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ABSTRACT The role of protein-bound water molecules in protein function and catalysis is an emerging topic. Here, we studied
the solvation of an excess proton by protein-bound water molecules and the contribution of the surrounding amino acid residues at
the proton release site of the membrane protein bacteriorhodopsin. It hosts an excess proton within a protein-bound water cluster,
which is hydrogen bonded to several surrounding amino acids. Indicative of delocalization is a broad continuum absorbance
experimentally observed by time-resolved Fourier transform infrared spectroscopy. In combination with site-directed mutagen-
esis, the involvement of several amino acids (especially Glu-194 and Glu-204) in the delocalization was elaborated. Details
regarding the contributions of the glutamates and water molecules to the delocalization mode in biomolecular simulations are
controversial. We carried out quantum mechanics/molecular mechanics (QM/MM) self-consistent charge density functional
tight-binding simulations for all amino acids that have been experimentally shown to be involved in solvation of the excess proton,
and systematically investigated the influence of the quantum box size. We compared calculated theoretical infrared spectra
with experimental ones as a measure for the correct description of excess proton delocalization. A continuum absorbance can
only be observed for small quantum boxes containing few amino acids and/or water molecules. Larger quantum boxes, including
all experimentally shown involved amino acids, resulted in narrow absorbance bands, indicating protonation of a single binding site
in contradiction to experimental results. We conclude that small quantum boxes seem to reproduce representative extreme cases
of proton delocalization modes: proton delocalization only on water molecules or only between Glu-194 and Glu-204. Extending
the experimental spectral region to lower wave numbers, a water-delocalized proton reproduces the observed continuum absor-
bance better than a glutamate-shared delocalized proton. However, a full agreement between QM simulations and experimental
results on the delocalized excess proton will require a larger quantum box as well as more sophisticated QM/MM methods.
INTRODUCTION
Vectorial proton transfer by membrane proteins is essential
to sustain living cells. A detailed understanding of how pro-
tons are transferred by membrane proteins is a long-standing
goal. Proton transfer in such biological systems usually
takes place along protonable amino acid residues. Recent
studies showed that protein-bound water molecules also
take an active part in this transfer (1,2). Controlled proton
transfer via water molecules spanning a transient Grotthus
chain (3,4) in an intermediate protein state was also revealed
in detail (5). These studies also showed the role of protein-
bound water molecules using the light-driven proton pump
bacteriorhodopsin (bR), which is a member of the heptaheli-
cal membrane protein family of microbial rhodopsins (6,7).
Like all microbial rhodopsins, bR contains a retinal chromo-
phore, which undergoes an all-trans/13-cis isomerization
upon light activation. The isomerization drives bR through
a cycle of well-defined intermediates, resulting in one net
proton transfer per photocycle through the protein. At the
proton release site, a delocalized excess proton was experi-
mentally identified in a membrane protein for the first time
(1,2,8–10) by its characteristic broad, so-called continuum
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absorbance (11,12) (hereafter referred to as the continuum
band). The excess proton is delocalized on protein-bound
water molecules and on the hydrogen-bonded amino acid
residues Tyr-57, Arg-82, Tyr-83, Ser-193, Glu-194, and
Glu-204 (1,9). This conclusion was drawn from site-
directed mutation experiments involving these surrounding
amino acids. Such mutations affect the continuum band
and thus indicate the involvement of these residues in proton
solvation (2,9). We want to point out that in this article, we
use the term ‘‘delocalization’’ in the sense of fast-changing,
multiple proton-binding sites exchanging protons in a Grot-
thus transfer mechanism. Thus, it is not a single physical
excess proton but the information of an excess proton that
is delocalized over the full release site. The model of a
protonated water cluster at the proton release site was exper-
imentally confirmed by other research groups (11,13,14).
However, to understand the molecular details of this delo-
calization, we performed ab initio quantum mechanics/
molecular mechanics (QM/MM) simulations.

There is a consensus among both experimental and
theoretical studies that the proton is delocalized at the
release site (2,9,10,15–18), but regarding the molecular
details of the delocalization in the protein ground state,
two controversial models have been proposed. Car-
Parrinello QM/MM simulations with the excess proton
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exclusively delocalized on the water molecules in the inves-
tigated QM box (15,19) reproduced the experimentally
observed infrared (IR) continuum band. Further QM/MM
simulations using the self-consistent charge density func-
tional tight-binding (SCC-DFTB) method (20,21), which
included the Glu-194 and Glu-204 side chains together
with the water molecules in the QM box, were also able
to reproduce the continuum band (16,17). In this case, the
excess proton became exclusively delocalized between
the two negatively charged Glu-194 and Glu-204 side
chains. However, the simulations carried out so far have
not included all residues known from the experiments to
participate in proton solvation. pKa calculations on the
release site are controversial as well, favoring a delocalized
proton on the water molecules (18) or between the gluta-
mates (17) depending on the algorithm used. The small
QM boxes suffer from an artificial symmetry of included
chemical functionalities: treating only the water molecules
by QM will allow the proton to only delocalize on them,
which inevitably will lead to a Zundel and/or an Eigen
cation (3,4). Including only the two negatively charged glu-
tamates together with the water molecules in the QM box
provides a deep, symmetric potential minimum between
the glutamates and traps the proton within.

Here, to gain a better understanding of the proton distri-
bution over multiple binding sites, we extended the former
SCC-DFTB simulations by including all residues that
have been experimentally identified to contribute to the
fine-tuning of proton solvation into the QM box. This
will especially disturb the aforementioned artificial system
symmetry within the respective QM boxes. To assess the
correctness of the described proton delocalization distribu-
tions, we analyzed the agreement between experimental
and theoretically calculated continuum bands. In agreement
with earlier simulations (15–17,19), we observed a contin-
uum band for both a proton delocalized on the protein-
bound water molecules (in the so-called protonated water
cluster QM box) and a proton symmetrically delocalized
between Glu-194 and Glu-204 (in the so-called Glu-shared
proton QM box and the small QM box). However, when we
included further amino acids in a stepwise manner, yielding
QM boxes of increasing size and asymmetry, narrow artifi-
cial absorbance bands appeared in the calculated IR spectra,
and the continuum band finally disappeared when all resi-
dues of interest were included.

These results are in contradiction to the experimentally
observed continuum absorbance. Consequently, the current
SCC-DFTB calculations are only in agreement with exper-
imental data for the small QM boxes. Therefore, instead of
focusing on increasing the quantum box size, we extended
the experimentally accessible frequency range of the contin-
uum band down to 1700 cm�1 and compared the resulting
spectral line shapes with the ones calculated from small
QM boxes. Here, the extended continuum band agrees better
with the one calculated for a water-delocalized proton than
with the one calculated for a glutamate-delocalized proton.
Furthermore, the involvement of water in proton delocali-
zation is experimentally supported, as the continuum band
is shifted by H2

18O labeling (13). This shift is not expected
for a proton that is exclusively delocalized between
Glu-194/Glu-204. In agreement with our earlier proposal
(2,9,10), we conclude that the proton is delocalized on
both the protein-bound water molecules and all surrounding
amino acids, including Glu-194 and Glu-204, in the ground
state. This includes a transiently shared proton between
Glu-194 and Glu-204, but not exclusively.

In addition, we simulated the E194D and E204D muta-
tions at the release site in small QM boxes. In these mutants,
the structure at the release site is slightly changed, becomes
asymmetric, and results in the experimentally observed
protonation of Glu-204 and Asp-204, respectively (9,10),
as also observed for the large asymmetric QM box in
wild-type (WT) protein simulations. QM/MM simulations
of these mutants with glutamates/aspartates together with
water molecules only in the QM box, containing a muta-
tion-induced asymmetry, were able to reproduce the experi-
mentally observed IR signatures for localized binding sites
and predict a protonation of Glu-204, respectively, which
indeed was found experimentally in the E194D mutant (9).

Therefore, it seems that SCC-DFTB QM/MM simu-
lations adequately describe localized binding sites. Further-
more, these results show that the degree of chemical
symmetry within the quantum box plays an important role
in excess proton delocalization. The introduction of a small
asymmetry at the release site shifts the delocalized proton to
a localized binding site and protonates a glutamic acid.
Actually, in the bR photocycle, upon proton release to the
external medium, the delocalized proton becomes tran-
siently localized in the M intermediate, and Glu-194 or
Glu-204 becomes protonated before the proton is released
to the external medium (10). This protonation is important
for the gate opening at Ser-193 in the proton diode mecha-
nism (10). We therefore distinguish between a proton
release site in the ground state with a delocalized proton,
and a transient proton exit site with a localized proton in
the M intermediate at Glu-194/204.
MATERIALS AND METHODS

A detailed description of our structure preparation, QM/MM calculation,

IR spectra calculation, and PMF calculation procedures can be found in

the Supporting Material. In short, all calculations were performed with

Chemistry at HARvard Molecular Mechanics (CHARMM) (22) and used

the simulation and IR spectra calculation protocol of Phatak et al. (16)

and the potential of mean force (PMF) calculation protocol of Goyal

et al. (17). WT bR simulations were based on a membrane equilibrated

structure from our earlier simulations with a protonated water cluster

model at the release site (10) or the 1.55 Å ground-state bR structure of

Luecke et al. (23). E194D and E204D mutant simulations were based on

the respective crystal structures (Protein Data Bank (PDB) IDs 2WJK

and 2WJL) (10). All simulations were calculated for a trajectory length

of 1.1 ns. For calculations on the influence of different QM box sizes on
Biophysical Journal 107(1) 174–184
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IR spectra, three independent sample runs were carried out and their spectra

were averaged. For the calculation of glutamate mutations, only one simu-

lation each was carried out. To facilitate spectral comparisons and enhance

the signal/noise ratio, we smoothed all spectra by calculating their running

averages with a window size of 16 cm�1. Analysis of oxygen-hydrogen dis-

tances in QM boxes with glutamate-bound protons was carried out accord-

ing to the following criteria: distances between 0.9 Å and 1.1 Å were

considered as covalent bonds, distances between 1.1 Å and 1.5 Å were

considered as glutamate-delocalized (shared) proton (16), and distances be-

tween 1.5 Å and 2.5 Å were considered as hydrogen bonds. All molecular

figures were prepared with PyMOL (Schrödinger, LLC).
RESULTS AND DISCUSSION

We first investigated the impact of the QM box size on
proton position and the corresponding changes of the con-
tinuum band. We increased the size of the QM box at the
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release site in a stepwise manner and compared the corre-
sponding IR spectra with experimental ones. Point mutation
experiments showed that the delocalized proton is solvated
by Tyr-57, Arg-82, Tyr-83, Ser-193, Glu-194, and Glu-204
side chains (2,9). Also the backbones of Tyr-79 and Thr-
205 contribute significantly to the solvation (9). Our initial
assumption was that an increase in QM box size by subse-
quent addition of more amino acid side chains should lead
to a better description of the release-site structure, dy-
namics, and bond networks, which should further result in
calculated IR spectra agreeing better with experimental
ones. To enhance the spectral comparison by reducing the
noise level in our calculated spectra, we calculated their
running averages (see Materials and Methods section).
Fig. 1 B shows the resulting theoretical IR spectra of
the different QM boxes in the continuum band range in
wavenumber / cm-1
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comparison with the experimental continuum band. Due to
the overlap with the absorbance of protonated Asp-85 at
1762 cm�1 (26), the experimental continuum band can
only be directly compared with theoretical spectra at wave-
numbers higher than 1780 cm�1. The calculated continuum
bands of the protonated water cluster QM box, the QM box
with the two Glu-194 and Glu-204 side chains and an excess
proton (Glu-shared proton QM box), and the QM box with
both glutamates, excess proton, and water molecules (small
QM box) agree with the experimental continuum band
between 2000 cm�1 and 1800 cm�1. The small QM box,
which includes the water molecules and the glutamic
acid side chains, exhibits an artificial signature above
2250 cm�1 (see Fig. S1) and small artificial bands at
1863 cm�1 and 1819 cm�1, which do not agree with the
experimental results. In all simulations in which the gluta-
mates were included in the QM box, the proton was
attracted by the negative charges and moved between the
two glutamate carboxylic acid side chains within a few pico-
seconds. This indicates a very deep potential minimum
between the two negatively charged glutamic acid residues.
Including more residues in the QM box does not seem to
flatten this deep potential minimum enough that the proton
is able to escape to multiple binding sites, which is the result
obtained in Fourier transform IR (FTIR) experiments on bR
mutants (9,10). The intermediate QM box, which includes
additional residues, shows strong bands at 1830 cm�1 and
1793 cm�1, which are also not observed in experimental
FTIR spectra. A continuum absorption is still observed,
pointing to an existing fraction of delocalized proton. The
large QM box lacks this continuum band completely, but
also exhibits the two prominent artificial bands mentioned
above. The disappearance of the continuum band when
the QM box size was increased in the simulations seems
to indicate an increasing localization of the excess proton
on one glutamate.

In summary, both the protonated water cluster and the
glutamate-shared proton system agree with the experimen-
tally observed continuum band and indicate a delocalized
proton. Contrary to intuition and earlier QM/MM calcula-
tion-based IR spectra calculations of water molecules in
contact with the retinal Schiff base, Asp-85, and Asp-212,
forming the so-called pentamer (27), increasing the QM
box size does not improve the calculated spectra. An
increase in QM box size does not lead to a delocalization
across the whole release site, which was deduced from
FTIR measurements in combination with point mutation
experiments (9,10). Instead, we observe the disappearance
of the continuum band and the appearance of protonation
bands of glutamic acids, reflecting a localized proton that
contradicts the experimental results for the BR resting state.
The glutamate-shared proton QM box and the small QM
box show a high level of symmetry with respect to the
arrangement of chemical functionalities within the QM
boxes themselves. This is an artificial situation in these
size-reduced systems because the protein surroundings
are asymmetric, and this asymmetry is not transferred via
QM interactions but only by charge interactions across the
QM/MM border. Increasing the size by including additional
amino acid side chains, which form the first layer of residues
surrounding and interacting with the two glutamates induces
asymmetry and leads to a localization of the proton on
Glu-194. This is in contradiction to experimental results.
It seems that in SCC-DFTB, the coupling of the QM box
and the MM surroundings is not strong enough to perform
this transfer of asymmetry in small QM boxes and thus leads
to a glutamate-shared proton only. So far, QM/MM inves-
tigations have focused mainly on analyzing small QM sys-
tems (15–17,19). The newly appearing (to our knowledge)
two sharp bands indicate a protonation of one of the gluta-
mate, and were not discussed specifically in previous studies
by Goyal et al. (17) with calculations on a large QM box
(see above). However, their results also show a narrowing
of the continuum band. We think that Goyal et al. actually
computed the same collapse of the continuum band as we
did for a larger QM box, and yielded a similar pattern of
fast-exchanging fully protonated glutamates (see Supple-
mental Data Analysis, section 1, for details). However,
they might have overlooked this because it is only observ-
able if the large noise level appearing in the computed IR
spectra is reduced—a problem we were able to overcome
by using the line-smoothing method presented here.

To elucidate the reason for the observed proton localiza-
tion in larger QM boxes in detail, we plotted the glutamate
oxygen to excess proton distances and the minimal gluta-
mate oxygen/oxygen distances observed during the simula-
tions, and calculated the respective free-energy profile of
the proton on water molecules and between the glutamates
in the different QM box sizes as a PMF. A comparison of
calculated glutamate-glutamate distances with high-resolu-
tion bR crystal structures (see Supplemental Data Analysis,
section 2, and Fig. S3) indicates a mixture between the
protonated water cluster and glutamate-shared proton. Con-
cerning the PMF, the protonated water cluster shows a clear
and broad minimum in the middle between two water
molecules (Fig. 1 C), indicating a Zundel ion (4,12,25).
The Glu-shared proton QM box (Fig. 1 D) shows a similar
energy curve, with the minimum being moved slightly
toward Glu-204. The observed broad symmetric energy
minimum is a prerequisite for the appearance of a contin-
uum band (25). For the QM boxes containing Glu-194/
204, the PMF analysis confirms our assumption that small
QM boxes are artificially symmetric: in all systems with
more amino acid side chains in the QM box (intermediate
and large QM boxes), which lead to an increasing asym-
metry in chemical composition and reactivity, the energy
curves clearly indicate a preference for a localized proton
by protonation of Glu-194, with an energy difference
of ~5 kcal/mol over the protonation of Glu-204. Such a pro-
tonation explains the collapse of the continuum band into
Biophysical Journal 107(1) 174–184
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two sharp bands: they can be interpreted as strongly red-
shifted O-H stretch vibrations within the glutamate pair.
To elucidate the possible reason for the strong effect of
the QM box size, we carried out further PMF calculations
on the Ser-193/Glu-204 proton release gate (10,17,28),
and performed mechanical-embedding calculations to
assess the influence of MM charges on the QM environment
(see Supplemental Data Analysis, section 3, and Figs. S4
and S5). This gate is located at the border of the different
QM boxes. We found a strong dependence of the respective
Ser-193/Glu-204 gate PMFs on the QM box size. The me-
chanical-embedding simulations showed that the interaction
with the MM surroundings is strong enough in the small
QM box to keep the two glutamates in a position to form
a hydrogen bond and a shared proton to a certain extent.
However, this interaction is not strong enough to introduce
the asymmetry in proton distribution seen for the larger
QM boxes. To summarize, we can now confirm our assump-
tion from PMF calculations that the QM/MM border inter-
action in the current SCC-DFTB setup is not sufficient
to correctly reproduce QM interactions and thus strongly af-
fects side-chain orientations and oxygen–oxygen distances
between proton donors, and hence the proton distribution
within the QM box. Because proton transfer barriers in-
crease by several kcal/mol per 0.1 Å distance between
transferring oxygen atoms (29,30), even small geometrical
changes at the release site could lead to the observed proton
localization.

A major point raised by Goyal et al. (17) in support of
a glutamate-shared proton and against a protonated water
cluster is their observation that in SCC-DFTB QM/MM
calculations, the protonated water cluster is intrinsically
~20 kcal/mol higher in free enthalpy than the glutamate-
shared proton, which we observe as well. However, in their
QM/MM setup, which we used as well, only amino acid side
chains are placed into the QM box, and the protein backbone
is not treated by QM. Both amino acid side chains and water
molecules at the release site exhibit important hydrogen
bonds with the protein backbone at several sites, which
are the carbonyl groups of Tyr-79 and Thr-205 (9), and
the amido group hydrogen atoms of Ser-193 and Glu-194
(17). Including only the Ser-193/Glu-194 backbone contacts
in MP2 calculations on vacuum models of the release site
already lowered the proton affinity difference between pro-
tonated water cluster and glutamate-shared proton consider-
ably from 15.1 kcal/mol to only 7.7 kcal/mol (see Table 1 in
Goyal et al. (17)). This is close to the average error range
(2–4 kcal/mol) of comparable QM/MM methods and well
below their maximal error range (14 kcal/mol) (see Electro-
static Embedding methods in Hu et al. (31)), so the QM/MM
calculations might actually result in a wrong description
of the release-site excess proton distribution. The Tyr-79
and Thr-205 backbones were elaborated experimentally
as important hydrogen bonding partners of the protonated
water cluster (9). Therefore, a full QM treatment of the
Biophysical Journal 107(1) 174–184
release site, especially together with all backbone groups
involved in hydrogen bonds, surrounded by a full layer of
QM residues, would be necessary to correctly describe
the underlying proton distribution. The neglected backbone
interactions seem to shift the excess proton toward the two
glutamates. However, including the backbone in QM boxes
together with the necessary additional layer of QM residues
around the release site was beyond the range of this study
and will be analyzed in further work.

To analyze whether the localization effects of a size-
increased QM box depend on the starting structure (see
Supplemental Data Analysis, section 4), i.e., whether using
our simulation-based structure and dynamics input yields
different results than using a crystal structure and the
respective B factors, we performed additional calculations
with the ground-state crystal structure 1C3W (23) using
the structure preparation steps described by Goyal et al.
(17), and analyzed the proton distributions and continuum
bands that appeared. The resulting distance plots and IR
spectra are displayed in Fig. S6. Comparing these results
with those shown in Figs. 1 and S3, we observe the same
pattern of proton localization: whereas the Glu-shared pro-
ton QM box clearly shows glutamate–excess-proton dis-
tances indicative of a shared proton, such distances are
seldom present in the larger QM boxes. Furthermore, the
glutamate–glutamate distances found in the protonated
water cluster box fit better to the ones observed in high-
resolution crystal structures than all other QM boxes, as
observed in our simulations with a membrane/solvent-equil-
ibrated structure (see Fig. 1). Finally, the calculated IR
spectra of both intermediate and large QM boxes show the
same narrowing of the continuum band into two single
peaks as in our membrane/solvent-equilibrated system. We
have to state that in simulations of 1C3W, the three water
molecules in the protonated water cluster QM box (which
is the number observed in the crystal structure) do not pro-
duce a continuum band; therefore, more than three water
molecules must be present at the release site in bR. In
conclusion, since we observe similar localization effects
and IR spectra artifacts in both simulation- and crystal-
structure-based simulations, it appears that the localization
effect does not depend on the starting structure used, the
preparation of the structure, or the amount of water mole-
cules at the release site, and instead is a feature of the
SCC-DFTB itself.

In summary, our results show that only the two minimal
QM box sizes (protonated water cluster and Glu-shared pro-
ton) reproduce the experimentally observed continuum
absorbance, and the larger QM boxes do not. As soon as
water molecules and both glutamates are included in the
QM box, the continuum band starts to disappear and the
excess proton becomes localized by a protonation of a
single glutamate. This trend continues as additional amino
acids are included, increasing the chemical asymmetry in
the QM box: Glu-194 becomes fully protonated and the
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continuum band vanishes. The reason for this effect seems
to be an insufficient interaction of the Glu-shared proton
QM box and the small QM box systems with their MM sur-
roundings, and a missing QM treatment of hydrogen bonds
with the protein backbone. As a result, it seems that with
increasing QM box size, the chemical potentials, especially
the proton affinities, at the release site become more and
more imbalanced. We can definitively exclude the theoreti-
cally observed protonation of a single glutamate at the
release site in the ground state, or even a partial protonation,
based on the experimental results (2,9,10,28). We need to
point out that the zero-point vibration energy for the bands
observed in the larger QM systems at ~1800 cm�1 is
2.16 kcal/mol (32,33). This might allow the proton on
Glu-194 to sample a broader range of distances between
the glutamates; therefore, for a correct calculation of IR
spectra of the release site, core quantum effects need to be
included. However, we have to stress that as the main result,
the currently applied SCC-DFTB calculation method with
QM boxes including amino acid side chains, but not back-
bone atoms, results in calculated IR spectra that are not in
agreement with experimental ones. We therefore cannot
discriminate between the presence of a protonated water
cluster and a glutamate-shared proton based on the data
given so far.

Because we cannot distinguish between a protonated
water cluster and a proton shared by the two glutamates
based solely on the calculated continuum band in the spec-
tral window above 1800 cm�1, we extended the observable
spectral range of the continuum band down to 1700 cm�1.
Experimentally, this is difficult because the continuum
band overlaps with bands of the carbonyl vibrations of
Asp-85 at 1762 cm�1, Asp-96 at 1742 cm�1, and Asp-115
at 1738 cm�1 (2,9,10,13,14). As the continuum band region
between 2300 cm�1 and 1800 cm�1 follows the shape of an
exponential function, we can fit the continuum band in this
spectral region by such an exponential function, as shown in
Figs. 2 B and S7. With the help of this function, we can
extrapolate the form of the continuum band to 1700 cm�1

as well (see Figs. 2 B and S7 for details). Because of the
problems described above, we cannot use large QM boxes
for the molecular analysis of experimentally observed spec-
tral features. We therefore need to define smaller QM boxes,
which serve as representatives for possible proton distribu-
tion modes at the release site, and can be used for such an
analysis. Even though we find problems with the proton
distribution energetics, SCC-DFTB calculations provide
correct spectral information about the investigated QM
systems (34). Since only the protonated water cluster QM
box, the glutamate-shared proton QM box, and the small
QM box exhibited a continuum band, we use them as such
representatives. Given the observed QM/MM border prob-
lems, we do not aim to give an exact description of excess
proton distribution at the full release site; rather, we view
the different QM boxes as representatives of the above-
discussed extreme cases of delocalization distributions:
an exclusive water delocalization and an exclusive gluta-
mate-based delocalization. We define the first two above-
mentioned QM boxes as minimal QM boxes, and use the
small QM box as an extension of these minimal boxes.
Fig. 2, B and C, show the resulting calculated continuum
bands for the two minimal model QM boxes and the small
QM box. The continuum band of the protonated water
cluster forms a continuous slope downward from large
to small wave numbers until a minimum is reached at
1650 cm�1. The Glu-shared proton exhibits a minimum at
~1775 cm�1. The small QM box results in a spectral line
shape comparable to that of the Glu-shared proton, but it
does not exhibit a clear minimum due to an overlap with a
band at ~1620 cm�1 (see Fig. S1), most likely resulting
from water-bending vibrations. The fit of the continuum
band exhibits a slope from large to small wave numbers,
which is in good agreement with the overall line shape of
the protonated water cluster signature, but disagrees with
the results from the Glu-shared proton QM box and the
small QM box. A comparison of experimental and theoret-
ical data on the continuum-band line shape in the extended
spectral region favors a protonated water cluster.

In summary, current experimental and theoretical ap-
proaches favor an excess proton being distributed over
the full release site, including all amino acids, especially
Glu-194 and Glu-204, and protein-bound water molecules
at the release site (2,9). To the best of our knowledge, the
continuum band of a single symmetrically carboxylate delo-
calized excess proton, as proposed for Glu-194/204, has
only been seen in simulations of artificially small QM sys-
tems (16,17), and has never been observed experimentally
at all. In contrast, protonated water clusters are well charac-
terized experimentally (11) and nicely reproduce the contin-
uum band observed in bR (2). H2

18O labeling experiments
resulted in an isotopic shift of the continuum band (13).
The straightforward explanation for this result is that water
molecules, which carry the excess proton, cause the contin-
uum band. A Glu-shared proton only would not cause
a downshift of the continuum band by H2

18O labeling. We
learned that proton delocalization is strongly dependent on
the electrostatics and electronic interactions at the release
site. Due to the observed limits of QM/MM coupling,
QM/MM simulations would need to include all amino acids
at the release site with both side chains and backbone groups
in the QM box for a correct description. Because of these
very large QM systems, simulating the delocalization still
poses a benchmark problem for QM/MM calculations today.
Furthermore, nuclear quantum effects need to be included
to correctly account for zero-point energy contributions.
We further recommend the use of more sophisticated theo-
retical methods, as benchmark simulations with both sec-
ond-order (35) and third-order SCC-DFTB (36) on bulk
water with or without excess proton, as well as third-order
SCC-DFTB calculations on an excess proton solvated by
Biophysical Journal 107(1) 174–184
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protein-internal water molecules in a LS2 protein water
channel (37) showed that this method exhibits certain inac-
curacies in describing hydrogen-bond lengths, hydration-
shell structures, and the PMF of the excess proton between
water molecules. In particular, Grotthuss transfer rates are
underestimated, implying that SCC-DFTB in general tends
to prefer localized protons even on water molecules. How-
ever, we observed that the proton release to the extracellular
medium is induced by protonation of Glu-204 (10). In the
following, we will analyze whether SCC-DFTB is able to
reproduce these full protonations in bR.

Localized binding of protons at the release site can be
observed experimentally in bR in the ground state upon
Biophysical Journal 107(1) 174–184
mutation of Glu-194 or Glu-204 to aspartates (9,10). In
E204D, the continuum band is decreased and Asp-204
becomes partly protonated. In E194D, the continuum band
disappears and Glu-204 is protonated. Due to the combina-
tion of an aspartate with a glutamate, these mutants contain
a small chemical asymmetry at the release site already in
the smaller QM boxes, though the charge distribution
remains unchanged. We investigated the extent to which
SCC-DFTB QM/MM calculations can correctly predict
these experimentally observed protonations in the mutant
protein structures (PDB IDs 2WJL and 2WJK) (10). The re-
sulting spectra are shown in Fig. 3. The theoretical spectrum
of the E204D mutant has a decreased continuum band, in
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agreement with experimental results, and shows a weak
band at 1727 cm�1, which may originate from a protonated
carboxylate. The theoretical spectrum of the E194D mutant
lacks the continuum band, which is also in agreement with
experiments, and shows a very weak possible glutamate pro-
tonation signal at 1733 cm�1. As can be seen in the inset of
Fig. 3, both carbonyl signals agree reasonably well with the
experimentally observed signals at 1712 and 1709 cm�1

(10). Concerning the experimentally observed continuum
band changes, the results from the SCC-DFTB calculations
therefore are in line with the experimental results.

To analyze whether the calculated signatures of proton-
ations in E204D and E194D really result from the experi-
mentally observed protonation of Glu/Asp-204 in both
mutants (9), we performed an oxygen–oxygen and oxy-
gen–excess-hydrogen distance analysis for amino acids
194 and 204 in WT bR and Glu-194/204 mutants. The
results are presented in Fig. S8. From WT over E204D
to E194D, the amount of Glu-shared/delocalized proton
decreases stepwise and finally disappears (Fig. S8 A). The
same trend can be observed for the minimal amino acid
194/204 oxygen–oxygen distance distribution. The gluta-
mate/aspartate-shared proton system is found at a distance
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of ~2.3–2.8 Å. Similarly for the oxygen–hydrogen dis-
tances, the amount of Glu-shared/delocalized proton de-
creases in a stepwise manner and finally disappears from
WT over E204D to E194D. Both results are in agreement
with the stepwise loss in intensity of the continuum band
(see Fig. 2 A). However, a detailed analysis of the distance
distribution between amino acids 194 and 204, and the
appearance of an excess proton during simulation, sepa-
rately resolved for positions 194 and 204 (Fig. S8 B), reveals
that in E204D the proton is partially localized. This is in
agreement with the experimental data but in contrast to
the notion that this localization takes place at Glu-194 and
not Asp-204, which is the experimentally determined bind-
ing position in this mutant (9). In E194D, Glu-204 becomes
fully protonated. This again is in agreement with experi-
mental observations (9,10). In benchmark calculations
with both second-order (38) and third-order (21) SCC-
DFTB, carboxylic acids exhibited an increasing proton
affinity with increasing side-chain length, which is in agree-
ment with the known experimental proton affinities of
isolated carboxylic acids in water. Therefore, we assume
that the simulated aspartate protonates the glutamate due
to these resulting affinities, which is in agreement with the
idea of treating them as isolated compounds, but not with
the experimentally observed situation in bR. In our simula-
tions, we find that in each system with a mix of one aspartate
and one glutamate, the glutamate becomes protonated and
the aspartate remains deprotonated. As a result, the proton
distribution in partially or fully delocalized/shared systems
(e.g., WT and E204D) is not in agreement with conclusions
drawn from FTIR investigations, although the proton distri-
bution is in agreement with experimentally derived proton-
ation states in localized systems with full protonations.
Therefore, it seems that the proton distribution at the release
site observed in SCC-DFTB simulations in bR is in line with
models based on experimental FTIR results if only localized
protons are involved. Furthermore, it shows that induction
of a small structural and/or chemical asymmetry in the
protein surroundings already in the form of a glutamate-
to-aspartate mutation shifts the delocalized proton at the
release site to a localized binding site at one amino acid res-
idue. Although the structural and chemical changes induced
by these mutations compared with WT protein are in the
range of 0.1 Å and 0.1 kcal/mol, they determine the pres-
ence or absence of the continuum band. This highlights
the high sensitivity of the continuum band as a spectral
marker for such small changes, which are well below the
resolution of x-ray crystallographic methods.

Although proton localization does not take place in
WT bR in its ground state, a proton localized on either
Glu-194 or Glu-204 has been observed experimentally dur-
ing the photocycle in the M intermediate (10). Changing the
pH from 7 to 5 increases the residence time of this proton on
the glutamates, and the protonation of Glu-194/204 can be
experimentally resolved. Fig. 4 shows the absorbance
Biophysical Journal 107(1) 174–184
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band of the interchangeable protonation of Glu-194/204
(10) compared with the spectral signatures of Asp-194 and
Asp-204 in E194D and E204D mutant bR, respectively.
Furthermore, this result shows that a protonation of Glu-
194/204 in the BR ground state, as seen in the large QM
box simulations, would have been observed and therefore
can be excluded. The protonation of the Glu-194/204 pair
in the early M state resembles a dynamic interplay between
single protonations of Glu-194 and Glu-204. This is similar
to the situation observed above in the intermediate and
large QM boxes: introduction of chemical asymmetry by
the surrounding amino acids causes the proton to be shifted
to Glu-194. Therefore, this localization observed in our
SCC-DFTB calculations for the ground state resembles
the situation experimentally observed in the bR M interme-
diate, but not in the ground state. However, such changes in
the surrounding amino acids provide a clue as to how the
proton diode works in the protein (10). In water, a random
change in the second hydration shell of water molecules
induces proton transfer. In the protein, the transfer becomes
controlled because amino acid residues substitute for the
second hydration shell water molecules: the controlled
movement of Arg-82 during the photocycle of bR affects
the positions of the protein-internal water molecules at the
release site and induces a vectorial proton transfer (10,28).
The delocalized proton becomes localized on either Glu-
194 or Glu-204, and this is the prerequisite to open the
Ser-193 gate. In other words, a localized proton in the BR
ground state would open the Ser-193 gate too early and
prevent proton pumping. The internal water cluster would
merge with bulk water, and the proton would be released
in a classical Grotthuss proton transfer to the bulk medium,
as proposed in the proton diode model. We therefore need to
discriminate between a delocalized proton at the release
Biophysical Journal 107(1) 174–184
group in the ground state and a localized proton at the
exit site at Glu-194 and Glu-204 in the early M state. This
interplay between a delocalized and a localized proton-
binding site, as shown in Fig. 2 A, is the key of the release
mechanism.
CONCLUSIONS

We conclude that a combination of SCC-DFTB calculations
and experimental FTIR spectroscopy by comparison of
measured and calculated IR spectra points to a significant
contribution of protein-internal water molecules as tempo-
rary binding sites for the excess proton at the release site
of bR. Current theoretical approaches in the form of PMF
calculations show a preference for a glutamate-shared
proton, whereas experimental FTIR results are most in
line with a delocalization over the full release site up to
Tyr-57. Furthermore, in large, chemically asymmetric
QM boxes that include all amino acid side chains known
experimentally to participate in proton solvation, the excess
proton becomes localized at Glu-194, which is not in agree-
ment with experimental observations. As a reason for this
localization, we identify geometrical changes at the release
site that arise from differences in interresidual forces across
the QM/MM box border in the different QM boxes. As pro-
ton transfer barriers are sensitive to distance differences on
the order of 0.1 Å, even small geometrical changes can
cause this localization. We assume that the two minimal
size QM boxes, which result in a computed continuum
band (i.e., a protonated water cluster QM box and a chemi-
cally symmetric glutamate-shared proton QM box) can be
seen as two extreme cases of possible proton delocalization
modes. The continuum band in the extended spectral region
down to 1700 cm�1 shows a better agreement with the IR
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spectra calculated from the protonated water cluster QM
box than with the spectra from the glutamate-shared proton
QM box. This points to a proton delocalization via the pro-
tein-internal water molecules, which is in line with H2

18O
labeling experiments (13). However, we also do not support
the proposal that the proton is exclusively stored on the
water molecules in the form of a classical Zundel (4) or
asymmetric Eigen ion (3). Taking both experimental and
theoretical results into account, we propose that the release
site forms an amino acid-solvated protonated water com-
plex, with the proton being delocalized over both amino
acids and water molecules in the ground state, which is
clearly different from the situation in water and ice (39).
The results from calculations on different QM box sizes
and glutamate/aspartate mutants show that the position of
the excess proton is highly sensitive to small changes in
the symmetry and chemical composition of the surrounding
environment. In any case, protein-bound water molecules
are essential for the proton release mechanism, as shown
in Fig. 2 A, irrespective of the exact mode of excess proton
distribution.
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42. Brünger, A. T., and M. Karplus. 1988. Polar hydrogen positions in pro-
teins: empirical energy placement and neutron diffraction comparison.
Proteins. 4:148–156.

43. Balashov, S. P. 2000. Protonation reactions and their coupling in bacte-
riorhodopsin. Biochim. Biophys. Acta. 1460:75–94.

44. Tajkhorshid, E., and S. Suhai. 1999. Influence of the methyl groups on
the structure, charge distribution, and proton affinity of the retinal
Schiff base. J. Phys. Chem. B. 103:5581–5590.

45. Tajkhorshid, E., B. Paizs, and S. Suhai. 1999. Role of isomerization
barriers in the pKa control of the retinal Schiff base: a density func-
tional study. J. Phys. Chem. B. 103:4518–4527.
Biophysical Journal 107(1) 174–184
46. Im, W., S. Bernèche, and B. Roux. 2001. Generalized solvent boundary
potential for computer simulations. J. Chem. Phys. 114:2924.

47. Brooks, third, C. L., and M. Karplus. 1989. Solvent effects on protein
motion and protein effects on solvent motion. Dynamics of the active
site region of lysozyme. J. Mol. Biol. 208:159–181.

48. Hess, B., C. Kutzner, ., E. Lindahl. 2008. GROMACS 4: algorithms
for highly efficient, load-balanced, and scalable molecular simulation.
J. Chem. Theory Comput. 4:435–447.

49. Steinbach, P. J., and B. R. Brooks. 1994. New spherical-cutoff methods
for long-range forces in macromolecular simulation. J. Comput. Chem.
15:667–683.

50. Gordon, R. G. 1965. Molecular motion in infrared and raman spectra.
J. Chem. Phys. 43:1307–1312.

51. McQuarrie, D. A. 1976. Statistical Mechanics. Harper and Row,
New York.

52. Ryckaert, J.-P., G. Ciccotti, and H. J. C. Berendsen. 1977. Numerical
integration of the cartesian equations of motion of a system with
constraints: molecular dynamics of n-alkanes. J. Comput. Phys. 23:
327–341.

53. Torrie, G. M., and J. P. Valleau. 1977. Nonphysical sampling distri-
butions in Monte Carlo free-energy estimation: umbrella sampling.
J. Comput. Phys. 23:187–199.

54. Kumar, S., J. M. Rosenberg, ., P. A. Kollman. 1992. The weighted
histogram analysis method for free-energy calculations on biomole-
cules. I. The method. J. Comput. Chem. 13:1011–1021.

55. Schobert, B., J. Cupp-Vickery, ., J. Lanyi. 2002. Crystallographic
structure of the K intermediate of bacteriorhodopsin: conservation
of free energy after photoisomerization of the retinal. J. Mol. Biol.
321:715–726.

56. Lanyi, J. K., and B. Schobert. 2007. Structural changes in the L photo-
intermediate of bacteriorhodopsin. J. Mol. Biol. 365:1379–1392.

57. Facciotti, M. T., S. Rouhani, ., R. M. Glaeser. 2001. Structure of
an early intermediate in the M-state phase of the bacteriorhodopsin
photocycle. Biophys. J. 81:3442–3455.

58. Borshchevskiy, V. I., E. S. Round, ., V. I. Gordeliy. 2011. X-ray-
radiation-induced changes in bacteriorhodopsin structure. J. Mol.
Biol. 409:813–825.

59. Faham, S., D. Yang,., J. U. Bowie. 2004. Side-chain contributions to
membrane protein structure and stability. J. Mol. Biol. 335:297–305.

60. Belrhali, H., P. Nollert,., E. Pebay-Peyroula. 1999. Protein, lipid and
water organization in bacteriorhodopsin crystals: a molecular view of
the purple membrane at 1.9 A resolution. Structure. 7:909–917.

61. Lee, S. C., B. C. Bennett,., Q. Zhang. 2013. Steroid-based facial am-
phiphiles for stabilization and crystallization of membrane proteins.
Proc. Natl. Acad. Sci. USA. 110:E1203–E1211.

62. Kouyama, T., T. Nishikawa,., H. Okumura. 2004. Crystal structure of
the L intermediate of bacteriorhodopsin: evidence for vertical translo-
cation of a water molecule during the proton pumping cycle. J. Mol.
Biol. 335:531–546.



A Delocalized Proton-Binding Site within a Membrane Protein 

Steffen Wolf,1 Erik Freier,2 and Klaus Gerwert1,2,* 
1Department of Biophysics, Chinese Academy of Sciences–Max-Planck-Gesellschaft Partner Institute 
for Computational Biology, Shanghai Institutes for Biological Sciences, Shanghai, P.R. China; and 
2Department of Biophysics, University of Bochum, Bochum, Germany 
 
SUPPORTING INFORMATION 
 
 
SUPPORTING MATERIALS AND METHODS 
 
QM/MM simulations were carried out using the Chemistry at HARvard Molecular Mechanics 
program (c33b1 version) (22) with the CHARMM22 force field (40), and TIP3P water 
molecules (41). WT bR simulations were based on an equilibrated structure from our earlier 
simulations with a protonated water cluster model at the release site (10) or the 1.55 Å ground 
state bR crystal structure of Luecke et al. (23) with Protein Data Bank (PDB) ID 1C3W, while 
E194D and E204D mutant simulations based on the respective crystal structures with PDB 
IDs 2WJL and 2WJK (10). Missing hydrogen atoms were added with HBUILD (42). Asp96, 
Asp115, and the Lys216-retinal Schiff base were set to be protonated (43). An all-trans-retinal 
topology was obtained from refs. (44, 45). We used two different approaches for water 
molecule addition: For simulations starting from crystal structures, i.e. with WT ground state 
structure 1C3W and E194D and E204D mutant structures 2WJL and 2WJK, water molecules 
were added by superimposing the system with a water sphere of 25 Å radius and deleting 
overlapping water molecules from the sphere (17). For simulation systems with our 
membrane equilibrated WT bR structure from ref. (10), we extracted water molecules from 
the final membrane/solvent simulation structure with a distance of 25 Å to the Nε atom of 
Arg82, and added missing water molecules by superimposing the system with a water sphere 
of 25 Å radius as mentioned above. We used the generalized solvent boundary potential 
(GSBP) approach (46) to account for electrostatics, with parameters and workflow as 
previously done by Goyal et al. (17): the system was partitioned into a 22 Å inner region 
centered at the Nε atom of Arg82, while the rest of the protein was treated as the outer region. 

For QM/MM simulations, we used the third-order extension of SCC-DFTB (20, 21) plus the 
modification of the γ function for atom pairs involving hydrogen (21). We investigated in 
total six QM boxes of increasing sizes: a) a QM box containing the 3-4 water molecules (three 
water molecules in simulations using PDB IDs 1C3W and 2WJL, four water molecules using 
PDB ID 2WJK and our membrane/solvent simulation equilibrated bR WT structure) at the 
release site, of which one was turned into a hydronium ion (in the following termed 
“protonated water cluster box“); b) Glu194 and Glu204 with a proton at Glu204 (in the 
following termed “Glu-shared proton QM box“); c) the protonated water cluster box together 
with Glu194 and Glu204 (in the following termed “small QM box“); d) the protonated water 
cluster box together with Arg82, Tyr83, Ser193, Glu194, and Glu204 (in the following termed 
“intermediate QM box“); e) the protonated water cluster box together with Tyr57, Tyr79, 
Arg82, Tyr83, Ser193, Glu194, Glu204, and Thr205 (in the following termed “large QM 
box“); f) for 1C3W: the retinal chromophore, Lys216, Asp85, Asp212, Tyr57, Arg82, Tyr83, 
Ser193, Glu194, Glu204, the excess proton, and all seven water molecules found in the crystal 
structure in between these residues (in the following termed “maximal size QM box“). The 
QM/MM boundary was accounted for by introducing link-atoms between the Cα and Cβ 
atoms of the QM amino acids (38). All QM/MM simulations mentioned below were carried 
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out with a step size of 0.5 fs, solving Newton’s equations of motion for the MD region within 
18 Å of the Nε atom of Arg82. Motions in the buffer region (18-22 Å) were calculated by 
Langevin dynamics with a temperature bath of 300 K (47). To keep them inside the inner 
sphere, water molecules were subjected to a weak GEO-type restraining potential as described 
in Goyal et al. (17). All protein atoms in the buffer region were harmonically restrained with 
force constants: in case of simulations with crystal structures, these were determined directly 
from the B factors in the PDB file (16, 17, 47). For simulations with our membrane/solvent 
equilibrated system, these B factors were directly determined with the g_rmsf module of 
GROMACS (48) from the protein dynamics during the last 5 ns of trajectories presented in 
Wolf et al. (10). To account for protein groups and water molecules that switched between 
inner and buffer region during simulations, Langevin atoms were updated heuristically. 
Within the inner sphere we used an extended electrostatics model, in which groups beyond 12 
Å interact as multipoles (49). The entire system was minimized via the Adopted Basis 
Newton-Raphson method available in Chemistry at HARvard Molecular Mechanics, and then 
heated gradually to 300 K. Crystal structure – based simulation systems were equilibrated for 
150 ps prior to the production simulations, while membrane/solvent simulation based systems 
were directly subjected to production runs after minimization.  

Theoretical IR spectra were computed by the Fourier transform of the classical dipole 
autocorrelation function (FT-DAC) (50, 51) as described in Goyal et al. (17). No SHAKE 
constraint (52) was applied to any bond. For each system with different QM box size, three 
independent trajectories with a length of 1.1 ns each were carried out for each setup for 
spectra calculation. For the calculation of glutamate mutants, only one simulation each was 
carried out. The dipole moment was calculated on-the-fly from the coordinates and Mulliken 
charges of QM atoms at each step. The IR spectrum for the QM region were then computed 
by the Fourier transform of the dipole autocorrelation function of such dipoles, using 2097152 
data points, and a Blackmann filter to enhance spectral resolution. For facilitating spectral 
comparison and further enhancement of the signal-to-noise ratio, spectra from the three 
separate runs for each QM box size were averaged into one spectrum, which then was 
smoothed by calculating its running average with a window size of 16 cm-1.  

For Mechanical Embedding calculations, we set all Molecular Mechanics charges in the 
respective simulations to zero and performed calculations as reported above. The length of 
simulations of the large QM box was reduced to 550 ps.  

For potential of mean force (PMF) calculations, we performed Umbrella sampling (53) 
simulations. As starting structures, we used one resulting structure of the IR spectra 
calculation QM/MM simulations after 1.1 ns simulated time in each case. We started with an 
equilibration phase for the respective used reaction coordinate in each investigated window 
fixed by a harmonic restraint of 500 kcal/(mol*Å2) for 10 ps, followed by a relief of the 
restraint to 50 kcal/(mol*Å2) for a further 10 ps, followed by 600 ps of data collection, unless 
stated differently. In each case, we kept closely to the protocols of Goyal et al. (17) to ensure 
maximal comparability.  

To characterize the impact of QM box size on proton delocalization between Glu194 and 
Glu204, we chose the difference of distances between the shared proton and the respective 
side chain oxygen atoms on Glu194/204, i.e., as reaction coordinate. We sampled the reaction 
coordinate in the range from -0.8 to 0.8 Å with an increment of 0.2 Å and a force constant of 
50 kcal/(mol*Å2). Nine windows were used. The statistics of the different windows are 
converted into a PMF using the WHAM algorithm (54). 

To investigate how the proton distribution between Glu194/204 is connected to the orientation 
of the Ser193 side chain, which can either hydrogen bond to Glu204 or the main chain of 
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Pro77, we also calculated the PMF for the orientation of Ser193 side chain. For this, we used 
the distance between the Ser193 hydroxyl hydrogen atom (HG) and the Pro77 backbone 
oxygen atom (O) minus the distance between the Ser193 hydroxyl hydrogen atom (HG) and 
the Glu204 side chain carboxylate carbon atom (CD) as reaction coordinate. The reaction 
coordinate was sampled in the range from -4.0 to 2.4 Å with an increment of 0.4 Å and a 
force constant of 50 kcal/(mol*A2). For each QM box, 17 windows were used. For the large 
QM box, the data collection was carried out on a trajectory of 350 ps length. 

For PMF calculations on the proton distribution between Glu194/204 and the water cluster, 
we took the distance of the excess proton from the oxygen atom of the water molecule corpus 
of the initial hydronium ion as reaction coordinate. The coordinate was sampled in the range 
of 1.0 - 3.4 Å, employing eight windows with an increment of 0.3 Å and force constants of 50 
and 150 kcal/(mol*Å2). To prevent a reprotonation of the glutamates out of the water cluster, 
SHAKE constraints were applied to all water hydrogen atoms and the remaining two 
hydrogen atoms at the hydronium ion, respectively. For the large QM box, the data collection 
was carried out on a trajectory of 350 ps length. 
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SUPPORTING DATA ANALYSIS 
 
 

1. Feasibility of results and comparison with studies of Goyal et al. (17) 
 
Concerning the comparability of our results with experimental structures, all simulated side 
chains correspond reasonably well with the positions found in the best-resolved WT ground 
state crystal structure (PDB ID 1C3W (23)), as can be seen from Fig. S2 and Table S1. Side 
chain orientations seem to correspond better in larger QM boxes, while the overall RMSD is 
roughly comparable over the full set. Though they use an additional water molecule at the 
release site, the simulated “large QM box” structure of Goyal et al. (17), containing Asp85, 
Asp212, Arg82, Tyr83, Ser193, Glu194, Glu204, and all water molecules found between 
these residues, corresponds well to our large QM box, which justifies a direct comparison of 
our results with theirs. 
Goyal et al. did not state that they observed a collapse of the continuum absorbance in their 
calculations with a large QM box (see above), but only described a narrowing of the 
continuum band (17). However, when checking Fig. 7 in ref. (17), this reported so-called 
continuum band is much more narrow than the ones computed for smaller QM systems (see 
(17), Fig. 6), and ranges only from ca. 1850 cm-1 to 1750 cm-1. This is in very good agreement 
with the signal we see in our larger QM systems, which correspond to a localized protonation 
and a collapsed continuum absorbance. We assume that Goyal et al. did not interpret it as 
localization of the proton, as they did not smoothen their spectra, and thus could not observe 
the appearing double peak. Furthermore, the glutamate oxygen – hydrogen distance plots in 
ref. (17), Fig. 7 do not show a Gauss-like distribution like for the glutamate-shared proton in 
ref. (17), Fig. 6, but a slope-like shape starting from a maximum at a distance of 1.0 – 1.1 Å. 
This is a clear sign for the dominant presence of a fully protonated Glu194 or a fully 
protonated Glu204, which might both engage in a fast proton exchange. 
 
 

2. Glutamate-glutamate distances in simulation-based model QM/MM simulations 
 
To elucidate the reason for the observed proton localization in larger QM boxes in detail, we 
plotted the glutamate oxygen to excess proton distances and the minimal glutamate 
oxygen/oxygen distances observed during the simulations. Only the Glu-shared proton QM 
box and the small QM box exhibit oxygen-hydrogen distances between 1.1 and 1.5 Å, 
representing a glutamate-shared proton, while the intermediate and the large QM box show 
protonation of single glutamic acids (Fig. S3 A). We further analyzed the minimal 
Glu194/204 oxygen distances depending on the QM box size in comparison with their 
distance ranges observed in high-resolution crystal structures (1M0L (55): distance of 3.1 Å; 
1P8H: distance of 3.1 Å;  2NTU (56): distance of 3.3 Å; 1C3W (23): distance of 3.1 Å; PDB 
IDs 1KGB (57): distance of 2.5 Å; 3NS0 (58): distance of 2.5 Å; 1PY6 (59): distance of 2.8 
Å; 1QHJ (60): distance of 2.4 Å; 4HYX (61): distance of 2.5 Å; Fig. S3 B). The protonated 
water cluster has a glutamate/glutamate distance of 3.3–4.6 Å, and the glutamate shared 
proton system has a distance of ca. 2.3-2.8 Å. Addition of water molecules and further amino 
acids into the shared glutamate QM box increases the average glutamate/glutamate distance 
from ca. 2.5 Å to approximately 2.7 Å. This equals the transition from a glutamate-shared 
proton to a single fully protonated glutamate. The respective glutamate oxygen distance in the 
mentioned crystal structures exhibits two different distributions: structures with a resolution 
<1.6 Å show distance ranges from 3.1 Å to 3.3 Å, while structures with a resolution >1.6 Å 
exhibit distances between 2.4 Å and 2.8 Å. The first range agrees with the calculated lower 
values for the protonated water cluster, but disagrees with the distance range calculated for a 
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glutamate-shared proton. They could therefore be interpreted as a mix between a protonated 
water cluster, and a glutamate-shared proton. The second set of structures with lower 
resolution suits both the distance ranges for a glutamate-shared proton, and a glutamate-
localized proton. Comparison with crystal structures therefore is not decisive for elucidating 
the proton distribution via glutamate distance analysis. We additionally have to take into 
account that the continuum band is not observed at low temperatures (13), under which 
crystal structural data are collected. This implies that the excess proton distribution at the 
release site at these temperatures differs from the one at physiological temperatures, most 
likely by a localization of the excess proton. This in turn might affect amino acid side chain 
positions in the protein, leading to the seemingly presence of a glutamate-shared or glutamate-
localized proton. However, the structures with higher resolution point towards glutamate 
distances, which are between the ones for a glutamate-shared proton, and a protonated water 
cluster. This again might indicate a mixture between protonated water cluster and glutamate-
shared proton. 
 
 

3. Additional PMF calculations and Mechanical Embedding calculations 
 
For the investigation of a possible problem with effects of QM/MM coupling, we analyzed 
the influence of the QM box size on the stability of the Ser193/Glu204 gate (10, 28). Table S2 
shows the resulting stabilities. Although the gate is most stable in the protonated water cluster 
QM box (existing during 97% of simulated time), it becomes increasingly unstable the more 
localized the proton becomes (small QM box: 74%; intermediate QM box: 42%; large QM 
box: 30%), which is in agreement with our earlier proposal that a protonation of Glu204 
during the photo-cycle opens this release gate (10, 28). The non-existence of the hydrogen 
bond in the Glu-shared proton QM box (3%) does not fit this picture, but points to problems 
of residues interacting across the QM/MM border. We therefore continued our investigations 
in a further set of PMF calculations. 
We described the connection between the Ser193-Glu204 hydrogen bond and the proton 
distribution in earlier works based on time-resolved Fourier Transform Infrared Spectroscopy, 
protein crystallography, and MM simulations (10, 28): we showed that a repositioning of 
internal water molecules leads to localization of the proton on the glutamates, which in turn 
opens the Ser193/Glu204 gate. Goyal et al. later proposed that the excess proton distribution 
between Glu194 and Glu204 is determined by this hydrogen bond, and discriminated between 
an “in” conformation with Ser193 hydrogen bonded to Glu204, and an “out” conformation 
with Ser193 hydrogen bonded to the backbone of Pro77 (17). As can be seen in Figure S4 B, 
the small QM box, which is comparable to the QM box used for PMF calculations by Goyal 
et al., shows a qualitatively similar PMF with the one described by Goyal et al. with a 
minimum around 2.4 Å (equal to the “in” orientation). However, as we found, the PMF of the 
serine side chain orientation itself as well is highly dependent on the used QM box, and the 
results of Goyal et al. have to be taken with care: While the protonated water cluster QM box 
exhibits its free energy minimum around a value of 2 Å as well, the Glu-shared proton QM 
box reverses this picture and exhibits its minimum at a value of –4 Å (equal to the “out” 
orientation). Inclusion of the water molecules at the release site for the creation of the small 
QM box again completely shifts the PMF, with the Ser193 side chain preferring a hydrogen 
bond to Glu204. Stepwise increase of the QM box size then stepwise moves this minimum 
away from the “in” conformation to the “out” conformation. This observation is in agreement 
with our investigations on the Ser193-Glu204 hydrogen bond (see Table S2): the protonated 
water cluster QM box forms a stable Ser193-Glu204 hydrogen bond, while it is almost absent 
in the Glu-shared proton QM box simulations. It again is present in the small QM box, and 
stepwise disappears upon size increase of the QM box. Therefore, while the hydrogen bond is 
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stable in simulations with QM boxes preferring the “in” conformation, it is absent in 
simulations preferring the “out” conformation. In agreement with our own earlier finding that 
proton localization at the glutamates opens the Ser193-Glu204 gate, we find that with a 
stepwise increase of the QM box size and the related stepwise localization of the proton, the 
Ser193-Glu204 hydrogen bond as well is stepwise destabilized, leading to a stepwise opening 
of the Ser193-Glu204 gate. However, our results show that the reason for this opening is not a 
physical effect, but has to be an artifact connected to the QM box size. We assume that this 
artifact is the result of an insufficient chemical modulation of residues in the QM box at the 
border to the MM surrounding. The stepwise inclusion of first Glu204, and then Ser193 into 
the QM box strongly affects both the Ser193-Glu204 gate stability, and the Ser193 orientation 
PMF. This should not happen with a QM/MM coupling, which is sufficiently mimicking QM 
interactions across the border. It therefore seems that the coupling of QM residues with MM 
charges at the QM/MM border is not sufficient to compensate the respective missing QM 
orbital interactions across the border.  
To further analyze the observed QM/MM coupling artifact, and the effect of MM charges 
onto the QM box, we carried out Mechanical Embedding simulations by setting all MM 
charges to zero. Figure S5 shows the resulting distance plots and calculated IR spectra: the 
Glu-shared proton QM box clearly exhibits a shared proton (excess proton / glutamate oxygen 
distance of 1.2-1.5 Å, glutamate / glutamate distance of ca. 2.5 Å), which results in the 
continuum band shape already known from Fig. 1 with the characteristic absorbance maxima 
around 1900 cm-1. However, in the small QM box, the glutamates move largely apart from 
each other without the formation of a common hydrogen bond, resulting in a fully protonated 
glutamate. Consequently, no continuum band is observed anymore. Within the intermediate 
and the large QM box, the glutamates are at distances (2.5-2.7 Å) where they could 
theoretically form a shared proton. However, a shared proton does not appear in the glutamate 
/ excess proton distance analysis, and the respective IR spectra only show the two peaks 
known from Fig. 1 to be signals of localized protons. Our Mechanical Embedding simulations 
therefore show that in SCC-DFTB calculations, the Glu-shared proton is a highly instable 
state, which decomposes into two single glutamates with a fixed protonation already at the 
inclusion of water molecules surrounding the glutamates into the QM box. Further inclusion 
of additional residues into the QM box reestablishes a hydrogen bond between both 
glutamates, yet does not lead to a shared proton, but a localized proton. A comparison with 
the results presented in Figs. 1 and S3 indicates that the interaction with the MM surrounding 
is strong enough in the small QM box to keep the two glutamates in a position to form a 
hydrogen bond and a shared proton to a certain extend. However, this interaction in the small 
QM box simulations is not strong enough to introduce the asymmetry in proton distribution 
seen for the larger QM boxes.  
 
 

4. Structure preparation 
 
The simulation setup used here differs from the former works of Phatak et al. (16) and Goyal 
et al. (17) in the preparation of the starting structure: Phatak et al. and Goyal et al. relied on 
using crystal structures directly for their simulations, and determined the harmonic potentials 
restraining the protein backbone from the crystal B factors. This may introduce a bias, 
because crystal structures are determined under non-native conditions, and the B factors 
contain not only atomic fluctuations, but crystal errors as well. As parts of the protein are 
restrained with potentials calculated from B factors, we think their structures are affected by 
crystal errors, and thus overestimate the proteins dynamic range. In an alternative approach, 
we used a protein structure from a 20 ns membrane equilibrated Molecular Mechanics 
simulation from our earlier work (10) with a fixed hydronium ion at the proton release site as 
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starting structure. This dynamic structure proved to be in line with experimental results from 
both FTIR measurements and crystallography (10); we therefore judge it as experimentally 
validated starting structure for our QM/MM analysis. Furthermore, we determined the 
harmonic potentials for the protein backbone from B factors calculated from the protein 
dynamics during the membrane simulation at physiological temperatures. Figure S10 shows a 
respective analysis of calculated and experimental B factors for the Cα atoms from PDB ID 
1C3W (23) and our simulated structure (10): The crystal structure B factors are indeed higher 
than the ones obtained from simulation by a factor of 3.1 ± 1.1 Å2, rendering the crystal-
structure based model more flexible. Furthermore, as the continuum band is not observed at 
low temperatures (13), under which crystal structural data are collected, crystal structures 
might represent protein conformations affected by a different proton distribution at the release 
site. This we avoid by using our membrane-equilibrated structure. We are aware that this 
structure might be biased by simulation artifacts and thus might not fully represent the true 
proteins dynamical range. We therefore counter-checked our simulation-based structure 
QM/MM simulations by additionally performing a crystal structure (PDB ID 1C3W (23)) 
based QM/MM simulation set, while focusing on the simulation-based structure in our 
analysis. As we demonstrate here, both used structures result in the same calculated 
continuum bands (with the exception of the protonated water cluster QM box, which in the 
1C3W-based simulations only contains three water molecules. As we state in the main text, 
this number of water molecules is unlikely), proving that the influence of the starting structure 
is smaller than the influence of QM box size. 
A further point of difference is the amount of water molecules at the release site: Phatak et al. 
(16) and Goyal et al. (17) determined the number of water molecules at the proton release site 
by Grand Canonical Monte Carlo Simulations, i.e. purely by theoretical methods, and so 
included five water molecules in their setup. To date, there exists no crystal structure of bR 
showing more than four water molecules at the proton release site. We relied on the earlier 
works of Mathias and Marx (15), who by comparison of calculated with experimental IR 
spectra had determined the presence of four water molecules at the release site. This situation 
is also given in the 1.9 Å bR wild type crystal structure by Belrhali et al. (60) (PDB ID 
1QHJ), which we therefore used as structure for our earlier membrane simulations in ref. (10). 
In contrast to the reports of Phatak et al. and Goyal et al., we did not see additional water 
molecules entering the release site during simulation, which is in agreement with our 20 ns 
MM simulations performed before (10). We therefore base this analysis on the assumption 
that four water molecules are found at the bR release site, which we think is the 
experimentally appropriate number. Consistent with our previous Molecular Mechanics study, 
the excess proton was located on one of the water molecules in the starting conformation of 
all simulations. 
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SUPPORTING FIGURES 
 

 
FIGURE S1 Data from Fig. 1 shown for the spectral range from 2500 to 1000 cm-1. For 
coloring scheme see Fig. 1. The protonated water cluster system shows the absorption spectra 
of a Zundel ion in the release site (19) with maxima at 1655 cm-1 and 1588 cm-1 and a 
dominant minimum at 1613 cm-1. The small QM box (see Fig. 1) shows an artificial 
absorption at greater than 2250 cm-1.  
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FIGURE S2 Comparison of resulting structures of different QM box sizes after 1.1 ns 
QM/MM simulation with bR WT crystal structures and a simulation structure from Goyal et 
al. (17). Top: variation range of amino acid residues (sticks) and water molecules (spheres) of 
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crystal structures at the bR release site. Ground state PDB ID 1C3W (23) in blue, L state 
1UCQ (62) in orange, L state 2NTW (56) in green, ground state 1QHJ (60) in yellow. While 
Arg82, Tyr83, and Glu204 show a stable positioning of side chains, Ser193 and Glu194 vary 
throughout the set. Middle: resulting structures after 1.1 ns QM/MM simulation of different 
QM box sizes and “large QM box” simulation structure after 200 ps by Goyal et al. (17) 
(orange) in comparison with side chain positions in crystal structures mentioned above 
(transparent yellow). Residues included in the QM box as sticks, residues in MM surrounding 
as lines and spheres. All simulated structures stay reasonably close to conformations observed 
in crystal structures. The structure from Goyal et al. seems to fit best to our large QM box 
structure. 
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FIGURE S3 Inter atom distances of different QM boxes. (A) Glu194/204 oxygen – excess 
proton distances appearing during simulation. Distances <1.1 Å denote covalent bonds and 
thus full protonations, distances >1.5 Å denote hydrogen bonds. Distances of 1.1 – 1.5 Å 
represent a glutamate-shared proton. Only the Glu-shared proton QM box (red) and the small 
QM box (blue) exhibit the distances representing a glutamate-shared proton, while the 
intermediate (green) and the large QM box (orange) show a full protonation and/or hydrogen 
bond pattern. (B) Minimal Glu194/204 oxygen distances depending on the QM box size in 
comparison with distance range observed in high-resolution crystal structures (all available 
WT crystal structures with a maximal resolution of 2.0 Å; [resolution <1.6 Å: PDB IDs 1M0L 
(55): distance of 3.1 Å; 1P8H: distance of 3.1 Å;  2NTU (56): distance of 3.3 Å; 1C3W (23): 
distance of 3.1 Å; resolution >1.6 Å: PDB IDs 1KGB (57): distance of 2.5 Å; 3NS0 (58): 
distance of 2.5 Å; 1PY6 (59): distance of 2.8 Å; 1QHJ (60): distance of 2.4 Å; 4HYX (61): 
distance of 2.5 Å]). The protonated water cluster (black) induces a distance of 3.3 – 4.6 Å, the 
glutamate shared proton system (red) a distance of ca. 2.3 – 2.8 Å. The addition of water 
molecules and more amino acids into the shared glutamate QM box increases this distance to 
approximately 2.7 Å, equaling the transition to a full protonation/hydrogen bond arrangement 
of the glutamates. Crystal structures with a resolution >1.6 Å show glutamate distances, 
which are in agreement both with a glutamate-shared proton and a fully protonated glutamate. 
Better resolved crystal structures with a resolution <1.6 Å exhibit distances below the 
distances observed in protonated water cluster and above the ones observed for glutamate-
shared proton QM boxes, indicating a mix of both protonated water cluster and glutamate-
shared proton in the real protein. 
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FIGURE S4 PMF of the Ser193 side chain orientation for the different QM box sizes. Error 
bars show the calculated standard deviation. Values ≈ 2 Å denote a Ser193-Glu204 hydrogen 
bond (“in” orientation (17) / closed Ser193-Glu204 gate (10, 28)), while values ≈ –4 Å denote 
a Ser193-Pro77 hydrogen bond. While the protonated water cluster QM box (A) exhibits its 
free energy minimum around a value of 2 Å, the Glu-shared proton QM box exhibits its 
minimum at –4 Å (“out” orientation / open Ser193-Glu204 gate). Inclusion of the water 
molecules at the release site for the creation of the small QM box (B) again changes shifts the 
PMF, with the Ser193 side chain preferring a hydrogen bond to Glu204. Stepwise increase of 
the QM box size then stepwise moves this minimum away from the “in” conformation to the 
“out” conformation. 
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FIGURE S5 Distance plots for Glu194/204 side chain oxygen / excess proton distances (A), 
minimal Glu194/204 side chain oxygen distances (B), and calculated IR spectra (C) from 
Mechanical Embedding simulations. The Glu-shared proton QM box exhibits a clearly shared 
proton (excess proton / glutamate oxygen distance of 1.2-1.5 Å, glutamate / glutamate 
distance of ca. 2.5 Å), which results in the continuum band form already known from Fig. 1 
with a characteristic absorbance maximum around 1900 cm-1. However, in the small QM box, 
the glutamates move largely apart from each other without the formation of a common 
hydrogen bond (glutamate / glutamate distance >2.7 Å), resulting in a fully protonated 
glutamate (excess proton / glutamate oxygen distance <1.1 Å), Consequently, no continuum 
band is observed anymore. Within the intermediate and the large QM box, the glutamates are 
at distances (2.5-2.7 Å) where they may form a shared proton. However, a shared proton does 
not appear in the glutamate / excess proton distance analysis, and the respective IR spectra 
only show the two peaks known from Fig. 1 to be signals of localized protons. 
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FIGURE S6 Inter atom distances (A and B) and calculated IR spectra (C) of different QM box 
simulations with PDB ID 1C3W (23). (A) Glu194/204 oxygen – excess proton distances 
appearing during simulation. Distances <1.1 Å denote covalent bonds and thus full 
protonations, distances >1.5 Å denote hydrogen bonds. Distances of 1.1 – 1.5 Å represent a 
glutamate-shared proton. Only the Glu-shared proton QM box (red) clearly exhibits the 
distances representing a glutamate-shared proton, while the small QM box (blue), the 
intermediate (green) and the large QM box (orange) show a majorly full protonation and/or 
hydrogen bond pattern. (B) Minimal Glu194/204 oxygen distances depending on the QM box 
size in comparison with distance range observed in high-resolution crystal structures (all 
available WT crystal structures with a maximal resolution of 2.0 Å; [resolution <1.6 Å: PDB 
IDs 1M0L (55): distance of 3.1 Å; 1P8H: distance of 3.1 Å;  2NTU (56): distance of 3.3 Å; 
1C3W (23): distance of 3.1 Å; resolution >1.6 Å: PDB IDs 1KGB (57): distance of 2.5 Å; 
3NS0 (58): distance of 2.5 Å; 1PY6 (59): distance of 2.8 Å; 1QHJ (60): distance of 2.4 Å; 
4HYX (61): distance of 2.5 Å]). The protonated water cluster (black) induces a distance of 3.0 
– 4.2 Å, the glutamate shared proton system (red) a distance of ca. 2.3 – 2.5 Å. The addition 
of water molecules and more amino acids into the shared glutamate QM box increases this 
distance to 2.3-2.8 Å, equaling the transition to a full protonation/hydrogen bond arrangement 
of the glutamates. (C) Calculated IR spectra. The protonated water cluster QM box does not 
exhibit a continuum band, as only three water molecules are present at the release site, which 
is an unlikely number (see Supporting Data Analysis, section 4, and main text for details) The 
Glu-shared proton QM box exhibits a weak continuum band with a line shape already known 
from Fig. 1 with a characteristic absorbance maximum around 1800 cm-1. The intensity of this 
continuum band is strongly reduced in the small QM box (blue). In the intermediate and large 
QM boxes, the continuum band collapses into two sharp absorbtion bands, indication the 
same localization effects in this set of simulations as in our membrane/solvent based 
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simulation systems. Both crystal-structure based simulations and simulation-structure-based 
simulations result in the same characteristic distances, and theoretical IR spectra (with the 
exception of the protonated water cluster QM box, see above). 
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FIGURE S7 Shape and model of the continuum band. (A) After the discovery and first 
description of the continuum band in bR (8), its location and shape above 1800 cm-1 was 
confirmed by several publications (2, 9, 10, 13). This region is readily accessible by 
experiments, while at wavenumbers below 1800 cm-1, its line shape is obscured by carbonyl 
vibrations (2, 9, 10, 13, 14). We used the Levenberg-Marquardt algorithm for non-linear least-
square fitting to approximate the continuum band between 2300 cm-1 and 1800 cm-1. The 
results of both a linear (black) and a single exponential (orange) approximation are displayed 
along with the experimental data (red). The exponential approximation describes the data 
better than the linear approximation. When comparing the line shape below 1800 cm-1 (Fig. 2 
B), the slope of the exponential approximation follows the experimental data quite well, if the 
region obscured by carbonyl vibrations is not regarded. (B) Comparing the resulting 
approximation to the calculated spectra, the continous downward slope of the continuum band 
is best reproduced by the protonated water cluster (black), while the Glu-shared proton (cyan) 
exhibits a minimum at ca. 1775 cm-1. The small QM box yields a nearly horizontal line shape 
from ca. 1850 cm-1 until 1670 cm-1. This renders a protonated water cluster the most 
reasonable explanation for the experimental data and is in good agreement with the 
calculations of Rousseau et al. (19). 
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FIGURE S8 Calculated oxygen – oxygen and oxygen – excess hydrogen distance analysis for 
amino acids numbered 194 and 204 in WT bR and Glu194/204 mutants. (A) glutamate 
oxygen – excess hydrogen distances appearing during simulation. Distances <1.1 Å denote 
covalent bonds and thus full protonations, distances >1.5 Å denote hydrogen bonds. Distances 
of 1.1 – 1.5 Å represent a glutamate-shared proton (yellow). From WT (black) over E204D 
(blue) to E194D (red), the amount of Glu-shared/delocalized proton becomes less and finally 
disappears. (B) Minimal amino acid 194/204 oxygen – oxygen distances during simulation in 
comparison with distance range observed in the E204D and E194D mutant structures (yellow) 
(PDB ID 2WJK (10) and 2WJL (10), both 2.7 Å). The glutamate/aspartate-shared proton 
system is found at a distance of ca. 2.3 – 2.8 Å. Similar to the oxygen-hydrogen distances, the 
amount of Glu-shared/delocalized proton becomes less and finally disappears from WT 
(black) over E204D (blue) to E194D (red). The distances found in the simulations of the two 
mutants are in good agreement with the ones found in their crystal structures. (C) Same as in 
A, but separately resolved for Asp/Glu194 and Asp/Glu204. In WT protein (black, grey), the 
proton has a 1:2 preference for a partly localization on Glu194 over Glu204. In E204D (dark 
blue, light blue), the proton is mainly found localized on E194, and partly shared. No 
localization on D204 is observed. This distribution is not in agreement with the 
experimentally found partial protonation of D204 (9). In E194D (red, orange), Glu204 
becomes fully protonated, which is in agreement with experimental observations (9). While 
the proton distribution in delocalized/shared systems is not in agreement with experimental 
results, it is in agreement with them in localized systems with full protonations. 
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FIGURE S9 Spectra from 1C3W “maximal size” QM box calculation. (A) “maximal size” 
QM box. The box includes the retinal chromophore, Lys216, Asp85, Asp212, Tyr57, Arg82, 
Tyr83, Glu194, Glu204, Ser193, the excess proton, and all seven water molecules found in 
the crystal structure in between these residues. (B) Minimal glutamate oxygen distance 
analysis for protonated water cluster QM box (black), Glu-shared proton QM box (red), and 
maximal size QM box (pink). The results are in general agreement with the ones found for our 
used simulation system and the smaller QM boxes (compare with Figs. S3 B and S6 B), 
indicating that the results obtained are independent from the respective starting structure used. 
The protonated water cluster system exhibits an onset of oxygen/oxygen distances, which is 
slightly lower than for our simulation system. This comes from a different position of the 
water molecules within the release site.  
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FIGURE S10 Comparison of B factors of Ca atoms obtained from a 1.55 Å bR crystal 
structure (PDB ID 1C3W (23)) and from our earlier Molecular Mechanics simulations (10). 
The B factors of the crystal structure are higher than the ones calculated from the trajectory by 
a factor of 3.1 ± 1.1 Å2. 
 



SUPPORTING TABLES 
 
 
TABLE S1 optimal RMSD in Å of the fit of heavy atoms of Arg82, Tyr83, Ser193, Glu194, 
and Glu204 of each QM box aligned to PDB ID 1C3W (23) / the structure by Goyal et al. 
(17). 
 
QM boxes* RMSD to 1C3W / Å RMSD to Goyal et al. / Å 

Protonated water cluster  0.98 1.26 

Glutamate-shared proton 0.95 1.12 

Small QM box 0.91 1.16 

Intermediate QM box 1.00 1.28 

Large QM box 0.99 1.07 

*QM boxes are denoted according to the scheme in Fig. 1. 
 
 
 
 
 
TABLE S2 Ser193/Glu204 hydrogen bond dependence on QM box size.  
 
QM boxes* hydrogen bond frequency† 

Protonated water cluster  97% 

Glutamate-shared proton 3% 

Small QM box 74% 

Intermediate QM box 42% 

Large QM box 30% 

*QM boxes are denoted according to the scheme in Fig. 1. 
†given as percentage of existence (minimal distance of Glu204 side chain oxygen atom to 
Ser193 hydroxyl group hydrogen atom < 2.5 Å) during simulation time.  
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