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The abundant actinobacterium acI, and other freshwater marine
bacteria, encode opsins (actinorhodopsins or ActRs) that, like
archaeal bacteriorhodopsin (BR)1,2, pump protons across the
cytoplasmic membrane in a green light- and retinal-dependent
manner to form a gradient that can be harnessed for ATP
synthesis3–5. However, despite robust transcription of ActR in
native environments, many sequenced acI genomes lack genes
encoding the enzymatic machinery to synthesize retinal, strongly
suggesting that ActR may "moonlight" and exhibit a second,
retinal-independent function4,6. In a cellular context,
phospholipids are synthesized in the inner leaflet of the
cytoplasmic membrane and must reorient to the outer leaflet to
construct the bilayer characteristic of biological membranes.
However, as spontaneous reorientation is slow because it
involves the energetically unfavorable transport of a charged
headgroup across the hydrophobic lipid bilayer it is facilitated in
cells by a diffusion channel termed scramblase7. Phospholipid
scramblases have been identified in archaea and in eukaryotes,
however none have been identified in bacteria although their
activity has been described8–14. Menon and colleagues used a
fluorescence-based assay to show that the visual pigment
rhodopsin exhibits scramblase activity when reconstituted into
large unilamellar vesicles, accounting for the observation that
lipids scramble rapidly across photoreceptor disc membranes15,16.
Using this assay and the fluorescent lipid C6-NBD-PC as
reporter, we now show that ActR, purified and reconstituted in
proteoliposomes following cell-free translation, catalyzes the
equilibration of phospholipids across the bilayer, making it the first
ever identified bacterial phospholipid scramblase. ActR
moonlighting as both a proton pump and scramblase emphasizes
the versatility of photoreceptor function and may provide a
molecular connection between photoheterotrophy and membrane
biogenesis. These results are of immense importance for the
fundamental question of how cells build themselves, with
implications for understanding the origins of cellular life and the
basic biology of bacteria.
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Above Left: SDS-PAGE gel of cell-free translation product. ActR with a
C-terminal His6 tag was synthesized in a wheat germ extract cell free
translation system and purified by Ni affinity chromatography and size
exclusion. 0.1 mM all trans retinal was added during translation. The
protein was purified in 0.3 mM TCEP, and the expected C29-C234
disulfide is unlikely to have survived. Above Right: SDS-PAGE analysis
of proteoliposomes. The ‘Old’ sample has been thawed twice, the
‘New’ sample once.

Effect of Extrusion on ActR Hydroxylamine Does Not Affect NBD 
Fluorescence

ActR is a Phospholipid Scramblase

Left: Table detailing
Scramblase Assay results
(displayed in the graph above).
‘Not Extruded’ Samples were
taken from freshly prepared
proteoliposomes, ‘Extruded’
samples were extruded through
an Avanti 200 nm filter 11x.
Sample marked ‘+HDX’
indicates 10 mM hydroxylamine
incubation for 5 minutes.

Preparation of lipid vesicles leaves NBD-PE distributed equally
between inner and outer leaflets. Upon addition of dithionite, NBD-
PE is covalently modified to ABD-PE and fluorescence is
abolished. Empty liposomes retain fluorescence signal from NBD-
PE in the inner leaflet; when lipid vesicles contain a reconstituted
scramblase, lipids in the inner and outer leaflets exchange and
fluorescence emission decays further and more rapidly. The
fluorescent nitrobenzoxadiazole moiety of NBD-PE, attached to the
phospholipid acyl tail, sits at the membrane-solution interface15.

Left: Phyre2 model of acI
actinorhodopsin (ActRL06 from acI-B)
with retinal coordinates (blue) from
alignment with Salinibacter ruber
xantho-opsin (PDB 3DDL). The main
absorbance tuner is expected to be
L103 (green), and D95 and E106
(orange) are expected to be the main
proton shuttles. The Schiff base
lysine K233 (purple) is adjacent to
C234, which likely forms a disulfide
bond with C29 (cysteines in yellow)4.

acI actinorhodopsin (ActR) is roughly
30 kDa and pumps protons outward
(indicated by blue arrow) in a light-
and retinal-dependent way. The high
transcript levels of actR strongly hint
at photoheterotrophy for acI energy
acquisition4.
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Scramblase activity was tested following addition of hydroxylamine
(resulting in a 1% dilution) for 5 minutes (the +HDX sample) to test
for scramblase activity dependence on retinal. Unclear at the time
was whether hydroxylamine or retinal would affect NBD fluorescence.
530 nm emission was monitored before and after hydroxylamine
addition (indicated by red arrow), and fluorescence signal decreased
by 1.7%, suggesting dilution was the primary cause for fluorescence
decrease.

Proportion of 
Fluorescence Lost

by 500 s a b c d
Liposomes Not Extruded 0.47 0.35 -8.5E-02 0.57 -9.3E-05
Liposomes Not Extruded 0.43 0.38 -4.3E-02 0.60 -7.3E-05
Liposomes Extruded 0.57 0.54 -9.5E-02 0.44 -5.5E-05

Bovine Opsin Not Extruded 0.98 0.85 -4.8E-02 0.03 -8.1E-04
Bovine Opsin Extruded 0.85 0.72 -5.6E-02 0.21 -5.4E-04

ActR (1) Not Extruded 0.86 0.62 -3.4E-02 0.18 -3.9E-04
ActR (2) Not Extruded 0.85 0.68 -3.5E-02 0.19 -4.5E-04
ActR (3) Not Extruded 0.87 0.78 -4.0E-02 0.17 -4.4E-04

ActR Extruded 0.58 0.52 -8.6E-02 0.44 -1.1E-04
ActR + HDX Not Extruded 0.84 0.70 -3.4E-02 0.21 -5.6E-04

Double Exponential Fits
f(x) = a*exp(b*x) + c*exp(d*x)

Sample Identity
(Proteins in

Proteoliposomes)

Table of Some Confirmed Scramblases

ActR is a phospholipid scramblase, the first identified in
bacteria. 530 nm fluorescence emission traces for the
specified species following dithionite addition (time 0
seconds). The negative controls (liposomes) approach
50% of initial fluorescence, indicating NBD-PE in the inner
leaflet are not exchanged to the outer leaflet. Scramblase
activity in the positive controls (bovine opsin) is clear, with
fluorescence decaying to nearly zero, detailed in the table
below. ActR displays scramblase activity.

ActR

Apparent Retinal-Independence of ActR Scramblase Activity

Scramblase Accessory Domain Organism Reference
Identity Function

Light-
ActR Dependent Bacteria acI Actinobacteria This Study

Proton Pump
Light-

Bacteriorhodopsin Dependent Archaea Halobacterium Verchère et al. (2017)
Proton Pump salinarum

Rhodopsin Photoreceptor Eukarya Bos taurus Menon et al. (2011)

Atg2 Autophagosome Eukarya Hom sapiens Matoba et al. (2020)
Formation
Calcium-

nhTMEM16 Activated Eukarya Fusarium Suzuki et al. (2010)
Scramblase vanettenii


