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T
he hydrogen bond (H-bond) was discovered more than 
110 years ago, with more advanced concepts proposed from 
the 1920s. The substantial role of H-bonds in biology was 

uncovered in the second part of the twentieth century and was 
driven very much by the explanation of the first structures of bio-
logical macromolecules: DNA and proteins1–34.

However, some properties of biological systems and nanomateri-
als could not be explained on the basis of the existing knowledge 
of H-bond properties. First of all, the mechanism of anomalous 
proton transport required new concepts beyond the Grotthuss 
mechanism. In 1978, linear water chains of H-bonds (CHBs, also 
named proton wires) were proposed as possible pathways for pro-
ton transport5. Since the year 2000, the concept of proton wires has 
been instrumental in the explanation of the mechanisms of proton 
transport, enzymatic catalysis and signaling in macromolecules 
such as enzymes, proton transporters, G protein-coupled receptors 
and several nanomaterials. However, it is mainly based on com-
puter simulations or indirect evidence rather than supported by  
direct experiments6–10.

Another concept related to the fundamental mechanisms of 
H-bonds in biological macromolecules is low-barrier H-bonds 
(LBHBs), which play an important role in enzymatic catalysis11–15. 
For only a few water-soluble proteins, LBHBs have also been shown 
structurally6,16,17. The lack of direct experimental information  

on the structure and functional role of CHBs and LBHBs does 
not enable the understanding of their properties in biomacromol-
ecules. Unfortunately, studies of CHBs and LBHBs are challeng-
ing, since their ‘visualization’ requires simultaneous availability of 
ultrahigh-resolution structures not only of the ground, but also of 
the functionally important intermediate states of the protein in the 
course of its work, identification of all proton translocation events 
and their assignment to the structural states. This is still a challenge 
and explains why, even the fundamental principles of bacteriorho-
dopsin (BR) function, the model in the studies of the mechanisms 
of proton transport and storage, there is still a long-standing debate. 
It is important to note that both concepts of CHBs and LBHBs were 
used to explain the mechanisms of proton transport and excess pro-
ton storage7,14,18.

BR is an ideal model not only to gain information on proton 
transport mechanisms, but also to obtain invaluable information on 
the fundamentals of H-bonds, in particular on structural and func-
tional properties of CHBs and LBHBs. Indeed, a light-driven pro-
ton pump BR from the archaeon Halobacterium salinarum serves as 
a classical model for studies of these phenomena. BR was the first 
microbial rhodopsin discovered in 1971 (ref. 19) and is now one of 
the most studied membrane proteins. It consists of seven trans-
membrane α-helices (A–G) connected through short loops and 
harbors all-trans retinal as a chromophore19,20. Retinal is covalently 
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bound to K216 in the middle of the helix G via a protonated retinal 
Schiff base (RSB).

On absorption of a photon, BR undergoes a photocycle with the 
primary reaction of the retinal chromophore isomerization from an 
all-trans to a 13-cis form. Consequently, the protein passes within 
hundreds of femtoseconds through the I and J, and then within 
picoseconds through the K; after that, it passes within microsec-
onds to the L, tens of microseconds to the M intermediates and 
finally returns back to the ground state passing the N and O states 
in milliseconds21. Thus, the retinal isomerization triggers structural 
and electrostatic alterations in the protein driving several subse-
quent reactions: deprotonation of the RSB and proton transfer to 
the primary acceptor D85 and simultaneous proton release from 
the proton release (storage) group (PRG) to the extracellular bulk 
on L-to-M transition. On the M-to-N state transition, the RSB is 
reprotonated from the cytoplasmic side via D96. This change of 
accessibility switch occurs most likely in a spectroscopically silent 
transition between two M states, that is M1 and M2 (ref. 22).

The early history of BR reveals how it became one of the most 
studied membrane proteins. It started from the discovery of purple 
membranes by Stoeckenius and Rowen in 1967 by electron micros-
copy23. The purple membrane is the first natural membrane to be 
found as a highly ordered 2D crystal, which allowed the solution of 
the BR structure by electron diffraction, by Unwin and Henderson24, 
to 3.5 Å resolution in-plane. The early work manifested the seven 
transmembrane α-helix scaffold, a hallmark of this membrane  
protein family, and the location of water molecules25, necessary  
elements of the proton pump26 by neutron diffraction.

A long-held goal of the research on BR is to find an explana-
tion of the molecular mechanisms of proton transport and storage. 
To reach this goal, enormous efforts have been made to obtain the 
structure of the protein by high-resolution X-ray crystallography; 
however, for almost 30 years, it was not possible to grow crystals 
of proper crystallographic quality. In parallel, electron micros-
copy, due to outstanding developments, led to the deciphering of 
the structure at 3 Å (ref. 20). This revealed the important features of 
BR for the first time, but still the details of the protein organization 
beginning with water molecules, which mediate proton transloca-
tion through the Grotthuss mechanism, remained elusive. It was 
not until 1997, due to the ground-breaking development of a new 
crystallization method (lipidic cubic phase)27, that small crystals 
could diffract to high resolution. Finally, the X-ray structure of BR  
was obtained27,28.

Despite the fact that since 1999 about 10,000 genes of microbial 
rhodopsins have been discovered, only some of them have been 
characterized, including those featuring new functions (light-driven 
sodium pumps, channelrhodopsins, inward proton pumps and so 
on29–35). Until now, BR has served as the classic reference in the stud-
ies of all of them. Even in one of the first optogenetic studies, BR 
was transferred into the inner mitochondrial membrane for proton 
pumping36. Studies of BR using different methods (X-ray, electron 
microscopy, Raman spectroscopy, Fourier-transform infrared spec-
troscopy (FTIR) and so on) are still ongoing. Since 1997, numerous 
X-ray structures of the protein in different functional states have 
been solved by different research groups37–44. However, important 
contradictions between the results from different teams on the 
structures of the intermediate states of BR and corresponding con-
clusions on the mechanisms of proton transport and storage have 
not allowed the creation of a reliable molecular picture of proton 
storage and translocation mechanisms45,46. Moreover, there have 
been inconsistences between structural and spectroscopic data47.

It has been suggested that the lack of consensus may have origi-
nated from differences in crystallization conditions, insufficient 
resolution of the data, low occupancy of the intermediate states, the 
presence of merohedral twinning of the best diffracted and most 
commonly used P63 crystals and also X-ray radiation-induced 

changes in protein structure21,48,49. To resolve the contradictions, 
crystallographic data with an atomic resolution, showing low or 
absent twinning, collected with an ultra-low dose of X-ray radiation 
and with sufficiently high occupancies of the intermediate states, 
are required. There have already been several attempts to accom-
plish these goals, however, none of these efforts satisfied all four 
criteria simultaneously21.

One new attempt applied time-resolved crystallography to 
X-ray free-electron lasers50–52. However, the best resolution was just 
1.5 Å for the ground state of BR, while being only 1.9 Å for the K 
and M states and 2.1 Å for the L state. In addition, the emerging 
time-resolved serial femtosecond crystallography experiments still 
may suffer from experimental and data interpretation controversies. 
For instance, it has been pointed out that the pump laser power is 
far too high compared to what could be expected from the spec-
troscopic data. It may result in a multiphoton excitation regime52 
followed by distorted photocycle and protein photo-degradation. It 
has been suggested that it is manifested by negative electron densi-
ties appearing randomly at methionine residues in difference maps 
of both time-resolved serial femtosecond crystallography studies of 
BR and protein quakes. On top of a low fraction of excited proteins 
(in some cases about 10%), the analysis is further complicated by 
the principal inability to obtain structure factors with a single pure 
intermediate state.

From studies of other proteins, such as myoglobin53, it became 
evident that often those structural elements that are important 
for function require ultrahigh-resolution data. This approach was 
applied to the proton pathway of BR54. However, a resolution of 
1.3 Å was only achieved for the ground state and with considerably 
twinned crystals. Here we present atomic structures of the ground, 
L and M states, key intermediates of the BR photocycle, solved 
at 1.05–1.2 Å resolution and the structure of the K state solved at 
1.53 Å. The data were collected at a synchrotron source and are 
both free of twinning and X-ray radiation-induced damage prob-
lems with occupancies of the intermediate states in the range of 15 
to 50%. Our results demonstrate fundamental principles of proton 
storage and a CHB-based molecular mechanism of proton transport 
in BR and extend the existing knowledge about the structure and 
function of H-bonds.

Results and discussion
True-atomic-resolution structural data collection procedures. 
The crystals of P63 symmetry of BR were grown using the in meso 
method similar to our previous studies55,56. To eliminate or reduce 
the twin fraction, we used an approach described in ref. 48. To avoid 
X-ray radiation-induced damage of the crystals for the data collec-
tion, we used the protocols reported in refs. 49,57.

Crystallographic data on BR were collected at the European 
Synchrotron Radiation Facility (ESRF, Grenoble). To obtain the 
best structural data quality and check reproducibility, we used sev-
eral high-quality crystals for each functional state. For instance, we 
solved the structure of BR ground state with the highest resolution 
of 1.05 Å. However, the dataset had a moderate twinning (Table 1). 
Another dataset without twinning was collected, and the structure 
was solved at 1.22 Å (Table 1). The comparison of electron densi-
ties of both datasets indicated the identical nature of the final mod-
els. Following a similar approach, we obtained the highest-quality 
structures of the K, L and M intermediate states of BR at 1.53, 1.2 
and 1.22 Å, respectively. The intermediates were cryogenically 
trapped in the crystals using the previously described methods58–60. 
The exact procedures of the accumulation and spectroscopic char-
acterization of each intermediate state in crystals are described in 
the Methods section and Extended Data Fig. 1. The structures of 
the intermediate states were determined using difference electron 
density (Fobs light − Fobs dark difference Fourier electron-density maps) 
(Extended Data Figs. 2 and 3).
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The statistics of the data treatment and structure refinement 
are presented in Table 1. The quality of the data and correspond-
ing structures is also confirmed by the number of collected unique 
reflections, resolved water molecules both inside the protein and on 
its surface, and numerous lipid fragments, almost entirely cover-
ing the hydrophobic region of BR (Extended Data Fig. 4). These 
extensive data considerably exceed what has been published pre-
viously45,50,51. For example, the number of collected unique reflec-
tions for the L state in the present case (69,741) surpasses those of 
the best low-twinning data50 by a factor of five. The residues 5–234 
are resolved, including the EF-loop that is absent in the most com-
monly used model of BR37 (Protein Data Bank (PDB) ID 1C3W). 
Taken together, the quality of the data allowed reliable identifica-
tion of functionally essential water molecules, conformations of 
the key molecular groups of the protein and the length of H-bonds. 
In Supplementary Notes 1–4 we describe the key newly identified 
features of BR structure in the ground state (Fig. 1) and demon-
strate structural rearrangements in the central, cytoplasmic and 

extracellular regions of the protein during a photocycle (Figs. 2–4 
and Extended Data Figs. 5–8). Below, we discuss BR mechanisms 
in parallel with functional properties of CHBs and LBHBs as they 
follow from our experimental data and in the context of the current 
knowledge. It should be noted that LBHBs are assigned to very short 
(2.3–2.5 Å) H-bonds found in the structures61. More details on the 
LBHB tracing are given in the Methods section of the paper.

Mechanism of proton storage by PRG. The structural data pre-
sented here indicate a molecular mechanism of proton storage at the 
PRG of BR (Figs. 4 and 5a). The excess proton is stored in a delocal-
ized form. It is manifested by the presence of several short LBHBs 
in the PRG and also by the multiple conformations of the PRG in 
the ground and K states (Figs. 4c and 5a). The PRG is located close 
to the hydrophobic/hydrophilic membrane boundary and is more 
dynamic than the central part of the protein, which might result 
in the existence of several local minima in its energy landscape,  
corresponding to different quasi-stable conformations of the PRG. 

Table 1 | Data collection and refinement statistics of BR

Ground state 1 PDB ID 
7Z09

Ground state 2 PDB ID 
7Z0A

K state PDB ID 
7Z0C

l state PDB ID  
7Z0D

M state PDB ID  
7Z0E

Data collection

Space group P63 P63 P63 P63 P63

Cell dimensions

 a, b, c (Å) 60.73, 60.73, 110.27 60.97, 60.97, 109.56 60.99, 60.99, 110.08 60.92, 60.92, 110.18 60.89, 60.89, 109.23

 α, β, γ (°) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120

Resolution (Å) 35–1.05 (1.08–1.05)a 35–1.22 (1.25–1.22)a 50–1.53 (1.57–1.53)a 35–1.20 (1.23–1.20)a 35–1.22 (1.25–1.22)a

Rmerge (%) 8.7 (291.5) 4.1 (250.9) 3.2 (228.5) 5.7 (192.6) 6.6 (220.9)

I/σI 9.36 (0.56) 24.6 (0.3) 21.9 (0.3) 20.8 (0.4) 13.8 (0.4)

Completeness (%) 99.4 (94.8) 91.2 (42.4) 86.9 (39.2) 96.7 (73.7) 98.1 (86.1)

Unique reflections 106,346 (7,436) 63,006 (2,159) 30,368 (1,013) 69,741 (3,901) 66,766 (4,327)

Redundancy 6.1 (3.7) 6.8 (1.4) 3.3 (1.3) 6.2 (1.6) 6.4 (2.3)

CC1/2 (%) 99.9 (18.0) 100.0 (15.0) 100.0 (30.0) 100.0 (17.7) 99.9 (17.3)

Twin fraction (%) 40 0 0 5 32

Occupancy of the 
intermediate (%)

20 25 45

Refinement

Resolution (Å) 30.13–1.05 29.37–1.22 38.11–1.53 29.36–1.20 30.44–1.22

No. reflections 1,05,747 62,233 29,725 68,240 66,454

Rwork / Rfree 17.5 / 18.9 14.1 / 16.7 15.0 / 17.1 15.5 / 17.4 18.2 / 19.5

No. atoms

 Protein 1,931 1,931 1,969 2,447 2,835

 Retinal 20 20 40 40 40

 Water 88 88 89 98 88

 Lipid 257 257 257 252 278

B factors

 Protein 20 26 29 23 22

 Retinal 13 19 22 16 16

 Water 44 47 49 42 43

 Lipid 42 51 54 48 47

R.m.s. deviations

 Bond lengths (Å) 0.008 0.006 0.014 0.011 0.011

 Bond angles (°) 1.257 0.863 1.758 1.433 1.792

aValues in parentheses are for the highest-resolution shell.
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The possibility of multiple conformations of the PRG in the ground 
state of BR was first proposed in ref. 37. However, structural resolu-
tion of the data was not sufficient to resolve different conforma-
tions. The double conformation of the PRG was suggested in the 
1.3 Å resolution structure of BR in the ground state54. This struc-
ture was obtained with highly twinned crystals and the resolution 
of the data was not sufficient to resolve an additional conformation, 
which, in turn, could corroborate the two conformations presented 
in ref. 54. The data presented in our work show the triple confor-
mation of the PRG in the ground and K states of BR (Fig. 4a). We 
should note that the known conformations of the PRG in the avail-
able structures of BR at lower resolution should be considered as an 
average of its nonresolved multiple states evidenced by the diffuse 
electron-density maps in the region37.

The major conformation (approximately 50% occupancy) of 
the PRG is characterized by a very short H-bond between E194 
and E204 (2.4 Å) indicating that the proton is delocalized (shared) 
between the residues (Figs. 4a and 5a). Such a short H-bond 
between E194 and E204 was also observed recently in detailed 
(quantum mechanic/molecular mechanic) simulations18. In the 
other two conformations (approximately 25% and 25% occupan-
cies) E194 and E204 also interact directly with each other; however, 
the distance between them is larger (2.9 Å), which likely means 

that the proton is localized on one of the residues. It is also pos-
sible that in each of the two minor conformations of the PRG the 
proton is transiently stored at different glutamates or shared (delo-
calized) between the glutamates and neighboring amino acids con-
nected with E194 and E204 by short H-bonds, such as Y83 or S193  
(Fig. 5a). Exactly the same triple conformation is found in the K 
state of BR. However, only one conformation of PRG is found in 
the L state. This single conformation also corresponds to that of the 
delocalized proton in the very short H-bond (2.3 Å) between E194 
and E204 (Fig. 5a). Two other short H-bonds (between R82 and 
E194 (2.4 Å) and between E204 and w408′ (2.5 Å)) are found in the 
structure of the PRG. This may mean that in the L state the excess 
proton, just before it is released, is delocalized within a short proton 
wire R82-E194–E204-w408′.

Thus, in the ground, K and L states PRG in all conformations 
is characterized by several very short H-bonds, which is character-
istic of delocalized protons and e− holes11–13 (Figs. 4 and 5a). This 
structure-based suggestion is supported by the experimentally 
observed continuous infrared band in the range of 1,800–2,000 cm−1 
(ref. 62). Our structure-based suggestion is also strongly supported 
by the fact that the short H-bonds in PRG are not observed in the 
M state, which correlates with the absence of the continuum absor-
bance band described by K. Gerwert and coworkers62. Moreover, 
time-resolved step-scan FTIR data showed that in the L-to-M state 
transition the proton is released from the PRG from its delocalized 
form, but not from a single residue such as E194 or E204 (refs. 63,64). 
It also supports the hypothesis that the stored proton is delocalized 
over the entire PRG including some water molecules14.

Based on FTIR data37, it was previously suggested that the proton 
is stored at the PRG in a cluster of water molecules rather than at 
the carboxylic acid residues62,65. Our structural data show that the 
proton is always (at least in the major fraction of PRG in the ground, 
K and in a single conformation in the L state) at the E194–E204 pair, 
stabilized by the surrounding residues such as R82, Y83, S193, T205 
and water molecules.

We suggest that the biological functional role of the proton delo-
calization in the PRG is the maintenance of its high proton affinity. 
Indeed, it has been argued that to store excess protons close to the 
bulk with high proton concentrations, it is necessary to keep the 
high pKa of the PRG that cannot be provided by negatively charged 
amino acids separately or Eigen or Zundel cations66. Vice versa, a 
high proton affinity can be provided by LBHBs between the amino 
acids where the proton is stored in a delocalized form66.

Mechanism of proton release from the PRG. On the L-to-M state 
transition, the direct connection between E194 and E204 is lost and 
the proton is released from the PRG (Fig. 5a). However, an impor-
tant question concerns the trigger of these events. It is commonly 
accepted that such a trigger is the deprotonation of the RSB to D85 
and the corresponding flip of R82 (refs. 46,50). However, the role of 
R82 in the proton translocation by BR is a long-standing problem. 
About a half of the known structures of the L state demonstrate the 
presence of a flip of R82 toward the PRG, while the other do not45,50. 
Our true-atomic-resolution structure of the L state shows that the 
flip of R82 itself does not trigger the proton release from the PRG. 
Indeed, the PRG remains protonated despite the partially flipped 
R82. Moreover, R82 is already mobile in the ground state of BR  
(Fig. 1). A similar feature has been recently demonstrated for the 
corresponding arginine of archaerhodopsin-3 (ref. 67).

Based on true-atomic-resolution structural data presented here, 
we suggest the following mechanism of proton release from the PRG. 
During the K-to-L state transition, dehydration of the extracellular 
part of BR results in the R82 flip toward the PRG. At this step, a 
single CHB is formed connecting D85 to the PRG (Fig. 5b). D85 is 
negatively charged in the L state; the presence of the negative charge 
at one side of the CHB results in the shift of the positive charge at 
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Fig. 1 | True-atomic-resolution structure of BR in the ground state. a, Side 

view of BR in the ground state. Retinal cofactor is colored teal. Cavities 

were calculated using HOLLOW80 and are shown with the grey-blue 

surfaces. Hydrophobic/hydrophilic membrane core boundaries were 

calculated using the Positioning of Proteins in Membrane server81 and are 

shown with gray horizontal lines. b, Region of the additional water molecule 

w503. A Polder82 map omitting the w503 molecule is shown with green 

mesh and is contoured at the level of 3σ. c, A Polder82 map omitting R82 

and nearby water molecules is shown with red mesh and is contoured at 

the level of 5σ demonstrate R82 dynamics in the ground state of BR.  

d, Three conformations of the PRG. The lengths of the key very short 

H-bonds are shown with italic numbers and are in Å (italic numbers). 

Additional water molecule w408 is labeled.

4



R82 toward the NE atom. On the L-to-M transition, D85 accepts 
the proton from the RSB and becomes neutral. Consequently, the 
polarization along the CHB is modified leading to the redistribu-
tion of the positive charge at R82. Thus, the positive charge shifts 
toward NH1 and NH2 atoms of R82. The latter event likely causes 
the proton release from the PRG and following formation of the salt 
bridge between R82 and negatively charged in the M state E204, 
similar to that known from the visual rhodopsin and some other G 
protein-coupled receptors as an ionic lock68–70 (Fig. 5a). The ionic 
lock stabilizes the PRG in the locked conformation preventing pro-
ton backflow from the extracellular bulk (Fig. 5a). It is known that 
although protonation of D85 and proton release take place at spa-
tially distinct sites, these two reactions appear as almost simultane-
ous events with a very small temporal delay between them71. This 
fact is directly explained within the above-proposed mechanism.

To summarize, we claim that proton release from the PRG is 
triggered by the D85 protonation on the L-to-M transition. The 
long-range interactions between D85 and E194–E204 pair are medi-
ated by the single linear CHB preformed already in the L state after 
R82 flip toward the PRG (Fig. 5b). This shows that CHBs play an 
essential role in long-distance signaling between the key functional 
groups in BR. Thus, in contrast to the most commonly accepted 
hypothesis that the flip of R82 triggers the proton release from BR, 
we suggest that the proton release is coupled with the RSB depro-
tonation to D85 by the molecular mechanism resembling to some 
extent that of the Newton’s cradle (Fig. 5c). In this approximation, 
the water molecules and key amino acid residues forming the lin-
ear CHB at the extracellular side of BR serve as transmitters of the 
polarization switches from D85 to E194–E204 pair. Notably, similar 
mechanisms based on switches within proton wires in the active 

k216

RSB

Ground state

RSB

K216

90°

K state

L stateM state

D96

L93

T89

2.7

2.6

2.7
3.0

2.6

2.6

2.8

2.9
2.9

3.1

3.0

2.4

D85

R82

E194
E204

RSB

K216

D96

L93

T89

D85

RSB

w402

Y57

w407

E204
E194

R82

w406w401

K216

D212D212

Y57

w402

w401 w406

w407

D96

L93

K216

D212

Y57

RSBT89

D85

2.7

2.7

2.7

3.1

2.6

2.9
2.92.6

3.1
3.0

2.4

3.0

3.1

2.9

2.8

2.9

3.2

3.9 2.7

2.9
2.62.7

2.7

2.4

2.3

3.0

2.9

2.8

D96

L93

K216

RSB

D212

T89

D85

D82

E194E204

R82

E194 E204

Y57

w503′

w406′

w402′

w401′

w403′

w405′

w502′

w405′

w403′

w401′

w502′

w402′

w503′

2.6

2.5

2.5

2.6

3.1

2.7
2.5

2.9

3.0

2.4

3.0
2.7

2.7

a b c

de

RSB

K216

Fig. 2 | BR evolution during the photocycle. a, Evolution of the retinal cofactor and the RSB during the photocycle. The ground, K, L and M states are shown 

with violet, blue, salmon and yellow colors, respectively. b, Central and cytoplasmic region of BR in the ground state (violet). c, Central and cytoplasmic 

region of BR in the K state (blue). d, Central and cytoplasmic region of BR in the L state (salmon). e, Central and cytoplasmic region of BR in the M state 

(yellow). Cavities are calculated using HOLLOW81 and are shown with grey-blue surfaces. H-bonds are shown with black dashed lines, and corresponding 

distances are given in Å (italic numbers). Key CHBs (proton wires) are highlighted violet (in the ground state), blue (in the K state), salmon (in the L 

state) and yellow (in the M state). The retinal cofactor is colored teal in b–e. Water molecules are shown with red spheres. Helices A and B are shown as a 

cartoon representation.

5



Conformation A

Y83

E194

Y83

w408

E194

R82

T205

E204

S193

R82 Y83 R82 Y83

E194

E204

S193

w408′

E194

E204

S193

w411

S193

E204

T205

R82

2.4

2.4
2.5

2.9 2.9

2.5

2.5

2.42.4

Conformation B Conformation C

Ground and K states

M state L state

E194

E204

T205

R82

Y83

S193

w408

2.5

2.7

2.5

2.3

2.4
3.0

3.0

2.4

2.6
2.4

a

bc

Fig. 4 | PRG evolution during the BR photocycle. a, Triple conformation of the PRG in the ground and K states of the BR photocycle. b, Single conformation 

of the PRG with an extremely short H-bond between E194 and E204 in the L state of the BR photocycle. c, Single conformation of the PRG after proton 

release in the M state of the BR photocycle. Cavities are calculated using HOLLOW81 and are shown with grey-blue surfaces. H-bonds are shown with 

black dashed lines, and corresponding key distances are given in Å (italic numbers). Water molecules are shown with red spheres. The termini of the CHBs 

connecting D85 and the PRG are highlighted violet (in the ground and K states), salmon (in the L state) and yellow (in the M state).

π-bulge

a b

c d e

π-bulge

G220

T46

D96

V49

L93

T89

RSB

L state M state

G220

F219

K216

A215 RSB

T89

L93

V49

D96

T46

F219

K216

A215

w402′

w406′

w407′

w502′

w402′

w503′

w502′ w503′

M state

R82
NE

NH2

NH1

Y57

L state

R82

NH2

E194

E204

NH1

Y57

E194

R82

Ground and K states

NE

NH2

E204

NH1Y57

w407
NE

E204

E1942.7

3.0

3.0

2.3

2.4

2.7

2.4

2.7

3.03.1

2.9

2.6

w403′

w405′
w405′

w403′

Fig. 3 | Key functionally important switches in BR. a, CHBs (proton wires) in the cytoplasmic inner part of BR in the L state. Three water molecules 

(w402′, w406′ and w503′) mediate linear CHB between the RSB and D96. Two water molecules (w407′ and w502′) stabilize the enlarged π-helical 

region (indicated with red arrows) of helix G in the L state. Cavities were calculated using HOLLOW81 and are shown with grey-blue surfaces. b, CHB in the 

cytoplasmic inner part of BR in the M state. c, Region of the R82 residue in the ground and K states. d, Region of the R82 residue in the L state. e, Region 

of the R82 residue in the M state. H-bonds are shown with black dashed lines, and corresponding key distances are given in Å (italic numbers). Water 

molecules are shown with red spheres. H-bond proton wires are highlighted with violet, red and yellow for the ground, L and M state, respectively.

6



centers have been shown for other proteins, such as human tran-
sketolase and pyruvate oxidase from Lactobacillus plantarum6 and 
glycoside hydrolase from Phanerochaete chrysosporium72.

Although the structure of the M state does not show the signs of 
the presence of a proton in the PRG, two very short H-bonds (2.4 Å 
each) are observed near S193 and P77 at the surface of the protein 
(Fig. 5a). Staying in line with the concept that such short H-bonds 
are LBHBs with delocalized proton, we speculate that on the L-to-M 
state transition the PRG proton is not released directly to the bulk 
but is first trapped for some time at the surface of the protein in 
delocalized form. Despite this hypothesis being in line with the 
experimental fact that the released proton stays roughly 1 ms at the 
purple membrane surface before it appears in the bulk73, additional 
studies are necessary to verify our hypotheses on one of possible 
molecular natures of the retarded surface-to-bulk proton transfer.

CHBs modulate proton affinity of key molecular groups in BR. 
Our true-atomic-resolution data demonstrate switching on and off 

of the CHBs in the cytoplasmic/extracellular parts of the protein, 
respectively, during the photocycle (Fig. 2). These switches are 
mediated by the dehydration of the extracellular part and synchro-
nous hydration of the cytoplasmic part. Thus, in addition to the 
above-described signaling role of CHBs, our structures show that 
CHBs play another two key roles in proton translocation. First, the 
CHBs between functional molecular groups provide the pathways 
for proton translocation. Second, the number of CHBs and corre-
sponding H-bonds around a rechargeable functional group directly 
influences its proton affinity. The affinities of the groups of the both 
ends of the CHBs determine the direction of proton translocation. 
Therefore, we suggest that the switches on and off of the CHBs pro-
vide the unidirectional proton translocation of BR by regulating 
proton affinities of the key functional groups of the rhodopsin. The 
mechanisms of these CHBs remodulations are described below.

First, the two CHBs connect D85 to R82 in the ground and the K 
states and, together with the direct H-bond of D85 to T89, maintain 
low proton affinity of the proton acceptor. Second, on the K-to-L 
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state transition, reorientation of N-H+ of the RSB to the cytoplasmic 
side leads to the considerable dehydration of the region between the 
retinal and R82. Both D85 and R82 reorient toward the PRG already 
in the L state. Thus, instead of two above-mentioned CHBs, only 
one connects D85 to R82 at this step. The H-bond between D85 
and T89 also becomes weaker. All this results in the increase of the 
proton affinity of D85 already in the L state.

At the same time, the cytoplasmic part of the protein becomes 
hydrated in the L state. The bend of the helix G near π-bulge at A215 
residue (Supplementary Note 5) and the flip of the L93 side chain 
create a large cavity at the cytoplasmic side in the region between 
the RSB and its proton donor D96. Five water molecules are found 
in the cavity. Three of these water molecules mediate a linear CHB 
connecting the RSB and D96 in accordance with FTIR data74. The 
CHB stabilizes the protonated RSB oriented to the hydrophobic 
environment following the retinal isomerization. The RSB is addi-
tionally stabilized by the H-bond with T89. This bond and the CHB 
propagating to D96 help to keep proton affinity of the RSB at a suf-
ficiently high level preventing its deprotonation in the L state. Thus, 
the switching on of the CHBs mediated by water molecules in this 
region is the main functional event triggered by the reorientation 
of N-H+ moiety of the RSB from the extracellular to the cytoplas-
mic part on the K-to-L state transition due to the isomerization  
of retinal.

Third, during the L-to-M transition, the linear CHB between 
the RSB and D96 disappears. We suggest that to switch off of this 

CHB leads to the decrease in proton affinity of the RSB. Indeed, 
at this step the RSB is only stabilized by the T89, which is insuf-
ficient to maintain its protonation. This, together with the synchro-
nous increase of pKa of D85, leads to the proton transfer from the 
RSB to D85 through a short proton wire, RSB–T89–D85, observed 
in the L state. The mechanism of proton transfer from the RSB to 
D85 on the L-to-M state transition is a key question. Indeed, while 
the H-bond between the RSB and T89 is present in both the L 
and the M states, the connection between D85 and T89 is absent 
in the M state (Extended Data Fig. 9). In contrast, in the L state, 
the distance between T89 and D85 is 3.9 Å, which, in accordance 
with Jeffrey’s classification of H-bonds in the range of 3.2–4.0 Å, 
should be considered as a ‘weak, electrostatic’ H-bond4. We have 
to note that the 3.9 Å is the average length. Due to thermal fluc-
tuation of molecular groups of the protein, the distance between 
T89 and D85 fluctuates, which should facilitate the proton trans-
fer. Indeed, the L state decays to the M state within tens of micro-
seconds, which is a long time, compared to the characteristic time 
of thermal fluctuation of molecular groups in proteins, to be suf-
ficient for an efficient proton transfer75. Therefore, we suggest that 
proton transfer from the RSB to D85 proceeds through the H-bond 
pathway from the RSB to T89 and from T89 further to the primary 
proton acceptor D85 through the weak H-bond between these  
amino acids.

Last, in the M state, the CHB connecting D96 and carbonyl  
oxygen of K216 is preserved but modified compared to the L state 
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(Fig. 4). We expect that this CHB is switched toward the deproton-
ated RSB to provide a pathway for its reprotonation from D96 on the 
M-to-N state transition.

Molecular mechanism of proton transport in BR. The proposed 
mechanism of proton translocation against electrochemical gra-
dient by BR based on CHBs and their switches is summarized in  
Fig. 6. A global CHB passes through highly conservative residues 
D96–T89–D85–Y57–D212–R82–E194–E204 and involves highly 
conservative A215 (Extended Data Fig. 10). All these residues are 
known to be critical for proton pumping. This fact also supports the 
key role of the proton wires in BR function.

The photon absorption by the retinal triggers its isomerization 
from the all-trans to a 13-cis conformation with the rise of the K state 
and the corresponding slight relocation of the RSB. The H-bond of 
the RSB to the w402 is already broken in the K state. Nevertheless, 
the two CHBs connecting D85 and R82 in the ground state are pre-
served in the K state. In the ground and K states the cytoplasmic 
part of BR lacks any CHB and is inactive. On the K-to-L transition, 
two linear water-mediated CHBs appear and connect D96 to the 
RSB and carbonyl oxygen of K216 (Fig. 6). Thus, the activation of 
this region and switching on of the CHBs maintain the protonation 
of the RSB after its relocation to the hydrophobic environment. 
Simultaneously, the number of CHBs at the extracellular part of BR 
stabilizing D85 decreases, which makes the presence of the charge at 
D85 energetically less favorable (Fig. 6). Consequently, the further 
evolution of the retinal cofactor to a fully relaxed 13-cis configura-
tion76, together with the increasing proton affinity of D85, leads to 
its protonation from the RSB on the M state formation when the 
CHB connecting the RSB to D96 disappears. The CHB in the cyto-
plasmic part of BR connecting D96 to K216 is preserved in the M 
state (Fig. 6).

Dehydration of the region between the RSB and charged R82 with 
the L state formation leads to the flip of the latter amino acid toward 
the PRG. The single long CHB connecting RSB–T89–D85 region 
with the PRG is formed in the L state substituting for the two CHBs 
found in the ground and K states (Fig. 6). The flip of R82 is not yet 
solely sufficient to release the delocalized proton stored in LBHB 
between E194 and E204 in the L state. The proton is released from 
the PRG on D85 protonation from the RSB via T89. The long-range 
communication between D85 and the PRG is provided by the CHB 
in the extracellular part of BR. We propose that the proton released 
from the PRG is transiently stored at the protein surface in LBHBs 
near S193 in the M state. R82 and E204 form an ionic lock prevent-
ing the proton backflow from the extracellular space.

Finally, in the N state, the CHB similar to that found in the L state 
is formed in the cytoplasmic region between the RSB and D96. It 
serves as a pathway for RSB reprotonation from D96. Unfortunately, 
high-resolution data on the N and O intermediates of BR reveal-
ing all water molecules and CHBs are not yet available. However, 
a recent structure of the N state solved at 2.6 Å resolution and 
low occupancy of the intermediate is encouraging77. Nevertheless, 
ultrahigh-resolution structures of the late intermediates of BR pho-
tocycle free from above-discussed crystallographic problems would 
complete a detailed molecular picture of vectorial proton transport 
from proton release to proton uptake. High-resolution structures of 
the sub-M states78 (such as M1 discussed in ref. 79) free of the crystal-
lographic problems would also be desirable adding currently miss-
ing details regarding proton transfer from the RSB to the primary 
proton acceptor D85.

Concluding remarks
The results of this work settle the long-standing debate on proton- 
pumping mechanisms enabling the creation of a comprehen-
sive and consistent picture of the molecular mechanisms of pro-
ton storage and vectorial transport. Moreover, they extend the 

existing knowledge on the structure and function of H-bonds, 
namely the data experimentally demonstrate the multifunctional 
structure-functional role of the linear CHBs in proteins.

Our data show that the chains serve as: (1) proton transport 
pathways; (2) modulators of pKa values of key functional molecular 
groups and (3) signal pathways providing long-distance function-
ally important communications between key amino acid residues. 
It is shown experimentally that a single chain of H-bonds solely 
mediated by water molecules provides a pathway for proton trans-
port through a large hydrophobic region of the protein. In addition, 
we demonstrate that a chain of H-bonds can be mediated solely by 
water molecules and can completely consist of LBHBs. The data also 
provide direct experimental support for a hypothesis that LBHBs 
between glutamic acid residues may serve as excess proton storage 
and release group.
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Methods
Protein crystallization. The expression and purifi ation of BR are described in 
detail in ref. 56. In brief, purple membranes were isolated from H. salinarum strain 
S9 and BR was isolated from purple membranes by solubilization in CYMAL-5 
(5-cyclohexyl-1-pentyl-d-maltoside) detergent (Affimetrix). BR crystals were 
grown in a lipidic cubic phase of monoolein (Nu-Chek Prep). In accordance 
with the described procedure, in the case of BR crystallization trials were set up 
in PCR tubes containing 15 μl of a mesophase of monoolein and the protein in 
CYMAL-5. A mixture of dry salts (Na2HPO4 (5%) and KH2PO4 (95%)) was used 
as a precipitant. Crystallization probes were incubated at 22 °C for 1–2 months. 
Flat hexagonally shaped plates of 250–600 μm along the plane and 10–70 μm in 
thickness were obtained. To separate crystals from the lipidic mesophase, 3 M 
sodium phosphate buffer pH 5.6 with 0.1% n-octyl-β-d-glucopyranoside was used. 
Crystals of BR were harvested using micromounts (Mitegen), flash-frozen and 
stored in liquid nitrogen.

Intermediate states trapping procedures. All X-ray data for BR were collected 
at ESRF crystallographic beamlines (ID14-1 and ID14-2). For the ground-state 
data collection, the crystal was light adapted and cryogenically cooled to 100 K. 
The fraction of radiationally damaged protein was estimated as described in ref. 
49 and did not exceed 5%. All intermediate states were trapped immediately at the 
beamlines with crystals installed at the goniometer. Crystallographic data for the 
K state data were collected similar to ref. 40. In brief, three sets of partial diffraction 
data from a single crystal covering 11° of the reciprocal space were collected at 
100 K in sequence under alternating illumination conditions: I, red light (676 nm, 
0.7 mW); II, green light (530 nm, 0.3 mW) and III, red light (676 nm, 0.7 mW). 
Such measurements were repeated for six consequent orientations of the crystal, 
and data collected under the illumination conditions I, II and III were merged 
separately to provide three complete datasets from which experimental difference 
maps FI − FIII, FII − FIII and FII − FIII were calculated. Images taken in the initial X-ray 
exposure before saturation of the orange species were excluded57. FI − FIII shows no 
difference confirming no detectable radiation damage or orange species formation. 
Meanwhile, FII − FIII/I contain differential densities that we associate with the K 
state reversibly formed under green laser illumination. The cryogenic trapping 
procedure was independently validated at the off-line microspectrophotometer83. 
The spectra were drawn using Microsoft Excel (v.16.58). Illumination of the BR 
crystal with a green laser (532 nm, 10 mW mm−2) at 100 K confirmed the formation 
of the K state.

For the L state trapping, the cryogenically cooled BR crystal was gradually 
warmed up to 160 K and illuminated with a red laser (676 nm, 0.7 mW) for 5 min; 
after that, the crystal was gradually cooled down back to 100 K and the X-ray 
dataset was collected. The fraction of radiationally damaged protein was  
estimated as described in ref. 49 and did not exceed 5%. The cryogenic trapping 
procedure was independently validated at the off-line microspectrophotometer83. 
Illumination of the BR crystal with a red laser (633 nm, 3 mW mm−2) at 100 K 
confirms the predominant formation of the L state with the minor fraction of the 
M state (<10%).

The M state of BR was trapped in a similar way to ref. 43. The cryogenically 
cooled crystal was heated to room temperature by blocking the nitrogen cold 
stream for 3 s while illuminating with a green light (33 mW, 514 nm), then cooled 
to 100 K by unblocking the cold stream while the green light was still on. One 
second after recooling started, the illumination was turned off.

Model building and refinement. The X-ray diffraction data were collected 
using ProDC and MxCube software. Integration and scaling of the BR data were 
performed in XDS (BUILT = 20210205)84. CC1/2 on the outer shell was used as the 
main criterion of resolution cutoff as recommended85. The twinning ratio was 
determined using Yeates statistics and the DETWIN routine of CCP4i program 
suite (v.7.1.018)86,87 as described previously48. The BR ground-state model with PDB 
ID 1C3W (ref. 37) was converted to a polyalanine model. Rigid-body refinement 
and automated macromolecular model building with subsequent refinement 
were performed in ARP/wARP (v.8.0)88, REFMAC5 (v.5.8.0267)89, PHENIX 
(v.1.19.2-4158)90 and Coot (v.0.9.6)91. Experimental difference Fourier Q-weighted 
electron-density maps92 between intermediate and ground states were calculated 
in CNS (v.1.3)93 with phases from the ground-state model. Initial models for 
intermediate states were built in accordance with difference maps and iteratively 
refined manually in Coot and automatically in PHENIX. The structural figures 
were prepared using PyMoL (v.1.8.4.0).

Identification of LBHBs. The difference electron-density maps do not show 
hydrogen atoms in the true-atomic-resolution structures of BR obtained in the 
present work. Therefore, for the tracing of LBHBs we analyzed the lengths of 
H-bonds in all states of BR. For accurate analysis, the coordinate errors of the 
relative positions of the atoms were calculated as proposed in ref. 94. In brief, the 
position (r) error of atom X was estimated as σ(r, BX) = (BX/Bavg)1/231/2(Ni/nobs)1/2C-

1/3Rfreedmin, where BX and Bavg are B factors of atom X and mean value for all atoms 
in the structure, respectively, Ni is total number of atoms in structure, nobs is a 
number of reflections used for refinement and C is the completeness of the data to 
a resolution limit of dmin. The distance error for atoms X and Y was then estimated 

as σd = (σX
2 + σY

2)1/2. For the true-atomic-resolution structures of BR in the ground, 
L and M states, the σd values were at the level of 0.1 Å. In the structure of the K state 
of BR at 1.53 Å, the distance error was higher (roughly 0.2 Å).

The H-bonds with an O–O distance of >2.6 Å or N–O distance >2.7 Å are 
considered normal H-bonds, while the H-bonds with the O–O or N–O distances 
of 2.3–2.6 Å are considered to be short strong H-bonds (LBHBs)4,61. Taking into 
account the estimated experimental error of the H-bond length determination of 
0.1 Å, we assigned only the H-bonds with O–O and N–O distances of 2.3–2.5 Å 
to LBHBs. It should be noted that among all short H-bonds identified in the 
presented structures, the lengths of most were in the range of 2.4–2.5 Å, which 
allowed us to unequivocally assign these bonds to the short strong H-bond group 
(LBHBs). There is only one extremely short (2.3 Å) bond between E194 and E204 
in the L state of BR, which, taking the experimental error of 0.1 Å into account, 
could be also interpreted as a single-well H-bond (the length of such bonds is less 
than 2.3 Å). However, this assumption is very speculative and more experiments 
should be performed to validate the nature of this H-bond.

Structure-based bioinformatic analysis. A collection of representative microbial 
rhodopsin sequences was aligned with hmmalign and used to construct a profile 
hidden Markov model using hmmbuild (v.hmmer-3.3.2)95. The dataset of BRs was 
constructed by searching the UniProt database using jackhmmer (ten iterations) 
with the obtained hidden Markov model profile and consecutive selection of 
archaeal genes with characteristic motif RDTDDK (82, 85, 89, 96, 212 and 216 
positions according to BR numbering). In total, 270 BRs were selected and aligned 
using the CLUSTALO online server96. The phylogenetic tree was generated using 
the iTol v.6 online server97. The analyzed regions were chosen based on the X-ray 
structures of BR presented in this work. Extended Data Fig. 10 preparations 
were done using Python (v.3.6.9), and in-house Jupyter (v.5.2.2) and Wolfram 
Mathematica (v.11) Notebooks.

Data availability
Atomic models built using X-ray crystallography data have been deposited in the 
Research Collaboratory for Structural Bioinformatics PDB with the codes 7Z09 (for 
the ground state of BR at 1.05 Å), 7Z0A (for the ground state of BR at 1.22 Å), 7Z0C 
(for the K state), 7Z0D (for the L state) and 7Z0E (for the M state). The UniProt 
gene database (uniport.org) was used for bioinformatic analysis of the BR clade of 
microbial rhodopsins.
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Extended Data Fig. 1 | Spectroscopy of BR crystals and validation of the cryotrapped intermediates. A. Spectrum of the ground state of BR in a crystal at 

100K. B. Difference absorption spectrum (final minus ground) of after cryotrapping of the K state in BR crystals at 100K. C. Difference absorption spectra 

(final minus ground) after the cryotrapping of the L and M states in BR crystals at 150 (black), 170 (red), 190 (green), 210 (blue), 230 (gold), and 250 K 

(orange).
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Extended Data Fig. 2 | See next page for caption.
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Extended Data Fig. 2 | Examples of the difference FoINT-FoGR electron density maps in BR. A. Difference FoK-FoGR electron density maps built around the 

retinal cofactor and D212, W86, and W182 residues indicating structural rearrangements in the K state of BR. The maps are contoured at the level of 5σ. 

Views from two sides are shown. B,C. Difference FoL-FoGR electron density maps built around the central part of BR indicating structural rearrangements in 

the L state of BR. The maps are contoured at the level of 3σ. D. Difference FoL-FoGR electron density maps built around the R82 residue and proton release 

group of BR indicating structural rearrangements in the L state of BR. The maps are contoured at the level of 3σ.
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Extended Data Fig. 3 | Examples of the difference FoM-FoGR electron density maps in BR. A. Maps built around the central part of BR indicating structural 

rearrangements in the M state of BR. The maps are contoured at the level of 3σ. B. Maps built around the R82 residue and PRG of BR indicating structural 

rearrangements in the M state of BR. The maps are contoured at the level of 3σ. C. Maps built around retinal cofactor and W182 and W86 residues 

indicating structural rearrangements in retinal binding pocket in the M state of BR. The maps are contoured at the level of 3σ.
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Extended Data Fig. 4 | BR trimer and lipid molecules resolved in the structure. A. View on the crystal monolayer from the extracellular side of BR. The 

trimer of BR (cartoon representation) is contoured for clarity. B. Overall view of one BR trimer (white surface) surrounded by the ring of lipid molecules 

(green spheres). C,D. Side views of the BR trimer (white surface) surrounded by the ring of lipid molecules (green spheres).
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | Structure of the proton release group of BR. A,B. Different side views of the PRG in the triple conformation obtained in the 

present work. The polder maps are contoured at the level of 3σ. C. Three conformations coexisting in the model from present work. D. Two conformations 

coexisting in the model from Hasegawa et al.54 (PDB ID: 5ZIL). E. Model of BR obtained using serial femtosecond crystallography (SFX) at XFEL at room 

temperature from Nogly et al.51 (PDB ID: 6G7H). F. Model of BR from Luecke et al.37 (PDB ID: 1C3W).
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Extended Data Fig. 6 | overall BR structure and cavities evolution. A. Side view of the ground state (violet). B. Side view of the K state (blue). C. Side view 

of the L state (salmon). D. Side view of the M state (yellow) of the photocycle. Retinal cofactor is colored teal. Cavities were calculated using HOLLOW 

and are shown with grey-blue surfaces. Helices F and G are hidden for clarity. Hydrophobic/hydrophilic membrane core boundaries were calculated using 

PPM server and are shown with black horizontal lines.
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Extended Data Fig. 7 | Helix G of BR in ground, l, and M states. A. Alignment of the backbones of the central part of helix G in the ground (violet), L 

(salmon), and M (yellow) states. Black arrows indicated most critical rearrangements in the backbones of residues A215 and K216 during photocycle. 

Water molecules are shown with spheres with the color corresponding to each state. B. Backbone of helix G in the ground state of BR. C. Backbone of helix 

G in the L state of BR. D. Backbone of helix G in the M state of BR. H-bonds are shown with dashed black lines. Water molecules in panels B-C are shown 

with red spheres.
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Extended Data Fig. 8 | Comparison of the proton release group regions of BR in different structures of the M state. A. The PRG of BR in the M state 

obtain in present work. B. The most similar organization of the PRG of BR found in the M state obtained with cryotrapping procedure44 (PDB ID: 2ZZL).  

C. The PRG organization in the highest-resolution structure of BR in the M state obtained using time-resolved serial femtosecond crystallography at X-ray 

Free Electron Laser51 (PDB ID: 6G7L). Cavities were calculated using HOLLOW and are shown with grey-blue surfaces.
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Extended Data Fig. 9 | RSB deprotonation pathway in BR. A. The ground state of BR. B. The L state of BR. C. The M state of BR. H-bonds are shown with 

black dashed lines. A weak H-bond between T89 and D85 in the L state is shown with black solid line. The distance between RSB and D85 in the L and M 

states as well as the distance between T89 and D85 in the M state are shown with red arrows. Distance lengths are shown near the lines with bold italic 

numbers and are in Å. Retinal cofactor and K216 residue are colored teal.
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Extended Data Fig. 10 | Bioinformatic analysis of archaeal outward proton-pumping rhodopsins. A. The phylogenetic tree of archaeal outward 

proton-pumping rhodopsins. BR is shown with red dot. The group of 9 unusual rhodopsins having substitutions at the key functional positions (E194, 

E204, S193) compared to the other members of the group is contoured and labelled. Also, one of them (E194G, 5 of 9 proteins have this substitution) was 

shown not to have proton pumping activity. B. Amino acid alignment of the representatives of the group of archaeal proton pumps. Only key regions of the 

protein are shown. Last 4 proteins (marked with a black bracket) belong the group of 9 unusual proteins contoured in panel A. C. Fractions of proteins with 

specific amino acid at specific position according to the BR numeration. The group of 9 unusual rhodopsins is excluded for the calculation of the fractions. 

Total number of rhodopsins used is 261. D. Fractions of proteins with specific amino acid at specific position according to the BR numeration. All 270 

proteins were used for calculations. Red arrows indicate essential residues forming the proton wires in course of the BR photocycle.
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Supplementary Notes 

Supplementary Note 1. The ground state structure of BR. 

Compared to the most commonly used model of the BR ground state37, true-atomic-resolution 

structures presented here provide additional important features of the cytoplasmic part of the 

protein essential for proton uptake and reprotonation of RSB (Fig. 1A). First, an additional 5 

water molecule is placed in the hydrophobic cavity near W182 (w503, Fig. 1B). It is bound to 

the T178 side chain and located close to earlier identified water molecule w501 (Fig. 1B). 

Another water molecule (w502) in this region is placed between RSB and D96 (Fig. 1A). Thus, 

in contrast to the existing paradigm claiming a large hydrophobic gap between the RSB and its 

proton donor D96 amino acid20,46, it appears that even in the ground state, this cytoplasmic 10 

region is moderately hydrated.  

Second difference is in the PRG consisting of Y83, S193, E194-E204 pair and also involving 

R82 and surrounding water molecules in the ground state. Namely, for PRG a triple 

conformation was identified, which is characterized by the presence of very short H-bonds 

(conformations are indexed with A, B, C; Fig. 1D, 2A; Extended Data Fig. 5C). These multiple 15 

conformations were never structurally shown for BR, although a double conformation was 

observed recently for the ground state of the protein54 (Extended Data Fig. 5D). In the present 

model, there are two principally different configurations of the E194-E204 pair; one 

corresponds to the conformation A, while the second corresponds to the conformations B and 

C. The conformation A is quite similar to that obtained previously54 (Extended Data Fig. 20 

5D,E,F); in contrast, the two other conformations are notably different. An additional water 

molecule not observed previously (w408) interacts directly with E204 in both conformations B 

and C (Fig. 1D, 2A, 3A). The major differences between conformation B and C are the 

orientation of S193 residue and positions of water molecules w403 and w404.  

Third, our data provide evidence that R82 is already dynamic in the ground state of the protein. 25 

This is clearly manifested by the increase of B-factors of the R82 side chain atoms compared 

to the mean value for nearby residues (21 and 16 Å2, respectively). The relatively weak and 

diffusive electron density maps near the NH1, NH2, and CZ atoms of the residue (Fig. 1C) also 

demonstrate the dynamics of R82. A similar feature was recently observed for BR in ref 54, 

however, it was not discussed by the authors. Moreover, similar observation was reported 30 

recently for another archaeal light-driven proton pump archaerhodopsin-3 (AR3)67. These new 



2 

 

findings on the conformational heterogeneity and dynamics of R82 of the ground state of BR 

are critical for the understanding of proton storage and release mechanisms of BR. 
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Supplementary Note 2. Evolution of the retinal, RSB, and cytoplasmic part of BR. 

Upon absorption of a photon, retinal isomerizes from all-trans conformation in the ground state 

to 13-cis conformation in the M state. The isomerization triggers conformational changes of the 

protein, which enable the vectorial proton transport against the electrochemical gradient. Our 

data precisely show how the retinal conformation is transformed stepwise through torsional 5 

motion and bond stretching along the C13-C14 axis from the all-trans in the ground state to 13-

cis conformation in the M state (Fig. 2A). Knowledge of the precise retinal conformation is 

necessary for understanding the mechanism of the transformation of the energy of the absorbed 

photon to elastic and electrostatic energy of the chromophore and then to the protein to drive 

proton transport against the electrochemical gradient. Our crystallographic data provides a 10 

unique opportunity to determine ab initio the precise conformation of the retinal 

(Supplementary Table 1). 

In the ground state, the structure of the retinal is planar, and the RSB points towards 

extracellular side, being connected to w402, which is a part of the pentagon of H-bonds formed 

by two key aspartates (D85 and D212) and three water molecules (w401, w402, and w406) 15 

(Fig. 2A,B). In the K state, which appears in picosecond time range, isomerized retinal is 

slightly bent but the RSB still points towards the extracellular side. This small conformational 

change leads to break of the H-bond between the RSB and w402 without disturbing the H-bond 

pentagon (Fig. 2C). Still longer time is required to develop larger amplitude conformational 

changes.  20 

Progressing to the L state within microseconds, retinal is in not yet fully-relaxed 13-cis 

conformation (Fig. 2A; Supplementary Table 1). However, the RSB already orients itself 

towards the cytoplasm (Fig. 2A,D). The H-bond pentagon observed in the ground and K states 

disappears, and two of three water molecules (most likely w402 and w406) disappear from the 

extracellular environment of the RSB. Presumably, they are relocated upon the K-to-L state 25 

transition following the RSB to the cytoplasmic side of the protein (Fig. 2D). Thus, this 

‘dehydration’ and the corresponding breaking of the extensive H-bond network in the 

extracellular part between the RSB and R82 is accompanied by a synchronous extensive 

‘hydration’ of the cytoplasmic part of the protein between D96 and the RSB. The flip of the 

L93 side chain during the K-to-L state transition towards the region of W182 is crucial and 30 

allows formation of a large cavity in the space between the RSB and D96, filled with five water 

molecules (Fig. 2D; Fig. 3A; Extended Data Fig. 6). Three of these water molecules mediate 
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the continuous CHB (proton wire) between the RSB and D96, which stabilizes the protonated 

form of the RSB in the cytoplasmic part of BR, indicating the presence of the L state (Fig. 2D; 

Fig. 3A). These data clarify a long-standing controversy between the X-ray and FTIR 

spectroscopy/molecular dynamics simulations data. The latter, in contrast to previous X-ray 

crystallography data, claimed the existence of the continuous H-bond network between the RSB 5 

and D96 already in the L state7,47,74. The RSB is also stabilized by H-bond to T89 in the L state. 

Two other water molecules in the cytoplasmic cavity stabilize the backbone of the notably 

distorted helix G in the L state (Fig. 3A; Extended Data Fig. 7). The distortion occurs in the 

short π-helical region in the central part of the helix G. While in the ground state the α-helical 

organization of the helix G is disturbed due to the π-bulge at A21518, in the L-state the backbone 10 

of K216 tilts towards the inside of the protein, losing its H-bonding connection to the N atom 

of the G220 residue (Fig. 3A; Extended Data Fig. 7). This global rearrangement of the helix G, 

together with the flip of L93, provide enough space to accommodate water molecules mediating 

H-bond network in the cytoplasmic part of BR in the L state. Importantly, except for the CHB 

connecting the RSB and D96 in the L state, there is a short branch of the H-bond wire 15 

propagating to carbonyl oxygen of K216, also mediated solely by water molecules. 

Following this, in the M state, retinal is finally in a relaxed planar 13-cis conformation, which 

is in line with earlier studies76 (Fig. 2A, Supplementary Table 1). The RSB remains in the 

cytoplasmic part of the protein stabilized only by T89 (Fig. 2A,E). L93 is reoriented back to its 

initial ground state position, decreasing the size of the cavity in the cytoplasmic inner part of 20 

BR (Fig. 2E; Fig. 3B; Extended Data Fig. 6). The CHB connecting D96 and the RSB in the L 

state disappears upon L-to-M transition while the second CHB between D96 and carbonyl 

oxygen of K216 remains but is modified (Fig. 3A,B). Namely, in the M state it involves three 

water molecules, forming a linear chain of strong short (2.5-2.6 Å) H-bonds between the 

residues (Fig. 2E; Fig. 3B). Two of these water molecules also stabilize the backbone of the 25 

helix G, which remains largely distorted similar to that in the L state (Fig. 3B; Extended Data 

Fig. 7). We suggest that the switch off of the CHB propagating from D96 to the RSB in the L 

state prevents the reprotonation of the RSB from its proton donor D96 stabilizing the M state 

at this stage of the proton translocation process.  

 30 
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Supplementary Note 3. Evolution of the extracellular side of BR.  

As it was mentioned above, upon retinal isomerization and consequent RSB reorientation, the 

H-bond of the RSB to the H-bond pentagon in the extracellular part of BR is already lost in the 

K state (Fig. 2B,C). However, at this step, the organization of the rest of the extracellular region 

remains the same as in the ground state (Fig. 2B,C). Namely, the R82 side chain is oriented 5 

towards the RSB and is connected to the pentagon (Fig. 2B,C; Fig. 3C). Thus, there are two 

linear CHBs connecting D85 to R82 in both ground and K states of BR (highlighted violet in 

Fig. 2B and blue in Fig. 2C). The first one is mediated solely by water molecules w401 and 

w406. The second one is longer and involves D212 and Y57 side chains and water molecules 

w402 and w407. D85 is also stabilized by a 2.7 Å H-bond with T89 in the ground and K states.  10 

This picture is changed dramatically upon the K-to-L transition. Water molecules w402, w406, 

and w407 disappear and, as we have mentioned, are presumably relocated to the cytoplasmic 

side of BR in the L state (Fig. 2D; Fig. 3A). One water molecule remains bridging D85 and 

D212. After losing the interactions with w402 upon the K-to-L transition, D212 side chain is 

stabilized additionally by W86 in the L state. The carboxyl group of D85 is relocated upon the 15 

formation of the L state, so the distance between T89 and D85 becomes larger than a typical 

length of H-bond (Fig. 2D). However, the residues are still interacting over a weak H-bond. 

R82, in turn, is reoriented significantly towards the PRG upon the K-to-L state transition (Fig. 

2D; Fig. 3D). Interestingly, two water molecules (w403’ and w405’) appear in the L state in the 

region between R82, D212, and Y57, stabilizing the residues in the region between the RSB 20 

and R82 (Fig. 2D; Fig. 3D). Consequently, two CHBs connecting D85 to R82 in the ground 

and K states are transformed into a single CHB upon the K-to-L transition (Fig. 2D). This newly 

formed linear CHB involves D212, Y57, and three water molecules (w401’, w403’, and w405’) 

(Fig. 2D). Due to the flip of the R82 side chain, the CHB at the extracellular part of BR in the 

L states terminates at the NE atom of the residue, while in the ground and K states the two 25 

CHBs connected D85 directly with the NH1 and NH2 atoms of R82 (Fig. 3C,D).  

Importantly, the organization of the region between the RSB and R82 seems to be similar in the 

L and M states (Fig. 2D,E; Fig. 3D,E). However, the evolution of the retinal configuration and 

proton translocation from the RSB to D85 upon the L-to-M transition result in several key 

differences between the structures of the states. They are identified by the high quality of the 30 

crystallographic data. First, in the M state the distance between T89 and D85 is enlarged to 4.3 

Å. The existence of this gap in the M, but not in the L state indicates that RSB-T89-D85 is the 
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pathway for proton translocation from the RSB to D85 upon the L-to-M transition, which is 

broken in the M state to prevent possible proton backflow from D85 to RSB. Second, upon D85 

protonation during the L-to-M transition, the length of H-bond between w403’ and w405’ of 

the CHB connecting D85 to R82 is changed significantly from 3.0 to 2.4 Å (Fig. 2D,E). Third, 

R82 is further shifted towards the PRG by 0.3 Å in the M state.  5 
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Supplementary Note 4. Conformational changes in the PRG during photocycle  

We identified a triple (A, B, and C) conformation of the PRG in the ground state of BR, which 

is also preserved in the K state. Importantly, several very short H-bonds are present in the A, 

B, and C conformations of the PRG. First, in the conformation A, the distances between E194 

and E204 and between E204 and S193 are 2.4 Å (Fig. 1D, 4A). Second, in the conformations 5 

B and C there is a short H-bond between Y83 and E194 (2.4 Å) and between E204 and newly 

identified water molecule w408 (2.5 Å) (Fig. 4A). Third, in the conformation C there is also a 

short H-bond between E204 and S193 (2.5 Å) (Fig. 4A). Biological role of the described very 

short H-bonds in the PRG will be analyzed in the Discussion section of the manuscript. 

In contrast, in the L state only a single conformation is observed (Fig. 4B,C). The change in the 10 

PRG conformation upon the K-to-L state transition is possibly connected with the flip of the 

R82 side chain towards the E194-E204 pair. Y83 also shifts by 0.4 Å towards E194. This makes 

the existence of the conformations B and C, found in the ground and K states, sterically 

impossible in the L state. The only conformation of the PRG observed in the L state is 

characterized by very short H-bonds between E194 and E204 (2.3 Å), R82 and E194 (2.4 Å), 15 

and E194 and a water molecule w408’ (2.5 Å) (Fig. 4B).  

In the M state also only a single conformation of the PRG was identified (Fig. 4C). However, 

it is notably different from that found in the L state. Indeed, when the proton of the PRG is 

already released, there is no H-bond between E194 and E204 and the E194 is reoriented towards 

Y83, which stabilizes the glutamate (Fig. 4C). Overall, the structure of the PRG in the M state 20 

is similar to some of those obtained earlier44,51 (Extended Data Fig. 8). However, there is a 

principal difference. The presented true-atomic-resolution model of the M state allows precise 

positioning of water molecules and amino acid residues indicating the presence of several very 

short H-bonds near PRG at the BR extracellular surface (2.4 Å between S193 and w411, also 

between w411 and carbonyl oxygen of the P77 residue). 25 
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Supplementary Note 5. Role of π-bulge in CHBs remodulation and proton transfer. 

It has been shown that in the ground state the secondary structure of α-helix G is disrupted by 

the insertion of the π-bulge at the position of A21537. This insertion causes the peptide to kink 

at this residue which is in direct contact with K216, to which the RSB is attached. The functional 

role of the bulge is not yet known37. Our data show that upon transition to the L state the helix 5 

G additionally bends in its central part around K216 towards the inside of the protein. The same 

part of the helix is slightly further modified in the M state. All this contributes to the switch on 

of the CHBs propagating from D96 to the RSB and K216 in the L state and its further evolution 

to a linear water-mediated CHB from D96 to the carbonyl of the K216 amide bond in the M 

state. We suggest that the latter switch prevents the reprotonation of the RSB from its proton 10 

donor D96 stabilizing the M state at this stage of the proton translocation process. Additionally, 

our data suggest that the rearrangement of the CHBs from the RSB to K216 upon the L-to-M 

transition reduces pKa of the RSB triggering its deprotonation. Therefore, the structures reveal 

in details important functional role of the π-bulge. It facilitates further disturbance of the helix 

G in the vicinity of K216 and RSB contributing to the rearrangement of H-bonds in the active 15 

state of the protein (RSB), which finally leads to its deprotonation. 
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Supplementary Tables 

Supplementary Table 1. Torsion angles of the retinal cofactor of BR in the ground, K, L, 

and M states. 

Angle Ground state K state L state M state 

Cε-Nz=C15-C14 -169.85 161.29 -111.98 -125.22 

Nz=C15-C14=C13 173.63 171.77 178.72 -168.80 

C15-C14=C13-C12 -154.31 -15.34 17.42 0.02 

C14=C13-C12=C11 179.41 -178.89 168.16 -179.98 

C13-C12=C11-C10 -170.78 168.91 157.48 167.67 

C12=C11-C10=C9 -177.24 -176.69 171.77 173.36 

C11-C10=C9-C8 175.34 172.26 -173.50 -179.97 

C10=C9-C8=C7 -174.57 180.00 -179.54 179.92 

C9-C8=C7-C6 170.39 168.48 165.03 -179.85 

C8=C7-C6=C5 178.40 -177.54 -174.89 179.10 
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