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Abstract: While certain archaeal ion pumps have been shown
to contain two chromophores, retinal and the carotenoid
bacterioruberin, the functions of bacterioruberin have not been
well explored. To address this research gap, recombinant
archaerhodopsin-4 (aR4), either with retinal only or with both
retinal and bacterioruberin chromophores, was successfully
expressed together with endogenous lipids in H. salinarum L33
and MPK409 respectively. In situ solid-state NMR, supported
by molecular spectroscopy and functional assays, revealed for
the first time that the retinal thermal equilibrium in the dark-
adapted state is modulated by bacterioruberin binding through
a cluster of aromatic residues on helix E. Bacterioruberin not
only stabilizes the protein trimeric structure but also affects the
photocycle kinetics and the ATP formation rate. These new
insights may be generalized to other receptors and proteins in
which metastable thermal equilibria and functions are per-
turbed by ligand binding.

M icrobial rhodopsins are a class of photoreceptors that
share a seven-transmembrane (TM) structure and a light-
sensitive retinal (Ret) molecule as the primary chromophore,
which is covalently bound to a lysine residue on helix G
through a protonated Schiff base linkage.! While they share
a similar photoinduced chemical isomerization mechanism,
microbial rhodopsins perform diverse functions.”! For exam-
ple, light-driven outward proton and inward chloride pumps
create potentials for ATP synthesis, while light-gated ion
channels depolarize cells for phototaxis.®’! Certain photo-
receptors contain not only the Ret chromophore but also
a noncovalently bound carotenoid molecule as the second
chromophore to enable their function. The molecular struc-
ture of this carotenoid chromophore varies among photo-
receptors. An acyclic Cs, carotenoid (bacterioruberin) is
present in the crevices between the adjacent subunits within
the trimer of archaerhodopsins (aR), cruxrhodopsins (cR),
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deltarhodopsins (dR) and halorhodopsins (hR),*! whereas
xanthorhodopsin (xR) and Na*-translocating rhodopsin
(NaR) each contain a cyclized C,, carotenoid (salinixanthin
and zeaxanthin, respectively) packed tightly within their
protein monomers."!

Archaerhodopsin-4 (aR4), a proton pump of unknown
crystallographic structure found in the claret membrane of
Halobacterium species (H. sp.) XZ515,% is a dual-chromo-
phore photoreceptor with bacterioruberin as the second
chromophore, similar to other aRs.**"! aR4 shares 87%
sequence similarity with aR1, 97 % with aR2, 84 % with aR3,
and 59 % with bacteriorhodopsin (bR), and exhibits a similar
trimeric form with aR2 (Figure 1a—c).””’ aR4 employs a similar
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Figure 1. A) Sequence alignment of bR, aR2, aR4, and xR (NCBI No.
P02945, P29563, AAG42454 and Q2S2F8, respectively). Red: residues
involved in bacterioruberin binding; green: residues involved in
salinixanthin binding; orange: residues involved in Ret binding. B and
C) Trimeric structure models of aR4 with (B) and without (C) bacterior-
uberin based on the crystal structures of aR2 (2El4 and TVGO).
Purple: Ret molecule; yellow: bacterioruberin molecule. D) UV/Vis
absorption spectra of WT***'*-aR4 (red), RC***-aR4 (blue), RC"™“®°.aR4
(green), and WT®'™'.bR (black).

light-capture and proton-translocation mechanism to bR,
which possesses only a Ret chromophore; however, it displays
the opposite temporal order of proton release and uptake to
that of bR and aR2 under physiological conditions.®! A
“weak-coupling model” was proposed to explain the proton
transport mechanism of aR4 based on a higher pK, of the
proton-release complex./®® However, the functions of bacter-
ioruberin in aR4 are not well documented, particularly
coupling to the Ret binding, photocycle kinetics, and energy
conversion. It has been reported that salinixanthin is tightly
bound on the TM surface of xR and functions as a light-
harvesting antenna.”’ Its keto ring is buried in a pocket
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between helices E and F and forms a tight contact with the
Ret B-ionone.l'”! However, it is not clear whether a similar
specific binding exists between bacterioruberin and Ret in
aR4. The crystal structure of aR2 indicates that bacterior-
uberin binds in the crevices between the subunits of the
protein trimer, with the polyene chain surrounded by
helices A and B of one monomer and helices D and E of an
adjacent monomer.”’ The residues involved in bacterioru-
berin binding in aR2 are quite different from those involved
in salinixanthin binding in xR, which are centralized at
helices E and F. A question of interest is whether the function
of bacterioruberin in aR4 is the same as in aR2; although all
the binding residues in aR2 are identical to those in aR4
(Figure 1 A), the temporal orders of proton release and
uptake of the two proteins are reversed. In addition, a Ret cis—
trans isomerization thermal equilibrium commonly occurs in
many ion pumps with different molar ratios in the dark-
adapted (DA) state and plays an important role in energy
conversion.'!! aR1 has a similar all-trans to 13-cis molar ratio
to that of bR, but this equilibrium largely shifts towards
a trans-dominated form in aR2.'" Whether the presence of
bacterioruberin correlates with the Ret isomerization equi-
librium of the archaeal ion pumps has not been documented.
To resolve the issues above, a recombinant aR4 with only
the Ret chromophore and endogenous lipids was expressed in
H. salinarum 1.33 (denoted by RC**-aR4). A recombinant
aR4 containing both Ret and carotenoid chromophores
together with the endogenous lipids was expressed in H.
salinarum MPK409 (denoted by RCMPX®_aR4). In this way,
the functions of bacterioruberin in aR4 can be investigated in
a true in situ manner. Details of the expressions are provided
in the Supporting Information. Figure 1D shows the super-
imposed UV/Vis spectra of WT**.aR4, RC“*-aR4,
RCMPK4_3R4 and WTR™LbR membranes. RC*-aR4
shows only a single-peak pattern at approximately 550 nm,
similar to the WTR™LpRI3 and the bacterioruberin-excluded
aR4,[¥ thus indicating the presence of only the Ret chromo-
phore in the RC™*-aR4. An identical dominant three-peak-
pattern at 478 nm, 507 nm, and 543 nm was observed in both
WT*# 5 3R4  and RCM*_aR4, thus indicating that
RCMPX4_aR4 not only contains both Ret and the bacterior-
uberin chromophores but also possesses similar bacterioru-
berin binding and Ret binding to the wild-type (WT) aR4.¥
With these two native membrane systems, the functions of the
bacterioruberin in aR4 can be explored systematically.
Patch size and polydispersity indexes obtained by
dynamic light scattering (DLS) have been used to determine
protein assembly, dimerization, and interactions under vari-
ous conditions.™™ A single-peak distribution pattern was
observed for WTX#B_aR4, RC'-aR4, and RCMPK4Y_aR4
membranes, with a relatively broader band for RC**-aR4
(Figure 2 A and Table S1 n the Supporting Information). Our
results showed that the recombinant RC“*-aR4 and
RCMPX_aR4 had a similar membrane fragment size to
WTX#5.aR4,1 thus indicating that the trimeric assemblages
of the three proteins are quite similar. However, the
polydispersity index of the RC"*-aR4 is twice those of
WT*#B_aR4 and RCMP”_aR4, thus indicating that the
membrane fragment distribution of the RC**-aR4 is much

www.angewandte.org

&These are not the final page numbers!

Dateiname: Z803195e

Pfad: I:/daten/verlage/vch/ach/hefte/pool/
Status Neusatz
Datum: 23 KW., 4. Juni 2018 (Montag)

Communications

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Angewandte

intemationaldition’y) Chemie

A 18 B

A

400"\ 500 /sao/ 700
10 100 1000 10000 4000 3000 2000 1000

Size (nm) wavenumber (cm™) A (nm)

(e}

[N

Y]
o
£

Intensity
e
T (%)
Absorbance
o
=

=2 4
o

o

s
4

Figure 2. A) Patch-size distributions of WT**"*.aR4 (red), RC**-aR4
(blue), and RCMP*“®.aR4 (green) membranes. B) FTIR spectra of
WT**"*.aR4 (red), RC***-aR4 (blue), RCV***®.aR4 (green). C) UV/Vis
absorption spectra of WT***'>-aR4 before (red) and after (blue) bleach-
ing of the Ret, and the difference spectrum (green).

more dynamic, which may indicate that the packing of aR4
exhibits less rigidity in the absence of bacterioruberin. Similar
sizes and polydispersity indexes were obtained under differ-
ent protein concentrations. Figure 2 B and Figure S7 show the
FTIR spectra of WT*#1_3R4, RC'*-aR4, and RCMPX®_aR4
native membranes. The vibration bands of the amide A and
O-H stretching at 3296cm™!, the C—H stretching at
2959 cm™!, 2929 cm ! and 2871 cm ™!, the amide I stretching
of the backbone C=0 and C—N bond at 1659 cm™', and other
typical stretching models of the protein are similar in the
different proteins (Table S5), thus indicating that the
recombinant aR4, with either one or two chromophores, has
a similar overall secondary structure to the native form. The
C—C stretching at 1548 cm™' and 1072 cm™! are also similar.
Combining the UV/Vis measurements of WT**'>-aR4 before
and after bleaching of Ret (Figure 2C) and the stability
measurements of the three proteins (Table S2), it seems that
there is no direct contact between the two chromophores in
aR4, which suggests that maintaining the stability of the
protein trimer may be the main function of bacterioruberin,
as it is in aR2.""

A cis—trans thermal equilibrium of Ret with different
molar ratios in the DA state has been identified in all archaeal
proton pumps (Figure 3A).>!7 aR1 presents a 50:50 molar
ratio for all-trans to 13-cis in the claret membrane. The
recombinant aR3 in E. coli membranes also shows a close to
50:50 ratio,"”! but this molar ratio shifts to 77:23 in aR2.['"¥ The
difference in this thermal equilibrium may be a result of the
substitution of a Ret binding pocket residue at site 146 from
Met to Phe in aR2. This argument was supported by the
measurement of the Ret thermal equilibrium of the M145F
mutant bR.*'2 However, the crystal structures of light-
adapted bR and bacterioruberin-excluded aR2 show a rela-
tively similar Ret binding pocket and Ret polyene chain
configuration (Figure S6);1** ! therefore, there may be other
unknown factors contributing to this difference.

The Ret thermal equilibrium of aR4 in the DA state was
studied for the first time using in situ ssNMR. [10,11,14,15-
BC,]-Ret was incorporated into WT*#'>-aR4, RCM*”_3R4,
and RC"3-aR4 membranes using the published methods.!"”)
Chemical shift (CS) assignments of Ret at the 10, 11, 14, and
15 sites were obtained through 2D *C-2C correlation experi-
ments and 1D double-quantum filtration (DQF) experiments,
as shown in Figure 3 C-E, Figures S8,9, and Table 1. No large
shifts were observed at the 4 sites in either 13-cis or all-trans
forms in these samples. However, +0.7 ppm and —0.3 ppm
separation differences of the (C10, C11),;, and (C10, C11),.,,
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Figure 3. A) Isomerization thermal equilibrium of the Ret chromophore
in the DA state. B) Structural comparison of aR2 with (brown) and
without (green) bacterioruberin (2El14 and 1TVGOM MWhat are these?
PDB IDs? M M). C-E) 2D "C-"*C PDSD correlation spectra of
[10,11,14,15-*C,J-Ret-labelled WT***'>-aR4, RC"**-aR4, and RCMPK409-
aR4 in the DA state, respectively.

Table 1: Chemical shifts and the 13-cis to all-trans isomerization ratios of Ret for WT*#'>-aR4, RC"*3-aR4,

RCMPK4%9_3R4, and WTR™'.bR [
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lation between the Ret thermal equilibrium and bacterior-
uberin binding. Since the CS of the Schiff base (SB) nitrogen
is very sensitive to the Ret configuration, 1D “N CP
experiments were further performed on the °’N-Lys-labelled
samples to examine the influence of bacterioruberin (Fig-
ure S$12). Similar ’N CSs of the backbone nitrogen from the
four Lys residues that are at different locations in aR4 were
observed in RC**-aR4 and RCMP**”_3R4, which supports the
suggestion that the overall secondary structure of aR4 is still
conserved after removal of the bacterioruberin. A —0.8 ppm
shift of the SB nitrogen in 13-cis isomer and an extra peak at
181.2 ppm, which may represent formation of the L-state as
assigned in bR, were observed in RC'*3-aR4. These results
indicate that a long-range mediation mechanism between
bacterioruberin and Ret may exist and help to modulate the
photocycle kinetics of aR4. A greater than 1 nm blueshift for
bacterioruberin, and a 28 nm redshift for Ret, as indicated by
D86NM3-aR4, in the D86NMPKY_aR4 mutant were observed,
thus indicating the existence of such a bidirectional mediation
mechanism in this dual-chromophore system (Figure S13).
aR4 shows a proton pumping capability similar to that
exhibited by bR but displays an opposite temporal order of
proton release and uptake (Figure S14). Photo-isomerization
of the Ret from the all-trans to the
13-cis, 15-anti form triggers a cyclic
proton-transfer ~ reaction  that

includes a series of K-, L-, M-, N-,

- i - i o . . . .
c10 N 13 C'SCM 15 c10 a1 13” trarésM il Ratio [%]  4nd O-like photointermediates as in
the photocycle of bR.F*®! The influ-
WTPaRa 1304 1381 1115 1636 1331 1350 1227 1601 19:8] ence of bacterioruberin on the pho-
RCMP;?OF:4 130.1 138.5 111.2 163.2 133.2 134.8 122.5 160.3 47:53 tocycle kinetics of aR4 can be
RC -aR4 130.4 138.2 111.4 163.7 133.1 135.1 122.8 160.2 25:75 studied based on the light-induced
WTRMLpR 130.0 139.0 110.0 163.2 133.2 135.4 122.7 160.0 50:50 g

transient absorption change meas-

pairs were observed between RC'*-aR4 and WT*#'""-aR4,
and the CS values of Ret in RC*-aR4 were closer to those in
bR. The molar ratios of the two Ret isomers in the DA state
were calculated by integration of the (Cl14+ C15), and
(C14 + C15),,,,s peaks through deconvolution and best fitting
of the DQF spectra and were verified by CP experiments, as
shown in Figure S10,11, Table 1, and [l lTables? ll Il S6-10.
Various CP mixing times were used to minimize the
relaxation effects on the different carbon sites. The molar
ratios of the Ret isomers in WT**">.aR4 and RCMP**¥_3R4
are similar to those in the aR2, with the all-trans form
dominating."? ‘However, this ratio shifts to a close to
equivalent value in RC"*-aR4. It is clear that the shift of
the Ret cis-trans thermal equilibrium in RC**-aR4 can be
attributed to removal of the second chromophore bacterior-
uberin. By comparing the crystal structures of aR2 with and
without bacterioruberin, it can be concluded that the pumping
mechanism could involve bacterioruberin, which is localized
at the subunit—subunit boundary, and the absence of bacter-
ioruberin may  disrupt interactions among  the
F141--W138---W139---F146 cluster, thereby resulting in the
conformation change of the B-ionone ring of the Ret, "
which in turn affects the Ret cis—trans thermal equilibrium, as
illustrated in Figure 3B. This is the first evidence of a corre-
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urements of the M state (410 nm),

the O state (660 nm), and the recov-
ery trajectory towards the ground state (570 nm). The
complex titration curves of D86 and D97 in the unphotolysed
aR4 can also be used to reveal the influence of the
protonation status of the proton acceptor D86, the deproto-
nation kinetics of the protonated SB, and the reprotonation of
the proton donor D97 during the photocycle after removal of
the second chromophore.*!! Disturbed photocycle kinetics,
particularly a prolonged recovery time towards the initial
light-adapted (LA) state, were observed in RC**-aR4 (Fig-
ure 4 A and Table S3). A slightly increased pK, value (0.4
units) for D86 and a slightly decreased pK, value (0.3 units)
for D97 were observed in RC**-aR4, thus indicating a slightly
higher capacity to accept a proton by D86 and a slightly
weaker capacity to release a proton by D97 in RC™*-aR4
(Figure 4 B-C and Table S4). Perturbation of the photocycle
kinetics by the absence of bacterioruberin may be a conse-
quence of an increased pH gradient across the cell membrane,
which is generated by the shift of the Ret isomerization
thermal equilibrium. This argument was further examined by
the measurement of the adenosine triphosphate (ATP)
formation rate of the three proteins. H. salinarum employs
its membrane-bound proton pumping protein to synthesize
ATP under anaerobic conditions in the presence of light. The
formation of ATP through photophosphorylation generally
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Figure 4. A) Light-induced transient absorption changes in WT***'*-aR4
(A1), RC***-aR4 (A2), and RCMP*®.aR4 (A3). B,C) Complex titration
curves of D86 and D97 in the claret membranes for WT**'*.aR4 (B1
and C1), RC*3.aR4 (B2 and C2), and RC"™4®.aR4 (B3 and C3).

has a direct correlation with the proton-pumping capability.
Our results showed that the relative ATP formation rate
resulting from the photophosphorylation of the aR4 in the
MPK409 strains is lower than that of the aR4 in the 133
strains by more than 6 % (Figure S15). It has been reported
that the highest ATP formation rate is achieved when the light
used is closest to the maximum absorption band (550-600 nm)
of the Ret chromophore.’” This wavelength band corre-
sponds to a 50:50 molar ratio for the Ret isomerization
thermal equilibrium.! We found that the molar ratio of Ret
is close to 25:75 in both WT*#*"*_aR4 and RCM™?”_aR4 and
that this molar ratio shifts to 47:53 after removal of the second
chromophore in RC**-aR4. Therefore, the slightly higher
ATP formation rate in RC***-aR4 may be due to its Ret
isomerization thermal equilibrium, which is nearer to the
optimum. Our suggestion is reasonable since aR4 is a weak
proton pump,®™ and the modulation by bacterioruberin is
suggested to be by indirect moderation. Therefore, the second
chromophore bacterioruberin in aR4 may not only affect the
trimeric packing dynamics and stability but may also affect
the ATP formation rate indirectly by mediating il Mimodulat-
ing? MM the Ret isomerization thermal equilibrium of the
DA form. Mediationll lModulation? il of the Ret iso-
merization thermal equilibrium by M145F and Y185F muta-
tions in bR has been identified,!'>' but no observation has
yet been reported for the second chromophore.

In summary, the functional roles of the second chromo-
phore bacterioruberin in aR4 were explored systematically in
a true in situ manner. The cis—trans thermal equilibrium of the
Ret in the DA state shifts to a nearly equivalent form in
RC"*-aR4, and is restored to the all-trans dominating il lis it
all-trans or trans-dominated? Or do you mean “predomi-
nantly all-zrans”? M form in RCM*”_aR4. A long-range
correlation may exist between the two chromophores and
play a role in the photocycle kinetics, trimeric structure, and
light-energy conversion of aR4. Although other systems such
as E. coli have been used to express many microbial

S Angewandte
Communications o RO Crcomie
4tonm a3 rhodopsin proteins with exogenous chromophores, biased

Ret isomerization thermal equilibria and protein assembly
were obtained in these systems due to the different membrane
environments.”” The two recombinant aR4 systems provide
a unique opportunity for true in situ study of the mediation ll
Emodulation ? ll ll mechanism of the key residues during the
photocycle, such as D86, thereby paving the way to more fully
explore the proton-pumping and access-switch mechanisms of
aR4. These insights might be generalized to other photo-
receptors with a dual chromophore.
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