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ABSTRACT: The proteorhodopsin (PR) family found in
bacteria near the ocean’s surface consists of hundreds of PR
variants color-tuned to their environment. PR contains a highly
conserved single histidine at position 75, which is not found in
most other retinal proteins. Using °C and >N MAS NMR, we
were able to prove for green PR that His7S forms a pH-
dependent H-bond with the primary proton acceptor Asp97,
which explains its unusually high pK,. The functional role of
His75 has been studied using site-directed mutagenesis and
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time-resolved optical spectroscopy: Ultrafast vis-pump/vis-probe experiments on PRy;syn showed that the primary reaction
dynamics is retained, while flash photolysis experiments revealed an accelerated photocycle. Our data show the formation of a pH-
dependent His—Asp cluster which might be typical for eubacterial retinal proteins. Despite its stabilizing function, His75 was found
to slow the photocycle in wild-type PR. This means that PR was not optimized by evolution for fast proton transfer, which raises

questions about its true function in vivo.

1. INTRODUCTION

Proteorhodopsins (PRs) are transmembrane retinal proteins,
found in high abundance in bacteria in the photic zone of the
oceans."” Especially the green-absorbing form (27 kDa, Ay &
520 nm) has been the focus of a number of studies. Green PR
shares a 30% sequence identity with bacteriorhodopsin (BR). It
contains the primary proton acceptor (Asp97), the proton donor
(Glu108), the Schiff base (SB) linkage (Lys231), and counter-
ions of the Schiff base (Arg94, Asp227).> The most striking
difference from BR is the very high pK, of the primary proton
acceptor, the lack of an extracellular proton release group, and the
occurrence of a highly conserved histidine at position 75 close to
the photoactive site.”* Low-resolution data obtained by atomic
force and cryo electron microscopy show that PR assembles into
pentameric or hexameric complexes.”® Topology analysis,
homology modeling, and solid-state NMR studies have con-
firmed that PR follows the typical seven transmembrane helix
topology.>*”® Solid-state NMR has also been used to probe the
photoactive center of PR.>'

It is well established that green PR works as a light-driven
proton pump in vitro and in vivo when expressed in oocyctes® or
Escherichia coli cells."" PR undergoes a photocycle with a short
turnover time of about 20 ms which contains K, L, M, N, and O
intermediates.'>'®> The photocycle has been studied spectro-
scopically at different time scales in some detail.'>"*™>!

In this study, we have elucidated the role of His75. Homology
modeling predicts its location in helix B close to the active site
and near the primary proton acceptor Asp97 (Figure 1a).* The
pK, of histidine is in the physiological range. Therefore, its
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imidazole group is often involved in proton transfer reactions and
could be of functional importance in PR. Using site-directed
mutagenesis and time-resolved FTIR, Spudich and co-workers
suggested a direct interaction between His75 and Asp97 and a
direct involvement in proton transfer.”” A possible interaction
between both residues but no effect on the protonated Schift base
(pSB) was also reported by us."

Here, we show by solid-state NMR that His75 forms a pH-
dependent cluster with Asp97 through the formation of a
H-bond. On the basis of our data, a mechanistic model which
explains the stabilization of the high pK, of the primary proton
acceptor is presented. The functional role of His75 has been
elucidated by a combination of site-directed mutagenesis and
time-resolved optical spectroscopy and photocurrent measure-
ments. Our results show that His75 is not essential for proton
transfer and surprisingly slows the photocycle of wild-type (WT)
PR. This result together with the high pK, of Asp97 indicates that
evolution has not optimized PR for fast proton transfer.

2. RESULTS

2.1. Site-Directed Mutagenesis and pH Titration. As de-
scribed previously,'’ we have introduced the single-site muta-
tions H75M, N, and W, which allow a direct assessment of the
functional role of His75. A pH titration of the retinal optical
absorption band of PRy, PRyssn, PRyzsn, and PRygrsw
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Figure 1. (a) A BR-based homology model of PR predicts a close
proximity of His75 with Asp97. (b) A pH titration of the retinal optical
absorption band of PRyt and PRyy7spnw solubilized in DDM shows
that the pK, of Asp97 is shifted from 7.5 (wild type, WT) to 6.7 (H7SM),
5.8 (H75W), and 5.3 (H7SN). This mutation-induced pK, shift
indicates a direct interaction between both residues.

solubilized in DDM is shown in Figure 1b. These mutations
can be expected to disturb the interaction network of His75.
A methionine is found in bacteriorhodopsin at this position. The
pK, of Asp97 is shifted from 7.5 (WT) to 6.7 (H7SM), 5.8
(H75W), and 5.3 (H75N). This confirms previous data on
reconstituted samples in which the same trend was observed.'®
These observations show that removal of His7$ destabilizes the
high pK, of Asp97, indicating a direct interaction between both
residues.

2.2. Solid-State NMR. Solid-state NMR has been used to
probe close spatial proximity and a direct interaction between
Asp97 and His7S. Unfortunately, the PR wild-type construct
used by us and others contains a His,-tag for affinity purification.”
Therefore, NMR signals of the single His75 residue will be
obscured by signals from the His-tag. Attempts to remove the tag
by proteolytic cleavage or to suppress its NMR signal by
paramagnetic quenching were only partially successful. We have
therefore used a PR construct without a His-tag which is purified
by citrate precipitation.”> Samples could be prepared in high
purity (Figure S1, Supporting Information). Using this approach,
we produced a sample in which His75 was “N-labeled at
positions ND1, NE2, and N ([**N-His]PR) and another sample
in which His75 was fully "*C labeled while all Asp residues
were '*C enriched at positions CG and C (['*C-His-Asp]PR).
Samples were reconstituted into lipid bilayers and subjected
to CP-MAS (cross-polarization magic angle sample spinning)
NMR experiments.
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Figure 2. *C—"3C PDSD spectrum of [ '*C-His-Asp]PR reconstituted
into lipid bilayers at a pH close to the pK, of Asp97. The C, CA, CB, CG,
CD2, and CE1 resonances of His75 are found at 179.0, 58.9, 30.0, 138.0,
117.0, and 135.9 ppm. An additional inter-residue cross-peak between
His75-CG and Asp97-CG-OOH at 172.7 and Asp97-CG-OO  at 175.5
ppm is observed. A 800 ms mixing time was used.

2.2.1. °C CP-MAS NMR. A *C—"3C PDSD (proton-driven
spin diffusion) spectrum of ["*C-His-Asp PR at a pH close to the
pK, of Asp97 is shown in Figure 2. This experiment shows
through-space *C—">C correlations. All carbon signals of His75
are observable and well resolved. They could be unambiguously
assigned on the basis of comparison between PDSD experiments
using long and short mixing times, which enables differentiating
between short-range and long-range contacts (Figure 2; Figure
S2, Supporting Information). Especially resonances CD2 and
CG are sensitive to the tautomeric forms His">" and His™"~ (see
also Figure 7a). It was found that the 3C chemical shift of CD2 is
<122 ppm and that of CG >133 ppm for His™ ", while for His"™""
3C chemical shifts of >122 ppm for CD2 and <133 ppm for
CG have been described.>**> In our case, CG resonates at
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138.0 ppm and CD2 at 117.0 ppm, which proves that His75 exists
as the His""* tautomer in proteorhodopsin at this pH value.
Furthermore, inter-residue contacts between His75-CG (138.0
ppm) and CG of an Asp at 175.5 and 172.7 ppm have been
observed at very long mixing times, showing that these nuclei
must be located within 6 A from each other. The only Asp which
is located close to His75 is Asp97 (see the Discussion below).
Therefore, this inter-residue cross-peak can be assigned to a
contact between His75-CG and CG of protonated and depro-
tonated Asp97.

222. PN CP-MAS NMR. The '*N chemical shifts of both
nitrogens in the imidazole ring are extremely sensitive to the His
protonation state and to hydrogen bonds. We have therefore
recorded >N CP-MAS spectra of ['°N-His]PR at different pH
values which are shown in Figure 3a. Above pH 8, two resonances
at 250 and 162.5 ppm are observed, which arise from the neutral
form of His75 and can be assigned to ND1 and NE2, respectively.
At pH 6, two peaks at 171 and 178 ppm are observed corre-
sponding to ND1 and NE2 in the imidazole ion. In between, at
pH 7, a superposition of both sets of signals is observed, with
one additional ND1 resonance occurring at 239 ppm. This
—11 ppm shift shows that ND1 is involved in a H-bond.”*
Deprotonated imidazole nitrogens are very difficult to observe
because of their large chemical shift anisotropy and poor cross-
polarization characteristics, which explains the small signal
intensity of ND1 in Figure 3a. The '*N resonances are relatively
narrow, which means that only slow or no exchange of the
imidazole ring occurs. Our experiments were carried out with a
cys-less PR construct which has been purified by repetitive
precipitation. To exclude that the "N results are caused by
preparation artifacts, we have recorded "°N spectra of wild-type
[U-">NJPR with a His-tag which has been purified conven-
tionally. The same chemical shifts as shown in Figure 3 are
observed for ND1 and NE2, but the spectra are obscured by the
His-tag signal under acidic conditions (Figure S3, Supporting
Information).

Since HD1 and HE2 protons are also sensitive reporters for
the formation of H-bonds, we have recorded N—'H FSLG
HETCOR (frequency-switched Lee—Goldburg heteronuclear
correlation) spectra at two different pH values, above and below
the pK, of Asp97 (Figure 3b). This experiment creates through-
space correlations between >N and 'H nuclei via N—H dipole
couplings; i.e., correlations between nitrogens ND1 and NE2 and
directly bound protons HD1 and HE2 but also HB2/3 at the CB
position and HE1 and HD2 at carbons CE1 and CD2 could be
expected. At pH 6, cross-peaks between ND1 and NE2 with
protons resonating at approximately S ppm are observed. On the
basis of the statistical proton chemical shift boundaries™ indi-
cated in Figure 3b, it can be excluded that these signals are caused
by directly bonded HD1 and HE2, although His75 is fully
protonated. This could be due to fast exchange of these protons
on the dipolar time scale. The observed cross-peaks most likely
arise from the other nonexchangeable protons in His75 (HB2/3,
HEIL, HD1). Above pH 8, the sample contains both positively
charged and neutral His7S populations. The cross-peak at 162.5
ppm/14 ppm belongs to NE2/HE2 of the neutral form. The
weaker cross-peak pattern at approximately 6 ppm arises from
the fully protonted His7S$ fraction as also observed at pH 6.

2.3. Time-Resolved Optical Spectroscopy. Our data pre-
sented above prove that a pH-dependent H-bond between His7$
and Asp97 is formed. Replacing His75 with Met, Trp, or Asn
destabilizes Asp97 (Figure 1b). The largest effect has been
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Figure 3. (a) "N CP-MAS NMR spectra of selectively labeled ['°N-
His]-PR at different pH values. All signals arise from His7S5, which is the
only His in PR. At pH 6 and below, two resonances for both protonated
imidazole nitrogens ND1 and NE2 are observed at 178 and 171 ppm. At
pH 7, three additional resonances at 250, 239, and 162.5 ppm are
obtained. Above pH 8, His75 only shows two resonances at 250 and
162.5 ppm, which can be assigned to ND1 and NE2. The NDI1
resonance at 239 ppm is evidence for the formation of a His—Asp
H-bond (see the text for further details). (b) The HD1 and HE2 protons
could not be detected at pH 6 and below in "H—"°N FSLG HETCOR
experiments, but NE2 appears at 14 ppm above pH 8 when His75 is in its
neutral form. Through-space correlations to other protons in His75 are
seen under both conditions. The boxes indicate chemical shift range
boundaries according to the BMRB database.”

observed for PRyg;sn. We have therefore performed optical vis-
pump/vis-probe and flash photolysis experiments on this mutant
to elucidate the role of His75 for the light-induced retinal
isomerization and for the subsequent photocycle steps of PR.
2.3.1. Vis-Pump/Vis-Probe Experiments on PRysy. Altera-
tions of the primary reaction dynamics of PRy,sn have been
measured by transient absorption spectroscopy in the visible
spectral range. On the basis of the pH titration shown in
Figure 1b, three pH values were selected at which Asp97 is
deprotonated (pH 7.5), protonated (pH 4.2), or found close to
its pK, value (pH 5.6). The observed transient absorbance
changes are shown as contour plots in Figure 4. Throughout
the whole investigated time range, the spectral region between
450 and 650 nm is dominated by superimposed bands of the
excited-state absorption (region A), the ground-state bleach-
ing (region B), and the absorption of the photoproduct (region
C). The signature of the stimulated emission is found above
650 nm (region D). The contour plots in Figure 4 show that
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the observed spectral signatures between 450 and 650 nm are
drastically pH dependent. At pH 4.2 and early delay times (<10
ps), the red wing of the excited-state absorption band (A) is
fully superimposed by the ground-state depletion signal (B),
while for pH 5.6 and 7.5, the excited-state absorption is the
dominating feature. Due to contributions from the ground-
state bleaching, the signal here splits into two parts, which are
centered around 450 and 530 nm. Another striking pH-
dependent difference is found at long delay times, where the
positive signature of the photoproduct band (C) and the
negative signal due to the depopulation of the all-trans retinal
ground state (B) contribute. The spectra at a delay time of 1.0
ns therefore correspond to the PR"47sn—PRygysy difference
spectrum. At pH 4.2, both bands nearly cancel each other,
while high amplitudes are observed at pH 5.6 and 7.5. Similar
observations have been made for PRyr.'”'”"” They most
likely originate from a reduced spectral overlap of the ground
state and K intermediate caused by the pH-dependent shift of
the main retinal absorption band both in the wild type and in
the mutants (Figure 1b).

The H75N mutation not only causes spectral changes but
alters the reaction kinetics in a pH-dependent manner as well.
The decay of the excited-state absorption band (A) is consider-
ably elongated with decreasing pH. The same trend is observed
in the region of stimulated emission (D). Since this band is not
superimposed by any other signal, it is best suited to provide
undisturbed insights into the S; decay. The exemplary transients
(710 nm) at the bottom of Figure 4 show that stimulated
emission occurs at pH 4.2 on a longer time scale than at pH
5.6 and 7.5. The transients also indicate that the excited state
is not depopulated monoexponentially. Besides a depopulation
time in the range of 10 ps, also a subpicosecond component is
present. This fast deactivation pathway is more pronounced
in the transients of the pH 7.5 sample, less important at pH 5.6,
and nearly absent at pH 4.2. An analogous behavior with only
some small deviations has been observed for PRy7sy (see the
Supporting Information). A summary of the global fit analysis
for PRyg7sn and PRyysy is given in Table S2, Supporting
Information.

2.3.2. Flash Photolysis. To compare the photocycle kinetics of
PRyt with PRyg;sy, flash photolysis experiments above, below,
and close to the pK, of Asp97 (Figure 1b) were carried out. The
data are shown in Figure S. The photocycle kinetics has been
monitored via time courses at 410 nm (M intermediate), 510 nm
(mainly ground state), and $90 nm (K and N/O intermediates).
AtapH = pK, po7, an absorption red-shifted from the PR ground
state appears almost instantaneously after excitation in both
samples. This signal spectrally resembles the photoproduct of
the primary reaction and originates from the K intermediate.
This contribution is seen in the transients at 590 and 510 nm and
decreases on the microsecond time scale. The formation of a
positive difference band is observed at 410 nm. This blue-shifted
signal represents the M intermediate. The decay of this state
is accompanied by an absorption increase red-shifted to the
ground state (590 nm), which can be assigned to N and O
intermediates.>"**° The red-shifted intermediates decay on the
millisecond time scale, thereby repopulating the ground state. At
a pH < pK, pey, the amplitudes of the absorbance changes for
both PRyt and PRyys are generally smaller compared to those
in the other two pH conditions. In both samples, very little or no
accumulation of the M intermediate (410 nm) was found as
described earlier for the wild type.*® Only the K (and presumably
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Figure 4. Transient absorbance changes of PRy75y below, around, and
above the pK, of Asp97 (pH 4.2, 5.6, 7.5) after photoexcitation at 520 nm.
The main contributions arise from the excited-state absorption (A),
ground-state bleaching (B), absorption of the photoproduct PR sn
(C), and stimulated emission (D). The amplitudes are color coded: red,
positive aborbance changes; green, zero absorbance changes; blue,
negative absorbance changes. The time axis is linear in the range from
—1 to +1 ps and logarithmic for longer delay times. At the bottom trace,
the pH-dependent transient absorbance changes for a probing wave-
length in the region of the stimulated emission (710 nm) are compared.

also the L) state (510 nm) and late red-shifted intermediates
(590 nm) are present to some extent.

Our data show that the photocycles of PRyt and PRyrsn
show the same basic features, but photocycle transitions and
the turnover rate of PRy are much faster. These differences
are most prominent at pH = pK, po and are less pronounced in
the case of pH < pK, pg7. We have analyzed both data sets by a
rate model with four exponential terms, except for PRy at pH =
pK, po7, where five terms were needed. The results are shown in
Table S3, Supporting Information. All time constants at the three
pH values were found to be much shorter for PRyy;sy compared
to PRyr. For example, the PR ground-state recovery described
by two decay time constants, is accelerated from 44 and 210 ms
for PRyt to 6.1 and 56 ms for PRy7syy at pH > pK, po7. The M
intermediate decays S times faster.

2.4. Photocurrent Measurements Using Black Lipid Mem-
brane (BLM) Experiments. Photocurrent measurements have
been carried out to verify whether PR is still able to transfer
protons across the membrane after replacing His7S. Upon con-
tinuous illumination with yellow light, characteristic photocurrents
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Figure S. Laser flash induced time-dependent absorbance changes of solubilized PRyt and PRyy75n mutant below, around, and above the pK, of Asp97.
All data sets are scaled to equal values of excitation pulse photon irradiance and protein concentrations. The mutant shows a spectral behavior similar to
that of the wild type, but is significantly faster (see Table S3, Supporting Information).

mediated by PRyt have been observed which are comparable to
those reported before® (Figure 6). A very similar characteristic is
obtained for PRyy7sy (Figure 6) and PRy (Figure S8, Support-
ing Information). These data show that these mutants are able to
mediate net proton transfer with the same photocurrent size and
direction as PRyt

3. DISCUSSION

3.1. Solid-State NMR. The *C—"°C spin diffusion data
shown in Figure 2 reveal an inter-residue contact between CG
of His7S and CG of an Asp. Although isotope labeling of Asp is
not very efficient, other residue types can be excluded: Approxi-
mately 35% of added 1,4-13C2-Asp will scramble into Asn, Lys,
Thr, Tle, and Met.*"** The CG carboxyl group in Asp will become
a CG methylene group in those residues with a very different
chemical shift (between 20 and 40 ppm). Therefore, potential
cross-peaks between CG of His75 and CG of those scrambling
products would occur in very different regions of the spectrum
and would not contribute to the assigned Asp cross-peak. The
reduced labeling efficiency of those scrambling products and
their location in the PR homology model exclude correlation
with His75. Therefore, the observed inter-residue contact can be
assigned to a CG-His—CG-Asp correlation. The only aspartates
close to His75 according to the PR homology model are Asp97
and Asp227.* The PR model predicts a His75-CG—Asp97-CG
distance of 3.5 A and for His75-CG—Asp227-CG a value of
7.8 A. Furthermore, Shi et al. have reported '*C chemical shifts of
175.4 ppm for Asp97 and 178.1 ppm for Asp227.® The corre-
sponding value for Asp85 in BR is found at 173.7 ppm.>* We have
observed two signals at 173.5 and 175.5 ppm, which can be
assigned to COOH and COO in Asp97. We can therefore
conclude that the side chains of His75 and Asp97 are oriented to
each other. A correlation with CG of Asp227 has not been
observed. Neutralization of Asp227 by a D227N mutation
shifts ;e and results in a small decrease of the pK, of Asp97
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Figure 6. Stationary photocurrents of reconstituted PRyyt and PRyy7sn
in BLM experiments under full illumination with yellow light. Despite
replacing His7$, net transport of protons similar to that of wild-type PR
is observed (see the Supporting Information for further details).

(Figure SS, Supporting Information), which could be caused by
their close spatial proximity. Asp227 had been found to influence
the isomerization of the retinal.'® A more complex interaction
pattern involving His75 with both Asp97 and Asp227, which
form together the counterion complex, could be envisaged, but
our data only support a direct contact between His75 and Asp97.

dx.doi.org/10.1021/ja111116a |J. Am. Chem. Soc. 2011, 133, 4645-4654



Journal of the American Chemical Society

( ) HigM! HisMe2
a H
N \NEZ
L\ \
= U
pKa 1/NE2
His7g His7g
OH 0
\
//Cc— Aspgy == @\ Ca—Aspgr
0 pKa O"
(b)
*N-H-O" N-H-O" :N--H-O
A AL
- N N
H----q H
EZN/ ‘e‘\c Ne— \N NEE Ho
N o'/"’G NDl ND] N \c—
.~ / AN Heeg \ TTr-Ho H / //G
2 RN \ S
/G ’99_ G
His* o/ HisNe2 HisNP! o/ HisMe2 0// His™D!
pH<6
(c)
N,
HO\
Cs—Aspgr
/
H H6-9
\N—\ ;—NEE- HO ’
NDl — B \c—A
N T Ny
//CG_ASPW
Hiszg o) Hiszs
H\ pH>9
N
\\Nm
AN 9\
S'c—Aspyy
Hisys W

Figure 7. Different states in which His75 and Asp97 in PR could exist (a).
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could occur between His75 and Asp97 (b), but only the type {:N - - -H—O} could stabilize the high-pK, Asp97. Our data give rise to the following model

for the formation of a pH-dependent His—Asp cluster in PR (c): Below
equilibrium among His", His""?, and His"*?

exists. Our data show that His

pH 6, both residues are protonated. In the pH range between 6 and 9, an
NE2 is the dominating population which forms a {:N- - -H—0} bond

between His75-ND1 and the carboxyl group of Asp97. This form is energetically favorable over { "'N—H- - - O~ },* explaining the unusually high pK, of

Asp97. Above pH 9, both residues are deprotonated.

This is also supported by the SN spectra of PRp,7, which show
the same H-bonding signal at 239 ppm as seen for PRy (see
Figure S4, Supporting Information). Such a signal would not be
expected if the H-bond from His75 involves Asp227.

Above its pK,, free His exists in an equilibrium between the
His™" and His"""* tautomers (Figure 7a), which is shifted 4-fold
toward His"" "2.3* Therefore, His™"" is found much less often in

proteins. It only occurs in cases of His involved in structural
interactions which stabilize His™""" over His™"2, when this His is
pH invariant, shielded from the solvent, or strongly H-bonded.
The His™"P* form is found, for example, in the active site of serine
proteases, where a H-bond between ND1-H and the adjacent
carboxylate group of the catalytic triad residue stabilizes this
tautomer.>® In the case of PR, the *C chemical shifts of CG and
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CD2 in His75 reveal that it is a His™** tautomer, while His">"*
has not been observed. This means that His75 does not
experience any stabilizing interaction in PR, which shifts the
tautomerization equilibrium away from His"**. This is in line
with our "N spectra (Figure 3a), which show that His75 fully
responds to pH changes and must have a pK, around 7, which is
just slightly higher than for free His.

To stabilize the protonation state of the carboxyl group of
Asp97 through His75, a H-bond needs to be formed. Our data
clearly show that indeed CG of His75 and CG of Asp97 are
within a range which would allow a H-bond between both side
chains (Figure 2, top). The five possibilities for the coupling
between His and Asp are shown in Figure 7b: (i) Nitrogens in the
imidazole ion could couple to Asp97 via {TN—H- -+ O}, while
in the neutral species (i) NE2 of His™"* or ND1 of His"" ' could
form {N—H- - -0~ },and (i) ND1 of His™"> or NE2 of His"""
could form {:N-:-H—0}.

To differentiate these three cases, all possible interactions of
the imidazole ring need to be dissected. This is usually a difficult
task due to the tautomerization of the neutral His species and
because of different signals arising from protonated nitrogens in
the charged and in the neutral species of His. All of these forms
could coexist. Fortunately, our "*C data have allowed the
identification of His"'~ as the dominating form of neutral
His75, and "*N data show distinct differences among N—H,
N—H, and :N (Figure 3a).

(i) Formation of { TN—H=++O" }: The observed '*N chemi-
cal shifts at 171 and 178 ppm are probably too small for a
H-bonded species.”® Furthermore, the HD1 and HE2 protons
have not been observed in "*N—"H FSLG HETCOR experi-
ments (Figure 3b). In this experiment, protons are detected
through a cross—Polarization step via "°N. The transfer efficiency
depends on the 'H—"°N through-space dipolar couplings as well
as on the rotating frame spin—lattice relaxation time (T},). Both
parameters could be affected by side chain mobility or fast proton
exchange with the environment. If both protons are able to
exchange on the relevant time scale, then they are most likely not
involved in strong H-bond interactions at this pH. Simple side
chain flexibility would also cause a reduction in "“N cross-
polarization efficiency, which has not been observed. In addition,
this H-bond would not stabilize the protonation state of Asp97 as
the proton would reside at NE2. Therefore, such a bond can be
excluded as a main factor for the formation of a His—Asp
cluster in PR.

(ii) Formation of {N—H--+O" }: The N chemical shift of
NE2-H occurs shifted by approximately —10 ppm compared to
that of "NE2-H, which is in the expected range. The 'H chemical
shift of HE2 found at 14.5 ppm could indicate a H-bond, but this
should also be reflected in a larger '°N chemical shift for NE2
than observed. This is also supported by control experiments on
PRy (Figure S4, Supporting Information). The NE2 chemical
shift changes by +4.5 ppm upon introduction of the D97N
mutation. A potential H-bond between His7S and Asp97 would
have been destroyed by this mutation, resultin% in a larger
chemical shift difference in the opposite direction.*® Therefore,
the formation ofa {N—H- - - O™ } between His75 and Asp97 can
be excluded and could not contribute to the stabilization of
Asp97. Contributions from His™ "' can be neglected.

(iiii) Formation of {:N+ - -H—O}: Our data show that His"">
is the dominating form of His7S. The formation of this H-bond
would therefore cause a stronger shielding of the ND1 resonance
in His75; i.e., a decrease of its chemical shift by approximately

10 ppm would be expected.*® Here, we have been able to observe
such a shift by —11 ppm for ND1 at pH 7 (Figures 3a; Figure S2,
Supporting Information). This clearly shows the existence of
such a H-bond and proves that it is actually ND1 stabilizing the
protonation state of Asp97 via a His75-ND1- - - H-OD1-Asp97
H-bond. The spectrum in Figure 3a also shows that, at this pH,
ground-state PR exists in an equilibrium between at least three
different species: His75 in its neutral form, in its positively
charged form, and in a H-bonded form with Asp97.

Our data demonstrate that the His75 and Asp97 side chains
are oriented to each other and form a pH-dependent H-bond
(Figures 2 and 3). Our findings are summarized in Figure 7c: (i)
Below pH 6, both His75 and Asp97 are fully protonated. (ii)
Above pH 8, His75 is in its neutral form while Asp97 is fully
deprotonated. (iii) Between pH 6 and pH 8, an equilibrium
between the charged and the neutral forms (His™"™?, His" ) of
His75 is observed, both of which could be involved in couplings
with Asp97. However, our data show that the H-bonded His™
species is the one to which the equilibrium is shifted. Quantum
chemical calculations have shown that, in such H-bonded His—
Asp pairs with a shared proton, the N+ - -HO form is energeti-
cally favorable over the NH:-+O variant.** Therefore, our
results explain unambiguously how the unusually high pK, of
Asp97 is stabilized. However, this H-bond formation is probably
not the sole stabilization factor. If it was, all single-point muta-
tions of position 75 which prevent the formation of such a
H-bond should have the same destabilization effect, which is not
the case (Figure 1b). Probably, the shielded location of Asp97
within the protein in the membrane raises its pK,, which is further
enhanced by His75. In addition, other residues could also have
small additional stabilization effects.

3.2.Time-Resolved Optical Spectroscopy and BLM Experi-
ments. Our solid-state NMR data show that His75 is essential for
stabilizing the protonation state of the primary proton acceptor
Asp97 in the ground state of PR. To elucidate the functional role
of His75 for the primary reaction and photocycle dynamics, we
have used time-resolved optical spectroscopy on PRyt and
PRy7sn. This mutant replaces the imidazole group with a
nonprotonatable side chain and strongly destabilizes the pK, of
Asp97 (Figure 1b).

Using vis-pump/vis-probe spectroscopy, we have first probed
the effect of this single-point mutation onto the primary reaction
dynamics within the first 1000 ps upon light activation. We found
that the pH-dependent isomerization dynamics of PRy,
PRyg7sn, and PRyg;sp strongly resemble each other. Their time
constants (Table S2, Supporting Information) mainly match the
values for PRyr."” After photoexcitation an ultrafast dynamics in
the range of 100 fs is observed (7,). For the presented measure-
ments this time constant is in the range of the time resolution, but
referring to former papers on PR'” and other retinal proteins,***’
one is nevertheless likely to assume that this time constant
reflects an ultrafast wave packet motion out of the Franck—
Condon region. For BR it is widely accepted that this movement
is an in-plane stretching motion of the conjugated carbon chain,
which is followed by a torsional motion around the C;3—Cyy
double bond.>® The reaction continues with a biexponential
decay (75, 73) of the excited-state population. This has been
explained by a bifurcated excited-state deactivation pathway, in
which two channels lead to the ground-state potential energy
surface.'>’” One may assume that the population of the
faster reaction channel directly proceeds via a conical intersection
to the ground state as has been shown for BR.>® The slower
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reaction pathway is discussed to include a small energetic barrier,
which has to be overcome first.">"”

As previously observed for PRy """ and PRpgrn, 27 also
PRy7sny and PRyrsye show two different variations on the
biphasic deactivation pathway with varying pH: (i) The overall
S1 depopulation kinetics is faster at pH > pK, po; compared to
pH < pKypo- (ii) The amplitudes of the time constants (75, 73)
associated with the S1 decay change with pH, as shown in the
decay-associated spectra (DAS) in Figures S6 and S7, Supporting
Information. This can be interpreted in the the following way: the
fast deactivation pathway is the dominating channel for a sample
with a deprotonated counterion complex, whereas the slower
reaction pathway plays the major role in samples with a
protonated Asp97.

From the similarities among PRy, PRyg7sn, and PRygzsyy, it
can be concluded that most electrostatic and steric properties as
well as the H-bonding network in the vicinity of the retinal are
well preserved. These results nicely fit our previous solid-state
NMR studies, in which we showed that the direct Schiff base
environment is not perturbed by these mutations (Figure S4,
Supporting Information),"® while a direct interaction between
His75 and Asp97 is shown here. The small deviations in the
primary reaction kinetics of PRyysy compared to PRygrsyn
indicate a smaller pH dependence. The longest time constant
T3 is slightly higher than for PRyyt and PRyy;sn. One reason could
be that the Met residue introduces a higher hydrophobicity in the
environment of Asp97, resulting mainly in different electrostatic
properties of the retinal binding pocket and therefore altered
isomerization rates and less effect on the pK, of the counterion
complex. Our picosecond data on PRy5y thus show unambigu-
ously that the pK,, of the primary H " -donor and not the absolute
pH value is the main determinant for the primary reaction rate.

The H75N flash induced kinetics show clear evidence for the
existence of K, M, and late red-shifted intermediates. In qualita-
tive terms, the photocycle is very similar to that of PRy, but its
pH-dependent characteristics are shifted according to the lower
pK, of Asp97. Photocurrent measurements using black lipid
membranes provide clear evidence for active proton transfer by
PRyysn and PRyssy (Figure 6; Figure S8, Supporting In-
formation). Spudich and co-workers introduced single-point
mutations at position 7S using a neutral (Ala), an acidic (Glu),
and a basic (Arg) residue.”” Using time-resolved FTIR, they
showed that these mutants undergo a photocycle, but evidence
for light-induced charge transfer in PRyg,sg was not found. A
striking effect of the H7SN mutation is the significant accelera-
tion of the photocycle under all three pH conditions. Using time-
resolved FTIR, Spudich and co-workers also observed a signifi-
cant faster return to the initial state of the H75A and H7SE
mutants compared to the PRyyt. If His7$ plays a role for proton
transfer, it could create a rate-limiting step, maybe due to ring-
flip-assisted deprotonation as shown in the case of the influenza
M2 proton channel.** On the other hand, the H75N mutation
influences the kinetics of not only one but all intermediates
(Table S3, Supporting Information), including the decay of the
M intermediate represented by the time constant f,. This
transition is generally assigned to reprotonation of the Schiff
base by the primary proton donor Glul08, which is not in direct
contact with either Asp97 or His75, so the influence of the H75SN
mutation on the photocycle kinetics could be of indirect nature,
maybe through induction of helix reorientations which could
influence rate constants due to altered orientations of important
side chains or through altered H" /H,O accessibility.

4. SUMMARY AND CONCLUSIONS

We have presented an extensive biophysical characterization
of the role of His75 in green proteorhodopsin. Our solid-state
NMR data show that a pH-dependent His—Asp cluster is formed
via a H-bond which stabilizes the high pK, of the primary proton
acceptor Asp97 (Figure 7). Although our findings explain the
molecular details of one of the key differences between proteo-
and bacteriorhodopsin, it was surprising to find that His7S is not
essential for proton transfer. In fact, the photocycle kinetics in PR
appears to be slowed by this highly conserved residue. The
existence of a similar His—Asp cluster has been shown in xan-
thorhodopsin,*" where also a H-bond between ND1 of His62
and OD1 of Asp96 has been found. Such His—Asp clusters could
be a general characteristic of eubacterial proton pumps. Further-
more, our solid-state NMR and optical spectroscopy data on
PRyt and PRy7sn/ support and explain previous observations
that PR samples close to the pK, of Asp97 exhibit intermediate
spectral and functional characteristics.

It is difficult to understand why evolution has created a protein
with optimized color adaptation and a highly conserved and
highly reactive residue such as His7S in its active site, which does
slow its photocycle and is not needed for proton transfer. His7S
does not seem to be a “structural” histidine but responds to pH
changes in the environment and is therefore found as an NE2
tautomer. It is strictly conserved in hundreds of known PR
variants, but not all of them may have a proton-pumping
function. On the basis of the analysis of the primary sequences,
microbial genomes, and further experimental results, some
authors found evidence for putative “sensory” PRs which contain
homologues of His75 as well.* Therefore, the His—Asp cluster
in PR could play a role in a hypothetical sensing or regulation
function of this highly abundant protein.

5. MATERIALS AND METHODS

5.1.Preparation of PR without a His-Tag. 5.1.1. Used Plasmid
and Strains. The pBAD-Topo plasmid encoding for His-tag-free PR
C107S C156S C175S was kindly provided by Mark Braiman, Syracuse
University, New York. The plasmid was transformed into E. Coli C34
(DE3).

5.1.2. Expression of PR without a His-Tag. Expression of PR without a
His-tag was essentially done as described.*® Cells were grown in a
defined medium containing U-"*N-histidine ([**N-His]PR) or U-"*C-
histidine and 1,4-"*C,-aspartate ([**C-His-Asp]PR) with 100 ug/mL
ampicillin until an ODgg, of 0.8 was reached. For induction, a 0.5% final
concentration of L-arabinose and all-trans-retinal (0.7 mM, dissolved in
ethanol) were added. Cells were harvested by centrifugation after 3.5 h
of incubation.

5.1.3. Purification. Cells were lysed in 3% n-octyl 3-p-glucopyrano-
side (OG) and 1% lysozyme. After centrifugation sodium citrate (stock
solution, 0.2 M, pH 5.5) was added to the supernatant in small
increments to a final concentration of 150 mM. After addition of each
portion, the solution was stirred for 1 h at 4 °C and then centrifuged.
When the precipitated pellet became properly red, it was resuspended in
3% OG. The molar amount of PR without His-tag was determined by
the absorbance of opsin-bound retinal using the extinction coefficient of
44000 M~ ' cm ~ . Purity was checked by UV/vis spectroscopy. Using
this purification procedure, a ratio of Ajgonm/As20nm 0f 2.2 was achieved,
which corresponds to a high sample purity (Figure S, Supporting
Information).

5.1.4. Reconstitution. Liposomes were prepared by lipid extrusion.
We have used 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC) or a
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9:1 (w/w) mixture of 1,2-dimyristoyl-sn-glycero-3-phosphocholine/1,2-
dimyristoyl-sn-glycero-3-phosphate (DMPC/DMPA). No differences
in the NMR spectra between both preparations have been observed. For
proteoliposomes, 1 mg of OG-solubilized protein (1 mg/mL) was added
dropwise to 0.5 mg of liposomes and gently stirred for 30 min. To
remove the detergent, 80 mg/mL biobeads (BioRad) were added
stepwise. After biobead removal the PR solution was centrifuged. The
pH of the protein was set at pH 9. After a final centrifugation step the
reconstituted PR was transferred into a 4 mm MAS rotor.

5.1.5. pH Titration. The pH of the reconstituted samples was set with
solutions containing S0 mM buffer and S mM MgCl. During the
measurements the samples were cooled to 4 °C. Therefore, buffer
solutions were set at exactly 4 °C to avoid temperature-dependent pH
shifts. A list of buffers used for pH adjustment is given in the Supporting
Information (Table S1).

5.2. Preparation of PRy7snmw Mutants. Mutants were pre-
pared as described before."®

5.3. Solid-State NMR. All MAS NMR experiments were con-
ducted using a 4 mm triple-resonance DVT HCN probe on Bruker wide-
bore Avance III 850 and Avance 600 solid-state NMR spectrometers.
The amount of PR placed in the MAS rotor was between 3 and 9 mg ata
molar protein:lipid ratio of approximately 1:80. SPINAL64* 'H decou-
pling (70—80 kHz) during *C and "N chemical shift evolution,
acquisition (20 ms), and a 2 s recycle delay were used. All spectra were
recorded from nonfrozen samples at 270 K.

5.3.1. 3C="3C PDSD. *C—"3C correlation experiments (Figures 2;
Figure S2, Supporting Information) were carried out using proton-
driven spin diffusion with 100 and 800 ms mixing times** on the Avance
III 850 spectrometer. Shorter mixing times did not produce any cross-
peaks. The spectrum was recorded with 10 kHz sample spinning with
1024 scans and 256 increments. A 1.5 ms cross-polarization contact time
was applied. "*C chemical shift referencing was carried out with respect
to DSS (4,4-dimethyl-4-silapentane-1-sulfonic acid) through adaman-
tane (40.49 and 31.47 ppm).

5.3.2. N CP-MAS. Spectra (Figure 3; Figures S2 and S5, Supporting
Information) were recorded on the Bruker Avance 600 at 270 K,
11.5 kHz sample spinning, and standard settings for cross-polarization
and decoupling. A CP contact time of 3 ms was used. A total of 90 000
scans were accumulated per spectrum.

5.3.3. "TH—"°N FSLG HETCOR (Figure 3b). The **N—"H HETCOR
experiments with CP magnetization transfer*> were acquired on the
Avance 600. During the proton evolution period, frequency-switched
Lee—Goldburg decoupling was applied at an effective proton decou-
pling field of 80 kHz. A refocusing "*N pulse was applied during
evolution.*® A total of 32 increments in the indirect dimension with
4K scans each were acquired. A CP contact time of 500 us was used. The
spinning speed was set to 13 kHz. The 'H and N chemical shift
referencing was done via the gyromagnetic ratios through the *C
chemical shift of admantane with respect to DSS. A Lee—Goldburg
scaling factor of 0.57 was used for the "H chemical shifts. Different pH
values were adjusted by incubating reconstituted PR samples in the
buffers listed in Table S1, Supporting Information, before pelleting and
transferring them into MAS rotors.

5.4. Optical Spectroscopy. 5.4.1.Vis-Pump/Vis-Probe Spectros-
copy. Transient absorption spectroscopy was performed with a setup
described in ref 19. The excitation pulses were tuned to 520 nm (30 nJ
pulse energy) for the PR H7SN sample and to 530 nm (30 nJ pulse
energy) for PR H7SM. The spectral range from 430 to 750 nm was
probed with single-filament white light pulses. An instrumental response
function of ~120 fs was achieved. The sample concentration was
adjusted to an absorbance of ~0.5 at the maximum of the main retinal
band. The obtained data were corrected for coherent effects around time
zero and for group velocity dispersion by a procedure described by
Kovalenko et al.*’” For the quantitative data analysis we employed a

kinetic model which describes the data as sums of exponential decays. A
Marquart downhill algorithm optimizes n global time constants ; for all
wavelengths simultaneously with wavelength-dependent amplitudes
A,(4) for each component. The n wavelength-dependent fit amplitudes
A,(A) represent the DAS for each decay component. In this definition an
infinite time constant is equal to a time-independent offset in the
transient absorbance changes. The measurements were performed in
the following buffer solutions: (H7SN) 100 mM NaCl, 0.1% OG,
10 mM MES (2-(N-morpholino)ethanesulfonic) acid, pH 5.6 and 7.5,
or 10 mM acetate at pH 4.2; (H7SM) 100 mM NaCl, 0.1% DDM
(n-dodecyl -p-maltoside), 10 mM MES, pH 5.6, 6.5, and 8.0.

5.4.2. Laser Flash Photolysis. The laser flash photolysis measurements
were performed with a setup which is described in ref 48. The excitation
pulses were adjusted to the absorption maxima of each PR sample. The
repetition rate was set to 0.67 Hz. Pulse energies were approximately
2mJ/ cm?. Transient absorbance changes at 410, 510, and 590 nm were
measured repetitively (typically 1000 times) to increase the signal-to-
noise ratio. The sampling frequency was set to 2.5 MHz. To cover the
full time regime of PR photocycle kinetics, data points were collected up
to 900 ms after excitation. To analyze the data, an exponential rate model
was applied. The decay time constants were shared variables, while the
pre-exponential factors (amplitudes) were fitted individually. Two
different buffers were used for the measurements: 300 mM NaCl,
0.05% DDM, 20 mM MES, 20 mM TRIS, pH 7.5, for PRy and
300 mM NaCl, 0.05% DDM, 20 mM TRIS, 20 mM MES, 20 mM
sodium acetate, pH 7.5, for PRy7sn. By direct addition of HCl or NaOH
the pH of the WT protein solution was adjusted to 9, 7.5, and 5.75 or to
7.5,5.75, and 4.5 in the case of the mutant protein solution, respectively.

5.5. BLM Experiments and Photocurrent Measurements.
The experimental details were identical to those described by Friedrich
and co-workers® (see also the Supporting Information).

B ASSOCIATED CONTENT

© Ssupporting Information. Further details regarding sam-
ple preparation, titration data of PRp,,7x, additional solid-state
NMR spectra (PRyr, PRy7sn, PRporn, PRpassn), analysis of
time-resolved optical spectra, BLM measurements (PRyr,
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