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Introduction

How protons migrate in water has been a central question in
physical chemistry for more than two centuries, ever since
Grotthuss[1] proposed the transfer along water molecule chains
and Eigen[2] identified fast proton-transfer reactions in larger
protonated water clusters (H9O4

+). Proton transfer is random in
water. However, in living cells a vectorial proton transfer occurs
via photosynthesis or in cell respiration. These two elementary
processes in bioenergetics provide a proton gradient, the force
for driving ATP (adenosine triphosphate) synthesis, is the fuel
for living cells.[3]

High resolution crystal structures of crucial membrane pro-
teins involved in these two elementary bioenergetic processes,
the photosynthetic proteins, and the cytrochrome c-oxydase
reveal internal protein-bound water molecules. Recent research
proposes that these protein-bound water molecules are active-
ly involved in the vectorial proton transfer.[4–8] However, it is
not yet understood in detail how these proteins achieve a vec-
torial proton transfer within the proteins to create a proton
gradient in contrast to random proton transfer in water.

An excellent model system to study the role of internal
water molecules in proton transfer is the light-driven proton
pump bacteriorhodopsin (bR), a well characterized heptahelical
transmembrane retinal protein.[5, 9] Upon light excitation the
retinal chromophore undergoes an all-trans to 13-cis isomeriza-
tion. The retinal is covalently bound via a protonated Schiff
base to the Lys216 of the opsin. The isomerization drives a
photocycle with the intermediates K, L, M, N, and O, in order
of their appearance. The photocycle is accompanied by a
proton transfer from the intracellular to extracellular medium.
In this way, a proton gradient is created. High resolution X-ray
structural analysis of bR in its ground state at 100 K[10, 11] identi-
fied several internal protein-bound water molecules, especially
on the proton release pathway. Time-resolved Fourier trans-
form infrared (FTIR)[5, 9, 12] and complementary molecular dy-
namics (MD) studies[13, 14] explain the detailed proton transfer

via these water molecules on the proton release site from the
internal central proton binding site, the protonated Schiff
base, to the protein surface (see Figure 1 for a detailed de-
scription). It involves a strong hydrogen bounded water, a dan-
gling water close to the central proton binding site and a pro-
tonated water complex H ACHTUNGTRENNUNG(H2O)4

+ as the proton release group
(see Figure 1).

The question that remains is : how does this membrane pro-
tein achieve the directionality of the proton transfer via these
protein-bound water molecules? To answer this question, we
used a combined approach of protein crystallography, time-re-
solved FTIR spectroscopy, and MD simulations. We demon-
strate an electromechanical switch on the proton exit site of
bacteriorhodopsin. Upon proton transfer from the protonated
Schiff base to its counter ion Asp85[5, 9] , a hydrogen bond be-
tween Ser193 and Glu204 opens selectively. This leads to an
opening of the Ser193 and Glu204 gate and a subsequent
proton release to the bulk solvent, resulting in the net transfer
of one proton across the membrane.

Results and Discussion

FTIR Measurements I: Transient Protonation of Glu204 at
pH 5

Figures 2 A and B show the time-resolved absorbance changes
of the retinal C14�C15 stretching vibration at 1186 cm�1 in
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wild type (WT) bR at pH 5 and 7. It reflects the deprotonation
of the protonated Schiff base by kL-M in the L to M transition,
the reprotonation of the Schiff base in the M to N transition by
kL-M and the reisomerisation to all-trans by kO-BR. In the wild
type at pH 5 (B), less M intermediate is accumulated in com-
parison to the wild type at pH 7 (A).

Figures 2 C and D show the respective time-resolved continu-
um band absorbance changes[9] between 1900–1800 cm�1 in
wild type bR at pH 5 and 7. It indicates the deprotonation of
the protonated water cluster in the L to M transition by kL-M.
The molecular meaning of the second rate kM-N is not yet fully
understood. In comparison to the wild type at pH 7, the ampli-
tude of the kL-M rate at pH 5 is also reduced as compared to
the rate kM-N. It was shown that at pH 5, the proton release is
delayed.[9, 15, 16] We therefore conclude that the reduction of the
pH from 7 to 5 slows down the proton release, which in turn
hinders the accumulation of M intermediate.

Figure 3 A shows the M intermediate spectra of WT bR at pH
5 and 7 and the Ser193A mutant at pH 7 in the regime be-
tween 1780 and 1700 cm�1, indicating protonation changes of
Asp and Glu. The wild type shows deviations between pH 7
and pH 5 (marked in light grey). Surprisingly, the S193A
mutant at pH 7 shows the same spectral feature as the wild
type at pH 5 (highlighted in light grey in Figure 3 A). This
regime was assigned to the protonation changes of Glu194
and 204.[9] As can be seen in Figure 3 B, the appearance of the
band at 1720 to 1707 cm�1 in WT at pH 5 (shown in black)
takes place with the same time constant (kM�N) as the first rate

of the continuum absorbance
decrease (shown in dashed grey
lines). From this result it can be
concluded that in wild type pro-
tein at pH 5, a change in the
protonation state of the gluta-
mates 194 and 204 takes place.
This might explain the delayed
proton release at pH 5, which is
delayed from L to M at pH 7 to
the M to N/O transition at
pH 5.[9, 15] The WT at pH 5 was
chosen to study the features of
the late proton release, which
can be observed at a pH lower
than pH 6.[16] Interestingly, muta-
tions of S193 induce a similar
effect as increasing of the
proton concentration in the bulk
solvent to a pH of 5.

MD Simulations I: S193/Glu204
as Gatekeepers of the Proton
Release Group

From the spectral characterisa-
tion mentioned above, it can be
derived that Ser193 and Glu204
play an important role in the

Figure 1. Proton release mechanism in bR in the L–M transition. Important
residues shown as sticks, internal waters as balls and sticks, water pentamer
with dangling water highlighted in yellow, water molecule between Tyr57
and Arg82 in orange, protonated Eigen cluster in purple. Upon light excita-
tion of the ground state molecule (BR), the retinal chromophore changes its
conformation from all-trans to 13-cis, forming the L intermediate. This
change triggers the transfer of the proton from the protonated Schiff base
to Asp85 (1), which leads to a breakdown of the water pentamer structure.
It is followed by a downward movement of Arg82 (2). This conformational
change affects the positions of the waters of the Eigen ion, which leads to
the release of the proton to the bulk solvent (3).

Figure 2. Time-resolved retinal absorbance at 1186 cm�1 for WT bR at pH 7 (A) and pH 5 (B). The photocycle is
intact for the wild type at pH 5 and at pH 7, with a smaller accumulation of the M intermediate at pH 5. C and D:
Time-resolved continuum band absorbance at 1900–1800 cm�1. While WT bR shows a higher intensity of the first
rate of the continuum absorption (kL-M) than the second rate (kM-N) during the photocycle, it is lower in intensity
than kM-N at pH 5. In all spectra (g): data, (c): resulting global fits, and (a): fit components.
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proton release. We therefore carried out MD simulations to un-
derstand their function. The dynamics of water positions at the
release site are analysed by means of time-dependent water
residences per volume unit (hereon referred to as water densi-
ties following the terminology from Kandt et al.[14]).

As can be seen in Figure 4, Ser193 is the protein residue
that seals the protonated water cluster from the extracellular
solvent by forming a hydrogen bond to Glu204 (A). This hydro-
gen bond is stable during the whole period of sampling (B). It
shields the protonated water cluster from the surrounding sol-
vent. This hydrogen bond might act as a gatekeeper for water.
Actually, in our earlier MD simulation, the protonated water
cluster was roughly modelled by a protonation of Glu204.[14]

The resulting simulation showed an opening of the proton exit
site between Ser193 and Glu204. Here we improved our simu-
lation and placed the proton explicitly into the internal water
cluster as indicated in Figure 1 in form of a hydronium ion.
Consequently we observed a different behaviour.

Hence, we can conclude from the MD simulations that the
hydrogen bond observed between Ser193 and Glu204 is sensi-
tive to the charge state on Glu204. A protonation of the car-
boxyl oxygens of Glu204 will lead to a rupture of the hydrogen
bond and to an opening of the proton release group to the
bulk water.

Evidence for the Ser193/Glu204 Gate in X-Ray Structure
Analysis

Figure 5 shows crystal structures of ground state and photocy-
cle intermediates of bR, which further support the functional
role of the Ser193/Glu204 hydrogen bond. In the wild type
ground state crystal structure (WT, PDB ID 1C3W, 1.55 � resolu-
tion)[11] the side chain oxygen atoms of Ser193 and Glu204 are
at a distance of 2.6 �, and the Connolly surface of the proton-
ated water cluster and the extracellular protein surface are sep-
arated by 4.1 �. The distance between Ser193 and Glu204 is in-
creased to 2.9 � in the M1 structure measured at 100 K (WT,
PDB ID 1M0M, 1.62 � resolution).[10] It shows an opening to the

Figure 3. A) Spectra of the M intermediates of bR in the regime from 1780
to 1700 cm�1. In the regime between 1730 and 1707 cm�1, changes (high-
lighted in light grey) from the wild type at pH 7 can be observed which are
the same for wild type at pH 5 and the S193A mutant at pH 7. The apparent
offset in WT at pH 7 is due to the reduced continuum absorbance in WT at
pH 5 (see Figure 2) and the S193A mutant.[9] B) Time course of the band in
the 1720 to 1707 cm�1 regime of the WT protein at pH 5. The band first
appear in the L to M transition, and then vanishes in the M to N transition.
The appearance between 1720 and 1707 cm�1 takes place at the same time
as the first rate of the continuum absorbance, indicating an involvement in
the proton release.

Figure 4. A) Water densities at the extracellular surface of the proton exit site during the final 5 ns of simulation in WT protein at pH 7. Protein in black, water
densities in grey, Ser193 highlighted as transparent spheres. In the WT protein, the extracellular bulk water can enter the protein up until Ser193. B) Minimal
distance of Ser193 and Glu204 head groups. During the whole course of sampling, Ser193 forms a hydrogen bond to Glu204 (hydrogen bond distances high-
lighted in light grey) and thereby a barrier to the protonated water cluster.
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bulk water (distance of Connolly surfaces of 1.3 �) and a weak-
ening of the hydrogen bond by increasing its length to 2.9 A.
The structure of the E204Q mutant (PDB ID 1F50, 1.7 � resolu-
tion)[17] shows an even greater increase in Ser193/Glu204 dis-
tance (3.2 �), and is open to the bulk solvent by placing a
novel water molecule between the Connolly surface of the
water cluster and the extracellular protein surface. This water
molecule forms a connection between the protein internal
water cluster and bulk solvent.

This and the findings of our in silico investigations imply
that the opening of the proton exit site is only dependent on
the protonation state of Glu204, which is coupled to the proto-
nation state of Schiff base counter ion Asp85 via Arg82 in WT
bR.[18] As Gln204 is an isoelectric mimic for a permanently pro-
tonated Glu204, the mutant protein is already open to the
bulk water in the ground state. As a result, the opening mech-
anism is decoupled from the protonation state of Asp85 in this
mutant bR.

MD Simulations II : Influencing the Proton Exit Pathway Via
in silico Mutations

As the S193A mutant shows the same behaviour as the WT
protein at pH 5, we wanted to elucidate the effect of this mu-
tation onto the bR structure, and predict further mutants
which might influence the proton exit mechanism. For this
purpose, we chose a S193C mutation. Such a mutation would
retain the size of the Ser193 side chain, while reducing the
side chain dipole moment and therefore the strength of any
hydrogen bond formed by it. As crystal structures of Ser193
mutants are missing, we focussed on in silico mutants in our
investigation.

Figure 6 shows the effect of the proposed S193A and S193C
mutants. In the S193A mutant, the water channel leading to
the proton exit site collapsed, creating a hydrophobic barrier
between the protonated water cluster and the extracellular sol-
vent. In contrast, in the S193C mutant, the extracellular solvent
can enter into the protein and forms direct contact with
Glu204. Cys193 temporarily forms a hydrogen bond to Glu204,
but most of the time is too distant from Glu204 to form such a
bond. Its side chain moves arbitrarily between the two water
densities, forming a diffusion barrier (using the terminology of
Kandt et al.[14]) for the intruding water. In both mutants, bulk
water and the protonated water cluster are therefore separat-

Figure 5. The Ser193/Glu204 hydrogen bond and Connolly surfaces of the
proton exit site in bR crystal structures. Arg82, Ser193, Glu194, and Glx204
shown as sticks. Water molecule positions shown as spheres. Top left :
Ground state (WT, PDB ID 1C3W). Top right: M1 intermediate (WT, PDB ID
1M0M). Bottom left : Mimic for protonated Glu204 (E204Q mutant, PDB ID
1F50). In the ground state, the hydrogen bond partners are at a distance of
2.6 �. The proton exit site and the extracellular surface are well separated by
a distance of 4.1 �. In the M1 state, the hydrogen bond is lengthened to
2.9 �. The Connolly surfaces of proton exit and extracellular site are close
enough to allow direct contact between the water cluster and bulk solvent
(distance of 1.3 �). In the E204Q structure, the distance shows a further in-
crease to 3.2 �. The Connolly surfaces are close enough to allow direct
water contact between water cluster and bulk solvent (distance of 2.5 �). An
additional water molecule is found between internal and external surface,
which establishes a hydrogen bond connection between water cluster and
bulk water.

Figure 6. Water densities at the extracellular surface of the proton exit site
during the final 5 ns of simulation. A) S193A mutant. Protein in black, water
densities in grey, Ala193 highlighted as transparent spheres. In the S193A
mutant, the bulk water entrance pathway to amino acid No. 193 has col-
lapsed. B) S193C mutant. Protein in black, water densities in grey, Cys193
highlighted as transparent spheres. In the S193C mutant, bulk water can
enter the protein up until Glu204. Cys193 places its flexible side chain direct-
ly between the water densities of extracellular water and the protonated
water cluster, forming a diffusion barrier, but only temporarily a hydrogen
bond to Glu204. C) Minimal distance of Cys193 and Glu204 head groups.
During the whole course of sampling, Cys193 only temporarily forms a hy-
drogen bond to Glu204 (hydrogen bond distances highlighted in light grey)
and is therefore disconnected from Glu204.
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ed by amino acid side chains, which are not connected to
Glu204 and therefore form an additional barrier. The mutations
are proposed to delay or inhibit the proton release like the WT
at pH 5.

FTIR Measurements II : S193A and S193C Exhibit a Transient
Protonation of Glu204

To verify our predictions from MD simulations, we carried out
further FTIR measurements on S193C along with further analy-
sis of S193A. Figures 7 A and B show the time-resolved absorb-
ance changes of the retinal C14�C15 stretching vibration at
1186 cm�1 in S193A and S193C at pH 7. In both mutants, less
M intermediate is accumulated as in WT protein at pH 5. The
effect is, however, less pronounced in S193C than in S193A.
Figures 7 C and D show the time-resolved continuum band ab-
sorbance[5] at 1900–1800 cm�1 in both mutants at pH 7. In
both mutants, the intensity of k’L-M is less than the second rate
k’M-N of the continuum absorption. It was shown that S193A,
like WT protein at pH 5, exhibits a delayed proton release.[9, 15]

Figure 8 A shows the behaviour of the 1720–1707 cm�1

regime in WT protein at pH 5 and 7 and the S193 A mutant at
pH 7. It can clearly be seen that both WT at pH 5 and the
S193A mutant at pH 7 exhibit the same spectral feature, ac-

counting for a transient protona-
tion of Glu204 that cannot be
observed in the WT protein at
pH 7. Furthermore, a comparison
of WT bR, and the S193A and
S193C mutants at pH 7 (Fig-
ure 8 B) shows that S193C exhib-
its the same spectral feature, al-
though it is less prominent, pos-
sibly due to lesser band intensity
in the spectrum and an overlap
with continuum absorption. This
indicates a transient protonation
of glutamates 194 and/or 204
during the proton release in
S193C as well, which confirms
our prediction from MD simula-
tions.

Model of a Directional Proton
Release Mechanism

If we consider both the results
from MD simulations and X-ray
structural analysis, our FTIR
measurements indicate that the
hydrogen bond between Ser193
and Glu204 is an important gate
for the proton release mecha-
nism. The absence of this hydro-
gen bond leads to a major delay
in the disappearance of the con-
tinuum absorbance change (see

Figure 2) and thus the proton exit from bR.[5, 9, 12] Like WT bR,
the S193C mutant exhibits a pathway for bulk water up to
amino acid No. 193 in our in silico simulations, but the position
of the cysteine side chain is not coupled to the charge state of
Glu204. It seems that the hydrogen bond itself is a crucial
structural feature to perform a controlled, fast and efficient
exit of the proton upon the occurrence of the M intermediate.

Furthermore, our findings show that the hydrogen bond for-
mation depends on the protonation state of Glu204. A depro-
tonated state favours a hydrogen bond, while a protonated
Glu204 leads to a rupture of the bond. Upon a protonation of
Glu204 and subsequent breaking of the bond to Ser193, the
protonated water cluster becomes exposed to the extracellular
solvent and the proton is therefore released to the bulk water.
Mutations of Ser193 to Ala or Cys, as well as a rise in proton
concentration in the bulk solvent, increase the barrier for the
proton release. Therefore, in contrast to WT at pH 7, a transient
protonation of glutamates 194 and/or 204, is observed in the
FTIR measurements. The transient protonation in the WT is too
short to be detected. At low temperature the lifetime, of the
transient protonation might become long enough for detec-
tion via FTIR measurements. However, the proton release
mechanism is changed at low temperature in comparison to
room temperature, as described by L�renz-Fonfr�a et al. ,[19]

Figure 7. Time-resolved retinal absorption at 1186 cm�1 for bR mutants S193A (A) and S193C (B) at pH 7. The pho-
tocycle is intact for both mutants, with a smaller accumulation of the M intermediate. C) and D) Time-resolved
continuum band absorption at 1900–1800 cm�1. Both bR mutants shows a higher intensity of the second rate of
the continuum absorption (k’M-N) than the first rate (k’L-M) during the photocycle, which is comparable to the re-
sults for WT bR at pH 5. In all spectra (g): data, (c): resulting global fits, and (a): fit components.
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possibly due to a change of the proton location in the proton
release group.

Based on these results, we present a hypothesis for a con-
trolled release mechanism of the proton during the photocy-
cle. It accounts for the vectoriality of the proton transfer and is
summarised in Figure 9. In the ground state, Asp85 forms a
salt bridge to Arg82. The protonated water cluster stabilizes
the negative charges of Glu194 and Glu204. Ser193 forms a
hydrogen bond to Glu204 and therefore closes the connection
between extracellular solvent and the water cluster like a gate.
Upon protonation of Asp85, its negative charge becomes neu-
tralised, breaking the salt bridge and leading to a downward
movement of Arg82.[18] The Arg movement induces a change
in the second hydration shell of the protonated water clus-
ter[5, 20] and affects the water positions (Figure 5). As a conse-
quence, the proton is shifted more towards Glu194 and 204,
leading to a transient protonation. This destabilizes the hydro-

gen bond to Ser193, leading either to an elongation or a
breaking of the bond. Consequently the proton release site
opens up in M and N state and the proton is released to the
bulk water.

Figure 9 furthermore indicates the influence of pH and mu-
tation of Ser193 on this mechanism. Removal of the hydrogen
bond by mutation of Ser193 in the S193A and S193C mutants
increases the barrier between the protonated water cluster
and bulk water. Therefore, the proton cannot leave the protein
in the usual way but is pushed onto the glutamates 194 and/
or 204. At higher H+ concentrations (pH 5), this mechanism is
slow enough to appear in the IR spectra of WT bR, too. This is
probably due to a lowering of the difference in proton poten-
tial between water cluster and bulk water.

Conclusions

Our experimental and theoretical findings show that the hy-
drogen bond between Ser193 and Glu204 is crucial for an effi-
cient and controlled proton exit in the photocycle of bR. In the
ground state, the hydrogen bond closes the exit site and
shields it from bulk solvent. Upon charge transfer from the

Figure 8. A) Time course of the band in the 1720 to 1707 cm�1 regime of WT
protein at pH 5 and 7, and the S193A mutant at pH 7. While the WT bR at
pH7 only shows continuum absorbance changes in this regime, WT bR at
pH 5 and in the S193A mutant at pH 7 show an appearance of a band in the
L to M transition, which then vanishes in the M to N transition. The appear-
ance between 1720 and 1707 cm�1 takes place at the same time as the first
rate of the continuum absorption, indicating an involvement in the proton
release. B) Time course of the band in the 1720 to 1707 cm�1 regime of WT
protein at pH 7 and the S193A and S193C mutant at pH 7. S193C exhibits
the same spectral feature as WT bR at pH 5 and S193A, although it is less
prominent, possibly due to a smaller band intensity in the spectrum and an
overlap with continuum absorption.

Figure 9. Hypothetical mechanism of the directional proton release and in-
fluence from pH and mutations of Ser193. The protonation of Asp85 upon
formation of the M state induces a shift of Arg82. This affects the position of
the proton in the exit site and pushes it towards glutamates 194 and 204.
The proton quenches the negative charge of the glutamates, leading to a
weakening/breaking of the hydrogen bond between Ser193 and Glu204.
The exit site opens up to the extracellular bulk solvent and the proton
leaves the protein. At pH 5, the difference in potential between Asp85 and
the bulk solvent is not high enough to provide a fast proton exit. Instead,
Arg82 pushes the proton onto the glutamates 194 and 204. Removal of the
hydrogen bond between Ser193 and Glu204 by mutation of Ser193 increas-
es the barrier effect of amino acid 193 between the protonated water clus-
ter and bulk solvent. The proton is pushed onto the glutamates 194 and/or
204 in the S913 A or S193C mutants.
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protein interior, the bond is broken, and the exit site opens up,
irreversibly releasing the proton to the bulk solvent. The pro-
tein therefore actively regulates the properties of the internal
protonated water network to ensure the directionality of
proton transfer. The transient protonation of Glu194/204 is the
key step for gate opening and proton release.

Experimental Section

Mutants and Protein: The mutagenesis and expression of bacterio-
rhodopsin in Halobacterium salinarum is described elsewhere,[21, 22]

as is its isolation and purification in purple membrane sheets.[23]

Sample Preparation: A suspension of 600 mg of pure membrane
sheets in 1 m KCl, 100 mm Tris at pH 7 was centrifuged for 2 h at
200,000 g and the obtained pellet was squeezed between two
2 mm CaF2 windows.
Fourier Transform Infrared (FTIR) Spectroscopy: The time-resolved
data was obtained by performing Step-Scan FTIR Spectroscopy on
the sample with a modified Bruker IFS66v spectrometer as previ-
ously described.[24] The sample was strictly kept at 20 8C during the
whole measurement to ensure stability. The laser pulse to start the
photocycle was generated by an Excimer-Laser (Lambda 305i)
driven Dye-Laser based on Coumarin153.

Molecular Dynamics (MD) simulations: The inital bR structure was
the 1.9 � wild type structure of Belrhali et al. (PDB ID 1QHJ).[25] N-
terminal amino acids 1 to 4 and side chains missing in the crystal
structure were added with PyMOL.[26] The structure was checked
with the MOBY program package.[27] Standard protonation states
were assumed for all amino acids, except Asp96 and Asp115,
which were protonated.[14] As Mathias et al. showed a preference
of the proton for a specific water molecule in the proton release
group,[13] water molecule HOH408 in 1QHJ was transformed into a
H3O+ ion to mimic the proton in the exit site by means of a molec-
ular mechanics simulation. This model for a protonated water clus-
ter is in accordance with Garczarek et al.[5] and Mathias et al.[13] .
Retinal parameters were taken from Kandt et al.[14] The resulting
model was placed into a pre-equillibrated POPC bilayer surrounded
by a 1 m NaCl solution in accordance with Kandt et al.[14]

Simulations were carried out with GROMACS v3.3, merging the
GROMOS96 force field and lipid parameters of Berger et al.[28] in ac-
cordance with Schlegel et al.[29] . The simulation parameters and
protocol were based on Wolf et al.[30] with a step size of 1 fs and
no bond constraints. After protein/membrane equilibration, 20 ns
of unrestrained MD simulation were performed at 293.15 K. The
equilibration of the bR structure was judged by observation of the
root mean square displacement of the heptahelical Ca atoms (Ca-
RMSD, see Supporting Information). While the wild type protein
reached a stable value of 1.6 � after 12 ns, the S193-A mutant
needed 15 ns to reach a stable Ca-RMSD of 1.0 �. S193C already ex-
hibits a stable Ca-RMSD of 1.1 � after 7 ns, but shows a slight in-
crease at the end of the simulation. Therefore, in all simulations,
the final 5 ns were used for subsequent water density analysis.
Water densities were calculated by the method of Kandt et al.[14]

The data shown is the Connolly surface on voxels with a minimum
water density of 0.1 H2O ��3.
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