveal a C13-C20 cross peak in the dark, which splits into two additional signals assigned to C13K/L and 
C20K/L upon illumination.
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adopts an all-trans conformation that, however, differs from the 
dark state. All-trans retinal has been suggested to aid sodium release 
(16), and the observed 13C and 15N chemical shift differences reflect 
slight structural rearrangement within the retinal binding pocket 
and altered SB interactions. The obtained data are complemented 
by time-resolved IR measurements, compared with those reported 
for proton pumping microbial rhodopsins, and discussed in the 
context of known x-ray data.

RESULTS
To monitor the retinal conformation and SB-counterion interaction 
by ssNMR, we used three different isotope-labeling schemes (see 
Fig. 1C): 10–18-13C9 or 14,15-13C2 all-trans retinal was incorporated 
into U-15N-KR2. In addition, 12,13,20-13C3 all-trans retinal was re-
constituted into 15N-Lys-KR2. We refer in the following to these sam-
ples as 13C10–18-KR2, 13C14,15-KR2, and 13C12,13,20-KR2, respectively.

KR2 was reconstituted into lipid bilayers. All experiments were 
carried out in the presence of NaCl (30 to 100 mM) and with 
AMUPol as polarizing agent (see Materials and Methods for further 
details). Typically, a 40-fold signal enhancement (microwave on/off) 
was achieved by DNP in 1H-13C cross-polarization (CP) experiments 
as shown for 13C10–18-KR2 [spectrum (i) in Fig. 1D]. Such an en-
hancement has been shown to be essential for in situ illumination 
and cryo-trapping experiments of photoreceptors (36, 37, 39). 
For 13C10–18 retinal, six of nine signals could be directly detected in 

double-quantum filtered (DQF) spectra (40) in which the natural 
abundance 13C background has been suppressed [spectrum (ii) in 
Fig. 1D]. Four of these signals were well resolved and two overlapped 
(C10 and C12). The -ionone ring methyl resonances C16, C17, and 
C18 were not considered here as they could not be detected under 
our DNP conditions (15, 32, 41). The assignment of all other carbons 
was derived from double-quantum single-quantum (13C-13C DQSQ) 
(42) and carbon-carbon proton-driven spin diffusion (PDSD) spectra 
(43) (Fig. 2, A and B). The obtained chemical shifts (table S1) in the 
dark state were identical to those reported by us before for KR2 in the 
proton-pumping mode in the absence of sodium (15). The C20 reso-
nance was determined from a 13C DQF spectrum of 13C12,13,20-KR2, 
which also confirmed the C12 and C13 assignments (Fig. 2E). The 
C14 and C15 resonance assignments were confirmed by a 13C DQF 
spectrum of 13C14,15-KR2 (Fig. 3B).

Cryo-trapping and assignment of the K- and L-intermediates
Sample illumination and cryo-trapping were carried out as de-
scribed previously for green PR (GPR) (37). A high-power light- 
emitting diode (LED) was used for in situ illumination directly 
within the NMR spectrometer at 110 K for 60 min. As a result, new 
resonances occur in the 13C DQF spectrum [spectrum (iii) in Fig. 1D]. 
The light-dark difference spectrum [spectrum (iv) in Fig. 1D] 
demonstrates the depletion of the dark state and the creation of 
light-induced states. A conversion of approximately 45% can be 
achieved as estimated from the C11 resonance (fig. S1). A pure 

Fig. 3. Thermal relaxation experiments for the identification of the K- and L-state spin system. (A) 13C-13C PDSD spectrum of 13C10–18-KR2 in the dark (bottom). Upon 
illumination at 110 K (middle), two sets of C15-14 and C14-12 cross peaks occur in addition to the residual dark state resonances (x). Under thermal relaxation (top), only 
one set of these cross peaks remains and is assigned to the L-state (◊). The disappearing resonances belong to the K-state (•). (B) 13C DQF spectra of 13C14,15-KR2. Upon il-
lumination at 110 K, C15 shifts, while C14 splits into two resonances. The latter disappears upon thermal relaxation, which confirms the assignment of both resonances 
to K and L. The residual dark state contribution has been subtracted from the pure light-induced spectra. (C) Same experiment as in (B) but on 13C12,13,20-KR2. Here, C20 
shifts, and C12 shows a pronounced splitting, which reduces to just one peak after thermal relaxation, confirming here the resonance assignments to K- and L-states as 
well. See table S1 for chemical shift. An extensive temperate scan is shown in fig. S2.
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light-induced spectrum is obtained by subtracting the remaining 
dark state population [spectrum (v) in Fig. 1D].

To resolve and assign all new resonances, we recorded 13C-13C 
PDSD and DQSQ spectra (Fig. 2, C and D). In these spectra, all 
signals from the residual dark state population could be identified. 
The newly appearing cross peaks correlate with each other and de-
scribe two separate retinal signal sets, which can be assigned by 
combining the DQSQ assignment walk with the correlations ob-
served in the PDSD spectrum. Unfortunately, the coexistence of dark 
and apparently two photointermediate states in our cryo-illuminated 
samples causes severe peak overlap in the 2D spectra of 13C10–18-
KR2. To unambiguously assign these new cross peaks, we also cryo-
trapped 13C12,13,20- and 13C14,15-KR2 by illumination at 110 K. The 
C12 signal splits into two resonances (Fig. 2E). Furthermore, two 
additional C13-C20 cross peaks occur (Fig. 2F). Likewise, the C15 
resonance shifts, and C14 splits into two signals (Fig. 3B). Using 
these spectra, two separate spin systems can be assigned, and it is 
therefore concluded that two early intermediates, tentatively as-
signed as K and L, have been trapped (table S1).

To identify which of the signals belongs to K and which belongs 
to L, we illuminated the sample at 110 K followed by thermal relax-
ation at various higher temperatures and subsequent detection by 
DNP–magic angle spinning (MAS) NMR after cooling down again 
to 110 K (36). Illumination under cryogenic conditions traps the 
protein in the earliest photointermediate state. By raising the tem-
perature, subsequent photointermediates can be thermally reached 
before the system returns to the dark state. Upon illumination of 
13C10–18-KR2 at 110 K, two sets of C15-C14 and C15-C12 cross 
peaks occur in addition to the remaining dark state signals as de-
scribed above (Fig. 3A). After thermal relaxation, two of the light- 
induced cross peaks disappear. They are therefore assigned to the 
K-intermediate, while the remaining peaks belong to the L-state. Ad-
ditional support is provided by 13C DQF spectra of 13C14,15-KR2, 
which show for C14 that under thermal relaxation at 190 K, the 
K-state decreases and the L-state increases (Fig. 3B). Similarly, we 
observe for 13C12,13,20-KR2 that one of the C12 resonances increases, 
which allows us to assign the K- and L-state signals (Fig. 3C). The 
same effects are observed for C13 (fig. S2B) and C20 (Fig.  3C). 
Thermal relaxation experiments over a wider temperature range are 
shown in fig. S2A.

The assignments to K and L have been further validated by com-
paring UV/Vis absorbance spectra of photointermediates extracted 
from time-resolved flash photolysis experiments with those ob-
tained under cryo-trapping conditions as used for DNP ssNMR 
(Fig. S4). Such an approach has been used before successfully to 
validate cryo-trapping of ChR2 (36) and PR (37). The difference 
spectra recorded at 110 and 160 K correspond well with the spectral 
signatures of the K- and L-state. The observation of both K- and 
L-photointermediates at temperatures as low as 100 K is unexpected 
as usually only the K-state can be produced in other microbial rho-
dopsins at such low temperatures (28, 34, 37).

Characterization of the K- and L-intermediates
Chemical shift differences between dark and K/L-states are plotted 
in Fig. 4A. The 13-cis retinal isomer in the K-state causes largest 
effects for C12 with a shielding of 12.8 parts per million (ppm) 
and for C20 with a deshielding of 10.3 ppm. These values reduce 
in the L-state to 6.4 and 8.5 ppm for C12 and C20, respectively 
(table S2). The chemical shift changes are compared to those 

observed for the trans-cis isomerization in model compounds 
(gray bars in Fig. 4A) (44, 45). For the K-state, they deviate by more 
than 4 ppm for C10 to C13 and C20 between KR2 and model com-
pounds, which therefore suggests a protein-induced chromophore 
distortion around these carbons in the K-state. For the L-state, these 
differences are less pronounced. The chemical shift differences 
between K and L are shown in Fig. 4B. C12 (6.4 ppm) and C13 
(4.1 ppm) are less shielded, while C14 displays an additional shield-
ing (4.6 ppm), suggesting a slight movement toward a 15-syn 
conformation (46).

These observations suggest a fine adjustment of the chromo-
phore upon illumination and a distortion at least near the SB region 
in early photointermediates as also indicated by previous time- 
resolved IR studies (10, 20). Such a distortion could be, for example, 
an out-of-plane twist of the polyene chain. This was further studied 
by time-resolved IR measurements, which span the spectral range 
of such hydrogen out-of-plane (HOOP) modes (Fig. 5A). The high-
lighted transients at 960, 980, and 992 cm−1 show a biphasic decay, 
which correlates with the K/L-to-M transition and the decay of M, 
indicating a strong change of retinal distortion during the early in-
termediates in the photocycle. We therefore measured the HCCH 
torsion angle around the C14-C15 bond in 13C14,15-KR2 by double- 
quantum heteronuclear local field experiments (47). Unfortunately, 
the K-intermediate could not be analyzed unambiguously because 
the C14 resonances of the dark and K-state as well as the C15 peaks 
of K- and L-states fully overlap (Fig. 3B and fig. S3A). However, for 
the L-state, dephasing curves could be obtained by deconvoluting 
the C14L peak from the C14G,K resonance. A comparison with the 
dark state is shown in Fig. 5B. The curves display a substantial devi-
ation from planarity in the dark state (150° ± 2°), which becomes 
larger in the L-state (136° ± 6°; see also table S1). For comparison, 
we also performed light-induced cryo-trapping experiments in the 
absence of sodium. The chemical shifts of C14 and C15 do not 
change in K and L and also the same HCCH torsion angle is ob-
tained (fig. S3).

The SB nitrogen 15N chemical shift is affected by its protonation 
state, H-bond formation and characteristics, its electrostatic envi-
ronment, and the torsion around the C15═N bond. This NMR pa-
rameter has been extensively used for monitoring interactions 
between the SB and the counterion/proton acceptor during the 
photocycle (28, 34). The dark state signal for the pSB shifts and 
broadens upon illumination and cryo-trapping (fig. S2C). To re-
solve the K- and L-state contributions to the observed line shapes, 
15N-13C transferred echo double resonance (TEDOR) (48, 49) spec-
tra of 13C10–18-KR2 were recorded. In these spectra, cross peaks be-
tween the SB nitrogen and retinal carbons C14 and C15 are observed 
(Fig. 6). In the dark state, the pSB nitrogen chemical shift at 173.3 ppm 
is as reported before (Fig. 6A) (13, 15). Upon illumination at 110 K 
(Fig. 6B), cross peaks for the K- and L-state subpopulations occur. 
After thermal relaxation at 190 K, only the L-state cross peaks re-
main (Fig. 6C). These spectra reveal the pSB nitrogen chemical shift 
for the K-state at 176.1 ppm and for the L-state at 181.3 ppm. The 
SB nitrogen becomes deshielded in the K- and L-states compared to 
the dark state, which indicates a stronger H-bond caused by stron-
ger interactions with the counterion (D116) (50, 51). This effect is 
more pronounced in the L-state, which prepares the protein for the 
subsequent proton transfer step in the M-state. We also tried to trap 
the M-state by a further thermal relaxation step. However, the de-pSB 
signal, which is expected at around 320 ppm, could not be detected. 
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Fig. 4. Light-induced 13C retinal carbon and SB chemical shift changes. (A) Chemical shift differences between dark state (G) and photointermediates K, L, and O are plotted for 
carbon atoms C10 to C15, C20, and SB. The gray bars illustrate the effect of the all-trans 13-cis isomerization as observed for the model compounds N-retinylidenebutylamine 
(C10 to C15) and retinal (C20) (44, 45). The 15N chemical shift of KR2 in the dark and intermediate states is compared to GPR (37), BR (28), and ChR2 (36). (B) Chemical shift difference 
between the K- and L-state. (C) Illustration of chemical shift changes observed at retinal carbons and SB nitrogen in the dark state [Protein Data Bank (PDB): 6REW], K-state 
(PDB: 6TK5), L-state (PDB: 6TK4), and O-state (PDB: 6XYT). The yellow and blue spheres indicate shielding and deshielding at the nuclei, respectively.

Fig. 5. Twist of the retinal polyene chain. (A) Transients of the UV/Vis measurements representing the intermediates of the photocycle (bottom), contour plot of the 
HOOP region (middle), and picked IR transients (top). The HOOP modes at 960, 980, and 992 cm−1 show a biphasic decay, with the strongest amplitudes during the K/L-
to-M transition and the decay of M. This biphasic behavior underlines the strongly twisted character of the retinal chromophore in the early photocycle of KR2, which 
relaxes back to a ground state–like conformation during the formation of O. (B) HCCH dephasing curves of the C14-C15 spin system in 13C14,15-KR2 reporting on the 
H-C14-C15-H dihedral angle. (i) Dark state and (ii) L-intermediate were obtained by illumination at 110 K and followed by thermal relaxation at 190 K. Curves were ob-
tained by analyzing the C14 signal intensity (see fig. S3 for further details). abs, absorbance; mOD, optical density/1000.
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One reason might be a very short lifetime/low population of the 
M-state (1).

Cryo-trapping and analyzing the O-intermediate
The O-state is the last photointermediate in the KR2 photocycle (1). 
It becomes only populated in the presence of sodium ions and has 
the longest lifetime of all intermediates (18). Trapping is therefore 
based on continuous illumination outside the NMR spectrometer, 
followed by rapid flash freezing in liquid nitrogen and subsequent 
transfer into the DNP probe. This trapping procedure was first val-
idated by cryo-UV/Vis spectroscopy, which demonstrated the feasi-
bility of this method (fig. S4).

The O-state trapping procedure was then applied to 13C12,13,20-
KR2. A comparison of 1D 13C DQF spectra obtained after flash 
freezing with those recorded in the dark, after illumination at 110 K 
and after thermal relaxation, is shown in fig. S2B. No obvious 
chemical shift difference is detected between the ground and the 
O-state. To improve resolution, a 13C-13C PDSD spectrum was re-
corded after flash freezing. Here, an additional correlation between C13 
and C20 due to small chemical shift differences for both resonances 

is observed (Fig. 7A). C13 and C20 are slightly more shielded with 
respect to the dark state by around 3 and 1 ppm, respectively. Simi-
larly, an additional C13-C12 cross peak occurs. The C12 resonance 
is especially sensitive to the retinal isomerization. It is almost iden-
tical in the dark state and the O-state, suggesting a recovery of the 
all-trans retinal conformation.

To obtain O-state chemical shifts for the other retinal carbons 
and the SB nitrogen, we recorded 15N-13C TEDOR spectra on 
flash-frozen samples of 13C10–18-KR2 (Fig. 6D). A new 15N-pSB–
13C15 cross peak could be detected in addition to the signals from 
the remaining dark state population. The retinal 13C15 chemical 
shift of the O-state is the same as that of the all-trans retinal in the 
dark state. However, the 15N chemical shift of the pSB nitrogen oc-
curs at 182.0 ppm and is therefore deshielded with respect to the 
dark state (173.3 ppm). To improve the magnetization transfer 
along the polyene chain, we performed an N(C)CX-type experi-
ment with an initial CP step from the SB nitrogen to C15, followed 
by proton-driven carbon-carbon spin diffusion (52). This N(C15)
CX spectrum of 13C10–18-KR2 in the dark state shows 15N-pSB cor-
relations at 173.3 ppm with all retinal carbons C10 to C15 (Fig. 7B). 
The 13C chemical shifts match those assigned by the PDSD and 
DQSQ spectra (Fig. 2, A and B, and table S1). Upon trapping the 
O-state, new cross peaks between the 15N-pSB at 182 ppm and C12, 
C14, and C15 occur (Fig. 7C). The C12 chemical shift in the O-state 
is confirmed by the experiment on 13C12,13,20-KR2 described above 
(Fig. 7A). The O-state C12, C14, and C15 13C chemical shifts are 
similar to the dark state. C13 overlaps with the C15 peak. The C10 
and C11 resonances could not be observed because of their low 
peak intensities. The C12 and C20 O-state chemical shifts unambig-
uously show an all-trans conformation of the retinal chromophore 
similar to the dark state but with altered SB interactions since its 
nitrogen is deshielded by almost 9 ppm.

DISCUSSION
The KR2 retinal and SB have been probed by DNP-enhanced ssNMR 
after light-induced cryo-trapping in early (K and L) and late (O) 
photointermediate states (Fig. 1B).

Early photointermediate states
Our cryo-trapping experiments at 110 K revealed a mixture of K- 
and L-state populations. Very similar experimental conditions ap-
plied to BR, GPR, and ChR2 resulted just in a single trapped K-state, 
which hints toward differences in the energy landscape of early 
photointermediates between different rhodopsins. This view is also 
supported by the observed chemical shift changes in the K-state that 
are overall dominated by the retinal trans-cis isomerization in 
agreement with model compounds (Fig. 4). However, remarkable 
deviations from model compound behavior are observed for almost 
all labeled carbon positions, which therefore cannot solely be ex-
plained by isomerization but must partially be caused by specific 
interactions within the KR2 retinal binding pocket. These additional 
shielding/deshielding effects are protein specific as illustrated by 
comparing the K-state chemical shift changes of KR2 obtained with 
those from the same labeling scheme in the K-state of GPR (table 
S2). In PR, they also deviate from model compounds, but these 
changes are less pronounced: The overall root mean square devia-
tion (RMSD) of the chemical shift differences (dark-K) in KR2 is 
larger than that in GPR (7.1 ppm versus 5.4 ppm; see table S2). 

Fig. 6. DNP-enhanced 15N-13C TEDOR spectra of 13C10–18-KR2 recorded under 
different trapping conditions. (A) In the dark state, cross peaks between the pSB 
nitrogen (173.3 ppm) and C14/C15 occur. (B) Upon illumination at 110 K, a mixture 
of new cross peaks and residual dark state populations arises. The main new popu-
lation stems from the K-state. (C) A subsequent thermal relaxation step at 190 K 
depopulates the K-state and increases the L-state. The K- and L-state 13C chemical 
shifts agree with those described above (Fig. 3B). They correlate with pSB signals at 
176.1 ppm (K-state) and 181.3 ppm (L-state). (D) Trapping the O-state by illumina-
tion at room temperature followed by flash freezing does not alter the C14/C15 
chemical shifts significantly, but an additional cross peak between C15 and a new 
pSB nitrogen resonance at 182 ppm is observed. The signal at 181/175 ppm could 
be from a remaining L-state population but is not considered further because of its 
low signal-to-noise ratio. Spectra were recorded with a TEDOR mixing time of 6 ms.
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Similarly, distinct protein-induced effects have also been observed 
for BR and other rhodopsins using a range of different labeling 
schemes (28). Not only the retinal 13C but also the SB 15N chemical 
shift shows strong photocycle-dependent changes. Factors contrib-
uting to the chemical shift are primarily the protonation state, 
H-bonds, and the electrostatic environment. The latter two factors 
are often subsumed as a measure for the SB-counterion interactions 
since an empirical relationship between 15N chemical shift and max 
for RSB model compounds has been found (50). In addition, the 
torsion around the SB bond C15═N will contribute to the observed 
chemical shift. Here, a deshielding in the K-state with respect to the 
dark state by 2.8 ppm is observed. Very different trends occur in 
other rhodopsin K-states although they are all red-shifted, under-
lining the role of the protein environment: While GPR shows no 
15N chemical shift change (37), a large shielding is observed for 
light-adapted BR (BR568) (28) and ChR2 (36) (see Fig. 4A).

In the KR2 L-state, the overall 13C chemical shift changes with 
respect to the dark state are smaller compared to the K-state (13C 
RMSD reduces from 7.1 to 4.9 ppm; table S2). In addition, the SB 
nitrogen is strongly deshielded by −8 ppm and the torsion around 
the C14-C15 bond changes from 150° to 136°. The SB is already 
stronger drilled around the C15═N bond in the dark state com-
pared to microbial proton pumps because the different position of 

the proton acceptor D116  in KR2 requires another orientation of 
the SB N─H bond vector for a hydrogen bond formation (see fig. 
S3) (1, 5, 6, 17, 20). This is also reflected in the C14-C15 torsion. The 
larger out-of-plane twist brings the SB proton into an even more 
favorable position with respect to D116, which would be needed for 
the subsequent proton transfer step during the M-state. Such a twist 
in the polyene chain near the SB moiety might be necessary for the 
inhibition of the delocalization of the positive charge along the 
-conjugated system, leading to the decrease of the pKa value (where 
Ka is the acid dissociation constant) at the SB. This is also supported 
by the observed nitrogen deshielding, which is indicative of a stron-
ger H-bond to D116. The C14 chemical shift has been found to be a 
sensitive marker for a 15-syn/anti conformation. In BR, the 15-
anti–C14 resonance is found at 124 ppm and that for 15-syn is 
found at 111 ppm (28). Here, C14 shifts from 123.8 ppm in the dark 
and K-state to 119.2 ppm in the L-state. This means that the retinal 
is slightly turning toward a more compact 15-syn conformation in 
the L-state.

A twist along the retinal polyene chain is also supported by the 
HOOP modes in the range of 950 to 1000 cm−1 (Fig. 5A). The band 
at 992 cm−1 either stems from an in-plane bending vibration of the 
SB or stems from the C15-HOOP mode (53, 54). The positive signals 
at 960 and 980 cm−1, respectively, were also found for BR and were 

Fig. 7. Analyzing the retinal chromophore in the KR2 O-state trapped by illumination and flash freezing. (A) 13C-13C PDSD spectra of 13C12,13,20-KR2 reveal a C13-C20 
(left) and a C13-C12 cross peak (right) in the dark state. Upon flash freezing, an additional, small cross peak for C13-C20 and C13-C12 is detected. They arise from the 
O-state. C13 and C20 change by 3.5 and 1.1 ppm, respectively. (B) 15N-13C DCP (double cross polarization) correlation spectrum of 13C10–18-KR2 (100 mM NaCl) with an 
N(C15)CX polarization transfer step in the dark state and (C) upon flash freezing. The trapped O-state population is characterized by a deshielding of the SB nitrogen by 
9 ppm, while the C12, C14, and C15 resonances are similar to the dark state.
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attributed to the coupled C15-HOOP and N-HOOP mode of the SB 
(53, 55). All three transients show a biphasic decay, with their stron-
gest contributions during the K/L-to-M transition and the decay of 
M (fig. S5). This implies a rather strong twisting of retinal in the 
early photocycle compared to the ground state.

Recently published serial crystallographic x-ray data of mono-
meric KR2 provide structural snapshots throughout the KR2 pho-
tocycle (25). We added our chemical shift changes to an overlay plot 
of the dark state [Protein Data Bank (PDB): 6TK6] and K-state 
(PDB: 6TK5; t = 800 fs) structures (Fig. 8A). The largest changes 
stem from the isomerization. Additional protein-specific contribu-
tions to the observed chemical shift differences could be caused by 
altered ring-current effects due to small rearrangements of aromat-
ic residues W113, W215, and Y218 by which the C10-C15 segment 
of the retinal polyene chain is surrounded. C20 tilts increasingly 
toward helix C in the L-state, which could also explain the C12, C13, 
and C14 chemical shift differences between K and L (PDB: 6TK5, 
t = 1 ns; Fig. 8B). The distance between the SB nitrogen and Oδ2 
of D116 changes from 3.0 Å in the dark state via 2.9 Å in the K-state 
to 2.4 Å in the L-state in these x-ray structures, which would agree 
with a 15N deshielding due to an increasing H-bond strength.

BR is the only other rhodopsin for which chemical shift data for 
the L-state have also been obtained. As mentioned above, the 15N 
SB nitrogen chemical shift becomes more shielded in the K-state 
but is significantly deshielded in the L-state (28). In light-adapted 
BR568, the SB forms an indirect H-bond with the proton acceptor 
D85 through the structural water molecule W402. In the K-state, 
this interaction is disturbed because of disordering of W402, fol-
lowed by the formation of a new H-bond in the L-state (28, 35). The 
different trend in KR2 most likely hints toward a more direct inter-
action between SB and D116 throughout the photocycle. Note that 
T89 in BR, which is at the same position as D116 in KR2, has been 
found to be involved in proton transfer (35). The torsion and the 
K- and L-state chemical shifts are sodium independent (fig. S3), 
which supports the view that bound sodium near the RSB only oc-
curs in later states.

The late O-intermediate state
Structural data of microbial rhodopsin O-states are still rare. Fortu-
nately, the KR2 O-state has a long lifetime and could be therefore 
trapped in proteoliposomes for ssNMR as reported here or in crys-
tals for x-ray diffraction (23). The key difference between the KR2 O 
and dark states is the presence of an internally bound Na+ ion. So-
dium must pass the SB region during translocation, and the O-state 
has been shown to be directly connected with sodium binding and 
transport (3, 18, 24). This additional positive charge will alter the 
interaction network in the retinal binding pocket and will have an 
effect on the chemical shifts of nearby nuclei. Our 13C chemical shift 
data show that the retinal in the O-state has switched back from 
13-cis to all-trans but differences for the C13, C20, and of the SB 
nitrogen chemical shifts occur. Note that the retinal in the O-state 
x-ray structure is also in all-trans conformation, but the C14-C15 
bond has been reported to be out of plane compared to the dark 
state (23). Furthermore, previous computational studies suggested 
that an all-trans retinal would facilitate exergonic Na+ release to the 
extracellular side (16). The same study also suggested an electrostat-
ic attraction of Na+ to the negatively charged D116 resulting in a 
shielded interaction between D116 and the RSB with a subsequent 
red shift. This argument is in line with the coordination of bound 

Na+ by D116, N112, S70, and V67 revealed in the O-state x-ray 
structure (23) in which the ion is 5.4 Å away from the SB nitrogen 
(Fig. 8C).

For the SB nitrogen, a large deshielding by 9 ppm was observed 
in the O-state. As discussed before, factors contributing to the 
chemical shift are primarily the strength of the H-bond in which the 
SB nitrogen is involved, as well as electric charge effects and torsion 
around the C15═N bond.

An altered torsion appears less likely since the C14 chemical 
shift, a sensitive indicator for a 15-syn/anti isomerization, remains 
unchanged between the dark state and the O-state. This observation 
agrees with the KR2 dark state and O-state x-ray structures in 

Fig. 8. KR2 retinal binding pocket during the photocycle, structures, and 
chemical shifts. (A) Comparison between dark- and K-state serial crystallography 
x-ray structures (6TK6 and 6TK5) (25) with 13C and 15N chemical shift changes (see 
tables S1 and S2). (B) As in (A) but comparison between the K-state (6TK5) and the 
L-state (6TK4). Plotted chemical shift changes are with respect to the K-state. (C) The 
dark state and O-state of pentameric KR2 x-ray structures (6REW and 6XYT) (23) and 
chemical shift changes with respect to the dark state. (D) The dark state and O-state 
of monomeric KR2 time-resolved structures (6TK6 and 6TK2) (23) and chemical shift 
changes with respect to the dark state. (E) Photocycle of KR2 and illustration of 
retinal conformation and electrostatic changes in K, L, and O as observed by ssNMR. The 
chromophore is highly twisted near the SB in the L-state, and the H-bond between 
SB nitrogen and D116 becomes stronger in L- and O-intermediates.
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which the C14-C15-N-C dihedral angle does not significantly 
change (6REW, 135°; 6XYT, 132°) and which is also supported by 
our IR measurements. All three HOOP modes relax back to a 
ground state–like conformation with the formation of O (Fig. 5A).

The observed deshielding could, however, indicate a stretched 
N─H bond and, hence, a stronger O…H─N hydrogen bond be-
tween D116 and the SB nitrogen in the O-state. This seems plausi-
ble when considering that the SB becomes reprotonated with a 
proton being transferred from D116 during the M➔O transition. 
This process is faster in the presence of Na+. It would require a fa-
vorable orientation of the aspartate carboxyl group and the SB with 
respect to each other and could result in a shorter O…H distance, 
which then relaxes and becomes longer again in the dark state 
(3, 24). On the other hand, this observation seems counterintuitive 
in comparison to RSB model compounds (50) for which a correla-
tion between H-bond strength and max was found and which would 
predict a blue shift with 15N deshielding. This is usually discussed in 
terms of stronger counterion interactions and fits generally the ob-
servations on many rhodopsins in their dark states (13). Here, in the 
KR2 O-state, a red shift occurs, and it has been argued, as men-
tioned above, that this could be caused by a shielded counterion–SB 
interaction due to the bound Na+. However, the situation appears 
more complicated as Na+ is coordinated by D116 and three other 
residues (23), which will alter the polarity/electric field within the 
SB vicinity in a complex manner. In addition, water molecules with-
in the proximity of the SB will contribute to the polarity since the SB 
cavity contains four water molecules with one of them H-bonded to 
D116 (17).

In the O-state x-ray structure (PDB: 6XYT) (23), KR2 adopts a 
structure similar to the previously mentioned compact conforma-
tion with the SB cavity disappearing. These alterations will contribute 
to the H-bond character. It is also important to point out that sub-
stantial alterations in the H-bond geometry could be below the usual 
resolution of x-ray crystallography but will cause notable chemical 
shift changes (56). According to the dark state and O-state x-ray 
structures, the distance between OD2 of D116 and the SB nitrogen 
is, within the resolution limits, approximately the same (2.8 Å 
versus 2.9 Å). The observed chemical shift change, altered H-bond 
character, and red shift must, therefore, be caused by synergistic 
interplay of factors triggered by bound Na+. If one simply considers 
the bound Na+ as a charge that shields D116−, then it would be 
interesting to know which effect a simple charge removal at the pro-
ton acceptor site would have. In both BR and GPR, upfield shifts/
shieldings have been observed when replacing the proton acceptor 
Asp with Asn (50, 51, 57–60), which is consistent with a weaker 
counterion interaction. Unexpectedly, the corresponding KR2 
mutant D116N shows the opposite trend with a small but notable 
downfield shift/deshielding of the SB nitrogen (13), which empha-
sizes that data interpretation in terms of a direct relationship 
between color/counterion interaction and SB chemical shift is in 
many cases too simplistic. Dissecting all contributing factors will 
ideally require quantum chemical computational approaches com-
bining NMR and optical data with 3D structures.

The observed 4-ppm shielding for C13 most likely reflects an 
increased partial delocalization of the positive charge of the SB to 
C13. Furthermore, the C20 methyl group is a sensitive indicator for 
steric contacts between retinal chromophore and residues in the 
binding pocket (32, 61). Although the observed chemical shift dif-
ference is small (1 ppm), it could be caused, for example, by altered 

contacts with residues such as W215 within the binding pocket. An 
overlay of the pentameric dark state structure (PDB: 6REW) with 
the trapped O-state (PDB: 6XYT) and our observed chemical shift 
changes is shown in Fig. 8C. The x-ray structures suggest small 
rearrangement of the aromatic residues within the binding pocket.

So far, the O-state has been discussed solely on the basis of the 
x-ray structure of the cryo-trapped KR2 pentamer. However, time- 
resolved x-ray structures derived from serial crystallography not 
only cover the K- and L-states but also have been extended via the 
M- into two O-states (25). After 1 ms, a Na+ ion is found close to the 
retinal binding pocket but at a different position compared to 
the pentameric state. An overlay of this state with the dark state 
structure (Fig. 8D) shows that the structural differences should cor-
respond to larger chemical shift changes than actually observed. 
One reason could be that our sample with KR2 pentamers in prote-
oliposomes is closer to the pentameric x-ray structure than to the 
monomeric preparation used for serial crystallography, a difference 
that has also been addressed by the authors as relevant to the O-state 
(25). On the other hand, the distance between SB and D116 in the 
serial crystallography study becomes shorter compared to the dark 
state (2.7 Å versus 3.0 Å), which could fit with our chemical shift 
changes on the SB nitrogen.

Note that the flash-freezing procedure used here for trapping the 
O-state has been used before successfully for long-lived states in PR 
and ChR2 (36, 37), but its trapping yield is limited when the life-
times becomes shorter. A potential improvement is offered by novel 
fast freeze-quenching methods as recently demonstrated for DNP- 
enhanced ssNMR (62).

FTIR studies of trapped KR2 intermediates (22) and time- 
resolved Raman spectroscopy data (20) recently reported a 13-cis 
conformation for the retinal in the O-state. This is in contrast to our 
data and the pentameric O-state structure of KR2 (PDB: 6REW) 
(23). Data interpretation in these studies relied on spectra from all-
trans and 13-cis retinal bound to BR. The C12D + C14D rocking 
vibrations in the IR HOOP region exhibits a band that is similar to 
the 13-cis conformation in BR. It might also be possible that the 
intermediate trapped at 240  K resembles an N-like state. The 
time-resolved Raman data of the C─C vibration peaks also suggested 
the 13-cis conformation. However, the signature interpretation was 
based only on the BR signature pattern, which might be divergent 
from KR2, and the all-trans conformation of O-intermediate might 
not be detected as it is very similar to the dark state.

Understanding how KR2 selects and pumps sodium ions re-
quires a deep understanding of its photocycle intermediates at a 
level that allows one to link 3D structures with spectroscopic and 
functional data. ssNMR offers here a valuable insight since the rele-
vant readout parameters are site-resolved and report not only on 
structural but also on electronic properties. Here, the retinal and SB- 
counterion interaction in the dark state and in K-, L-, and O-states of 
KR2 were characterized using DNP-enhanced ssNMR complemented 
by cryo-UV/Vis, flash photolysis, and time-resolved IR measurements. 
Our findings are summarized in Fig. 8E. The light-induced forma-
tion of the K-state is associated with 13C chemical shift changes due 
to the retinal isomerization, which also reveal strong interactions 
between protein and chromophore. Such a “K-state signature” of 
chemical shift changes is specific to individual microbial rhodop-
sins and reflects the energy landscape of the early photocycle steps. 
The chemical shift perturbations slightly relax after formation of 
the subsequent L-state. However, the observed large twist at the end 
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of the retinal polyene chain further increases to prepare KR2 for the 
proton transfer step, which is also in line with an increased strength 
of the counterion interaction. These observations do not depend on 
the presence of sodium, which supports the view that the ion passes 
the protein during a later stage of the photocycle during the O-state 
formation. In the O-state, the chromophore relaxes back to all-
trans, but in particular, the retinal C13 and SB nitrogen chemical 
shifts differ from the dark state and highlight a complex interaction 
pattern in the SB vicinity in the presence of a bound sodium ion. An 
all-trans retinal conformation has been suggested to be energeti-
cally favorable for sodium binding and release (16) and has also 
been observed by x-ray crystallography (23). Our NMR data offer 
an opportunity to reconcile a wealth of spectroscopic data with 3D 
structures if combined with future quantum mechanics/molecular 
mechanics calculations, by which increasingly larger systems can be 
addressed (63). In addition, 23Na-MAS NMR could offer a possibility 
to target the bound sodium ion directly.

MATERIALS AND METHODS
Sample preparation
[U-15N]-KR2 was overexpressed and purified as described previ-
ously (15). 14,15-13C2 all-trans retinal and 10–18-13C9 all-trans ret-
inal were synthesized as described by Leeder et al. (64). 12,13,20-13C3 
all-trans retinal was prepared in a similar way as published previ-
ously (32). The labeled retinals were incorporated into the membrane 
before the solubilization step. For 15N-Lys-KR2, the preparation 
protocol was similar to that of the uniformly labeled sample U-15N-KR2, 
but NH4Cl, instead of 15NH4Cl, was used in the medium together 
with other unlabeled amino acids. An amount of 116 mg of 15N-ly-
sine was added to 0.5 liters of culture at the point where the optical 
density at 600 nm (OD600) reached a level of 0.2 and before induc-
tion with isopropyl--d-thiogalactopyranoside at an OD600 of 0.6. 
The purified protein was reconstituted into liposomes containing 
1,2-dimyristoyl-sn-glycero-3-phosphocholine [90 mole percent 
(mol %)]/1,2-dimyristoyl-sn-glycero-3-phosphate (10 mol %) lipo-
somes. The lipid-to-protein ratio was 0.5 w/w. The proteoliposome 
samples were pelleted and washed with NMR buffer containing 
25 mM tris, 5 mM MgCl2, and 30 mM NaCl for 13C10–18- and 
13C14,15-KR2 samples and 100 mM NaCl for 13C12,13,20-KR2. These 
concentrations represent a good compromise between NMR buffer 
requirements and a sufficient O-state formation (25). For DNP- 
enhanced MAS ssNMR measurements, the samples were incubated 
for 20 hours at 4°C with a d8-glycerol:H2O:D2O (6:3:1) solution 
containing 20 mM AMUPol (65), 25 mM tris (pH 8.5), 5 mM 
MgCl2, and 30 or 100 mM NaCl. The supernatant was removed, and 
samples were packed into 3.2-mm sapphire rotors. They were uni-
formly distributed over the rotor wall by prespinning the rotors at 
room temperature.

Trapping of photocycle intermediates
A high-power LED from Mightex was used to generate KR2 photo-
cycle intermediates. The K- and L-intermediates were generated by 
directly illuminating KR2 inside the DNP probe within the magnet at 
110 K with blue light (470 nm, 3.3 W) for 60 min as described before 
(37). Thermal relaxation experiments were performed by sample 
illumination at 110 K for 60 min, warming up to the desired tem-
perature, followed by 2-min relaxation and subsequent cooling again 
to 110 K for DNP detection. The L-intermediate was best observed 

by relaxation at 190 or 210 K for 2 min. The O-intermediate was 
generated by illuminating the sample with green light (525 nm) out-
side the magnet for 10 s, followed by fast freezing in liquid nitrogen 
(flash freezing) and subsequent transfer into the precooled DNP 
probe (110 K) within the NMR magnet.

DNP-enhanced ssNMR experiments
All experiments were performed on a Bruker 400 DNP system con-
sisting of a 400-MHz WB Advance II NMR spectrometer with a 
3.2-mm DNP MAS probe head connected via a waveguide to a 263-GHz 
gyrotron. The probe head was modified with a fiber bundle for 
delivering light from a high-power LED directly into the MAS rotor. 
A MAS rate of 8 kHz was applied in all experiments, except for the 
spectra in Figs. 2 (E and F), 3C, and 8A, for which 10 kHz was used. 
The 13C and 15N chemical shifts were referenced indirectly to 
2,2-dimethyl-2-silapentane-5-sulphonic acid using the 13C signal of 
CO-alanine at 179.85 ppm. Experimental details for CP, DQF, PDSD, 
DQSQ correlation, double-quantum heteronuclear local field, 
TEDOR, and N(C)CX experiments are summarized in table S3.

IR and UV/Vis flash photolysis
A Nd:YAG laser (SpitLight 600, InnoLas Laser GmbH) pumping an 
optical parametric oscillator (PreciScan, GWU-Lasertechnik) was 
used to generate single nanosecond pulses with a central wavelength 
of max = 525 nm to excite the sample. The power was set to 1.7 mJ cm−2 
at 525-nm excitation wavelength. The IR probe light was generated 
by a quantum cascade laser (MIRcat 1100-U2-5086, Daylight Solu-
tions, USA), which is tunable in the range of 950 to 1150 cm−1. The 
shown transients in the range from 956 to 1040 cm−1 were recorded 
with a spectral resolution of 4 cm−1. For a better data correlation, we 
also measured UV/Vis transients at 420, 520, and 620 nm of the 
same sample, which was achieved using a mercury-xenon lamp 
(LC-08, Hamamatsu, Japan) and a set of two monochromators 
(Photon Technology International, USA). The KR2 wild-type sample 
was washed three times with a buffer containing 50 mM Hepes/tris, 
100 mM NaCl, and 0.05% dodecyl--D-maltosid detergent, which 
was diluted in D2O and set to pD 8.1. A concentrated pellet was 
then evenly spread on the center of a CaF2 window and sand-
wiched with a Teflon spacer of 50-m thickness and an additional 
CaF2 window.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/7/11/eabf4213/DC1

View/request a protocol for this paper from Bio-protocol.
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