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Abstract

Photoreceptors are light-sensitive proteins found in various organisms that respond to light
and relay signals into the cells. Heliorhodopsin, a retinal-binding membrane protein, has
been recently discovered, however its function remains unknown. Herein, we investigated
the relationship between Actinobacteria bacterium IMCC26103 heliorhodopsin (AbHeR) and
an adjacent glutamine synthetase (AbGS) in the same operon. We demonstrate that AbHeR
binds to AbGS and regulates AbGS activity. More specifically, the dissociation constant (Kg)
value of the binding between AbHeR and AbGS is 6.06 M. Moreover, the absence of posi-
tively charged residues within the intracellular loop of AbHeR impacted Ky value as they
serve as critical binding sites for AbGS. We also confirm that AbHeR up-regulates the bio-
synthetic enzyme activity of AbGS both in vitro and in vivo in the presence of light. GS is a
key enzyme involved in nitrogen assimilation that catalyzes the conversion of glutamate and
ammonia to glutamine. Hence, the interaction between AbHeR and AbGS may be critical for
nitrogen assimilation in Actinobacteria bacterium IMCC26103 as it survives in low-nutrient
environments. Overall, the findings of our study describe, for the first time, to the best of our
knowledge, a novel function of heliorhodopsin as a regulatory rhodopsin with the capacity to
bind and regulate enzyme activity required for nitrogen assimilation.

Introduction

Organisms from all domains of life use photoreceptor proteins to sense and respond to light.
Most rhodopsins, one of the groups of photoreceptor proteins, are light-driven 7-transmem-
brane retinal-binding proteins found in prokaryotic and eukaryotic organisms. Rhodopsin
comprises opsin as apoprotein and retinal as a covalently linked chromophore that absorbs
photons for energy conversion or signal transduction [1]. Indeed, rhodopsins play important
roles in organism survival. More specifically, type II rhodopsins, which are found mostly in
animals, participate in visual and non-visual phototransduction (circadian rhythms, sensing
dawn/dark, and determining the horizon) [2-4]. In contrast, type I rhodopsins in microbes
participate in the active or passive transport of ions and signal transduction [5].
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Light-driven type I rhodopsins have been described as H*, Cl’, and Na* pumps, light sen-
sors, and channelrhodopsins. They typically contain conserved residues that are specific for
the ion that they transport [6-12]. Microbial rhodopsins contain various critical residues,
including those within the retinal-binding pocket, retinal covalent linkage, and counterions
associated with retinal [13]. N- and C-termini are located on the extracellular and cytoplasmic
sides, respectively, in type I rhodopsins. Oligomeric forms of the ion pumps and channelrho-
dopsins are tri- to penta/hexamers, and dimers, respectively [14-16].

Recently, a new family of microbial rhodopsins, termed heliorhodopsin, has been identi-
fied. Heliorhodopsin can be differentiated from type I rhodopsins based on its sequence. That
is, the inclusion of heliorhodopsins in the phylogenetic tree of microbial rhodopsins forms dis-
tinct clades from type I rhodopsins [17]. Although, heliorhodopsin is also a 7-transmembrane
retinal-binding protein, it lacks critical residues involved in pumping ions. Unlike type I and
type II rhodopsins, the topology of heliorhodopsin is invertedly embedded; i.e., the N- and C-
termini are located on the cytoplasmic and extracellular sides, respectively [17]. Moreover, the
oligomeric heliorhodopsin crystal structures revealed a dimer containing several hydrophobic
residues, which is not conducive to ion transport [18,19]. In other studies, the binding of diva-
lent cations to heliorhodopsin was studied using attenuated total reflectance-Fourier transform
infrared spectroscopy, wherein the binding of Zn** to heliorhodopsin was detected [20].
Heliorhodopsin photocycle was slow, a feature that is widespread in sensory rhodopsins (SRs).
Accordingly, Pushkarev and colleagues suggested that heliorhodopsins function as a distinct
type of signaling photoreceptors similar to SRs [17], whereas the N-termini of heliorhodopsins
might participate in enzyme function [21].

To further explore the function of heliorhodopsin, we analyzed SRs that interact with other
proteins called transducers, which genes are located adjacent to those of SRs, suggesting that a
single promoter can transcribe both SR- and transducer-encoding genes [22]. We hypothe-
sized that heliorhodopsin may also interact with other proteins encoded by adjacent genes,
similar to SRs. In particular, Actinobacteria bacterium IMCC26103 heliorhodopsin (AbHeR) is
flanked by glutamine synthetase (GS; AbGS, EC 6.3.1.2) [23]. GS is a central enzyme associated
with nitrogen assimilation and is distributed in bacteria as well as plant and animal tissues. GS
catalyzes the conversion of glutamate and ammonia to glutamine [24-27]. In fact, GS absence
or mutation can lead to reduced growth in bacteria and plants, low grain yield in plants, as
well as multi-organ failure and neonatal death in humans [27-29].

Herein, we investigate the relationship between AbGS and AbHeR. Notably, protein-pro-
tein interactions (PPIs) were observed between AbHeR and AbGS, which was associated with
the regulatory function of AbHeR for AbGS. Here, we report, for the first time, to the best of
our knowledge, one of the functional roles for AbHeR in regulating AbGS activity.

Results
ADbHeR interacts with AbGS

The N-terminus of HeR-48C12, the first heliorhodopsin to be studied, faces the cytoplasmic
side, whereas in type I rhodopsins, the C-terminus faces the extracellular side [17-19]. AbHeR
in Actinobacteria bacterium IMCC26103 exhibited sequence similarity with HeR-48C12, a
novel class of heliorhodopsin, which is not the type I rhodopsin (Fig 1A). In addition, the N-
terminus of AbHeR was located on the cytoplasmic side, similar to previously known heliorho-
dopsins, as predicted by the Philius server [30] (S1A Fig), and based on the crystal structures
[18,19,31].

The retinal-binding pocket and functional key motifs of type I rhodopsins comprise rela-
tively conserved amino acid sequences [13]. However, we found that the functional key motif
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Fig 1. Identification of AbGS binding to AbHeR. (A) Relationship between microbial rhodopsin and heliorhodopsin. The unrooted maximum likelihood
tree is shown. Blue oval, blue circle, red circle, and orange oval represent heliorhodopsins clade, reported heliorhodopsins, AbHeR, and heliorhodopsins
containing GS gene, respectively. (B) Each eubacterium contains GS and heliorhodopsin arranged in operons in the indicated direction. Nucleotide gaps
between HeR and GS are indicated. AbGS and AbHeR are indicated by orange and red arrows, respectively. Predicted GS and other heliorhodopsin are
indicated by gray and blue arrows, respectively. Promoters in each operon are expressed by red bent arrows and predicted using phiSITE, Softberry, BDGP,
and SAPPHIRE. (C) PPI between AbHeR and AbGS is determined by isothermal titration calorimetry analysis. The upper and lower panels represent raw
data and enthalpy change per mol, respectively. AbGS was continuously added to AbHeR wild type. Nonlinear curves in the lower panels evaluated the
best-fit curve. (D) Predicted model of PPI between AbHeR and AbGS. AbHeR dimers are embedded in the membrane, and the N- and C-termini of
AbHeR are located in the CP side and EC side, respectively. AbGS dodecamer binds to AbHeR dimers and the potential of interactions between them is
indicated by dotted black arrows. The underlying data of the graph can be found in S1 Data. ACR, anion channelrhodopsin; BR, bacteriorhodopsin; CCR,
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in bacteriorhodopsin (BR), Asp85, Thr89, and Asp96, were replaced with Glu105, Ser109, and
Leulls, respectively, in AbHeR, suggesting that AbHeR has functions that differ from those of
previously characterized type I rhodopsins (S2A Fig). Regarding the counterion positions,
Asp212 in BR was replaced with Ser235 in AbHeR [13]. The retinal-binding pocket in AbHeR
also contained aromatic amino acids (Tyr106, Phe204, and Phe207) similar to BR (Trp86,
Trp182, and Tyr185); however, Trp189 in BR was replaced with GIn211 in AbHeR, suggesting
that the positions of the retinal-binding pocket were fairly preserved. In addition, covalent
linkage with retinal (Lys216 in BR) was conserved in AbHeR (S2A Fig) [13]. We then com-
pared AbHeR with other heliorhodopsins and found that the functional key motif, counterion,
retinal-binding pocket, and retinal covalent linkage in AbHeR were highly conserved (S2B
Fig). Therefore, AbHeR appears to belong to the class of heliorhodopsins [19].

Kovalev and colleagues analyzed structure-based bioinformatics of heliorhodopsins with
HeR-48C12 and classified the heliorhodopsins into 10 subfamilies based on the amino acid
sequences [19]. By applying their classification system, AbHeR was observed to be similar to
HeR-48C12 (subfamily 1) as they exhibited a high degree of amino acid sequence similarity
within the hydrophobic barrier, retinal Schiff base, cavity, the hydrophobic region, as well as
the region near Glu149 of HeR-48C12. Most conservative residues in subfamily 1 differ from
those of other subfamilies. For instance, many subfamily 2 members contained Glu in the
I1e200 position in AbHeR (Leu202 in HeR-48C12), which belongs to its hydrophobic extracel-
lular region. Additionally, Ala166 and Pro170 in AbHeR (Alal68 and Pro172 in HeR-48C12)
were replaced by Pro and other amino acids in subfamily 2, respectively. Meanwhile, in sub-
families 3 to 5, Asn and Met were placed in the Ile140 and GIn211 in AbHeR (Ile142 and
GIn213 in HeR-48C12), respectively. Furthermore, subfamilies 7 to 9 contain a conserved Tyr
in the I1e200 in AbHeR (Leu202 in HeR-48C12). Finally, the subfamily of unsorted proteins
group was the most different when compared with AbHeR (S2B Fig). Hence, collectively the
comparisons revealed that AbHeR belongs to subfamily 1.

Subsequently, we determined the photochemical and biophysical properties of AbHeR. The
absorption maxima, as well as estimated pKa values of Glu105 and retinal Schiff base were 553
nm, 2.84 (+ 1.07), and 11.72 (£ 2.05), respectively (S1B-S1F Fig). To probe the ion-pumping
activity, light-induced right-side-out (RSO) membrane vesicles containing AbHeR were ana-
lyzed with 100 mM NaCl and a mixture solution comprising 20 mM each of LiCl, NaCl, KCl,
CsCl, and Na,SO,4; however, AbHeR did not pump any ions with or without carbonyl cyanide
m-chlorophenyl hydrazone (CCCP; S1G Fig). The results suggest that AbHeR is not a light-
driven ion pump.

Microbial rhodopsins exhibit signal transduction as well as ion pumping in the presence of
light. Microbial SRs assist bacteria in swimming toward favorable light or away from unfavor-
able light by interacting with the transducer. In addition, SRs and transducers are regulated by
a single promoter within the genome [22]. We hypothesized that heliorhodopsins may interact
with the proteins by genes up- or downstream of the heliorhodopsins and function as a signal
transduction protein or regulator. To probe this hypothesis, we analyzed the AbHeR operon
and observed panB, and nicotinamide adenine dinucleotide (NAD") synthetase, AbGS, Gfo/
Idh/MocA family oxidoreductase, and leuA genes (Fig 1B). A promoter in the operon was pre-
dicted upstream of the NAD™ synthetase gene, which may transcribe 4 genes (NAD™ synthe-
tase, AbGS, AbHeR, and Gfo/Idh/MocA family oxidoreductase genes). In addition,
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Table 1. Binding affinities of AbGS for AbHeR WT and mutants.

AbHeR Ky (uM)
WT 100 (+20)
E147Q NE

K148Q 137 (+44)
E150Q NS

E151Q 30 (£8)
K216Q* 3,676 (£5,595)
K217Q* 537 (+1,751)
K220Q* 833 (+2,840)
D223N 44 (£23)
E228Q NE

? Indicates no binding.

AH AS AG

2,072 (£238.6) 25.1 ~5411
5,308 (+775.0) 35.5 -5,276
2,358 (£247.2) 28.4 -6,110
4.401E7 (+1.032E8) 1.48E5 ~116,200
9,757 (+2.283E4) 47.7 —4,465
9,366 (+2.45E4) 45.5 —4,200
1,135 (£188.7) 23.7 -5,931

NE, not expressed; NS, not solubilized; WT, wild type.

https://doi.org/10.1371/journal.pbio.3001817.t001

terminators in the nucleotide gaps were not predicted from NAD" synthetase to Gfo/Idh/
MocA family oxidoreductase genes. That is, the genes may be under the control of a single pro-
moter. We assumed that there may be more bacteria with similar operons, including heliorho-
dopsin. Furthermore, excluding the Actinobacterium clone fosmid 48C12 encoding HeR-
48C12 gene, operons of other bacteria were also regulated by a single promoter (Fig 1B). Since
various genes are regulated by the single promoter, we focused on the adjacent gene, AbGS,
which was upstream of AbHeR. Interestingly, heliorhodopsins with adjacent GS genes were
located in proximity to each other in the phylogenetic tree and were grouped into the GS
group. In fact, the degree of amino acid similarity between heliorhodopsins in the GS group
was 74% to 92% (Fig 1A).

Understanding the biophysical principles of PPIs is essential for the comprehension of their
physiological role in cells [32]. The biochemical events associated with PPIs include electro-
static forces, hydrogen bonding, and hydrophobic effects, making them important factors in
various biosystems [32,33]. PPIs between microbial rhodopsin and transducers have been
reported, and their thermodynamic parameters have been characterized using isothermal titra-
tion calorimetry (ITC), which is an analytical method used to measure thermal changes with
high sensitivity [33]. Purified AbHeR wild type (WT) and AbGS were quantified, and AbGS
was continuously injected into AbHeR using the ITC injector at 25°C. The dissociation con-
stant (Ky), enthalpy (AH), and Gibbs free energy (AG) values for the binding of AbHeR to
AbGS in a detergent (n-dodecyl-B-D-maltopyranoside, DDM), which might affect the binding
between AbGS and AbHeR, were determined to be 100 (+20) uM, 2,072 (+238.6) cal mol™?,
and —5,411 cal mol’, respectively (Fig 1C and Table 1). The binding between AbHeR and
AbGS is interesting as AbGS, a soluble protein, has limited sites that can bind to membrane
protein (Fig 1D). Therefore, were probed the binding site between AbHeR and AbGS, to deter-
mine if the binding alters the activity of AbGS.

Binding affinity of AbGS for mutated AbHeR

Next, we determined the AbHeR residues involved in AbGS binding. Considering AbGS is a
soluble protein, we postulated that the binding residues in AbHeR were located on the cyto-
plasmic side. We identified AbHeR charged residues on the intracellular loop (ICL) using
Protter [34] and amino acid alignment tools (Fig 2A and 2H). AbHeR and AbGS were pre-
dicted to be in dimer and dodecamer forms, respectively (S3A-S3D Fig). To elucidate the role
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of electrostatic forces in the associated PPIs, we used an electrostatic potential map and found
that AbGS did not form a field with a dominant charge in a specific area (S3E Fig). Conse-
quently, we analyzed the electrostatic potential map for AbHeR (S3F Fig). Notably, AbHeR
exhibited negatively and positively charged areas on the cytoplasmic side. The positively
charged area included K3, K217, K216, K220, and R226, in the front and side membrane
views. In the bottom cytoplasmic side view, the negatively charged area included E150, E151,
and D223. Overall, there were more positively charged areas than negatively charged fields;
K3, K216, K217, K220, and R226 formed the field in the front-side-bottom view (cytoplasmic
to extracellular side; S3F Fig).

We confirmed that the charged residues of heliorhodopsins on ICL2 and ICL3 were con-
served compared to in the ICL1 region and N-terminus (S2B Fig). In particular, charged resi-
dues of heliorhodopsins in the GS group were highly conserved on the ICL2 and ICL3 (Fig
2A). Hence, we constructed the following AbHeR mutants with alterations in ICL2 and ICL3
regions: E147Q, K148Q, E150Q, E151Q, K216Q, K217Q, K220Q, D223N, and E228Q. The
AbHeR E147Q mutant was successfully expressed, however, was not solubilized in 1% DDM.
AbHeR E150Q and E228Q mutants were not expressed. The AbHeR K148Q, E151Q, K216Q,
K217Q, K220Q, and D223N mutants were successfully expressed and purified, with the absor-
bance maxima remaining unaltered (S1H Fig).

We performed ITC analysis for the AbHeR mutants with AbGS. The Ky values of K148Q
and E151Q on ICL2 was determined to be 137 (+44) and 30 (£8) pM, respectively (Fig 2B and
2C, and Table 1). The K4 value of K148Q was similar to that of WT, indicating that the K148
position was not influenced by AbGS binding. However, the K, value of E151Q decreased by
approximately 3 times (Fig 2H and Table 1). The K4 values of K216Q, K217Q, K220Q, and
D223N on ICL3 were determined to be 3,676 (+5,595), 537 (+1,751), 833 (+£2,840), and 44
(£23) uM, respectively (Fig 2D-2G and Table 1). Three positively charged residues on ICL3
influenced the binding to AbGS, and the K216 position exhibited extremely weak binding
when compared with WT, resulting in an approximate 37-fold increase in the K4 value of
K216Q (Fig 2H and Table 1). Hence, we propose that the K216 position is critical for binding
of AbGS and that the K217 and K220 residues facilitate the binding. The Ky value of D223N
also decreased by approximately 2 times similar to E151Q, suggesting that the absence of nega-
tively charged residues is required for AbGS binding (Fig 2H and Table 1). SRs can respond to
various light stimuli and regulate the transducer for signal transduction in different organisms
[11]. Similarly, the PPI between AbHeR and AbGS may regulate AbGS enzyme activity in the
presence of light, which may influence the growth or light stimuli of Actinobacteria bacterium
IMCC26103 (Fig 2I).

AbHeR regulates AbGS activity

GS is one of the key enzymes that participate in nitrogen metabolism, as it catalyzes glutamine
synthesis from glutamate via the following reaction (Eq 1):

Glutamate + NH," + ATP"*** glutamine + ADP + P, + H". (1)

The biosynthetic reactions include conversion of L-glutamate, in the presence of ATP,
ammonia, and metal ion (Me>", magnesium, or manganese), to L-glutamine with adenosine
diphosphate (ADP), inorganic phosphate (P;), and a proton as by-products [35]. We per-
formed a biosynthesis assay rather than the y-glutamyltransferase assay as the procedures of
the latter involve the use of hydroxylamine, which affects rhodopsin bleaching [36]. The bio-
synthesis assay involves measuring the concentration of P; after GS catalysis and colorimetric
determination of P; with ferric sulfate and molybdate [37,38]. AbGS activity was calculated
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Fig 2. PPIs and binding affinities of AbHeR for AbGS. (A) Multiple sequence alignments of AbHeR and predicted heliorhodopsin in the GS group were
aligned using MUSCLE. Alignments of AbHeR with heliorhodopsin in the GS group. Negatively and positively charged residues near intracellular loops of
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lower panels were evaluated by the best-fit curve. (H) Scheme of PPIs in each amino acid position of AbHeR for AbGS, as predicted by Protter. Positively
and negatively charged residues on the cytoplasmic side are indicated as red and blue circles, respectively, with arrows. Dotted arrows indicate not

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001817 October 3, 2022

7/27


https://doi.org/10.1371/journal.pbio.3001817

PLOS BIOLOGY Heliorhodopsin regulates glutamine synthetase activity

expressed and solubilized proteins. Fold-changes for AbHeR mutants compared to WT indicate text with black arrows. (I) Predicted model of AbHeR
function associated with AbGS. AbHeR dimers are embedded in the membrane, and the N- and C-termini of AbHeR are located on the CP and EC sides,
respectively. AbGS dodecamer binds to AbHeR dimers and exhibits altered enzyme activity in the presence of light. The underlying data of the ITC analysis
can be found in S1 Data. CP, cytoplasmic; EC, extracellular; GS, glutamine synthetase; ITC, isothermal titration calorimetry; MUSCLE, MUltiple Sequence
Comparison by Log-Expectation; PPI, protein-protein interaction; WT, wild type.

https://doi.org/10.1371/journal.pbio.3001817.g002

using a standard curve for P; concentration (S4A Fig), and enzyme kinetic parameters of
AbGS were determined (Table 2 and S4B and S4C Fig). k., and k,/K,, values of reported
recombinant GSs for L-glutamate were 2.0 to 30.5 s and 900 to 28,000 M™'s™, respectively
[39-41], implying that AbGS activity is lower than those of the reported recombinant GSs.

Next, to stabilize AbHeR for heat and illumination, we prepared an inverted membrane ves-
icle (IMV), (inside-out (ISO) membrane vesicle) with an orientation opposite that of RSO
membrane vesicles [42,43]. We predicted that the exposed cytoplasmic side of AbHeR IMV
would readily bind AbGS. The absorption spectra of the prepared AbHeR IMV and empty
IMV were measured; both AbHeR WT and K216Q IMV exhibited absorption maxima similar
to that of purified AbHeR (S1B and S1H and S5A Figs). To check the reverse direction of
IMV, a light-induced H* movement assay was performed with Gloeobacter rhodopsin (GR)
WT as a light-induced H"-pumping rhodopsin [44]. The GR WT IMV pumped H" inward,
compared with GR WT (S5B Fig), suggesting that our prepared IMV was successfully inverted.
Moreover, AbHeR IMV exhibited thermal and light stability (S5C Fig).

As AbHeR WT binds to AbGS, we postulated that AbHeR WT may influence AbGS activ-
ity. To test this hypothesis, we employed the AbHeR K216Q mutant as a control, which was
not expected to influence AbGS activity due to its lack of binding activity. To confirm PPIs
between AbHeR IMV and AbGS, the associated binding affinity was analyzed using ITC analy-
sis. The IMVs were continuously injected into the AbGS, wherein Escherichia coli C43 (DE3)
and AbHeR K216Q IMVs were not observed to be bound (Fig 3A and 3C). However, AbHeR
WT IMV was bound to AbGS. These results are consistent with the ITC data of purified
AbHeR. The K4 value of AbHeR WT IMV was determined to be 6.06 (+ 5.44; Fig 3B). Interest-
ingly, the binding affinity of AbHeR IMV for AbGS (Fig 3B) was improved when compared
with that for purified AbHeR with AbGS (Fig 1C). The only difference between the proteins
was the absence or presence of detergent (DDM). DDM stabilizes membrane proteins; how-
ever, it may bind to several areas of AbGS as a soluble protein. Therefore, areas of AbGS do
not interfere with the binding to AbHeR. Consequently, we suggest that AbGS suitably binds
to AbHeR in the E. coli membrane and can be used for subsequent in vivo experiments. Fur-
thermore, AbHeR may bind to AbGS in living cells.

Table 2. Steady-state enzyme kinetic parameters for AbGS without and with AbHeR in the absence and presence
of light in a Mn**-supported biosynthetic reaction.

AbGS and AbHeR Ky (mM, Glu) Vimax (WM/min) Keat (s et/ Ken (M''s™)
GS 27.05 (+1.65) 140.76 (+2.13) 0.1466 (+0.022) 5.42
GS + WT (Dark) 12.75 (+2.12) 98.02 (+2.94) 0.1021 (+0.025) 8.01
GS + WT (Light) 9.46 (+0.70) 110.65 (+1.21) 0.1153 (+0.013) 12.19
GS + K216Q (Dark) 18.72 (7.53) 97.96 (+8.92) 0.1020 (+0.093) 5.45
GS + K216Q (Light) 14.53 (5.51) 96.43 (+7.15) 0.1004 (+0.082) 6.91

* K and V., were calculated using the Michaelis-Menten equation.
Values are mean + standard deviation (n = 3).

The biosynthetic reactions were carried out at 37°C.

https://doi.org/10.1371/journal.pbio.3001817.t002
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Fig 3. AbGS activity is regulated in vitro via AbHeR binding. The binding of AbGS to preparations of Escherichia coli C43 (DE3) (A), AbHeR WT (B),
and AbHeR K216Q (C) IMVs were analyzed by ITC analysis. The upper and lower panels represent the raw data and enthalpy change per mol, respectively.
AbGS was continuously added to IMVs. The nonlinear curves of the lower panels were evaluated by best-fit curve analysis. (D-F) AbGS reactions were
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https://doi.org/10.1371/journal.pbio.3001817.g003

AbHeR IMV, is heat and light stable, binds to AbGS, and is suitable for studying the effect
of AbHeR on AbGS. We designed a biosynthesis assay to investigate the effect of AbHeR in the
presence of light, wherein the reactions of AbHeR IMV with AbGS were subtracted from
AbHeR IMV alone because ATP hydrolysis by embedded membrane proteins in IMV can be
influenced. The AbGS activity with AbHeR WT was statistically significantly increased in the
presence of light, implying that AbGS was regulated by light-induced AbHeR (Fig 3D). Consis-
tent with the ITC analysis results, AbHeR K216Q did not bind to AbGS and was not signifi-
cantly altered in the presence of light (Fig 3D). In the absence of light, the amount of a product
(P;) produced by AbGS bound to AbHeR WT at 150 min was increased 1.09 times when com-
pared with that in AbHeR K216Q. In the presence of light, the amount of the product pro-
duced by AbGS bound AbHeR WT at 150 min was increased 1.1 times when compared with
that observed in the absence of light. When compared with AbGS with AbHeR K216Q, the
amount of the product produced by AbGS bound to AbHeR WT at 150 min was increased 1.2
times in the presence of light. Therefore, AbGS is more productive when bound to AbHeR
than in its unbound state; the effect is stronger in the presence of light.
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For more accurate comparisons of AbGS activity, we quantified constant values through
the enzyme kinetic parameters of AbGS with AbHeR in the absence and presence of light
(Table 2 and Fig 3E and 3F). In the absence of light, K,;, and k,; values of AbGS with AbHeR
WT were lower than those for AbGS alone. In the presence of light, the K,,, and k,,, values
were lower and greater, respectively, suggesting increased activity. Although the activity of
AbGS with AbHeR WT was greater in the presence of light, the Kj;, and k., values were lower
under such conditions than under AbGS alone. However, as the values differ for each condi-
tion, comparing the actual AbGS activity is challenging. It is more appropriate to compare the
catalytic efficiencies based on the assessment of the specificity constant (i.e., kc.r/Kyy, ratio). In
the absence of light, the k.,/K,, value of AbGS in the presence of AbHeR WT was 1.52 times
greater than that for AbGS alone. In the presence of light, the k.,/K,, value of AbGS in pres-
ence of AbHeR WT was 2.24 times greater than that for AbGS alone. Moreover, the AbHeR
K216Q, mutation of a critical binding residue for AbGS, did not regulate AbGS significantly
when compared with AbGS alone; however, the k,/K,, value of AbGS in the presence of
AbHeR K216Q and light was 1.27 times greater than that in the absence of light. According to
the ITC results, there was weakly binding between this mutant and AbGS, resulting in an
increase its activity in the presence of light. In a nonessential activation model, which is similar
to reversible mixed inhibition, enzyme activity is activated, resulting in changes in both K,
and Viax [45]. Therefore, AbHeR might function as a nonessential activator for AbGS.

Since the ITC analysis is performed in the absence of light, AbGS can bind to AbHeR in the
absence of light. That is, AbGS binds to the interaction residues (K216 or K216 with other resi-
dues) of AbHeR on the cytoplasmic side, followed by conversion of all-trans retinal (ATR) to
13-cis retinal in AbHeR, resulting in a conformational change in AbHeR in the presence of
light. In contrast, AbGS cannot bind AbHeR in the absence of the positively charged residue
(K216). Therefore, we suggest that conformational changes in AbHeR influence the interaction
with, and activity of, AbGS, and that AbHeR up-regulates AbGS activity.

Growth rate test of cells with AbGS and AbHeR

We hypothesized that co-expression of AbHeR and AbGS in a cell would up-regulate AbGS
activity in the presence of light. E. coli K-12 MG1655 and JW3841 strains (glnA knockout
(KO) strain derived from K-12 MG1655) were used as the positive control and experimental
group to study the influence of the absence of glnA encoding GS alone, respectively. Cellular
growth rate was assessed in E. coli K-12 MG1655 and JW3841 strains to compare the comple-
mentation of AbGS with AbHeR.

We added L-glutamate to 3-morpholinopropane-1-sulfonic acid (MOPS) minimal medium
to induce AbGS activity. The K-12 MG1655 strain was transformed with the all-in-one (AIO)
plasmid containing ampicillin and kanamycin as the glnA KO strain exhibited kanamycin
resistance. The glnA KO strain was transformed with pKA001 vector containing AbGS and
AbHeR [46], which were regulated by P, and P,,,pap, respectively. The growth rate of cells
was then measured in the absence or presence of L-glutamate, which is required for the cata-
lytic activity of AbGS. Finally, we assessed the growth rate of cells upon complementation of
AbGS with AbHeR.

The K-12 MG1655 strain was grown in the absence of L-glutamate and saturated for 48 h.
In the presence of L-glutamate, the cells were saturated at a higher cell density, indicating that
supplementary L-glutamate influenced cell density and growth rate (Fig 4A); i.e., the MOPS
minimal medium in place of Luria-Bertani (LB) medium is sufficient to permit cell growth.
The glnA gene in E. coli is the key enzyme involved in nitrogen fixation; glnA-deficient E. coli
strain reportedly does not grow in minimal mediums [47-49]. Therefore, we postulated that if

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001817 October 3, 2022 10/27


https://doi.org/10.1371/journal.pbio.3001817

PLOS BIOLOGY

Heliorhodopsin regulates glutamine synthetase activity

A B C
AlO pKA001 AbGS
—— AIO + L-glutamate —— pKAO001 + L-glutamate ——AbGS + L-glutamate
100
1.2 1.2
80
60 1.0 1.0 W
40
0.8 0.8
20
& K12 06 ginAKO 0.6 glnA KO
0 24 48 72 9 120 144 0 24 48 72 96 120 144 0 24 48 72 96 120 144
D , E F
AbGS with IPTG (mM) —— pKAOO1 AbGS + AbHeR WT w/o ATR
—— AbGS 1.2-——AbGS + AbHeR WT w/ ATR, dark
= 1.2 . oxow AbGS + AbHeR WT w/ ATR, light
©
[m) *
) 1.0 by
(0]
= 0.8 0.8
© ©1——o063 :
[} ——042
(04 0.6 0.21 0.6
——0.10
04 . 505 0.4
0212000 gnAKO gInA KO gInA KO
TT0 48 96 144 192 240 0 48 96 144 192 240 0 24 48 72 96 120 144 168
|
AbGS + AbHeR K216Q w/o ATR AbGS + AbHeR WT w/o ATR AbGS + AbHeR K216Q w/o ATR
1 2,——AbGS + AbHeR K216Q w/ ATR, dark 12, + AbGS +AbHeR WT w/ATR, dark 1. « AbGS + AbHeR K216Q w/ ATR, dark
AbGS + AbHeR K216Q w/ ATR, light AbGS + AbHeR WT w/ ATR, light AbGS + AbHeR K216Q w/ ATR, light
I
1.0] 1.0
I 1 0.8 0.8
l 3 1
1
}T\Y te (h) ti (h)
061. 61.9+889 0.61. 285+9.9
. 726+54 « 335:166
o glhAKO 115.0 + 208 ginAKO 1+ 293101 ginA KO
0 24 48 72 96 120 144 168 0O 24 48 72 96 : 0 24 48 72 96
Time (h)

Fig 4. In vivo growth rate of E. coli ginA KO strains with AbGS and AbHeR. Cells are grown in LB medium and washed to remove components of the
LB medium. The cells are then transferred to MOPS minimal medium. The growth of transferred cells was recorded at ODgyg, at different time points;
growth is normalized to the initial recording. The E. coli K-12 MG1655 strain transformed with AIO vector (A), glnA KO strain transformed with pKA001
null vector (B), and glnA KO strain transformed with pKA001-GS vector (C) were incubated in the absence and presence of L-glutamate in MOPS minimal
medium containing IPTG, which regulates AbGS expression. (D-G) The E. coli glnA KO strain transformed with pKA001 null or pKA001-GS vector was
incubated in MOPS minimal medium containing L-glutamate and glycerol (MOPS-GG). The E. coli glnA KO strain transformed with pKA001-GS-AbHeR
WT (F) and K216Q (G) with and without ATR in the absence (dark) and presence of light (light, 532 nm) conditions at 40 umol m~ s were incubated in
MOPS-GG medium. (A-E) The tests were performed in an independent experimental group (n = 3). (F and G) The tests were performed in an
independent experimental group (n = 9). (E) Statistical significance between the 2 groups (pKA001 and AbGS) was analyzed using the ¢ test; p-values are
indicated with asterisks. (F and G) Statistical significance between the 2 groups (dark and light) was analyzed using the t test; p-values are indicated with
asterisks. The data are expressed as mean + standard deviation. Based on data (F) and (G), half-life (¢,/,) for growth rate of cells was analyzed to quantify the
effect of AbGS binding in the absence and presence of light by exponential decay. Nonlinear fitted lines are shown for AbHeR WT (H) and K216Q (I).
Quantified ¢/, values are indicated by the same color as that of each rectangle, circle, and triangle. The underlying data of the graph can be found in S3
Data. AIO, all-in-one; KO, knockout; LB, Luria-Bertani; WT, wild type.

https://doi.org/10.1371/journal.pbio.3001817.9004
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AbGS catalyzes L-glutamate to L-glutamine in the glnA KO strain in the presence of L-gluta-
mate, it would exhibit cell growth similar to that of the K-12 MG1655 strain. As expected, the
glnA KO strain containing the null vector (glnA KO + pKA001) did not grow in MOPS mini-
mal medium. Upon the addition of L-glutamate, cell density began to decrease after 72 h (Fig
4B). Similarly, the glnA KO strain expressing AbGS (glnA KO + AbGS) did not grow in the
absence of L-glutamate. Meanwhile, the cells showed slow growth and became saturated at 72
h in the presence of L-glutamate, indicating that AbGS successfully converted L-glutamate to
L-glutamine (Fig 4C). However, the complementation was not recovered to the level exhibited
by the K-12 MG1655 strain, suggesting that AbGS activity is lower than that of the well-known
GS.

L-glucose, as a carbon source in the MOPS minimal medium, can interfere with isopropyl
B-D-1-thiogalactopyranoside (IPTG), which regulates AbGS expression on the lac operon;
therefore, we used glycerol as the carbon source in the MOPS minimal medium. In addition,
we assumed that the medium supplemented with glycerol provides a limited source of energy
for growth. The synthesis of recombinant proteins expressed by IPTG may affect cell growth
rate. Therefore, we added different concentrations of IPTG to the medium. The glnA KO
+ AbGS showed no significant difference in cell growth across different IPTG concentrations
in MOPS minimal medium containing glycerol (Fig 4D), implying that cells transferred into
the medium do not require IPTG for complementation through AbGS.

Next, we conducted experiments with MOPS minimal medium containing L-glutamate
and glycerol in the absence of glucose and IPTG (MOPS-GG medium). We compared glnA
KO + pKA001 and AbGS to confirm complementation of AbGS in MOPS-GG medium.
AbGS showed complementation in the ginA KO strain; the cells exhibited reduced growth in
the absence of AbGS and complementation with AbGS statistically significantly slowed down
the decay of cells (Fig 4E). We designed a strain in which AbGS and AbHeR were co-expressed
in the pKA001 vector, and their expression was induced by IPTG and L-arabinose, respec-
tively. We assumed that AbHeR without ATR cannot regulate AbGS in the absence or pres-
ence of light, whereas AbHeR with ATR regulates AbGS in the presence of light. Therefore,
the growth of cells may be altered. However, the cells co-expressing AbHeR and AbGS showed
decreased growth levels similar to that of glnA KO + pKAO001 cells (Fig 4F). AbGS expression
levels in the cells co-expressing AbHeR and AbGS were lower than those in the cells expressing
AbGS after induction, indicating that a specific amount of AbGS is essential for complementa-
tion (S4D-S4F Fig). Although the cells co-expressing AbHeR and AbGS showed reduced
growth rate, AbHeR may influence the growth of cells in the presence of light. Surprisingly,
the growth of cells co-expressing AbGS and AbHeR with ATR in the presence of light was sta-
tistically significantly higher than that in the absence of light. In addition, the growth of cells
expressing AbGS and AbHeR without ATR was not significantly different from that of cells
expressing AbGS and AbHeR with ATR in the absence of light. That is, AbHeR could not reg-
ulate AbGS in the absence of light harvesting (Fig 4F). The low binding affinity of AbGS in the
AbHeR K216Q mutant was measured using the same experimental method as that for AbHeR
WT. AbHeR K216Q did not influence cell growth significantly (Fig 4G). We quantified the
growth levels because it was difficult to compare the down decay of cells expressing AbGS as
well as AbHeR WT or K216Q. Using exponential decay, the t;,, of growth rate of cells contain-
ing AbHeR WT in the presence of light was 1.58 times greater than that in the absence of light
(Fig 4H); however, t;/, values of growth rates of cells containing AbHeR K216Q in presence of
light were not altered when compared with those in the absence of light (Fig 4I). These t,,, val-
ues also suggest that AbGS can be partially regulated by AbHeR in the presence of light and
that AbGS does not bind well to AbHeR K216Q.
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Discussion

The heliorhodopsins studied to date do not exhibit ion-pumping activity [17,18]. The extracel-
lular portion of heliorhodopsins comprises hydrophobic residues that restrict the movement
of ions. Therefore, AbHeR does not exhibit ion-pumping activity as the space is filled with
hydrophobic residues. The hydrophobic residues Tyr109, Ala113, Met116, Phe203, and
Phe206 in Thermoplasmatales archaeon heliorhodopsin (TaHeR) corresponded to Tyr106,
Ser110, Met113, Phe204, and Phe207 in AbHeR, respectively [18]. Moreover, upon comparing
the hydrophobicity of heliorhodopsin and ion-pumping rhodopsin, HeR-48C12 and TaHeR
exhibited hydrophobicity at amino acid positions similar to those in AbHeR. However, the
regions of hydrophobicity, as analyzed by ProtScale Tool [50], differed between ion-pumping
rhodopsin and heliorhodopsin significantly (S1I Fig), suggesting that the differences contrib-
ute to the lack of ion-pumping activity in AbHeR.

Nearly 4 years after the discovery of heliorhodopsin, researchers have begun proposing
potential functions. For instance, Pushkarev and colleagues and Shihoya and colleagues have
suggested that they function as distinct types of signaling photoreceptors due to their slow
photocycle similar to that of SRs [17,18]. Additionally, enzymatic functions related to carbon
fixation have been suggested for heliorhodopsin based on the adjacent gene in the genomic
region. Two nuo loci (for NADH:ubiquinone oxidoreductase), the main entry point for elec-
trons from NADH into the respiratory chains of most mitochondria and many bacteria, sur-
round heliorhodopsin; however, they are not directly adjacent to it. Kovalev and colleagues
suggested that a large cavity in the cytoplasmic part of heliorhodopsin might play an active site
role for triangular anions, such as carbonate [19,51]. Many researchers have focused on pro-
teins that are up- or downstream of heliorhodopsin in the operon to provide insights regarding
its functions. Based on the findings of these previous studies, we postulated that the proteins
encoded by both genes in the operon would interact with each other, and the large cavity in
the cytoplasmic region might serve as a space to allow for conformational changes in heliorho-
dopsin following interaction with other proteins.

Recently, researchers have employed bioinformatics to predict function based on compari-
sons with genes neighboring heliorhodopsins in the genome. Bulzu and colleagues identified
MORN (Membrane Occupation and Recognition Nexus, PF02493) repeat and zinc ribbon
proteins (Pfam domain zinc_ribbon_4) at the N-termini of certain heliorhodopsins; these pro-
teins were modeled to be fused to heliorhodopsins. They suggested that the proteins fused to
heliorhodopsins may be related to the PPI or an indication of the role of zinc in possible down-
stream signaling [21]. Bulzu and colleagues and Chazan and colleagues also suggested diverse
functions resulting from the relationship between heliorhodopsins and neighboring genes.
The genes encode proteins related to oxidative stress, membrane transporter proteins, signal-
ing proteins, as well as nitrogen and glucose metabolism [21,52]. We analyzed the suggested
sequences of MORN repeat and zinc ribbon protein; however, we did not detect the associated
sequences upstream of AbHeR. Therefore, AbHeR is not likely a fused heliorhodopsin. Not all
heliorhodopsins contain a GS gene; hence, the binding of AbHeR to AbGS likely only occurs
in a specific subgroup of the heliorhodopsin family, rather than in all members.

The 2 key findings of the current study are as follows: (1) AbGS is up-regulated by AbHeR
in the presence of light. (2) In the absence of light, AbGS bound to AbHeR WT exhibits signifi-
cantly higher activity levels than when it is not bound to AbHeR K216Q in vitro (Fig 3D-F).
These results are consistent with data that the #,,, values of glnA KO + AbGS +AbHeR WT are
higher than those for glnA KO + AbGS + AbHeR K216Q in the absence of light (Fig 4H and
41). Accordingly, the PPI between AbHeR and AbGS increases AbGS activity despite the
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absence of light. In addition, AbGS activity is further increased by conformational changes in
AbHeR that occur in the presence of light.

According to our results, AbHeR is an AbGS-regulating heliorhodopsin; hence, other
heliorhodopsins may exhibit similar functions. HeR-48C12 belonging to the GS group has
sequence similarity to other members of the GS group (Fig 2A); however, it is unclear whether
a single RNA polymerase can transcribe across the distance between GS and HeR-48C12,
which is much larger than that for other heliorhodopsins in the GS group (Fig 1B). Moreover,
amino acid sequence similarity with GS adjacent to HeR-48C12 is 36.64%, compared to
85.81% to 96.28% for GSs adjacent to other heliorhodopsins. Hence, HeR-48C12 might not
bind to the adjacent GS.

The NAD" synthetase belongs to the aminotransferase family involved in a variety of bio-
chemical processes [53]. The enzyme is classified as ammonia- or glutamine-dependent and
catalyzes the synthesis of NAD™ from nicotinic acid adenine dinucleotide (NaAD") and ATP
with ammonia or glutamine [53,54]. In the GS group, Actinobacteria bacterium IMCC26103
and other bacteria not only contain GS but also NAD" synthetase genes, save for Actinobacter-
ium clone fosmid 48C12 due to not analyzing the nucleotide sequence upstream of GS. Hence,
GS and NAD" synthetase both utilize ammonia and ATP, and both genes are under the con-
trol of a single promoter (Fig 1B). As AbGS exhibits the PPI with AbHeR, we suggest that
NAD" synthetase may also interact with AbHeR. Alternatively, NAD" synthetase may be asso-
ciated with AbGS activity in nitrogen metabolism.

Amino acid alignment of the GSs adjacent to heliorhodopsins in the GS group revealed the
presence of conserved active and adenylation sites responsible for enzyme activity. In particu-
lar, Ser and Asn, previously known as the active sites, were replaced with Ala55 and Pro238 in
AbGS, respectively (S6 Fig) [35]. The absence of the Ser residue (Ala55 in AbGS), which
increases intersubunit stability, may facilitate its contiguous Ser54 in AbGS to substitute the
intersubunit stability. In another site, the absence of Asn (Pro238 in AbGS), which coordinates
the amino group of glutamate, may influence the enzyme activity, suggesting that AbGS adja-
cent to AbHeR exhibits low enzyme activity, excluding the GS adjacent to HeR-48C12 in the
GS group owing to the absence of Ser and Asn. Interestingly, the genome of Actinobacteria
bacterium IMCC26103 encoded 3 GSs (AbGS, QLL24912-GS, and QLL24954-GS) (S7 Fig). All
residues in the active sites of QLL24954-GS were conserved. In contrast, Ser, Tyr, Asn, and
Glu (Ala55, Tyr154, Pro238, and Glu302 in AbHeR) in the active sites of QLL24912-GS were
replaced with Thr, Gln, Glu, and Phe, respectively. QLL24912-GS might be no catalytic activity
or it might catalyze another reaction. Similarly, the absence of Asn at the Pro238 in AbGS
might imply that AbGS catalyzes some other reaction. Therefore, AbGS cannot be excluded
possibility as a putative GS. However, in the enzyme assay, AbGS in the presence of L-gluta-
mate, ATP, and ammonia converted from ATP to ADP and P;, meaning that AbGS is most
likely GS. Therefore, the binding of AbHeR to AbGS may be a strategy for overcoming the
effect of AbGS with low enzyme activity.

Protein-protein docking prediction revealed that the monomer of the AbHeR dimer
docked between the monomers of the AbGS dodecamer (S8 Fig). Based on the docking predic-
tion, AbGS was raised to the phospholipid bilayer in which AbHeR was embedded. The phos-
pholipid bilayer mediates interactions between the membrane proteins, which undergo
dynamic conformational changes to perform various functions [55]. The complex of 2 mem-
brane proteins, SR with transducer, may undergo a piston-like shift toward the cytoplasmic
side by retinal isomerization [56]. Heliorhodopsins may also undergo dynamic conformational
changes in the presence of light, suggesting that this change causes AbHeR to shift toward the
cytoplasmic side. These reports support our docking predictions.
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Previously studied GSs contain key amino acids in their active sites, including Asp, Asn,
and Glu (Asp52, Pro228, Glu302 residues in AbGS), all of which were observed in the active
site of AbGS, save for Asn [35]. Additionally, polar interactions between AbHeR and AbGS
were measured using PYMOL. Polar interactions were observed near the key active sites, con-
firming that various amino acids in AbHeR and AbGS participated in the polar interaction
(S8A Fig). Interestingly, important residues associated with PPIs, namely, Lys217, and Lys220
in AbHeR, are located in the key active sites and exhibit polar interactions. Moreover, Tyr212,
Val218, Trp221, and Arg226 in AbHeR interact with Pro371, Gly300, Glu302, and Glu302,
respectively. In addition, glutamate-binding space around the key amino acids in the active
sites was sufficient to enter glutamate binding in AbGS bound to AbHeR compared to GS
alone (S8B-S8E Fig). Glu302 in AbGS is located on a loop structure, termed the Glu flap, con-
sisting of residues that guard the glutamate entrance into the active site [35]. The Glu flap in
GS structures is a flexible loop that contributes glutamate entrance into the active site via
switching between an open and closed conformation [57,58]. In addition, the Glu at the
Glu302 position in AbGS formed hydrogen bonds with Asp and Asn in GS (Asp52 and Pro228
in AbGS) [59]. Hence, we propose that the polar interaction between Glu302 in the Glu flap of
AbGS and amino acids in AbHeR, and AbHeR might cause a conformational change in the
Glu flap of the glutamate entrance to the active site, in turn enhancing AbGS activity.

Furthermore, k., values of reported GSs were more than 2.0 [25,39-41], while the k., value
of AbGS is lower than that of the reported GSs, exhibiting not even 1.0 turnover per second
(Table 2 and S4B Fig). The absence of Asn from the key enzyme active sites (Pro228 in AbGS)
may affect the enzyme catalysis of AbGS. The photocycle of heliorhodopsin is approximately 1
s faster than the k., value of AbGS [17]. The binding of AbHeR to the key active site of AbGS
might cause a conformational change in AbGS in the absence of light. Meanwhile, in the pres-
ence of light, the conformational change might regulate the glutamate entrance through the
Glu flap in a switch-type mechanism. We suggest that the binding of AbHeR to AbGS may
accelerate the AbGS turnover by regulating the open and closed forms of Glu flap at the gluta-
mate entrance in the active site.

The members of the phylum Actinobacteria have specific habitat preferences, including a
free-living lifestyle, low-nutrient concentrations, and preference for the epilimnion layer [60].
Actinobacteria bacterium IMCC26103 was isolated from Lake Soyang (37° 56’ 50.6"' N, 127°
49’ 7.9" E, South Korea) during the spring season at a depth of 50 m. The region is a freshwater
environment characterized by relatively low-nutrient concentrations achieved via attenuation
of physicochemical perturbations by water mixing [23]. The physicochemical characteristics,
nutrient levels, and concentrations of nitrite, nitrate, and ammonium in Lake Soyang (37° 56’
49.2"" N, 127° 48’ 57.6" E) shift with season and depth. In particular, the concentration of
nitrite in the hypolimnion layer is lower than that in the epilimnion layer during the 4 seasons.
The concentration of nitrate does not differ between the hypolimnion and the epilimnion
layer in any season. Ammonium is only detectable in the lake hypolimnion during spring [61].
The lake hypolimnion is an extremely low-nutrient environment, and the nutrient levels
decrease gradually over time from spring to winter. Nitrite, nitrate, and ammonium are key
nutrients involved in nitrogen fixation and metabolism and can be converted to ammonia,
which is the substrate for GS [62]. Therefore, we hypothesized that Actinobacteria bacterium
IMCC26103 requires nitrogen assimilation and, thus, enhanced AbGS activity. However, the
active site of AbGS contains Pro238, not Asn, unlike the previously known GS enzymes. As a
mechanism of enhancing AbGS activity, AbGS binds to AbHeR, thereby increasing AbGS
activity in the presence of light and facilitating nitrogen assimilation.

Interestingly, the rhodopsin gene was found in Actinobacteria bacterium IMCC26103 and
was predicted to be an H'-pumping rhodopsin. Moreover, genes associated with biosynthesis
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of retinal are essential for the formation of rhodopsin chromophore; the bacterium encodes
crtEBIY and blh genes [23]. H"-pumping rhodopsin causes an H* gradient thus altering the
electrical potential difference across the membrane. Consequently, membrane-bound ATPase
functions in ATP synthesis through ion gradients [63]. Habitat preferences of the bacterium
may include light sources for ATP synthesis by rhodopsin via the electrical potential differ-
ence. Since the light source and concentrations of nitrite and ammonium are relatively higher
in the lake epilimnion than in the lake hypolimnion, the bacterium may prefer the lake epilim-
nion habitat for AbGS activity with AbHeR. We propose that the bacterium can synthesize
ATP by H"-pumping rhodopsin and can facilitate nitrogen assimilation via AbGS. Therefore,
the bacterium prefers habitats exposed to light to facilitate increased growth.

In conclusion, we have demonstrated that the heliorhodopsin of Actinobacteria bacterium
IMCC26103 regulates AbGS activity via direct binding. This interaction between AbHeR and
AbGS may be critical for nitrogen assimilation in Actinobacteria bacterium IMCC26103 as it
survives in a low-nutrient environment. Our results provide novel insights into the function-
ing of rhodopsin in different organisms. To the best of our knowledge, this is the first study to
unveil the function of AbHeR in metabolic regulation. However, as many researchers have
suggested, heliorhodopsins likely also have functions that are not associated with enzyme regu-
lation. Therefore, further research is required to elucidate additional molecular mechanisms.

Materials and methods
Phylogenetic and genome analysis

Phylogenetic analysis was performed with microbial rhodopsin, reported heliorhodopsins
(HeR-48C12, Actinobacterium clone fosmid 48C12; TaHeR, Thermoplasmatales archaeon
SG8-52-1; BcHeR, Bellilinea caldifistulae), predicted heliorhodopsins (based on the amino acid
sequence of HeR-48C12), and AbHeR. Each amino acid sequence was aligned using MU]Itiple
Sequence Comparison by Log-Expectation (MUSCLE) [64,65]. Evolutionary analyses were
inferred using the maximum likelihood method and the JTT matrix-based model. The
unrooted maximum likelihood tree with the highest log likelihood (-30475.05) is shown. Initial
trees were obtained by neighbor-joining algorithms to a matrix of pairwise distances estimated
using a JTT model and subsequently selecting the topology with a superior log likelihood
value. This analysis was used for 63 rhodopsin sequences. Evolutionary analyses were con-
ducted using MEGA X [66]. Promoters and terminators in the genome of each eubacterium
were predicted using prediction tools (phSITE, Softberry, BDGP, SAPPHIRE, iTerm-PseKNC,
and ARNold) [67-72]. The gaps between genes in each eubacterium operon were predicted
using the promoter and terminator prediction tools.

Plasmid preparation

AbHeR (accession number: QLL25365)- and AbGS (accession number: QLL25366)-encoding
genes containing Ndel and Notl restriction sites with a hexahistidine-tag were codon-opti-
mized for protein expression in E. coli and chemically synthesized (Integrated DNA Technolo-
gies, United States of America). The hexahistidine-tags of AbHeR and AbGS were located at
the N- and C-termini, respectively. The genes were cloned into the Ndel and NotI sites of the
pET21b and pKA001 vector [46]. Each of the AbHeR mutants was prepared using site-directed
mutagenesis, and the mutated gene sequences were cloned into the pET21b vector. For the
complementation experiment, Ncol and Sall restriction enzyme sites were introduced into the
AbHeR amplicon and introduced into pKA001-AbGS.

The AIO plasmid was designed using E. coli K-12 MG1655 and contains ampicillin and
kanamycin resistance genes. The ccdB gene in the plasmid was removed and inserted internal
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ribosome entry site (IRES2) gene into sites removed the ccdB gene. The IRES2 fragment was
amplified by polymerase chain reaction using the 5-AGATCTTAACCCCCCCCCTAACGT
TAC-3' (Bglll) and 5'-ATGCATGTATTATCGTGTTTTTCAAAGG-3' (Nsil) primers contain-
ing restriction enzyme sites from the MSCV-IRES-GFP vector. The IRES2 amplicon was intro-
duced into the All-In-One vector (Biofact, Korea), and the resultant vector was named the AIO
plasmid. The GR has been studied previously [73], and the GR WT gene in the pKA001-GR
WT vector was introduced into the Ndel and NotI restriction sites of the pET21b vector.

Protein expression and purification

Rhodopsin expression and purification procedures have been previously described [8]. The
AbHeR WT, AbHeR mutants, and GR WT were expressed in E. coli C43 (DE3) cultured in LB
medium containing 50 ug/mL ampicillin at 37°C and 200 rpm. The cells were induced by
0.84 mM isopropyl B-D-1-thiogalactopyranoside (IPTG) and 7 uM all-trans retinal (ATR,
Toronto Research Chemicals, Canada). After induction, the cells were harvested with a buffer
S (150 mM NaCl and 50 mM Tris-HCI (pH 7.0)) and subsequently disrupted using a sonicator.
Membrane fractions were isolated using ultracentrifugation (Beckman x L-90 ultracentrifuge,
USA) at 100,000 x g and 4°C for 1 h and then solubilized with buffer S containing 1% n-dode-
cyl-B-D-maltopyranoside (DDM, Goldbio, USA) at 4°C for 16 h. The solubilized rhodopsins
were prepared with Ni** NTA agarose (QIAGEN, USA) by rocking at 4°C for 4 h in the
absence of light after ultracentrifugation at 4°C and 45,000 x g for 15 min. The protein samples
were washed with buffer SD (150 mM NaCl, 50 mM Tris-HCI (pH 7.0), and 0.02% DDM) con-
taining 25 mM imidazole and subsequently eluted with buffer SD containing 250 mM imidaz-
ole using Amicon Ultra-4 10,000 MWCO centrifugal filter units. The AbGS expression and
purification procedures were slightly modified.

The E. coli BL21 (DE3) strain harboring AbGS was incubated in LB medium containing
50 pug/mL ampicillin at 37°C and 200 rpm until the optical density at 600 nm (ODgg0) reached
0.4. The cells were induced with 0.84 mM IPTG and incubated at 37°C and 200 rpm for 4 h.
The cells were harvested and washed with buffer S. The harvested cells were resuspended in
buffer S containing 1 mM phenylmethylsulfonyl fluoride (PMSF) and subsequently disrupted
using a sonicator. The cell lysates were centrifuged at 30,000 x g and 4°C for 45 min. After cen-
trifugation, the supernatants were subjected to separation using Ni** NTA agarose by rocking
at 4°C for 2 h. AbGS was washed with buffer S and then eluted with buffer S containing 50
mM imidazole.

Three-dimensional structure and protein-protein docking analysis

AbHeR and AbGS sequences were analyzed using the Swiss-Model and predicted by an avail-
able protein crystal structure HeR-48C12 (PDB code: 6su3.1.A) for AbHeR and GS (PDB
code: 3qaj.1.A) for AbGS [74-76]. The predicted crystal structures were analyzed using
PyMOL (The PyMOL Molecular Graphics System, Version 2.52, Schrédinger, LLC). Electro-
static potential maps of the predicted three-dimensional (3D) structures of AbHeR and AbGS
were analyzed using CHARMM-GUI [77]. Protein—protein docking between the predicted
crystals structure AbHeR and AbGS was conducted using ClusPro 2.0 server [78-81]. The Clu-
sPro server performed 3 computational steps. Rigid body docking was used to sample billions
of conformations using PIPER, which calculates the docked conformation energy in grids
based on the fast Fourier transform (FFT) correlation approach. Root-mean-square deviation
(RMSD) was generated to determine the largest clusters. Finally, the samples were refined by
CHARMM minimization. The docking server resulted in 30 models of a balanced set for
energy coefficients. Afterward, 1 model with a low energy value in the models was selected.
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Protein-protein interaction using ITC analysis

Previously reported methods for ITC analysis of microbial rhodopsin were followed with slight
modifications [8,33]. Purified AbHeR WT, AbHeR mutants, and AbGS were completely
exchanged with buffer SD using Amicon Ultra-4 10,000 MWCO centrifugal filter units and
Amicon Ultra-4 30,000 MWCO centrifugal filter units, respectively. The concentrations of
proteins were quantified using the Bradford assay. AbGS was continuously injected into the
AbHeR at 25°C using a MicroCal ITC200 (Malvern Panalytical, United Kingdom) at the
Advanced Bio-Interface Core Research Facility, Korea. ITC analysis data were evaluated using
Microcal LLC ITC200 (Malvern Panalytical).

Preparation of IMVs

Preparation of IMVs, which are ISO membrane vesicles, was performed in accordance with
previously published methods with slight modifications [42,73]. After induction, the E. coli
pellets containing empty vector (pET21b), AbHeR, and GR were washed with buffer P (5 mM
MgSO, and 50 mM potassium phosphate (pH 7.5)) instead of buffer S. The cells were homoge-
nized to 20% (wet weight/volume) in buffer P containing 1 mM dithiothreitol (DTT) and 1
mM PMSF, and then disrupted using an EmulsiFlex-C3 high-pressure homogenizer (Avestin,
Canada) with 3 passes at 10,000 psi at the Advanced Bio-Interface Core Research Facility.
Unbroken cells and large debris were removed twice by centrifugation at 4°C and 39,000 x g
for 15 min. IMVs were collected by ultracentrifugation at 4°C and 150,000 x g for 1.5 h. The
collected IMVs were homogenized with buffer S and 100 mM NaCl, respectively, and subse-
quently ultracentrifuged at 4°C and 150,000 x g for 1.5 h. The washed IMVs were homoge-
nized with buffer S and 100 mM NaCl, respectively, and then centrifuged at 10,000 x g for 5
min. The supernatants were frozen and stored in liquid nitrogen. Before use, the IMV's were
thawed rapidly in a water bath at 37°C for 2 min.

Analysis of photochemical and biophysical properties of AbHeR

The protocols for estimating pKa values of the counterion, preparation of RSO membrane ves-
icles, and the light-induced H" movement assay, have been described [8]. Absorption spectra
of purified AbHeR were measured using a UV-VIS spectrophotometer (Shimadzu UV-2550,
Japan). The difference of absorbance form of the counterion of rhodopsin was fitted using Ori-
gin 9.0 (OriginLab, USA), and the pKa value of the counterion was estimated using the Hen-
derson-Hasselbalch equation. To perform the light-induced H" movement assay, membrane
vesicles were prepared, resuspended, and adjusted to ODggq of 20 (2.0 x 10'° cells/mL) with
100 mM NaCl and a mixture solution (20 mM LiCl, NaCl, KCI, CsCl, and Na,SO,). The GR
IMV was thawed and adjusted to ODsggg of 15 (1.2 x 10'° cells/mL) with 100 mM NaCl, fol-
lowed by illumination at an intensity of 100 W/m? through a short-wave 500 nm cut off filter
(Sigma Koki SCF-50S-44Y, Japan). The assay was performed with and without 10 pM CCCP,
and the pH value was monitored using a pH meter (Horiba pH meter F-51. Japan) with a pH
electrode bar (Horiba pH electrode bar 9618S-10D, Japan).

ADbGS activity with AbHeR

AbGS activity was measured by colorimetric determination of P; concentrations using ferric
sulfate and molybdate, in accordance with previous studies [36-38]. The AbHeR IMV's were
adjusted to an ODss4 of 0.330. The concentration of purified AbGS, as quantified by the Brad-
ford assay, was adjusted to 160 uM with 50 mM imidazole-HCI (pH 7.0). First, 4 pL of each
AbHeR and AbGS sample was allowed to bind at 260 rpm and 25°C for 1 h. After binding,
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25 pL of an additive solution (72 mM imidazole-HCl at pH 7.0, 80 mM NH,CI, 12.8 mM
MnCl,, and 176 mM NaCl) and 5 uL of 400 mM glutamate-NaOH (pH 7.0) were added.
Bound samples were incubated at 260 rpm and 25°C for 15 min. To activate enzyme activity,

2 uL of ATP solution (400 mM adenosine triphosphate (ATP) was dissolved in 1 M imidazole-
HCI (pH 7.0), 150 mM NaCl, and 50 mM Tris) was added. The reaction was carried out at
37°C in the absence and presence of light (specific green laser, 532 nm) conditions at 20 pmol
m > s". The reaction samples were treated with 40% trichloroacetate to be a final concentration
of 20%. Treated samples were cooled at 4°C and centrifuged at 4°C and 3,500 X g for 30 min.
Forty microliters of the supernatants containing P; were transferred to a 96-well microplate,
and 180 pL of freshly prepared reducing agent (0.8% FeSO, with 0.3N H,SO,) was added. The
color reaction was developed for 15 min by adding 15 pL of a freshly prepared developing solu-
tion (6.6% (NH,)sMo070,, with 7.5N H,SO,). Finally, concentrations of the developed reac-
tants were measured at an ODg4o using a 2300 EnSpire Multimode Plate Reader (PerkinElmer,
USA). The P; concentrations were calculated using the P; standard curve, which was prepared
using the abovementioned procedure (colorimetric determination of the P; assay) with differ-
ent concentrations of potassium phosphate buffer without AbHeR and AbGS.

Growth rate test of cells for AbGS complementation

E. coli JW3841 (Keio collection), a glnA-deficient strain, was used to complement AbGS in our
study [49]. The pKAO001 vector contains the lac promoter and araBAD promoter with the -
dioxygenase gene. AbGS and AbHeR were regulated by P, and P,,,pap, respectively. E. coli
JW3841 was transformed with the pKA001 null vector, pKA001-AbGS, and pKA001-AbG-
S_AbHeR. A single colony of transformed cells was incubated in LB medium containing
50 ug/mL ampicillin and 50 pg/mL kanamycin at 37°C and 280 rpm for 16 h. The incubated
cells were transferred 100:1 ratio to LB medium containing 50 ug/mL ampicillin and 50 pg/mL
kanamycin at 37°C and 280 rpm until the ODg, reached 0.4. The cells were induced by the
addition of 0.84 mM IPTG, 0.2% L-arabinose, and 7 uM ATR until the ODgq reached 3.0. The
induced cells were washed 3 times, resuspended with buffer S, and subsequently transferred to
8 mL of MOPS minimal medium [82] (40 mM 3-morpholinopropane-1-sulfonic acid, 4 mM
tricine, 10 uM F,SOy, 9.52 mM NH,CI, 276 pM K,SO,, 500 nM CaCl,, 528 uM MgCl,, 50 mM
Nacl, 1.32 mM K,HPO,, 3 nM (NH,)sMo0,0,4, 400 nM H3BO3, 30 nM CoCl,, 10 nM CuSO,,
80 nM MnCl,, and 10 nM ZnSO, (pH 7.4)) containing 0.4% carbon source (D-glucose or glyc-
erol), 10 mM L-glutamate, 50 pg/mL ampicillin, and 50 ug/mL kanamycin to reach an ODsgqq
equal to 0.1 (1.0 x 10 cells/mL). The transferred cells were incubated at 37°C and 280 rpm in
the absence and presence of light (532 nm) at 40 pmol m™ 5!, Further ODg, measurements of
E. coli were obtained using the UV-VIS spectrophotometer (Shimadzu UV-2550).

E. coli K-12 MG1655 was transformed with the AIO plasmid, and further experiments were
performed in the same manner as described for E. coli JW3841.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE)
and western blot

The E. coli JW3841 strain after induction of AbGS and AbHeR expression was centrifuged at
13,000 x g for 30 s and subsequently resuspended in Laemmli sample buffer. The samples were
vigorously vortexed for 2 min and then lysed at 1,600 rpm for 20 min in a shaking incubator
(Finepcr, Korea). The cell density in the buffer was equivalent to an ODgyo value of 3.0

(3.0 x 10° cells/mL). Purified GS and AbHeR were added by Laemmli sample buffer, and then
boiled for 10 min and incubated at 25°C for 30 min, respectively. Prepared cell lysates and
purified proteins were subjected to discontinuous SDS-PAGE that the acrylamide
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concentrations of stacking and separating gels are 5% and 12%, respectively. After electropho-
resis, the gels were stained with Coomassie brilliant blue R-250 and developed after transfer-
ring, blocking, as well as treatment with hexahistidine-tag antibody and HRP-conjugated
antibody.

Statistical analysis

Statistical analysis was performed using the Origin 9.0 (OriginLab). The indicated values rep-
resent the mean * standard deviation. Statistical differences between experimental groups
were analyzed using 2-tailed paired ¢ tests. The following p-values were indicated statistical sig-
nificance: * p < 0.05, ** p < 0.01, *** p < 0.001, and **** p < 0.0001. The statistical analysis
approaches applied in each experiment are described in the respective figure legends.

Supporting information

S1 Fig. Topological, photochemical, biophysical, and hydrophobic characteristics of
AbHeR. (A) The membrane topology of AbHeR was predicted using the Philius server. The
prediction reveals that AbHeR is a 7-transmembrane protein and its N-terminus is located on
the cytoplasmic side. Transmembrane helix, extracellular (non-cytoplasmic) side, cytoplasmic
side, and signal peptide are indicated in yellow, green, blue, and red colors, respectively. (B)
Absorption spectra of AbHeR WT at different pH values. The absorption maxima at acidic,
neutral, and alkaline pH were 570, 553, and 547 nm, respectively. (C and D) Differences of
absorbance were calculated from the absorption spectra of AbHeR WT at different pH values.
(E and F) The pKa values of counterion (E105) and retinal Schiff Baes were estimated using
the Henderson-Hasselbalch equation. (G) AbHeR WT membrane vesicles were determined to
exhibit no ion-pumping function through a light-induced proton movement assay. The mix-
ture solution was composed of 20 mM each of LiCl, NaCl, KCl, CsCl, and Na,SO, and was
used to detect any ion pumping. The AbHeR WT membrane vesicle was measured in the
absence (gray color space) and presence of light (60 to 240 s). Black and red lines indicate with-
out and with CCCP, respectively. (H) Absorption maxima of purified AbHeR mutants at neu-
tral pH are shown. The absorbance maxima were not significantly different compared to those
of WT. (I) Hydrophobicity analyses were performed using ProtScale Tool (web.expasy.org/
protscale), and amino acid scales were based on the Kyte and Doolittle method. The most fre-
quently used scales are calculated based on hydrophobicity and hydrophilicity, and the second-
ary structure conformational parameter scales are calculated based on different chemical and
physical properties of amino acids. Values of 0 on the y-axis are indicated by dashed gray.
Heliorhodopsins, AbHeR, HeR-48C12, and Thermoplasmatales archaeon heliorhodopsin
(TaHeR) were analyzed for similar hydrophobicity positions. Ion-pumping rhodopsins (BR,
Halobacterium salinarum bacteriorhodopsin; GR, Gloeobacter violaceus rhodopsin; NaR, Kro-
kinobacter eikastus Na*-pumping rhodopsin) were analyzed for different hydrophobicity posi-
tions among the ion-pumping rhodopsins. The heliorhodopsins contained hydrophobic
residues in different positions. The underlying data of the graph can be found in S4 Data.
(TTF)

S2 Fig. Amino acid alignment of microbial rhodopsin and heliorhodopsin. Multiple
sequence alignments of microbial rhodopsins and heliorhodopsins were aligned using MUS-
CLE. Helices of AbHeR were based on the 3D structure (PDB: 6su3.1.A), which was predicted
using the Swiss-Model. Counterions of bacteriorhodopsin and heliorhodopsin are indicated
by black and red triangles, respectively. Retinal-binding pocket, retinal covalent linkage, and
positions of mutation for AbHeR are indicated by black star, red star, and black plus mark,

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001817 October 3, 2022 20/27


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001817.s001
http://web.expasy.org/protscale
http://web.expasy.org/protscale
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001817.s002
https://doi.org/10.1371/journal.pbio.3001817

PLOS BIOLOGY

Heliorhodopsin regulates glutamine synthetase activity

respectively. Columns indicating membrane topology are shown: BR (pink), AbHeR (sky
blue), HeR-48C12 (purple), intracellular loop (green), and extracellular loop (green). Nega-
tively and positively charged residues near intracellular loops of heliorhodopsin are indicated
by red and blue, respectively. (A) Sequence alignment of AbHeR with microbial rhodopsin.
ChR1, Volvox carteri f. nagariensis ChR1 (300 amino acids of full sequences); ACR1, Guillardia
theta anion channelrhodopsin 1; ASR, Anabaena sp. PCC7120 sensory rhodopsin; BR, Halo-
bacterium salinarum bacteriorhodopsin; GR, Gloeobacter violaceus rhodopsin; NaR, Krokino-
bacter eikastus Na"-pumping rhodopsin; NmCIR, Nonlabens marinus Cl'-pumping rhodopsin.
(B) Alignment of AbHeR among the reported and predicted heliorhodopsins. Reported helior-
hodopsins, HeR-48C12, Actinobacterium clone fosmid 48C12; TaHeR, Thermoplasmatales
archaeon SG8-52-1; BcHeR, Bellilinea caldifistulae. Predicted heliorhodopsins, 29HeR, Humi-
bacillus sp. DSM 29435 HeR; 137HeR, Nocardioides terrigena HeR; 208HeR, Williamsia herbi-
polensis HeR; 265HeR, Trichococcus flocculiformis HeR; 293HeR, Streptomyces pini HeR.

(TIF)

S3 Fig. Predicted 3D structures and electrostatic potential maps of AbHeR and AbGS. (A)
Side and (B) bottom views of AbHeR (PDB code: 6su3.1.A). (C) Side and (D) bottom views of
AbGS (PDB code: 3qaj.1.A). The dimer and dodecamer formed from 2 face-to-face hexameric
rings of subunits, respectively, are shown. Negative and positive values in the bottom bar indi-
cate negatively and positively charged fields, respectively. (E) Charged fields in AbGS were dif-
ficult to distinguish. (F) AbHeR was viewed from various angles; it exhibited a dominant
positively charged field on the cytoplasmic side. Each of the charged residues is indicated. Posi-
tions of cytoplasmic and extracellular sides are indicated near structures with white arrows.
(TIF)

$4 Fig. Determination of AbGS activity and expression level of AbGS and AbHeR. AbGS
activity is determined by P; via biosynthetic reaction that GS catalyzes from L-glutamate with
ammonia, ATP, and metal ion, to L-glutamine, ADP, P;, and proton. The biosynthetic reaction
was carried out at 37°C and performed by colorimetric determination of P; using ferric sulfate
and molybdate. (A) P; standard curve with different P; concentrations was fitted in a quadratic
equation; the equation and R-squared values are indicated. A biosynthesis assay was per-
formed and the enzyme activity was calculated using the P; standard curve. The initial rates
(Vo) of biosynthesis via GS reactions are expressed as pM of P; produced per minute. The
enzyme kinetic parameters were calculated using the Michaelis—Menten equation (B) and
Lineweaver-Burk plot (C). (A-C) These assays were performed in an independent experimen-
tal group (n = 3). Data are the mean + standard deviation. (D and E) SDS-PAGE and western
blot of cell lysates and purified proteins. Cell lysates of E. coli JW3841 containing AbGS or
AbGS as well as AbHeR, with and without all-trans retinal. Purified GS and AbHeR were used
as control. Black and red arrows indicate AbGS (predicted size of AbGS monomer with hexa-
histidine-tag: 49.1 kDa) and AbHeR monomer bands (predicted size of AbHeR monomer
with hexahistidine-tag: 28.7 kDa), respectively. AbGS was successfully expressed in both single
expression and co-expressing strains; however, it exhibited lower expression in co-expressing
cells. (F) E. coli JW3841 pellets containing AbHeR and AbGS are observed in pink. The under-
lying data of the graph can be found in S5 Data.

(TIF)

S5 Fig. Photochemical and biochemical properties, as well as thermal and light stability of
prepared IMV containing rhodopsins. (A) The absorption spectra of AbHeR and empty vec-
tor IMV were measured. (B) H*-pumping in Gloeobacter rhodopsin (GR) WT IMV was mea-

sured using light-induced proton movement assay. The AbHeR WT IMVs were analyzed in
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the absence (gray color space) and presence of light (60 to 240 s). Black and red lines indicate
reactions with and without CCCP, respectively. (C) AbHeR WT IMV was incubated in light
(532 nm) at 55 umol ms™* and 37°C. This test was performed in an independent experimental
group (n = 3). Data are the mean =+ standard deviation. The underlying data of the graph can
be found in S6 Data.

(TIF)

S6 Fig. Amino acid alignment of GS with neighboring heliorhodopsins in the GS group.
The GS enzymes in the GS group are highly conserved based on their amino acid sequences;
the active sites, key active sites, and adenylation site of GS are indicated in black, red, and blue
circles, respectively. The GS-encoding genes and neighboring heliorhodopsin and reported
heliorhodopsin were aligned. Predicted heliorhodopsins in GS group, 2HeR, Candidatus
Planktophila limnetica HeR; 6HeR, Actinobacteria bacterium IMCC25003 HeR; 21HeR, Can-
didatus Planktophila versatilis HeR; 26HeR, Candidatus Planktophila lacus HeR.

(TIF)

S7 Fig. Amino acid alignment of AbGS with GSs in genome of Actinobacteria bacterium
IMCC21603. The GS enzymes in the genome of Actinobacteria bacterium IMCC21603 are
conserved based on their amino acid sequences; the active sites, key active sites, and adenyla-
tion site of GS are indicated in black, red, and blue circles, respectively. The predicted GSs
(Accession number: QLL24912 and QLL24954) were labeled to under accession number-GS.
(TIF)

S8 Fig. Protein-protein docking to predict the 3D protein structure of AbHeR and AbGS.
AbHeR and AbGS are indicated as transparent cyan and red helices, respectively. The dis-
tances between the hydrogen bonds of interacting amino acids of AbHeR and AbGS were cal-
culated by polar interaction tool in PyMOL and indicated using a yellow dotted line. The key
active sites of AbGS are present in the 2 AbGS monomers of dodecamer, and the positions of
the key active sites of the 2 different monomers in AbGS are indicated in yellow and white
text. The positions of amino acids in AbHeR are indicated in blue text. (A, D, and E) Docking
parts of key active sites in AbGS and AbHeR. (B and C) GS 3D structure (PDB: 6su3.1.A) in a
position with bound Glu. (D and E) The positions of the docking prediction are indicated with
white dotted circles. (B and D) Above and (C and E) top views of the positions are shown.
(TIF)

S1 Raw Images. Original images showing SDS-PAGE and western blot in 4D and S4E
Fig.
(PDF)

S1 Data. Underlying numerical data of protein—protein interaction using isothermal titra-
tion calorimetry analysis.
(XLSX)

$2 Data. Underlying numerical data of GS activity with AbHeR using biosynthesis assay in
the absence and presence of light.
(XLSX)

§3 Data. Underlying numerical data of growth rate test of E. coli.
(XLSX)

$4 Data. Underlying numerical data of characterization of AbHeR.
(XLSX)
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S5 Data. Underlying numerical data of inorganic phosphate standard curve and GS activ-
ity using biosynthesis assay.
(XLSX)

$6 Data. Underlying numerical data of properties of IMVs containing rhodopsins.
(XLSX)

Acknowledgments

We would like to thank Drs. Keon Ah Lee, Ah reum Choi, and Se-Hwan Kim for their effort,
support, and helpful discussion during the study.

Author Contributions

Conceptualization: Shin-Gyu Cho, Kwang-Hwan Jung.
Data curation: Shin-Gyu Cho.

Funding acquisition: Kwang-Hwan Jung.

Investigation: Shin-Gyu Cho, Myungchul Song, Kimleng Chuon, Jin-gon Shim, Seanghun
Meas, Kwang-Hwan Jung.

Methodology: Shin-Gyu Cho.

Project administration: Shin-Gyu Cho.

Resources: Shin-Gyu Cho.

Software: Shin-Gyu Cho.

Supervision: Shin-Gyu Cho, Kwang-Hwan Jung.

Validation: Shin-Gyu Cho.

Visualization: Shin-Gyu Cho.

Writing - original draft: Shin-Gyu Cho.

Writing - review & editing: Shin-Gyu Cho, Kwang-Hwan Jung.

References

1. Spudich JL, Yang C-S, Jung K-H, Spudich EN. Retinylidene proteins: structures and functions from
Archaea to humans. Annu Rev Cell Dev Biol. 2000; 16:365—-392. https://doi.org/10.1146/annurev.
cellbio.16.1.365 PMID: 11031241

2. Shichida Y, Matsuyama T. Evolution of opsins and phototransduction. Philos Trans R Soc B Biol Sci.
2009; 364:2881-2895. https://doi.org/10.1098/rstb.2009.0051 PMID: 19720651

3. Schmidt TM, Chen S-K, Hattar S. Intrinsically photosensitive retinal ganglion cells: many subtypes,
diverse functions. Trends Neurosci. 2011; 34:572-580. https://doi.org/10.1016/j.tins.2011.07.001
PMID: 21816493

4. YauK-W, Hardie RC. Phototransduction Motifs and Variations. Cell. 2009; 139:246—264. https://doi.
org/10.1016/j.cell.2009.09.029 PMID: 19837030

5. Ermnst OP, Lodowski DT, Elstner M, Hegemann P, Brown LS, Kandori H. Microbial and animal rhodop-
sins: structures, functions, and molecular mechanisms. Chem Rev. 2014; 114:126—163. https://doi.org/
10.1021/cr4003769 PMID: 24364740

6. Lanyi JK. Bacteriorhodopsin. Annu Rev Physiol. 2004; 66:665-688. https://doi.org/10.1146/annurev.
physiol.66.032102.150049 PMID: 14977418

7. Inoue K, Ono H, Abe-Yoshizumi R, Yoshizawa S, Ito H, Kogure K| et al. A light-driven sodium ion pump
in marine bacteria. Nat Commun. 2013; 4:1678. https://doi.org/10.1038/ncomms2689 PMID: 23575682

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001817 October 3, 2022 23/27


http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001817.s014
http://journals.plos.org/plosbiology/article/asset?unique&id=info:doi/10.1371/journal.pbio.3001817.s015
https://doi.org/10.1146/annurev.cellbio.16.1.365
https://doi.org/10.1146/annurev.cellbio.16.1.365
http://www.ncbi.nlm.nih.gov/pubmed/11031241
https://doi.org/10.1098/rstb.2009.0051
http://www.ncbi.nlm.nih.gov/pubmed/19720651
https://doi.org/10.1016/j.tins.2011.07.001
http://www.ncbi.nlm.nih.gov/pubmed/21816493
https://doi.org/10.1016/j.cell.2009.09.029
https://doi.org/10.1016/j.cell.2009.09.029
http://www.ncbi.nlm.nih.gov/pubmed/19837030
https://doi.org/10.1021/cr4003769
https://doi.org/10.1021/cr4003769
http://www.ncbi.nlm.nih.gov/pubmed/24364740
https://doi.org/10.1146/annurev.physiol.66.032102.150049
https://doi.org/10.1146/annurev.physiol.66.032102.150049
http://www.ncbi.nlm.nih.gov/pubmed/14977418
https://doi.org/10.1038/ncomms2689
http://www.ncbi.nlm.nih.gov/pubmed/23575682
https://doi.org/10.1371/journal.pbio.3001817

PLOS BIOLOGY

Heliorhodopsin regulates glutamine synthetase activity

10.

11.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

Cho S-G, Shim J, Choun K, Meas S, Kang K-W, Kim J, et al. Discovery of a new light-driven Li+/Na
+-pumping rhodopsin with DTG motif. J Photochem Photobiol B. 2021:112285. https://doi.org/10.1016/
j.iphotobiol.2021.112285 PMID: 34411952

Béja O, Spudich EN, Spudich JL, Leclerc M, DeLong EF. Proteorhodopsin phototrophy in the ocean.
Nature. 2001; 411:786-789. https://doi.org/10.1038/35081051 PMID: 11459054

Shevchenko V, Mager T, Kovalev K, Polovinkin V, Alekseev A, Juettner J, et al. Inward H+ pump xenor-
hodopsin: mechanism and alternative optogenetic approach. Sci Adv. 2017; 3:e1603187. https://doi.
org/10.1126/sciadv.1603187 PMID: 28948217

Kim SY, Yoon SR, Han S, YunY, Jung K-H. A role of Anabaena sensory rhodopsin transducer (ASRT)
in photosensory transduction. Mol Microbiol. 2014; 93:403—414. https://doi.org/10.1111/mmi.12635
PMID: 24798792

Nagel G, Ollig D, Fuhrmann M, Kateriya S, Musti AM, Bamberg E, et al. Channelrhodopsin-1: A light-
gated proton channel in green algae. Science. 2002; 296:2395-2398. https://doi.org/10.1126/science.
1072068 PMID: 12089443

Kandori H. lon-pumping microbial rhodopsins. Front Mol Biosci. 2015; 2. https://doi.org/10.3389/fmolb.
2015.00052 PMID: 26442282

Shibata M, Inoue K, lkeda K, Konno M, Singh M, Kataoka C, et al. Oligomeric states of microbial rho-
dopsins determined by high-speed atomic force microscopy and circular dichroic spectroscopy. Sci
Rep. 2018; 8:8262. https://doi.org/10.1038/s41598-018-26606-y PMID: 29844455

Kato HE, Zhang F, Yizhar O, Ramakrishnan C, Nishizawa T, Hirata K, et al. Crystal structure of the
channelrhodopsin light-gated cation channel. Nature. 2012; 482:369-374. https://doi.org/10.1038/
nature10870 PMID: 22266941

Kim YS, Kato HE, Yamashita K| Ito S, Inoue K, Ramakrishnan C, et al. Crystal structure of the natural
anion-conducting channelrhodopsin GtACR1. Nature. 2018; 561:343-348. https://doi.org/10.1038/
s41586-018-0511-6 PMID: 30158696

Pushkarev A, Inoue K, Larom S, Flores-Uribe J, Singh M, Konno M, et al. A distinct abundant group of
microbial rhodopsins discovered using functional metagenomics. Nature. 2018; 558:595-599. https:/
doi.org/10.1038/s41586-018-0225-9 PMID: 29925949

Shihoya W, Inoue K, Singh M, Konno M, Hososhima S, Yamashita K, et al. Crystal structure of heliorho-
dopsin. Nature. 2019; 574:132—136. https://doi.org/10.1038/s41586-019-1604-6 PMID: 31554965

Kovalev K, Volkov D, Astashkin R, Alekseev A, Gushchin |, Haro-Moreno JM, et al. High-resolution
structural insights into the heliorhodopsin family. Proc Natl Acad Sci U S A. 2020; 117:4131-4141.
https://doi.org/10.1073/pnas.1915888117 PMID: 32034096

Hashimoto M, Katayama K, Furutani Y, Kandori H. Zinc binding to heliorhodopsin. J Phys Chem Lett.
2020; 11:8604—8609. https://doi.org/10.1021/acs.jpclett.0c02383 PMID: 32940480

Bulzu P-A, Kavagutti VS, Chiriac M-C, Vavourakis CD, Inoue K, Kandori H, et al. Heliorhodopsin Evolu-
tion Is Driven by Photosensory Promiscuity in Monoderms. mSphere. 2021 [cited 2021 Dec 27]. https://
doi.org/10.1128/mSphere.00661-21 PMID: 34817235

Jung K-H. The Distinct signaling mechanisms of microbial sensory rhodopsins in Archaea, eubacteria
and Eukarya. Photochem Photobiol. 2007; 83:63—69. https://doi.org/10.1562/2006-03-20-IR-853
PMID: 16968113

Kang |, Kim S, Islam MR, Cho J-C. The first complete genome sequences of the acl lineage, the most
abundant freshwater Actinobacteria, obtained by whole-genome-amplification of dilution-to-extinction
cultures. Sci Rep. 2017; 7:42252. https://doi.org/10.1038/srep42252 PMID: 28186143

Levintow L. The glutamyltransferase activity of normal and neoplastic tissues. J Natl Cancer Inst. 1954;
15:347-352. PMID: 13233890

Seabra AR, Silva LS, Carvalho HG. Novel aspects of glutamine synthetase (GS) regulation revealed by
a detailed expression analysis of the entire GS gene family of Medicago truncatula under different phys-
iological conditions. BMC Plant Biol. 2013; 13:137. https://doi.org/10.1186/1471-2229-13-137 PMID:
24053168

Li X, Liu T, Wu 'Y, Zhao G, Zhou Z. Derepressive effect of NH on hydrogen production by deleting the
glnA1 gene in Rhodobacter sphaeroides. Biotechnol Bioeng. 2010; 106:564-572. https://doi.org/10.
1002/bit.22722 PMID: 20340141

Frieg B, Gorg B, Homeyer N, Keitel V, Haussinger D, Gohlke H. Molecular mechanisms of glutamine
synthetase mutations that lead to clinically relevant pathologies. PLOS Comput Biol. 2016; 12:
€1004693. https://doi.org/10.1371/journal.pcbi.1004693 PMID: 26836257

Aurass P, Duvel J, Karste S, Nubel U, Rabsch W, Flieger A. gInA truncation in salmonella enterica
results in a small colony variant phenotype, attenuated host cell entry, and reduced expression of

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001817 October 3, 2022 24/27


https://doi.org/10.1016/j.jphotobiol.2021.112285
https://doi.org/10.1016/j.jphotobiol.2021.112285
http://www.ncbi.nlm.nih.gov/pubmed/34411952
https://doi.org/10.1038/35081051
http://www.ncbi.nlm.nih.gov/pubmed/11459054
https://doi.org/10.1126/sciadv.1603187
https://doi.org/10.1126/sciadv.1603187
http://www.ncbi.nlm.nih.gov/pubmed/28948217
https://doi.org/10.1111/mmi.12635
http://www.ncbi.nlm.nih.gov/pubmed/24798792
https://doi.org/10.1126/science.1072068
https://doi.org/10.1126/science.1072068
http://www.ncbi.nlm.nih.gov/pubmed/12089443
https://doi.org/10.3389/fmolb.2015.00052
https://doi.org/10.3389/fmolb.2015.00052
http://www.ncbi.nlm.nih.gov/pubmed/26442282
https://doi.org/10.1038/s41598-018-26606-y
http://www.ncbi.nlm.nih.gov/pubmed/29844455
https://doi.org/10.1038/nature10870
https://doi.org/10.1038/nature10870
http://www.ncbi.nlm.nih.gov/pubmed/22266941
https://doi.org/10.1038/s41586-018-0511-6
https://doi.org/10.1038/s41586-018-0511-6
http://www.ncbi.nlm.nih.gov/pubmed/30158696
https://doi.org/10.1038/s41586-018-0225-9
https://doi.org/10.1038/s41586-018-0225-9
http://www.ncbi.nlm.nih.gov/pubmed/29925949
https://doi.org/10.1038/s41586-019-1604-6
http://www.ncbi.nlm.nih.gov/pubmed/31554965
https://doi.org/10.1073/pnas.1915888117
http://www.ncbi.nlm.nih.gov/pubmed/32034096
https://doi.org/10.1021/acs.jpclett.0c02383
http://www.ncbi.nlm.nih.gov/pubmed/32940480
https://doi.org/10.1128/mSphere.00661-21
https://doi.org/10.1128/mSphere.00661-21
http://www.ncbi.nlm.nih.gov/pubmed/34817235
https://doi.org/10.1562/2006-03-20-IR-853
http://www.ncbi.nlm.nih.gov/pubmed/16968113
https://doi.org/10.1038/srep42252
http://www.ncbi.nlm.nih.gov/pubmed/28186143
http://www.ncbi.nlm.nih.gov/pubmed/13233890
https://doi.org/10.1186/1471-2229-13-137
http://www.ncbi.nlm.nih.gov/pubmed/24053168
https://doi.org/10.1002/bit.22722
https://doi.org/10.1002/bit.22722
http://www.ncbi.nlm.nih.gov/pubmed/20340141
https://doi.org/10.1371/journal.pcbi.1004693
http://www.ncbi.nlm.nih.gov/pubmed/26836257
https://doi.org/10.1371/journal.pbio.3001817

PLOS BIOLOGY

Heliorhodopsin regulates glutamine synthetase activity

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

M.

42.

43.

44,

45.

46.

47.

48.

flagellin and SPI-1-associated effector genes. Appl Environ Microbiol. 2018; 84:e01838-e01817.
https://doi.org/10.1128/AEM.01838-17 PMID: 29150501

Martin A, Lee J, Kichey T, Gerentes D, Zivy M, Tatout C, et al. Two cytosolic glutamine synthetase iso-
forms of maize are specifically involved in the control of grain production. Plant Cell. 2006; 18:3252—
3274. https://doi.org/10.1105/tpc.106.042689 PMID: 17138698

Reynolds SM, Kall L, Riffle ME, Bilmes JA, Noble WS. Transmembrane topology and signal peptide
prediction using dynamic bayesian networks. PLOS Comput Biol. 2008; 4:e1000213. https://doi.org/10.
1371/journal.pcbi.1000213 PMID: 18989393

LuY, Zhou XE, Gao X, Wang N, Xia R, Xu Z, et al. Crystal structure of heliorhodopsin 48C12. Cell Res.
2020; 30:88—90. https://doi.org/10.1038/s41422-019-0266-0 PMID: 31879417

Brock K, Talley K, Coley K, Kundrotas P, Alexov E. Optimization of electrostatic interactions in protein-
protein complexes. Biophys J. 2007; 93:3340-3352. https://doi.org/10.1529/biophysj.107.112367
PMID: 17693468

Sudo Y, Yamabi M, Kato S, Hasegawa C, lwamoto M, Shimono K, et al. Importance of specific hydro-
gen bonds of archaeal rhodopsins for the binding to the transducer protein. J Mol Biol. 2006; 357:1274—
1282. https://doi.org/10.1016/j.jmb.2006.01.061 PMID: 16483604

Omasits U, Ahrens CH, Miller S, Wollscheid B. Protter: interactive protein feature visualization and inte-
gration with experimental proteomic data. Bioinformatics. 2014; 30:884—-886. https://doi.org/10.1093/
bioinformatics/btt607 PMID: 24162465

Eisenberg D, Gill HS, Pfluegl GMU, Rotstein SH. Structure—function relationships of glutamine synthe-
tases. Biochim Biophys Acta. 2000; 1477:122—145. https://doi.org/10.1016/s0167-4838(99)00270-8
PMID: 10708854

Deuel TF, Louie M, Lerner A. Glutamine synthetase from rat liver. Purification, properties, and prepara-
tion of specific antisera. J Biol Chem. 1978; 253:6111-6118. https://doi.org/10.1016/S0021-9258(17)
34587-8 PMID: 28323

Boyer PD, Mills RC, Fromm HJ. Hypotheses for and some kinetic studies with glutamine synthetase
and acetate thiokinase. Arch Biochem Biophys. 1959; 81:249-263. https://doi.org/10.1016/0003-9861
(59)90194-8 PMID: 13637985

Sumner JB. A method for the colorimetric determination of phosphorus. Science. 1944; 100:413—414.
https://doi.org/10.1126/science.100.2601.413 PMID: 17799462

Dhalla AM, Li B, Alibhai MF, Yost KJ, Hemmingsen JM, Atkins WM, et al. Regeneration of catalytic
activity of glutamine synthetase mutants by chemical activation: exploration of the role of arginines 339
and 359 in activity. Protein Sci Publ Protein Soc. 1994; 3:476—481. https://doi.org/10.1002/pro.
5560030313 PMID: 7912599

Zuo W, Nie L, Baskaran R, Kumar A, Liu Z. Characterization and improved properties of Glutamine syn-
thetase from Providencia vermicola by site-directed mutagenesis. Sci Rep. 2018; 8:15640. https://doi.
org/10.1038/s41598-018-34022-5 PMID: 30353099

Ishiyama K, Inoue E, Yamaya T, Takahashi H. GIn49 and Ser174 Residues Play Critical Roles in Deter-
mining the Catalytic Efficiencies of Plant Glutamine Synthetase. Plant Cell Physiol. 2006; 47:299-303.
https://doi.org/10.1093/pcp/pci238 PMID: 16338958

Bashford D, Gerwert K. Electrostatic calculations of the pKa values of ionizable groups in bacteriorho-
dopsin. J Mol Biol. 1992; 224:473-486. https://doi.org/10.1016/0022-2836(92)91009-e PMID: 1313886

Dung MH, Chen C-H. Energetics of active transport in inverted membrane vesicles of Escherichia coli.
J Membr Sci. 1991; 56:327-340. https://doi.org/10.1016/S0376-7388(00)83042-2

Chuon K, Shim J, Kim S-H, Cho S-G, Meas S, Kang K-W, et al. The role of carotenoids in proton-pump-
ing rhodopsin as a primitive solar energy conversion system. J Photochem Photobiol B. 2021;
221:112241. https://doi.org/10.1016/j.jphotobiol.2021.112241 PMID: 34130090

Darby JF, Landstrom J, Roth C, He Y, Davies GJ, Hubbard RE. Discovery of Selective Small-Molecule
Activators of a Bacterial Glycoside Hydrolase. Angew Chem Int Ed. 2014; 53:13419-13423. https://doi.
org/10.1002/anie.201407081 PMID: 25291993

Lee KA, Lee S-S, Kim SY, Choi AR, Lee J-H, Jung K-H. Mistic-fused expression of algal rhodopsins in
Escherichia coli and its photochemical properties. Biochim Biophys Acta. 2015; 1850:1694—1703.
https://doi.org/10.1016/j.bbagen.2015.04.002 PMID: 25869488

Patrick WM, Quandt EM, Swartzlander DB, Matsumura I. Multicopy suppression underpins metabolic
evolvability. Mol Biol Evol. 2007; 24:2716-2722. https://doi.org/10.1093/molbev/msm204 PMID:
17884825

Joyce AR, Reed JL, White A, Edwards R, Osterman A, Baba T, et al. Experimental and computational
assessment of conditionally essential genes in Escherichia coli. J Bacteriol. 2006; 188:8259-8271.
https://doi.org/10.1128/JB.00740-06 PMID: 17012394

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001817 October 3, 2022 25/27


https://doi.org/10.1128/AEM.01838-17
http://www.ncbi.nlm.nih.gov/pubmed/29150501
https://doi.org/10.1105/tpc.106.042689
http://www.ncbi.nlm.nih.gov/pubmed/17138698
https://doi.org/10.1371/journal.pcbi.1000213
https://doi.org/10.1371/journal.pcbi.1000213
http://www.ncbi.nlm.nih.gov/pubmed/18989393
https://doi.org/10.1038/s41422-019-0266-0
http://www.ncbi.nlm.nih.gov/pubmed/31879417
https://doi.org/10.1529/biophysj.107.112367
http://www.ncbi.nlm.nih.gov/pubmed/17693468
https://doi.org/10.1016/j.jmb.2006.01.061
http://www.ncbi.nlm.nih.gov/pubmed/16483604
https://doi.org/10.1093/bioinformatics/btt607
https://doi.org/10.1093/bioinformatics/btt607
http://www.ncbi.nlm.nih.gov/pubmed/24162465
https://doi.org/10.1016/s0167-4838%2899%2900270-8
http://www.ncbi.nlm.nih.gov/pubmed/10708854
https://doi.org/10.1016/S0021-9258%2817%2934587-8
https://doi.org/10.1016/S0021-9258%2817%2934587-8
http://www.ncbi.nlm.nih.gov/pubmed/28323
https://doi.org/10.1016/0003-9861%2859%2990194-8
https://doi.org/10.1016/0003-9861%2859%2990194-8
http://www.ncbi.nlm.nih.gov/pubmed/13637985
https://doi.org/10.1126/science.100.2601.413
http://www.ncbi.nlm.nih.gov/pubmed/17799462
https://doi.org/10.1002/pro.5560030313
https://doi.org/10.1002/pro.5560030313
http://www.ncbi.nlm.nih.gov/pubmed/7912599
https://doi.org/10.1038/s41598-018-34022-5
https://doi.org/10.1038/s41598-018-34022-5
http://www.ncbi.nlm.nih.gov/pubmed/30353099
https://doi.org/10.1093/pcp/pci238
http://www.ncbi.nlm.nih.gov/pubmed/16338958
https://doi.org/10.1016/0022-2836%2892%2991009-e
http://www.ncbi.nlm.nih.gov/pubmed/1313886
https://doi.org/10.1016/S0376-7388%2800%2983042-2
https://doi.org/10.1016/j.jphotobiol.2021.112241
http://www.ncbi.nlm.nih.gov/pubmed/34130090
https://doi.org/10.1002/anie.201407081
https://doi.org/10.1002/anie.201407081
http://www.ncbi.nlm.nih.gov/pubmed/25291993
https://doi.org/10.1016/j.bbagen.2015.04.002
http://www.ncbi.nlm.nih.gov/pubmed/25869488
https://doi.org/10.1093/molbev/msm204
http://www.ncbi.nlm.nih.gov/pubmed/17884825
https://doi.org/10.1128/JB.00740-06
http://www.ncbi.nlm.nih.gov/pubmed/17012394
https://doi.org/10.1371/journal.pbio.3001817

PLOS BIOLOGY

Heliorhodopsin regulates glutamine synthetase activity

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Baba T, Ara T, Hasegawa M, Takai Y, Okumura Y, Baba M, et al. Construction of Escherichia coli K-12
in-frame, single-gene knockout mutants: the Keio collection. Mol Syst Biol. 2006; 2006(2):0008. https://
doi.org/10.1038/msb4100050 PMID: 16738554

Kyte J, Doolittle RF. A simple method for displaying the hydropathic character of a protein. J Mol Biol.
1982; 157:105-132. https://doi.org/10.1016/0022-2836(82)90515-0 PMID: 7108955

Erhardt H, Steimle S, Muders V, Pohl T, Walter J, Friedrich T. Disruption of individual nuo-genes leads
to the formation of partially assembled NADH:ubiquinone oxidoreductase (complex I) in Escherichia
coli. Biochim Biophys Acta. 2012; 1817:863-871. https://doi.org/10.1016/j.bbabio.2011.10.008 PMID:
22063474

Chazan A, Rozenberg A, Mannen K, Nagata T, Tahan R, Yaish S, et al. Diverse heliorhodopsins
detected via functional metagenomics in freshwater Actinobacteria, Chloroflexi and Archaea. Environ
Microbiol. 2022; 24:110-121. https://doi.org/10.1111/1462-2920.15890 PMID: 34984789

Rizzi M, Nessi C, Mattevi A, Coda A, Bolognesi M, Galizzi A. Crystal structure of NH3-dependent NAD+
synthetase from Bacillus subtilis. EMBO J. 1996; 15:5125-5134. https://doi.org/10.1002/j.1460-2075.
1996.tb00896.x PMID: 8895556

Resto M, Yaffe J, Gerratana B. An ancestral glutamine-dependent NAD+ synthetase revealed by poor
kinetic synergism. Biochim Biophys Acta. 2009; 1794:1648-1653. https://doi.org/10.1016/j.bbapap.
2009.07.014 PMID: 19647806

Sachs JN, Engelman DM. Introduction to the membrane protein reviews: the interplay of structure,
dynamics, and environment in membrane protein function. Annu Rev Biochem. 2006; 75:707-712.
https://doi.org/10.1146/annurev.biochem.75.110105.142336 PMID: 16756508

Ishchenko A, Round E, Borshchevskiy V, Grudinin S, Gushchin |, Klare JP, et al. New insights on signal
propagation by sensory rhodopsin Il/transducer complex. Sci Rep. 2017; 7:41811. https://doi.org/10.
1038/srep41811 PMID: 28165484

Gill HS, Eisenberg D. The Crystal Structure of Phosphinothricin in the Active Site of Glutamine Synthe-
tase llluminates the Mechanism of Enzymatic Inhibition. Biochemistry. 2001; 40:1903-1912. https://doi.
org/10.1021/bi002438h PMID: 11329256

Yamashita MM, Almassy RJ, Janson CA, Cascio D, Eisenberg D. Refined atomic model of glutamine
synthetase at 3.5 A resolution*. J Biol Chem. 1989; 264:17681—17690. https://doi.org/10.1016/S0021-
9258(19)84625-2

Joo HK, Park YW, Jang YY, Lee JY. Structural Analysis of Glutamine Synthetase from Helicobacter
pylori. Sci Rep. 2018; 8:11657. https://doi.org/10.1038/s41598-018-30191-5 PMID: 30076387

Schmidt ML, White JD, Denef VJ. Phylogenetic conservation of freshwater lake habitat preference var-
ies between abundant bacterioplankton phyla. Environ Microbiol. 2016; 18:1212—-1226. https://doi.org/
10.1111/1462-2920.13143 PMID: 26631909

Kim S, Islam MR, Kang |, Cho J-C. Cultivation of dominant freshwater bacterioplankton lineages using
a high-throughput dilution-to-extinction culturing approach over a 1-year period. Front Microbiol. 2021;
12:2170. https://doi.org/10.3389/fmicb.2021.700637 PMID: 34385989

Merrick MJ, Edwards RA. Nitrogen control in bacteria. Microbiol Rev. 1995; 59:604—622. https://doi.org/
10.1128/mr.59.4.604-622.1995 PMID: 8531888

QOesterhelt D, Stoeckenius W. Functions of a New Photoreceptor Membrane. Proc Natl Acad Sci U S A.
19783; 70:2853-2857. https://doi.org/10.1073/pnas.70.10.2853 PMID: 4517939

Edgar RC. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 2004; 32:1792-1797. https://doi.org/10.1093/nar/gkh340 PMID: 15034147

Edgar RC. MUSCLE: a multiple sequence alignment method with reduced time and space complexity.
BMC Bioinformatics. 2004; 5:113. https://doi.org/10.1186/1471-2105-5-113 PMID: 15318951

Kumar S, Stecher G, Tamura K. MEGA7: molecular evolutionary genetics analysis version 7.0 for big-
ger datasets. Mol Biol Evol. 2016; 33:1870-1874. https://doi.org/10.1093/molbev/msw054 PMID:
27004904

Klucar L, Stano M, Hajduk M. phiSITE: database of gene regulation in bacteriophages. Nucleic Acids
Res. 2010; 38:D366—D370. https://doi.org/10.1093/nar/gkp911 PMID: 19900969

Victor VS, Asaf AS. Automatic Annotation of Microbial Genomes and Metagenomic Sequences. [cited
2022 Apr 15]. https://novapublishers.com/shop/metagenomics-and-its-applications-in-agriculture-
biomedicine-and-environmental-studies/.

Reese MG. Application of a time-delay neural network to promoter annotation in the Drosophila melano-
gaster genome. Comput Chem. 2001; 26:51-56. https://doi.org/10.1016/s0097-8485(01)00099-7
PMID: 11765852

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001817 October 3, 2022 26/27


https://doi.org/10.1038/msb4100050
https://doi.org/10.1038/msb4100050
http://www.ncbi.nlm.nih.gov/pubmed/16738554
https://doi.org/10.1016/0022-2836%2882%2990515-0
http://www.ncbi.nlm.nih.gov/pubmed/7108955
https://doi.org/10.1016/j.bbabio.2011.10.008
http://www.ncbi.nlm.nih.gov/pubmed/22063474
https://doi.org/10.1111/1462-2920.15890
http://www.ncbi.nlm.nih.gov/pubmed/34984789
https://doi.org/10.1002/j.1460-2075.1996.tb00896.x
https://doi.org/10.1002/j.1460-2075.1996.tb00896.x
http://www.ncbi.nlm.nih.gov/pubmed/8895556
https://doi.org/10.1016/j.bbapap.2009.07.014
https://doi.org/10.1016/j.bbapap.2009.07.014
http://www.ncbi.nlm.nih.gov/pubmed/19647806
https://doi.org/10.1146/annurev.biochem.75.110105.142336
http://www.ncbi.nlm.nih.gov/pubmed/16756508
https://doi.org/10.1038/srep41811
https://doi.org/10.1038/srep41811
http://www.ncbi.nlm.nih.gov/pubmed/28165484
https://doi.org/10.1021/bi002438h
https://doi.org/10.1021/bi002438h
http://www.ncbi.nlm.nih.gov/pubmed/11329256
https://doi.org/10.1016/S0021-9258%2819%2984625-2
https://doi.org/10.1016/S0021-9258%2819%2984625-2
https://doi.org/10.1038/s41598-018-30191-5
http://www.ncbi.nlm.nih.gov/pubmed/30076387
https://doi.org/10.1111/1462-2920.13143
https://doi.org/10.1111/1462-2920.13143
http://www.ncbi.nlm.nih.gov/pubmed/26631909
https://doi.org/10.3389/fmicb.2021.700637
http://www.ncbi.nlm.nih.gov/pubmed/34385989
https://doi.org/10.1128/mr.59.4.604-622.1995
https://doi.org/10.1128/mr.59.4.604-622.1995
http://www.ncbi.nlm.nih.gov/pubmed/8531888
https://doi.org/10.1073/pnas.70.10.2853
http://www.ncbi.nlm.nih.gov/pubmed/4517939
https://doi.org/10.1093/nar/gkh340
http://www.ncbi.nlm.nih.gov/pubmed/15034147
https://doi.org/10.1186/1471-2105-5-113
http://www.ncbi.nlm.nih.gov/pubmed/15318951
https://doi.org/10.1093/molbev/msw054
http://www.ncbi.nlm.nih.gov/pubmed/27004904
https://doi.org/10.1093/nar/gkp911
http://www.ncbi.nlm.nih.gov/pubmed/19900969
https://novapublishers.com/shop/metagenomics-and-its-applications-in-agriculture-biomedicine-and-environmental-studies/
https://novapublishers.com/shop/metagenomics-and-its-applications-in-agriculture-biomedicine-and-environmental-studies/
https://doi.org/10.1016/s0097-8485%2801%2900099-7
http://www.ncbi.nlm.nih.gov/pubmed/11765852
https://doi.org/10.1371/journal.pbio.3001817

PLOS BIOLOGY

Heliorhodopsin regulates glutamine synthetase activity

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Coppens L, Lavigne R. SAPPHIRE: a neural network based classifier for 670 promoter prediction in
Pseudomonas. BMC Bioinformatics. 2020; 21:415. https://doi.org/10.1186/s12859-020-03730-z PMID:
32962628

Feng C-Q, Zhang Z-Y, Zhu X-J, Lin Y, Chen W, Tang H, et al. iTerm-PseKNC: a sequence-based tool
for predicting bacterial transcriptional terminators. Bioinformatics. 2019; 35:1469-1477. https://doi.org/
10.1093/bicinformatics/bty827 PMID: 30247625

Lesnik EA, Sampath R, Levene HB, Henderson TJ, McNeil JA, Ecker DJ. Prediction of rho-independent
transcriptional terminators in Escherichia coli. Nucleic Acids Res. 2001; 29:3583-3594. https://doi.org/
10.1093/nar/29.17.3583 PMID: 11522828

Lee KA, Jung K-H. ATP regeneration system using E. coli ATP synthase and Gloeobacter rhodopsin
and its stability. J Nanosci Nanotechnol. 2011; 11:4261-4264. https://doi.org/10.1166/jnn.2011.3669
PMID: 21780438

Bienert S, Waterhouse A, de Beer TAP, Tauriello G, Studer G, Bordoli L, et al. The SWISS-MODEL
Repository—new features and functionality. Nucleic Acids Res. 2017; 45:D313-D319. https://doi.org/
10.10983/nar/gkw1132 PMID: 27899672

Guex N, Peitsch MC, Schwede T. Automated comparative protein structure modeling with SWISS-
MODEL and Swiss-PdbViewer: A historical perspective. ELECTROPHORESIS. 2009; 30:S162-S173.
https://doi.org/10.1002/elps.200900140 PMID: 19517507

Waterhouse A, Bertoni M, Bienert S, Studer G, Tauriello G, Gumienny R, et al. SWISS-MODEL: homol-
ogy modelling of protein structures and complexes. Nucleic Acids Res. 2018; 46:W296—-W303. https:/
doi.org/10.1093/nar/gky427 PMID: 29788355

Jo S, Vargyas M, Vasko-Szedlar J, Roux B, Im W. PBEQ-Solver for online visualization of electrostatic
potential of biomolecules. Nucleic Acids Res. 2008; 36:W270-W275. https://doi.org/10.1093/nar/
gkn314 PMID: 18508808

Desta IT, Porter KA, Xia B, Kozakov D, Vajda S. Performance and lts limits in rigid body protein-protein
docking. Structure. 2020; 28:1071-1081.e3. https://doi.org/10.1016/j.str.2020.06.006 PMID: 32649857

Vajda S, Yueh C, Beglov D, Bohnuud T, Mottarella SE, Xia B, et al. New additions to the ClusPro server
motivated by CAPRI. Proteins Struct Funct Bioinforma. 2017; 85:435—-444. https://doi.org/10.1002/prot.
25219 PMID: 27936493

Kozakov D, Hall DR, Xia B, Porter KA, Padhorny D, Yueh C, et al. The ClusPro web server for protein—
protein docking. Nat Protoc. 2017; 12:255-278. https://doi.org/10.1038/nprot.2016.169 PMID:
28079879

Kozakov D, Beglov D, Bohnuud T, Mottarella SE, Xia B, Hall DR, et al. How good is automated protein
docking? Proteins Struct Funct Bioinforma. 2013; 81:2159-2166. https://doi.org/10.1002/prot.24403
PMID: 23996272

Neidhardt FC, Bloch PL, Smith DF. Culture medium for enterobacteria. J Bacteriol. 1974; 119:736-747.
https://doi.org/10.1128/jb.119.3.736-747.1974 PMID: 4604283

PLOS Biology | https://doi.org/10.1371/journal.pbio.3001817 October 3, 2022 27/27


https://doi.org/10.1186/s12859-020-03730-z
http://www.ncbi.nlm.nih.gov/pubmed/32962628
https://doi.org/10.1093/bioinformatics/bty827
https://doi.org/10.1093/bioinformatics/bty827
http://www.ncbi.nlm.nih.gov/pubmed/30247625
https://doi.org/10.1093/nar/29.17.3583
https://doi.org/10.1093/nar/29.17.3583
http://www.ncbi.nlm.nih.gov/pubmed/11522828
https://doi.org/10.1166/jnn.2011.3669
http://www.ncbi.nlm.nih.gov/pubmed/21780438
https://doi.org/10.1093/nar/gkw1132
https://doi.org/10.1093/nar/gkw1132
http://www.ncbi.nlm.nih.gov/pubmed/27899672
https://doi.org/10.1002/elps.200900140
http://www.ncbi.nlm.nih.gov/pubmed/19517507
https://doi.org/10.1093/nar/gky427
https://doi.org/10.1093/nar/gky427
http://www.ncbi.nlm.nih.gov/pubmed/29788355
https://doi.org/10.1093/nar/gkn314
https://doi.org/10.1093/nar/gkn314
http://www.ncbi.nlm.nih.gov/pubmed/18508808
https://doi.org/10.1016/j.str.2020.06.006
http://www.ncbi.nlm.nih.gov/pubmed/32649857
https://doi.org/10.1002/prot.25219
https://doi.org/10.1002/prot.25219
http://www.ncbi.nlm.nih.gov/pubmed/27936493
https://doi.org/10.1038/nprot.2016.169
http://www.ncbi.nlm.nih.gov/pubmed/28079879
https://doi.org/10.1002/prot.24403
http://www.ncbi.nlm.nih.gov/pubmed/23996272
https://doi.org/10.1128/jb.119.3.736-747.1974
http://www.ncbi.nlm.nih.gov/pubmed/4604283
https://doi.org/10.1371/journal.pbio.3001817

