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ABSTRACT In many pro- and eukaryotes, a retinal-based proton pump equips the
cell to drive ATP synthesis with (sun)light. Such pumps, therefore, have been pro-
posed as a plug-in for cyanobacteria to artificially increase the efficiency of oxygenic
photosynthesis. However, little information on the metabolism of retinal, their chro-
mophore, is available for these organisms. We have studied the in vivo roles of five
genes (sll1541, slr1648, slr0091, slr1192, and slr0574) potentially involved in retinal
metabolism in Synechocystis sp. strain PCC 6803. With a gene deletion approach, we
have shown that Synechocystis apo-carotenoid-15,15-oxygenase (SynACO), encoded
by gene sll1541, is an indispensable enzyme for retinal synthesis in Synechocystis,
presumably via asymmetric cleavage of B-apo-carotenal. The second carotenoid oxy-
genase (SynDiox2), encoded by gene slr1648, competes with SynACO for substrate(s)
but only measurably contributes to retinal biosynthesis in stationary phase via an as-
yet-unknown mechanism. In vivo degradation of retinal may proceed through spon-
taneous chemical oxidation and via enzyme-catalyzed processes. Deletion of gene
slr0574 (encoding CYP120A1), but not of slr0091 or of slr1192, causes an increase
(relative to the level in wild-type Synechocystis) in the retinal content in both the lin-
ear and stationary growth phases. These results suggest that CYP120A1 does con-
tribute to retinal degradation. Preliminary data obtained using '3C-labeled retinal
suggest that conversion to retinol and retinoic acid and subsequent further oxida-
tion also play a role. Deletion of s/l1541 leads to deficiency in retinal synthesis and
allows the in vivo reconstitution of far-red-absorbing holo-proteorhodopsin with ex-
ogenous retinal analogues, as demonstrated here for all-trans 3,4-dehydroretinal
and 3-methylamino-16-nor-1,2,3,4-didehydroretinal.

IMPORTANCE Retinal is formed by many cyanobacteria and has a critical role in
most forms of life for processes such as photoreception, growth, and stress survival.
However, the metabolic pathways in cyanobacteria for synthesis and degradation of
retinal are poorly understood. In this paper we identify genes involved in its synthe-
sis, characterize their role, and provide an initial characterization of the pathway of
its degradation. This led to the identification of s//1541 (encoding SynACO) as the es-
sential gene for retinal synthesis. Multiple pathways for retinal degradation presum-
ably exist. These results have allowed us to construct a strain that expresses a light-
dependent proton pump with an action spectrum extending beyond 700 nm. The
availability of this strain will be important for further work aimed at increasing the
overall efficiency of oxygenic photosynthesis.
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he vastly increasing societal demand for biofuels makes it necessary to convert solar

energy as efficiently as possible. An important goal in the life sciences, therefore, is
to achieve an increase in the solar energy conversion efficiency. A widely proposed
approach to this goal is by expanding the absorption spectrum of oxygenic photosyn-
thesis into the far-red region of the spectrum of electromagnetic radiation (1-3), as this
type of photosynthesis so far is limited to the use of photons in the 350- to 700-nm
spectral window (4-6). Such an expansion can be achieved by introduction of a
heterologous photosystem, such as a cyclic electron transfer system of an anoxypho-
totroph (1, 3) or a retinal-based proton pump (7, 8), provided that these proton-
pumping photosystems can exploit far-red photons. The use of a retinal-based proton
pump may be simpler, particularly in terms of requirements relating to synthetic biology
and physiological adjustment.

Retinal-based photosynthesis is mediated by proton-pumping, mostly prokaryotic,
rhodopsins. These are heptahelical transmembrane proteins with a covalently bound
all-trans retinal (retinal A1) chromophore (for a review, see reference 9). Our previous
study has demonstrated that a retinal-based proton pump can contribute measurably
to energy conversion for growth of the cyanobacterium Synechocystis sp. strain PCC
6803 (here called Synechocystis) (8), a model organism for studies of oxygenic photo-
synthesis. Remarkably, that study also revealed that Synechocystis has the capacity to
synthesize all-trans retinal (8). This raises the question of which biochemical pathways
are used for retinal synthesis and degradation in Synechocystis. This question becomes
even more important if one wants to generate transgenic Synechocystis strains with a
retinal-based proton pump which can utilize far-red light (=700 nm). Because the
far-red-absorbing proton pumps known so far could be formed only via in vivo
reconstitution with a retinal analogue, if one wants to use retinal analogues in vivo in
an endogenous retinal-synthesizing organism like Synechocystis (10), deletion of the
endogenous all-trans retinal biosynthetic pathway will be required.

Retinal metabolism has been extensively studied, e.g., in animals, (green) algae,
fungi, archaebacteria, and eubacteria. So far, three different pathways for retinal biosyn-
thesis have been identified, all of which use a polyisoprenoid-derived substrate(s). In
animals, a B-carotene-15,15"-oxygenase (15,15’-BCO or BCO) is commonly employed to
generate all-trans retinal through symmetrical oxidative cleavage of B-carotene at the
C-15-C-15" double bond (11, 12). Halobacteria use two oxygenases (the bacteriorhodopsin-
related protein Brp and the Brp-like protein Blh) to synthesize all-trans retinal from
B-carotene (13). Selected microorganisms utilize apo-carotenoids (but not carotenoids) as
the precursor of all-trans retinal. Examples of the latter are the cyanobacterium Nostoc sp.
PCC 7120 and the fungus Fusarium fujikuroi (14, 15).

Gene sequence comparison indicates that two proteins in Synechocystis have sim-
ilarity with a carotenoid cleavage dioxygenase (CCD) (16). They are referred to as
Synechocystis apo-carotenoid-15,15-oxygenase (SynACO) [or (Syn)Diox1] (s/l1541), and
the second carotenoid oxygenase (SynDiox2) (slr1648). It has been shown that the
enzyme SynACO, in vitro, can degrade B-apo-carotenals, but not B-carotene, with a
wide tolerance with respect to (i) the chain length (i.e., between C,5 and Cs;) and (ii)
the chemical nature of the end groups (i.e., aldehydes and alcohols) (17) (Fig. 1). The
spatial structure of the substrate-binding pocket of SynACO is compatible with this
substrate specificity (18). Activity of SynDiox2 has been claimed to lead to accumulation
of B-13-carotenone (19), which would imply that SynDiox2 can cleave B-apo-carotenals.
If so, it will compete with SynACO for substrate (see Fig. 1).

Current knowledge of retinal degradation suggests that retinal in vivo is either
oxidized into retinoic acid or reduced to retinol. The former reaction is catalyzed by
members of the aldehyde dehydrogenase 1 (ALDH) superfamily (20), while the latter
reaction can be catalyzed by alcohol dehydrogenase (ADH), retinol dehydrogenase
(RDH), and aldo/keto reductase (AKR) (21). Very little information, however, is available
with respect to the question of whether ALDHs and/or ADHs from Synechocystis can
react with retinoids as their substrate.

Based on the information above and on substrate specificity identified in in vitro
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FIG 1 Tentative scheme of retinal synthesis and degradation in Synechocystis. A summary of available
information from in vitro-obtained data from the literature is shown (17-19, 25, 38). Solid arrows
represent reactions that have been demonstrated in vitro, while dashed lines represent hypothetical
pathways in Synechocystis. The pathways in red and blue represent the presumed pathways for synthesis
and degradation of retinal in vivo, respectively. Enzymes involved in the retinal biosynthesis and
biodegradation are present in red and blue, respectively. Genes encoding the corresponding enzyme are
indicated after the enzyme in black italic.

| B-apo-carotenoic acid |

assays (22-24), we decided to investigate the roles of three enzymes in retinal degra-
dation: the aldehyde dehydrogenase SynAlh1 (encoded by slr0097), the medium-chain
alcohol dehydrogenase AdhA (encoded by slr1792), and the cytochrome P450 enzyme
CYP120A1 (encoded by slr0574). SynAlh1 was chosen based on its substrate specificity,
even though in vitro assays show that it oxidizes only apo-carotenals (with chain length
of =C,.) and alkanals, but not retinal, into the corresponding acids (25) (Fig. 1). AdhA
was chosen because it has shown enzymatic activity toward aromatic primary alcohols
and preferentially reduces aldehydes rather than oxidizes alcohols (24) (Fig. 1).
CYP120A1 has been included because its in vitro characterization suggests that it
accepts not only retinoic acid but also retinal as a substrate and is able to introduce a
hydroxyl group at its C-16 or C-17 position (19) (Fig. 1).

In the present study, with the help of heterologous expression of proteorhodopsin
(PR), we have characterized the roles of sl/1541 and slr1648 in retinal synthesis and the
role of slr0091, slr0574, and slr1192 in retinal degradation in Synechocystis. We show that
SynACO is an indispensable enzyme for retinal synthesis, while SynDiox2 seems to
convert the same substrates (i.e., apo-carotenoids) as SynACO, but presumably into a
wider range of products than retinal. SynDiox2, however, may be important for retinal
biosynthesis in the late or stationary phase of growth, presumably via generating
precursors for retinal synthesis. As for the initial characterization of retinal degradation,
we show that slr0574 (encoding CYP120A1) contributes to retinal catabolism.

Moreover, we also show reconstitution of apo-PR, expressed in a Synechocystis strain
that cannot synthesize retinal, into holo-proteorhodopsin upon supplementation with
retinal analogues. This paves the way to generate PR-expressing strains that can harvest
far-red light (>700 nm) by supplementing the cyanobacterium with a strongly red-
shifting retinal analogue.

RESULTS

Retinal synthesis in Synechocystis. Based on the availability of the apo-PR expression
system plus the information from in vitro analyses summarized in the introduction, we
designed experiments to elucidate the pathway of retinal biosynthesis and degradation in
vivo. We first concentrated on the proposed roles of sl1541 and slr1648 in retinal synthesis.
Our strategy was to quantify the retinal contents in various mutants, all containing plasmid
PQCO06 (which drives high-level expression of histidine-tagged apo-PR) (8). These mutants
additionally carry a deletion in one or both of the above-mentioned two genes and are
referred to as JBS14001 (Asll1541), JBS14002 (Aslr1648), and JBS14003 (Asll1541 Aslr1648).
Wild-type (WT) Synechocystis carrying plasmid pQC006 was the positive control in these
experiments.

Figure 2A shows that, under our standard growth conditions (see Materials and
Methods), the growth rate of wild-type Synechocystis did not differ significantly from
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FIG 2 Retinal content in four Synechocystis strains grown in batch culture as a function of growth phase.
Cells were grown in BG-11 medium at moderate light intensity (see Materials and Methods). (A) Growth
curves monitored via the OD,, for comparison of the wild-type strain with the sl/1541 (JBS14001), slr1648
(JBS14002), and sll1541 slr1648 (JBS14003) deletion strains. Genes sll1541 and slr1648 encode enzymes
SynACO and SynDiox2, respectively. All strains were conjugated with plasmid pQC006 (for PR-His
expression). Error bars represent the standard deviation for 3 biological replicates (n = 3) and are visible
only when they exceed the size of the symbols. (B) Retinal content, expressed in a bar graph as the
estimated number of retinal molecules per cell. Samples were taken at 26 h, 58 h, 146 h, and 218 h for
retinal quantification by HPLC analysis. Error bars represent the standard deviation for 5 replicates.

those of the three mutant strains, although the mutant JBS14001 showed a slightly
higher final optical density at 730 nm (OD,,) than WT Synechocystis.

To reveal the dependency of the retinal content on the growth phase of Synechocystis,
cells were harvested from the above-described cultures at various time points. The retinal
content per cell was quantified by means of high-performance liquid chromatography
(HPLC) analysis (8). The results (Fig. 2B) revealed that no retinal could be detected in the
mutants JBS14001 and JBS14003, both of which carry a deletion of sll1547 (encoding
SynACO). In contrast, strain JBS14002, carrying a deletion of slr1648 (encoding SynDiox2),
had a slightly higher retinal content than the WT strain in both the exponential phase and
the phase of linear growth (represented by the samples taken after 26 h and 58 h,
respectively) but had a significantly lower retinal content than the WT in the late stationary
phase (i.e., after 218 h). These results strongly suggest that s//7541 (encoding SynACO) plays
the indispensable role in retinal synthesis in Synechocystis, while SynDiox2 may consume
(part of) the same substrate(s) as SynACO before cells have reached stationary phase, to
convert them into products other than retinal.

Purification of histidine-tagged PR from a mutant strain deficient in retinal
synthesis. A Synechocystis strain deficient in retinal synthesis is required when one
wants to reconstitute a far-red-absorbing proton pump in vivo via the use of a retinal
analogue. Tests for the absence of retinal can be done with HPLC analysis or via the
absence of the typical spectroscopic feature of the formation of holo-PR, which gives
rise to the prominent absorption band peaking at 518 nm under slightly alkaline
conditions (26). The corresponding experiment was carried out with strain JBS14003
containing plasmid pQC006 (for apo-PR-His expression). Cultures of this strain were
grown under a mixture of red and blue light at a moderate combined light intensity
(~35 wE m—2 s77), with or without exogenous addition of 10 uM all-trans retinal. WT
Synechocystis conjugated with plasmid pQC006, as a control strain, was grown under
the same conditions but without the addition of all-trans retinal. His-tagged PR was
purified from harvested cells as described before (see Materials and Methods), and the
UV-visible (UV-vis) absorption spectrum of the eluted fractions was recorded by spec-
trophotometry.

As expected, the relevant fractions from the control strain (WT Synechocystis plus
pQCO006) showed a pink appearance (data not shown), and their spectra contained an
absorption peak in the range of 400 to 600 nm, with a maximum at 517 nm (Fig. 3).
These characteristics clearly suggest the presence of significant amounts of holo-PR (8).
Significantly, this was not observed for the corresponding fractions from strain
JBS14003 containing plasmid pQC006 (Fig. 3). However, when strain JBS14003 (plus
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FIG 3 Spectra of fractions eluted from an Ni2* affinity column for purification of His-tagged proteorho-
dopsin from Synechocystis. A strain deficient in retinal synthesis (JBS14003, with deletions in s//1541 and
slr1648), conjugated with plasmid pQC006 (for the expression of PR-His), was cultivated in BG-11 medium
supplemented with or without 10 uM all-trans retinal. Wild-type (WT) Synechocystis conjugated with
plasmid pQC006 was used as the positive control.

pQC006) was supplied with exogenous all-trans retinal, the relevant eluted fractions did
show the typical absorption spectrum of holo-PR (Fig. 3). This conclusively confirms our
observation that JBS14003 is deficient in retinal synthesis and the subsequent forma-
tion of holo-PR in Synechocystis. The spectral bands in the ranges of 350 to 450 nm and
650 to 700 nm, which consistently appeared in PR-containing fractions obtained from
Synechocystis (Fig. 3), indicate that small amounts of (presumably protein-bound)
chlorophyll a (and possibly carotenoids) are also present in these samples.

In vivo reconstitution of far-red-shifted holo-PR via supplementation with a
retinal analogue. The successful reconstitution of holo-PR in vivo via supplementation of
retinal allows for experiments with the aim of altering the chromophore of holo-PR in vivo.
Because of our interest in a red-shifted, retinal-based proton pump in Synechocystis (7), we
selected the retinal analogue 3-methylamino-16-nor-1,2,3,4-didehydroretinal (MMAR) (27),
which was shown to red-shift the absorbance band of PR by about 50 nm relative to
all-trans retinal, with additional tailing-out to about 850 nm (27). Moreover, reconstitution
of MMAR with a red-shifted PR-DNFS double mutant (PR-D212N/F234S) that absorbs
maximally 537 nm in the alkaline state (28) further shifts the absorption of the holo-protein
into the far-red region (absorbance maximum at 740 nm) (27). Therefore, we
supplemented two batches of a retinal-deficient Synechocystis culture expressing PR
[strain JBS14003(pQC006)] or expressing PR-DNFS [strain QCSY004(pQC018)] with
MMAR for reconstitution of red-shifted holo-PR in vivo.

The UV-vis absorption spectrum of His-tagged PR reconstituted with MMAR and
purified from Synechocystis JBS14003(pQC006) (PR:MMAR) shows a broad main absorp-
tion band with a maximum at 570 nm, and a low-energy shoulder ranging from 700 to
~850 nm. holo-PR-DNFS reconstituted with MMAR [purified from strain QCSY004(pQC018)],
in contrast, shows a broad and complex absorption peak with a maximum around 740 nm
(Fig. 4). This photoactive protein, isolated from Synechocystis, thus is able to absorb light of
wavelengths beyond 700 nm. After correction for traces of contaminating chlorophyll
(see also above), the spectra of the PRIMMAR and PR-DNFS:MMAR pigments purified
from Synechocystis (Fig. 4) correspond very closely to those of the same holo-proteins
isolated from Escherichia coli (27). This demonstrates that these holo-proteins are
properly reconstituted in Synechocystis and that MMAR is not metabolically modified
prior to incorporation into apo-PR.

Binding selectivity of apo-PR for retinal A1 and retinal A2 in vivo. It is important
to check whether or not expression of PR in Synechocystis cells alters PR’s affinity for
retinal and it analogues. We therefore also reconstituted apo-PR with a mixture of
retinals. To characterize the binding selectivity of apo-PR, we utilized two mixtures with
different ratios of retinal A1 and all-trans 3,4-dehydroretinal (retinal A2) as the substrate
for in vivo reconstitution. Retinal A2 was selected because it easily incorporates into
apo-PR, thereby generating a PR:retinal A2 holo-protein with about a 40-nm red shift in
the absorption maximum (10). HPLC analysis of both mixtures after their conversion
with hydroxylamine into the more stable oxime derivative showed that both samples
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FIG 4 Incorporation of a retinal analogue in apo-proteorhodopsin in vivo. (Left) Strains deficient in retinal
synthesis (JBS14003, conjugated with plasmid pQC006 for expression of PR-His, and QCSY004, conju-
gated with plasmid pQC018 for expression of PR-DNFS-His) were inoculated in BG-11 medium with
exogenous addition of native retinal (A1) or the retinal analogue MMAR. holo-proteins were isolated by
Ni2*-affinity chromatography (see Materials and Methods). Spectra of PR:A1T and PR:IMMAR (both from
Synechocystis) were corrected by subtracting the spectrum of an apo-PR-His fraction isolated from
Synechocystis. For comparison, the spectra of PRRIMMAR (10) and PR-DNFS:MMAR, purified from Syn-
echocystis and E. coli (27), have been added. The spectra have been normalized by eye. (Right) Chemical
structures of retinal analogues used in this experiment (27).

contained two fractions eluting at 2.85 min and 3.17 min (Fig. 5A). On the basis of their
spectra, these two components have been identified as the oxime derivatives of retinals
A1 and A2, respectively (29). Quantitative analysis, on the basis of relevant peak area
and the respective extinction coefficients, suggests that the A1/A2 molar ratios in these
mixtures are (25 = 4):(75 = 4) and (15 £ 0.3):(85 = 0.3), respectively.

We supplemented apo-PR in two separate cultures of Synechocystis [JBS14003(pQC006)]
with above-described two mixtures of retinals A1 and A2. After purification, the holo-PR-His
fractions showed an absorption peak with a maximum at 560 nm and a shoulder at 518 nm.
This confirmed the binding of both retinals A2 and A1 to apo-PR-His (10). The ratio of the
absorption maxima at 518 and 560 nm varied depending on the composition of the retinal
mixture provided to the cells. HPLC analysis of chromophores reisolated from the purified
holo-PR-His samples showed that their chromophore compositions (i.e., the ratio of retinal
A1 to retinal A2) of (22 = 1):(78 = 2) and (16 = 0.2):(84 =+ 0.2) are very similar to the
chromophore ratios in the mixtures used for the in vivo reconstitution (see above). We
therefore conclude that apo-PR expressed in Synechocystis has about the same selectivity
for these two chromophores even when a significant part of it is expressed in the thylakoid
membranes of Synechocystis (8).

Retinal degradation in Synechocystis. Our previous studies (8, 30) revealed that
Synechocystis has the ability to synthesize all-trans retinal but apparently is also able to
rapidly degrade it, because retinal cannot be detected in Synechocystis cells unless
these cells heterologously express a rhodopsin.

To explore retinal catabolism in Synechocystis in vivo, we decided to investigate the
role of aldehyde dehydrogenase SynAlh1 (encoded by slr00917), the medium-chain
alcohol dehydrogenase AdhA (encoded by slr17192), and the cytochrome P450 isoform
CYP120A1 (encoded by s/r0574). To determine whether deleting one or more of these
genes will result in a significant increase in retinal content, we first quantified the (free)
retinal content in several deletion mutants that were without apo-PR expression (i.e.,
QCSY001 [AsIr0091], QCSY002 [Aslr0574], QCSY003 [Aslr0091 Aslr0574], and UL025
[AsIr1192] [Table 1]), while WT Synechocystis was used as the control. However, although
we took samples at four different growth phases from the culture of each strain, no
retinal was detected in any of the mutants, or in the WT, at any growth phase. This
result is consistent with our previous observation that in Synechocystis, heterologous
expression of PR is strictly required for the protection of retinal against degradation (8).

Therefore, we conjugated our PR expression plasmid pQCO006 into all the deletion
mutants of genes putatively involved in retinal degradation. As retinal is chemically

May 2018 Volume 84 Issue 9 e02435-17

Applied and Environmental Microbiology

aem.asm.org 6

NIOINCIN LIFLISYIAINN ANOFAv Agq 8102 ‘62 |idy uo /610" wse wae//:dny wolj papeojumoq


http://aem.asm.org
http://aem.asm.org/

Retinal Metabolism in Synechocystis sp. Strain PCC 6803

A B
—— Mixture (absorption at 354.2 nm) Oxime of Al (Max. 354 nm)
------Mixture (absorption at 367.8 nm) ~ =====- Oxime of A2 (Max. 367 nm)
4.E+05 1 -
g 2 3405
o 3.E+05 A -
g H 2.E+05
<
£ 2.E+05 £
2 S
F<° 1.E+05 A 2 1.E+05
0.E+00 0.E+00 i
2 3 4 250 350 450
Retention time (min) Wavelength (nm)
C D
——PR: (Al : A2) (25% : 75%)
""" PR: (Al': A2) (15% : 85%) NN NN
~ PR:A2 @ ‘
=)
2 0.6 Al
g 04
£ ) T N N
o
<
2 0.2
<«
0 A2
450 550 650

‘Wavelength (nm)

FIG 5 Binding selectivity of apo-PR for retinals A1 and A2 in vivo. (A) Elution pattern of the two
chromophores from the HPLC system as measured via the absorption at 354.2 nm (solid line) and 367.8
nm (dashed line), the absorbance maxima of the oxime forms of retinals A1 and A2, respectively. (B)
Absorption spectra of the two peaks separated by HPLC, which confirms that the compound eluting at
2.852 min is the oxime form of retinal A1 (solid line, maximum absorption at 354 nm), while the
compound eluting at 3.176 min is the oxime form of retinal A2 (dashed line, maximum absorption at 367
nm) (29). (C) Incorporation of a mixture of retinals A1 and A2 into apo-proteorhodopsin in Synechocystis
in vivo. A retinal synthesis-deficient strain, JBS14003, conjugated with plasmid pQC006 (for expression of
PR-His), was inoculated with mixtures of all-trans retinal A1 and all-trans retinal A2 at two different ratios,
and holo-PR was isolated. The pigment PR:A1 shows an absorption peak at 518 nm, while the pigment
PR:A2 has a maximum absorption at 560 nm (10). (D) Chemical structures of retinal analogues used in this
experiment (27).

rather unstable, particularly in the light, retinal accumulation due to disruption of a
degradation pathway may be visible only when a significant fraction of apo-PR is
present in cells, as apo-PR will incorporate retinal and protect it from degradation.
Hence, an optimal time window in which an excess of apo-PR over retinal exists has to
be identified. Figure 6 shows that both the apo-PR expression levels and the retinal
content in the WT strain conjugated with pQC006 change with the subsequent growth
phases, but in different patterns. The level of intact (apo)-PR increased and reached a
peak in the early stationary phase, followed by a subsequent decrease. In contrast, the
retinal content showed an overall increasing trend, but with a decrease at the start of
the linear growth phase. The highest ratio of apo-PR expression level to retinal content
was observed in the linear growth phase. Two independent biological experiments
yielded a molar apo-PR/retinal ratio in that growth phase of 2.1 = 0.2 (n = 2). Therefore,
the linear growth phase provides a suitable time window to monitor a potential
increase in the retinal content in the deletion mutants described above. Beyond that,
the late stationary phase also may be informative in this respect, as in this growth phase
a higher retinal content than PR expression level is consistently detected in the WT plus
pQCO006, although the underlying mechanism has not been resolved.

From each strain, a batch of cells was harvested in the linear growth phase (OD,5, ~
0.95) and in the stationary phase (OD,, between 3 and 4) for all-trans retinal quantification.
HPLC analysis of those samples showed that the retinal content of QCSY002(pQC006) was
higher than that of WT(pQC006) in both the linear growth phase and the stationary phase
(Fig. 7), which suggests that CYP120A1, the product of gene slr0574, contributes to retinal
degradation.
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TABLE 1 Strains and plasmids constructed for this study

Strain or plasmid Relevant characteristics? Source or reference(s)
Strains
Synechocystis sp.
PCC 6803
WT Glucose-tolerant Synechocystis sp. PCC 6803 D. Bhaya, Stanford University,
Stanford, CA
PSl-less Camr ApsaAB::Cam®; PSI deletion strain derived from glucose-tolerant 41
Synechocystis sp. PCC 6803
JBS14001 Spcr Str" Asll1541:€); chromosomal deletion of gene sll1541 This study
JBS14002 Camr Aslr1648:Cam"; chromosomal deletion of gene slr1648 This study
JBS14003 Spcr Strr Cam® Asll1541:Q) Aslr1648:Cam’; chromosomal deletion of genes This study
sll1541 and slr1648
QCSY001 Spcr Strr Aslr0091:(); chromosomal deletion of gene s/r0091 This study
QCSY002 Camr Aslr0574::Cam"; chromosomal deletion of gene slr0574 This study
QCSY003 Spcr Str" Cam* Aslr0091:Q), Aslr0574::Cam®; chromosomal deletion of genes This study
sIr0091 and slr0574
QCSY004 Spcr Strr Cam® Asll1541:Q) ApsaAB:Cam'; chromosomal deletion of genes slr1154 This study
and psaAB
UL025 Zoe" Aslr1192:Zoe"; chromosomal deletion of gene s/r1792 T. Pembroke, Limerick, Ireland
Escherichia coli
XL1-Blue Cloning host Agilent Technologies
J53/RP4 Helper strain 50, 51
Plasmids
pJBS1312 Kan"; expression vector, pVZ321 origin, P,,4, promoter 8
pQC006 Kan"; pJBS1312-based expression of pR with a C-terminal 6X histidine tag 8
pFL-SN Ampr Cam?"; BioBrick “T” vector with Xcml on each side 45
pFL-XN Ampr Cam’; BioBrick “T” vector with Spel, Nhel, and Xbal on one side of the 45
chloramphenicol cassette
pWDO013 PFL-SN derivative; Amp"; containing upstream and downstream homologous This study
regions of the slr0097 gene
pQCO016 PFL-SN derivative; Amp" Spc" Str'; containing upstream and downstream This study
homologous regions of the slr0091 gene with an () resistance cassette
between
pQCO15 PFL-SN derivative; Amp" Cam'; containing upstream and downstream This study

homologous regions of the slr0574 gene with a chloramphenicol resistance
cassette between
pQC018 Kan'; pJBS1312-based expression of PR-DNFS with a C-terminal 6X histidine tag This study

a(), omega resistance cassette; Cam’, chloramphenicol resistance; Amp*, ampicillin resistance cassette; Kan', kanamycin resistance; Zoe', Zeocin resistance; Spc',
spectinomycin resistance; Str', streptomycin resistance.

DISCUSSION

Retinoids (in particular retinal, retinol, and retinoic acid) are essential molecules for
most forms of life with respect to vision, normal embryonic development, and control
of cellular growth, differentiation, energetics, and stress survival (9, 31, 32). Sequence
alignment shows that genes with significant similarity to BCO I/BCO Il genes (encoding
B-carotene-cleaving enzymes) are widespread in cyanobacteria (16, 17). Consistent with
that, in studies on cyanobacterial blooms in eutrophic lakes, retinal was detected in
many of the 39 species of freshwater cyanobacteria and algae identified (33). Beyond
that, earlier findings on the occurrence of retinoid receptors in Calothrix (34), Anabaena
(35), Leptolyngbya (36), Nostoc sp. PCC 7120 (31), and Gloeobacter violaceus PCC 7421
(37) confirmed the widespread occurrence of retinoids in cyanobacteria.

However, relatively little information on retinoid metabolism (and biological func-
tion, but see, e.g., reference 35) was documented for cyanobacteria, although the
characteristics of relevant enzymes from Nostoc sp. PCC 7120 and Synechocystis sp. PCC
6803 have been extensively investigated in vitro (17-19, 25, 38). Therefore, we have
initiated a study to elucidate the metabolism of retinal in vivo in the model cyanobac-
terium Synechocystis sp. PCC 6803 to start filling this gap and pave the way for further
studies of retinoid metabolism and function in (engineered) cyanobacteria.

Our investigation on retinal synthesis shows that deletion of s//1541 (encoding
SynACO) completely impairs the ability of the cells to synthesize all-trans retinal in
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FIG 6 Cellular retinal content in batch cultures of a PR-expressing Synechocystis strain as a function of the
growth phase of the culture. Cells were grown in BG-11 medium at a moderate light intensity. (A) Growth
curve of the wild type, conjugated with plasmid pQC006 (for PR-His expression), monitored via the OD 5.
(B) Ratio of (apo)-PR expression level to retinal content as a function of growth phase in the wild-type
strain containing pQC006. Samples were taken after 74 h, 96 h, 138 h, 192 h, and 265 h for retinal
quantification by HPLC analysis and for (apo)-PR-His quantification via Western blots. The data shown are
from two independent experiments. The highest number of molecules expressed were 1.25 X 10° (for
apo-PR after 138 h) and 2.3 X 10° (for retinal after 265 h).

Synechocystis, which determines that SynACO is decisively involved in retinal synthesis.
This result confirms SynACO’s enzymatic activity identified in vitro (17, 18). Beyond that,
we also observed that deletion of slr1648 (encoding SynDiox2) resulted in a consider-
able stimulation of retinal production during early stages of growth (e.g., before 146 h
in Fig. 2B). Enzymatic characterization of the activity of SynDiox2 has led to the claim
that its activity leads to the accumulation of B-13-carotenone (19). A subsequent
study demonstrated that NosDiox2, a homologue of SynDiox2, also consumes B-apo-
carotenal. However, NosDiox2 cleaves at the C-13-C-14 or C-13'-C-14’ double bond,
thereby synthesizing B-apo-carotenone (38). Together with our data, this implies that
SynDiox2 in Synechocystis actually competes with SynACO for the same substrates, so
that deletion of slr1648 can drive more flux through SynACO, to produce more retinal.
Strikingly, the study on NosDiox2 also revealed, for selected substrates, a new cleavage
position at the C-15-C-15" double bond (38). However, no retinal was found in our
strain JBS14001(pQC006), the mutant in which SynACO was deleted but SynDiox2 was
still present. SynDiox2, therefore, did not measurably cleave carotenoids at the C-15-
C-15" double bond, which would have directly generated retinal in Synechocystis. This
absence of activity may well have been caused by a lack of substrate near the active site
of the enzyme.

Moreover, Fig. 2 presents a clear growth phase dependency of the retinal content
in Synechocystis. A higher retinal content was observed in the stationary phase for both

B Retinal content in linear phase

ORetinal content in stationary phase
1.2E+05 1 ok

8.0E+04 A b

Retinal content
(molecules per cell)

4.0E+04 A

0.0E+00 + T T T T
WT  QCSY001 QCSY002 QCSY003 UL025

Synechocystis strains

FIG 7 Comparison of the retinal contents of the wild type and of four Synechocystis deletion strains, the
sIr0091 (QCSY001), slr0574 (QCSY002), slr0091 slr0574 (QCSY003), and slr17192 (UL025) mutants. Genes
sIr0091, slr0574, and slr1192 encode the enzymes SynAlh1, CYP120A1, and AdhA, respectively. All strains
were conjugated with plasmid pQC006 (for PR-His expression). Samples were taken in the linear growth
phase (OD,;, ~ 0.95) and in the stationary phase (OD,, between ~3 and 4) for retinal quantification by
HPLC analysis. Error bars represent the standard deviation for 4 replicates. Asterisks mark statistically
significant differences from the WT value (**, P < 0.001; *, P < 0.05).
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the WT and JBS14002 (carrying a deletion of SynDiox2 and containing the PR-
expression plasmid). This could be a consequence of the fact that both s/r1648
(encoding SynDiox2) and sll1541 (encoding SynACO) are more actively transcribed in
the stationary phase than in the exponential phase (39), which would allow the cells to
synthesize more retinal. This retinal must be protected by PR from degradation, yet it
accumulates to high levels in the stationary phase, while simultaneously PR is slowly
enzymatically degraded. Presumably, the C-terminal His tag will be one of the first
elements of the protein to be removed, but its retinal binding pocket may be more
resistant against proteolysis (40). Such partial hydrolysis may obliterate binding of the
anti-His tag antibody in Western blotting but could still allow stabilization of retinal
against degradation, so that a large excess of retinal over full-length PR would be
measured (Fig. 6B).

Furthermore, a higher retinal content in the stationary phase was observed in the
WT with pQC006 than in JBS14002 (ADiox2) with pQC006. We therefore consider it
likely that s/r1648 significantly contributes to retinal synthesis in the late stages of
growth because of its higher transcription level. However, how SynDiox2 can stimulate
retinal production at this stage is still unclear. Possibly this involves the supply of different
substrates to SynACO or a larger supply of carotenoid precursors in the stationary phase,
e.g., via involvement of other metabolic pathways.

In addition, the pattern observed in both WT(pQC006) and JBS14002(pQC006)
shows that the net retinal content in Synechocystis decreased slightly in the linear
growth phase (at 58 h in Fig. 2B). Possibly, in this light-limited growth phase, carote-
noids are needed for the assembly of more photosynthetic machinery, whereby less
carotenoid would be available for retinal synthesis.

Investigation of retinal degradation in Synechocystis is a delicate task, as retinal itself
is chemically rather unstable. Our experiments on the stability of retinal in Synechocystis
cultures have shown that its half-life is less than 2 h. In addition, we found approxi-
mately 10% to 10° molecules retinal per cell in the WT with pQC006 but no retinal in WT
cells, which implies that Synechocystis has the capability to efficiently degrade (free)
retinal. Moreover, deletion of genes encoding presumed degradation enzymes did not
lead to strong accumulation of retinal (except for deletion of slr0574), which indicates
the existence and high capacity of additional chemical and/or biochemical routes of
degradation.

To find pathways relevant for retinal degradation, a more straightforward approach
would be to investigate the content and composition of retinoids (i.e., retinal, retinol,
and retinoic acid) separately among the WT and its various mutants. However, due to
the instability of the retinoids and the complexity and overlap between different
degradation mechanisms, quantitative estimation of retinoids is challenging. The fate
of retinal in Synechocystis can be traced in vivo via supplementing Synechocystis cultures
with '3C-labeled retinal, in combination with nuclear magnetic resonance (NMR) pro-
filing of pigment extracts. Preliminary results have been obtained via studies of the
degradation of a combination of [3-'3C]retinal and [15-"3C]retinal at a total concentra-
tion of 0.47 mM in a concentrated suspension (OD,5, = 17) of Synechocystis cells
harvested at the end of the linear growth phase. Under those conditions, rapid
degradation of retinal is observed, yielding a plethora of products. Ring oxidation
products and retinoic acid are detected as intermediates. Retinol is detected only in a
late phase (see the supplemental material). In separate experiments, we observed that
neither the conversion from retinol into retinal nor the conversion from retinoic acid to
retinal could be observed via HPLC analysis in WT cells of Synechocystis, nor could any
holo-PR be isolated from such incubations of the SynACO deletion mutant JBS14001.
More-detailed analysis of retinal degradation in Synechocystis would require the use of
retinals labeled at various positions.

In this study, we further have shown that a photoactive proton pump can be
expressed in and isolated from Synechocystis with an action spectrum extending
beyond 700 nm. The absorbance cross-section of this holo-proteorhodopsin in the
near-infrared region is significant, and it maintains pumping activity under 730-nm LED
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TABLE 2 Primers used in this study

Name Fragment? Sequence?

JBS391 sll1541 hom1 (F) TACGAATTCCAATTGCGAGTAATTAGAAGAAC

JBS392 sll1541 hom1 (R) CTCCCGGCATTCTAGAGGTCAATGGGGAAGTTTG

JBS393 sll1541 Q (F) ACTTCCCCATTGACCTCTAGAATGCCGGGAGTGTACAAAG
JBS394 sll1541 Q (R) CATCTAGACTACTAGTCAAGCGAGCTCGATATCC

JBS395 sll1541 hom2 (F) TATCGAGCTCGCTTGACTAGTAGTCTAGATGGCCACCGC

JBS396 sll1541 hom2 (R) TACCTGCAGCTCAACAGCTTGCCTTTGTTG

JBS397 slr1648 hom1 (F) TACGAATTCCGGTGGAAGATTTCATTC

JBS398 slr1648 hom1 (R) GGGCATCGCGTCTAGAAGAGGGGTGAAAAAATTTG

JBS399 slr1648 Cm (F) TTTTTTCACCCCTCTTCTAGACGCGATGCCCTTTCGTCTTC

JBS400 slr1648 Cm (R) GAAAATTTTCACTAGTGATCGCGCGATGGGTCGA

JBS401 slr1648 hom2 (F) ACCCATCGCGCGATCACTAGTGAAAATTTTCCGTCAGCATAG
JBS402 slr1648 hom2 (R) TACCTGCAGCCTCCGGGAAACAACAAAG

QC37 slr0091 Q (F) ATTAACATTTCTAGAATGCCGGGAGTGTACAAAG

QC38 slr0091 Q (R) TGAATAATCACTAGTCAAGCGAGCTCGATATCC

QC43 slr0574 hom1 (F) GAATTCCTTCTATTCGTGAG

QC44 slr0574 hom1 (R) CGAAAGGGCATCGCGTCTAGAGGAAAGAAATAGGTTG

QcC47 slr0574 hom2 (F) ACCCATCGCGCGATCGCTAGCTTATTTGGTAGTGAAATTATTATTGGC
QC48 slr0574 hom2 (R) CTGCAG ATCGCTTCCGCC

Adh-up-Fwd slr0091 hom1 (F) CAAGGAATTACTGGCATCTACC

Adh-up-Rev slr0097 hom1 (R) GCCATAGGGAGAATAGCGTATCTAGAGCTCAGCAACAACAGTTTTAG
Adh-down-Fwd slr0091 hom2 (F) CTAAAACTGTTGTTGCTGAGCTCTAGATACGCTATTCTCCCTATGGC
Adh-down-Rev sIr0091 hom?2 (R) GCGGTTTITGGTCACTCC

a(), omega resistance cassette; Cam, chloramphenicol resistance cassette; F, forward primer; R, reverse primer.
bSequences that overlap the sequence of the target fragment are underlined. Sequences that overlap the adjacent fragment for the fusion PCR are in italic.

illumination (27). Thus, our work paves new ways to generate Synechocystis strains
which can exploit photons beyond 700 nm for (oxygenic) photosynthesis. This conclu-
sion is reinforced by our recent observation that PR can significantly accelerate pho-
totrophic growth in a PS-I-deletion strain of Synechocystis (Q. Chen et al., unpublished
data).

MATERIALS AND METHODS

Strains and growth conditions. Strains of Escherichia coli were routinely grown in LB-Lennox (LB)
liquid medium at 37°C with shaking at 200 rpm or on solid LB plates containing 1.5% (wt/vol) agar.

Synechocystis sp. PCC 6803 (a glucose-tolerant strain, kindly provided by D. Bhaya, Stanford Univer-
sity, USA) was routinely grown at 30°C with continuous illumination with white light at moderate
intensities of approximately 45 wE - m=2 . s~ (= 45 umol photons - m~2 - s—1). Liquid cultures were
grown in BG-11 medium (Sigma-Aldrich) supplemented with 50 mM sodium bicarbonate, 25 mM TES
[N-tris(hydroxymethyl)methyl-2-aminoethanesulfonic acid]-KOH (pH 8), and appropriate antibiotics and
with shaking at 120 rpm (Innova 43; New Brunswick Scientific). The BG-11 agar plates were supple-
mented with 10 mM TES-KOH (pH 8), 5 mM glucose, 20 mM sodium thiosulfate, and 1.5% (wt/vol) agar.
Photosystem | (PSl)-less Synechocystis sp. PCC 6803 (41) (a glucose-tolerant strain, kindly provided by
Christiane Funk, Umeé University, Sweden) was grown under similar conditions but with illumination at
lower intensities of approximately 5 wE - m~2 - s—1. Additionally, cultures were grown in routine BG-11
medium and BG-11 agar supplemented with 10 mM glucose.

Where appropriate, antibiotics were added, either separately or in combination, to the following final
concentration: ampicillin, 100 ug/ml; kanamycin, 25 to 50 wg/ml; chloramphenicol, 35 ug/ml; strepto-
mycin, 10 pg/ml; and spectinomycin, 25 ug/ml.

Strain construction. Genomic sequences of sll1541, slr1648, slr0091, slr0574, and slr1192, which
encode SynACO, SynDiox2, SynAlh1, CYP120A1, and AdhA, respectively, were derived from CyanoBase
(42). Unless noted otherwise, PCRs were performed with the proofreading Pwo DNA polymerase (Roche
Diagnostics) or the Herculase Il fusion enzyme (Agilent Technologies). Ligation was performed with T4
DNA ligase (Thermo Scientific). The constructed plasmid was transformed into Escherichia coli XL1-Blue
(Agilent Technologies) and verified using specific PCRs with 2X MyTaq polymerase (Bioline), followed by
additional verification via sequencing. The strains and plasmids constructed in this study are listed in
Table 1, and the primers used are listed in Table 2.

sl11541 null mutants (strain JBS14001) were constructed by double-homologous recombination with
a fusion PCR product consisting of three fragments: a fragment of approximately 1,400 bp adjacent to
sll1541 (hom1), a fragment containing an omega antibiotic resistance cassette, and a fragment of
approximately 1,400 bp adjacent to the complementary side of sll1541 (hom2). The hom1 and hom2
fragments were amplified from genomic DNA with primers JBS391 and JBS392 and primers JBS395 and
JBS396, respectively, which introduced overlaps with the omega fragment. The omega fragment was
amplified from pAVO-cTM1254 (43) with primers JBS393 and JBS394, which introduced overlaps with
both the hom1 and the hom2 fragments. The three fragments were fused together in a PCR of 15 cycles
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without additional primers, then primers JBS391 and JBS396 and extra deoxynucleoside triphosphates
(dNTPs) were added, and the PCR was continued for an additional 25 cycles.

Deletion of gene sll1541 (encoding SynACO) from PSI-less Synechocystis (strain QCSY004) was carried
out essentially according to the procedure described above.

slr1648 null mutants (strain JBS14002) were constructed using the same approach, except that a
chloramphenicol resistance cassette was used as the marker. Primers JBS397 and JBS398 and primers
JBS401 and JBS402 were used to amplify the corresponding hom1 and hom2 fragments, respectively,
from genomic DNA. Primers JBS399 and 400 were used to amplify the chloramphenicol resistance
cassette from plasmid phaAHCmH (44).

The resulting fragments were gel purified using the Qiagen QIAquick gel extraction kit (Qiagen) or
the Bioline Isolate Il PCR and Gel kit (Bioline) according to the instructions provided by the manufac-
turers.

sIr0091 null mutants (strain QCSY001) were constructed by double-homologous recombination with
plasmid pQC016, which was derived from plasmid pWD013 containing an omega antibiotic resistance
cassette. For pWDO013 plasmid construction, upstream (hom1) and downstream (hom2) homologous
regions (approximately 1,000 bp each) of slr0091 were amplified from Synechocystis genomic DNA with
primers Adh-up-Fwd and Adh-up-Rev and primers Adh-down-Fwd and Adh-down-Rev, respectively.
Those primers also introduced overlaps between hom1 and hom2 and an Xbal site, which were used to
fuse the generated fragments together with Pfu DNA polymerase (Thermo Scientific). After gel extraction
and purification (Zymo Research), an extra adenosine (A) was added as the 3’ overhang of the fusion
fragment, using Tag DNA polymerase (Thermo Scientific). This fragment was then ligated to the BioBrick
“T" vector pFL-SN (45). The omega antibiotic resistance cassette was amplified with primers QC37 and
QC38, which contained Xbal and Spel sites, respectively. The obtained fragment was inserted between
hom1 and hom2 of plasmid pWDO013, using the Xbal restriction enzyme.

An slr0574 null mutant (strain QCSY002) was constructed by double-homologous recombination with
plasmid pQCO15 carrying three fragments: a fragment of approximately 1,000 bp adjacent to slir0574 (hom1),
a chloramphenicol resistance cassette, and a fragment of approximately 1,000 bp adjacent to the comple-
mentary side of slr0574 (hom2). hom1 and hom2 were amplified from genomic DNA by using primers QC43
and QC44 and primers QC47 and QC48, respectively. Amplified hom1 was introduced into plasmid PFL-XN/
Cm(+) (45), which contains a chloramphenicol resistance cassette, by using the Nhel and Pstl restriction
enzymes, while hom2 was introduced into the plasmid by using the Xbal restriction enzyme.

The gene encoding the red-shifted proteorhodopsin (PR-D212N/F234S [PR-DNFS]) was generated by
introducing the relevant base changes into the gene encoding PR via mismatch PCR (10). The gene
encoding PR-DNFS, obtained as a result, was amplified with primers JBS306 and JBS311 and the
Herculase Il fusion enzyme (Agilent Technologies) to equip the encoded protein with a C-terminal
polyhistidine tag (PR-DNFS-His). The amplified fragment was then digested with Xbal (Thermo Scientific)
and ligated into Avrll-digested pJBS1312. This resulted in plasmid pQC018, with the relevant insert
structure PpsbA2_RBS_PR-DNFS-His_BBa-B0014.

Genome segregation. For transformations with mutagenic plasmids and linear DNA fragments,
Synechocystis sp. PCC 6803 was grown to an optical density at 730 nm (OD,,,) of 0.2 to 0.3. Cells were
then concentrated by centrifugation to an OD,,, of 2.5 in a volume of 100 ul of fresh BG-11 plus 20 mM
TES-KOH (pH 8.0) in a sterile 1.5-ml Eppendorf cup. To this, a maximum of 10 ul of purified fusion PCR
product or 1 ug of plasmid DNA was added. The mixture was incubated at 30°C in the light in a shaking
incubator (regular growth conditions) for 5 to 8 h. Cells were then incubated under low-intensity
continuous illumination with white light in a humidified incubator on BG-11 plates containing 10 mM
TES-KOH (pH 8.0), 5 mM glucose, and 20 mM sodium thiosulfate and supplemented with the corre-
sponding antibiotic(s) at a low concentration.

Single colonies were next plated on plates containing increasingly higher concentrations of antibiotic
to promote genome segregation. The final concentration of the antibiotics used were as follows: a mix
of 25 pg/ml spectinomycin and 10 wg/ml streptomycin for the sl/1547 mutant and the s/r0097 mutant,
65 ug/ml chloramphenicol for the s/r1648 mutant and the slr0574 mutant, and 20 ug/ml Zeocin for the
slr1192 (deletion) mutants. Full segregation for all these strains was confirmed with PCR tests using
MyTaq polymerase (Bioline) with flanking primers JBS391 and JBS396 for Asl/1541, JBS397 and JBS402 for
Aslr1648, Adh-up-Fwd and Adh-down-Rev for Aslr0091, and QC43 and QC48 for Aslr0574.

The sll1541 slr1648 (strain JBS14003) and s/lr0091 and slr0574 (strain QCSY003) double null mutants
were created by transforming the segregated single mutants with the appropriate fusion PCR product or
plasmid, using a protocol identical to that described above. After full segregation, the continued
presence of the first null mutation was confirmed by PCR as well.

Conjugation. The relevant strains were conjugated with plasmid pQC006 (8) (encoding His-PR) or
plasmid pJBS1312 (8) (empty-plasmid control) as described in reference 8. The presence of the plasmids
and the continued presence of the null mutations of sll1541, slr1648, slr0091, slr0574, and slr1192 were
confirmed with appropriate PCR tests after the conjugation procedure.

Retinal identification and quantification. To investigate the retinal contents of selected mutants
and their dependence on the cellular growth phase, parallel batch cultures were grown (see “Strains and
growth conditions” above), and cells were sampled at various growth phases for retinal quantification.
Cell pellets were resuspended in 2 ml T M hydroxylamine at pH 8.0 in 50% (vol/vol) methanol and
disrupted via bead beating (20 s of beating at 6,000 rpm, followed by 120 s on ice, repeated three times).
The obtained cell lysate was incubated at 30°C for 10 min at 80 rpm. During these steps (opsin-bound)
retinal was converted with hydroxylamine into the more stable retinal oxime (46). The resulting reaction
mixtures were subsequently extracted at least three times with petroleum ether (40 to 60°C). After
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pooling of the obtained organic phases, the petroleum ether was evaporated under N,. The extracted
material was then dissolved in n-heptane (HPLC grade) and then separated on an HPLC system with an
EC 150/4.6 Nucleosil 100-5 C,4 column (Macherey-Nagel) and n-heptane (HPLC grade) at 1 ml/min as the
mobile phase. The retinal content was determined via the peak area of the oxime form of retinal and
compared with a series of known amounts of retinal (oxime).

To precisely quantify retinal A1 (native retinal) and retinal A2 (3,4-dehydroretinal) in a sample, the

peak area was integrated at 354.2 nm and 367.8 nm, respectively, where the oxime forms of retinals A1
and A2 maximally absorb. Quantitative analysis of the amounts of retinals A1 and A2 in a sample, or their
molar ratio in a mixture, was done based on the peak areas and the extinction coefficients of A1 and A2,
taken as 49,000 and 44,000 M~ - cm~", respectively (47, 48).

To present cellular retinal content in units of the number of retinal molecules per cell, the number

of cells was estimated on basis of the conversion factor that a 1-ml culture of wild-type Synechocystis with
an OD,,, of 1 contains 108 cells, as determined with a Casy 1 TTC cell counter (Scharfe System GmbH,
Reutlingen, Germany) (49).

Isolation of His-tagged proteo-opsin from Synechocystis. His-tagged protein from Synechocystis

cells was isolated and purified by using a His-Trap FF Crude column with a 5-ml column volume and an
AKTA fast protein liquid chromatography (FPLC) system (all from GE Healthcare, Uppsala, Sweden). Cell
pellets were disrupted by use of a bead beater, and the purification procedure essentially followed the
protocol described previously (8).

When necessary, all-trans retinal or a retinal analogue (all-trans 3,4-dehydroretinal [retinal A2] or

3-methyl-amino-16-nor-1,2,3,4-didehydroretinal [MMAR]) was added in a solution of acetone, separately
or in combination, to the culture at a final concentration of 20 uM, when the cell density of the culture
(OD,5,) had reached approximately 2. Retinal or the retinal analog was then added every 24 h for two
consecutive days.
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