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Abstract

Blue-absorbing proteorhodopsin (BPR) from marine bacteria is a retinal-bound, light-
activated, outwards proton transporter containing seven c-helical transmembrane
segments (TMS). It is synthesized as a precursor species (pre-BPR) with a predicted N-
terminal signal sequence that is cleaved to yield the mature protein. While optimizing the
production of BPR in E coli to facilitate the construction of bioprotonic devices, we
observed significant pre-BPR accumulation in the inner membrane and explored signal
sequence requirements and export pathway. We report here that BPR does not rely on the
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Sec pathway for inner membrane integration, and that although it greatly enhances yields,
its signal sequence is not necessary to obtain a functional product. We further show that
an unprocessable version of pre-BPR obtained by mutagenesis of the signal peptidase |
site exhibits all functional attributes of the wild type protein and that is has the advantage
of being produced at higher levels. Our results are consistent with the BPR signal
sequence being recognized by the signal recognition particle (SRP; a protein that
orchestrates the cotranslational biogenesis of inner membrane proteins) and serving as a

beneficial “pro” domain rather than a traditional secretory peptide.
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Blue-absorbing proteorhodopsin (BPR) from marine bacteria is a retinal-bound, light-
activated, outwards proton transporter containing seven a-helical transmembrane
segments (TMS). It is synthesized as a precursor species (pre-BPR) with a predicted N-

terminal signal sequence that is cleaved to yield the mature protein.
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1. Introduction

Proteorhodopsins (PRs) are retinal-containing transmembrane proteins that function as
light-activated proton pumps in marine organisms (Bamann, Bamberg, Wachtveitl, &
Glaubitz, 2014; Béja et al., 2000). Thousands of PR genes have been identified in waters
around the world, demonstrating the importance of proteorhodopsin-mediated
phototrophy in the ocean (Beja, Spudich, Spudich, Leclerc, & DelLong, 2001; Inoue,
Kato, & Kandori, 2015). PRs are formed by the covalent union of an opsin — a protein
consisting of seven a-helical transmembrane segments (TMS) connected by apparently
disordered loops — and a retinal chromophore covalently bound to helix G through a
Schiff base (Shi et al., 2009). They have been divided into two groups based on their
absorption maxima: green-absorbing proteorhodopsins (Amax™ ~ 525 nm) are found in
organisms dwelling near the ocean surface, while organisms containing blue-absorbing
proteorhodopsins (Ama™ ~ 490 nm) live in deeper zones where less light is available
(Kelemen, Du, & Jensen, 2003; Man et al., 2003). Although PRs have less than 30%
homology with the extensively studied archaeal bacteriorhodopsin (bR), they share a
common 7-TMS architecture, and the residues critical for proton-pumping are conserved
with Asp-97 acting as proton acceptor to the retinal Schiff base (a role played by Asp-85
in bR), and Glu-108 serving as proton donor (in place of Asp-96 of bR) (Dioumaev et al.,

2002; Lanyi, 2006).

The blue-absorbing HOT75m1 proteorhodopsin, hereafter referred to as BPR, is
one of the best characterized PRs in terms of structure (Ran et al., 2013) and function

(W.-W. Wang, Sineshchekov, Spudich, & Spudich, 2003). In contrast to most

This article is protected by copyright. All rights reserved.



heterologous a-helical membrane proteins, and to the structurally related bR and G
protein-coupled receptors (GPCRs) (Costanzi, Siegel, Tikhonova, & Jacobson, 2009;
McCusker, Bane, O'Malley, & Robinson, 2007), proteorhodopsins can be expressed at
appreciable levels in recombinant E. coli (Béja et al., 2000; Gourdon et al., 2008). Why
this is the case remains unknown, but a distinguishing feature of many proteorhodopsins
is the presence of an N-terminal signal sequence that is processed to yield a mature 7-

TMS product (Ran et al., 2013).

Cleavable signal sequences, which consist of a net positively charged region, a
hydrophobic core, and a cleavage site recognized by signal peptidase | (SPase 1), are a
hallmark of bacterial proteins destined for export to the periplasm and outer membrane
(Paetzel, 2014). In the so-called Sec-dependent pathway, signal sequence-containing
precursor proteins, or pre-proteins, are captured post-translationally by secretory (e.g.,
SecB) or generic molecular chaperones, which maintain them in an unfolded
conformation for transfer to SecA, a molecular motor that uses cycles of ATP binding
and hydrolysis to thread pre-proteins across the membrane through the SecYEG pore.
Once translocation is complete, signal sequences are cleaved by SPase I to yield a mature
product that is released in the periplasm. (Natale, Bruser, & Driessen, 2008; Tsirigotaki,

De Geyter, Sostaric, Economou, & Karamanou, 2017).

By contrast, typical E. coli inner membrane proteins do not contain a signal
sequence and most traffic to the membrane through the cotranslational signal recognition
particle (SRP) pathway. Here, the specialized chaperone SRP engages nascent proteins

displaying highly hydrophobic a-helical TMS as soon as they emerge from the ribosomal
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tunnel. The resulting ribosome-nascent protein complexes are delivered to the FtsY
receptor at the membrane, and the cargo is transferred co-translationally to the
SecYEG/YidC machinery. The opening of a lateral gate in the SecYEG channel allows
for integration of membrane proteins within the lipid bilayer (Beck, Wu, Brunner, &

Miiller, 2000; Luirink, Yu, Wagner, & de Gier, 2012; Schibich et al., 2016).

While optimizing the production of BPR in E coli to facilitate the construction of
bioprotonic devices (Hemmatian et al., 2016; Hemmatian et al., 2015; Soto - Rodriguez,

Hemmatian, Josberger, Rolandi, & Baneyx, 2016), we found surprisingly high levels of
pre-protein accumulation in the inner membrane which led us to explore the role of the
signal sequence in BPR biogenesis. Here, we show that BPR does not depend on the Sec
pathway for inner membrane integration, and that although it greatly enhances yields, the
signal sequence is not necessary to obtain a functional product. We further show that a
full-length version of BPR obtained by precluding signal sequence cleavage through
mutagenesis of the SPase | site is produced at higher level and exhibits all functional
attributes of the wild type protein. Our results are discussed within the context of

bacterial secretory pathways and the construction of bioprotonic devices.

2. Materials and Methods

2.1 DNA manipulations

A DNA cassette encoding a codon-optimized version of BPR (Hot75m1) followed by a
C-terminal Hisg tag was commercially synthesized by Invitrogen. Both an Ndel and an
Ncol site were built at the 5’ end, leading to the addition of two additional amino acids
(Met-Thr) at the N-terminus of the native signal sequence. The corresponding gene was
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excised on an Ndel-Xhol fragment from plasmid pMAT-BPR-Hisg and inserted into the
same sites of plasmid pBLN400 (Nannenga & Baneyx, 2011a) to yield plasmid

pBPR400.

A variant of BPR-Hisg lacking its signal sequence was constructed by amplifying
the mature BPR gene from pMAT-BPR-Hisg with primers 5° —
TATATACCATGGCAGCCGGTGGTGATCTG-3"and 5’ -
CTCGAGTTAATGGTGATGGTGATG - 3, and ligating the Ncol-Xhol fragment into
the same sites of pPBR400 to produce plasmid pPBR(Ass)400. Alanine 20 (using a
numbering system that includes the two additional amino acids; Supplementary Figure
S1) was converted to a leucine by subjecting pBPR400 to site-directed mutagenesis with
primers 5- CAATTGCACTGCCGAGCTTTCTGGCAGCCGGTGGTGATCTGG - 3'
and 5' - CCAGATCACCACCGGCTGCCAGAAAGCTCGGCAGTGCAATTG - 3'to

produce pBPR(A20L)400.

2.2 Protein expression and characterization

E. coli KTD101 cells (A(araD-araB)567 Alacz4787 (::rrnB-3) I-rphl A(rhaD-rhaB)568
hsdR514 Atig100) (Nannenga & Baneyx, 2011b) harboring plasmid pBPR400,
pBPR(A20L)400, or pPBR(Ass)400 were grown to mid-exponential phase (Asoo ~ 0.45)
at 37°C in shake flasks containing 25 mL of LB medium supplemented with 50 pg/mL
kanamycin. Protein synthesis was induced by addition of 0.2% L-arabinose and 10 uM
all-trans retinal was added at the same time except where noted. For SecA inhibition
experiments, 1.5 mM of freshly prepared sodium azide (NaN3) was added to the cultures

at the time of induction. Cells were harvested after 3 h of incubation at 37°C, disrupted
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with a French press operated at 10,000 psi, and the aggregated material was removed by
centrifugation at 14,000g for 10 min at 4°C. Supernatants were harvested and centrifuged
at 100,000g for 1 h at 4°C. Pellets corresponding to membrane fractions were
resuspended in SDS sample buffer. The Aggo 0f samples were adjusted to the same value
and aliquots were subjected to SDS-PAGE and Western analysis using mouse anti-His
antibody (Biolegend) at a 1:1500 dilution, and alkaline phosphatase-conjugated goat anti-
mouse 1gG (Sigma) at a 1:3000 dilution. Colorimetric detection was performed using 5-
bromo-4-chloro-3-indolyl phosphate and nitrotetrazolium blue. The growth curves shown
in Supplementary Figure S2 were constructed by measuring the Agoo Of triplicate cultures
prepared from the same inoculum at 30 min intervals. For the experiments of Figure 2,
cells were grown to mid-exponential phase at 37°C and protein expression was conducted

at 25, 30 or 37°C.

2.3 Proton pumping activity

To measure in vivo proton pumping activity, KTD101 cells harboring pBPR(A20L)400
were grown in 250 mL of supplemented LB medium and induced with -arabinose with or
without addition of all-trans retinal. After 3 hr of growth at 37°C, cells were sedimented
by centrifugation at 4000g for 10 min, washed twice in an unbuffered solution consisting
of 10 mM NaCl, 10 mM MgSO,7H,0 and 100 uM CaCly, and resuspended in 5 mL of
the same solution. Samples were transferred to 50 mL centrifuge tubes cut to the 15 mL
mark, and a glass pH electrode (Jenco 600P) was immersed in the solution. Samples were
allowed to equilibrate in the dark until a constant pH value of ~6.6 was reached (about 30

min to 1 hr). Samples were then illuminated with a WheeLED Wavelength-Switchable
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LED Source at 505 nm positioned ~1.5 cm from the surface of the solution. Control

experiments were conducted as above with KTD101 cells harboring pBPR400.

2.4 Spectral Characteristics

For protein purification, cultures (500 mL) were grown and induced as above, and
membrane fractions were harvested by ultracentrifugation as described. Pellets were
resuspended in Buffer 1 (50 mM 2-(N-morpholino) ethanesulfonic acid [MES], pH 6.5,
300 mM NacCl, 5 mM imidazole, 1.0% n-dodecyl B-D-maltoside [DDM]) and incubated
overnight at 4°C with gentle shaking. Solubilized BPR(A20L) was purified by two
rounds of Ni-NTA chromatography (Soto - Rodriguez et al., 2016) and stored at -80°C
until further use. For the experiments of Figure 4C, purified BPR(A20L) was diluted in
Buffer 11 (50 mM Tris-HCI, 300 mM NacCl, 250 mM imidazole, 0.1% DDM) at the
indicated pH and samples were concentrated using 10-kDa microconcentrators. Protein
concentrations were determined by BCA assay using BSA as a standard. UV-visible

spectra were collected at ~3.5 uM protein concentrations.

3. Results and Discussion

3.1 Significant amounts of precursor BPR accumulates in the inner membrane of E.

coli under optimized conditions for polytopic membrane protein expression

In an effort to maximize the yields of the blue-absorbing proteorhodopsin BPR
HOT75m1, a protein that has been successfully expressed and purified in E. coli,(Beja et
al., 2001; Gourdon et al., 2008; W.-W. Wang et al., 2003) we first employed strategies

that have proven useful in improving the accumulation of polytopic (i.e., multi-TMS)
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inner membrane proteins in E. coli (Nannenga & Baneyx, 2011a, 2011b, 2012). Briefly, a
synthetic gene encoding a codon-optimized version of BPR HOT75m1 together with its
predicted signal sequence and a C-terminal hexahistidine (His) tag was placed under
transcriptional control of a downregulated Pgap promoter advantageous for IMP
expression, and the resulting plasmid was introduced into trigger factor deficient (Atig)
cells which improve the yields of polytopic IMPs in the inner membrane (Nannenga &
Baneyx, 2011a, 2011b, 2012). Cultures grown in the presence of all-trans retinal
exhibited the pink-orange color that is characteristic of functional BPR expression
(Figure 1A). However, in contrast to studies reporting full processing of the BPR signal
sequence (Bischoff, Wickles, Berninghausen, Van Der Sluis, & Beckmann, 2014;
Gourdon et al., 2008), we found that the signal peptide was only removed in about half of

the material associated with, or purified from, the plasma membrane (Figure 1B-C).

Incomplete signal sequence removal was not completely unexpected since the
presence of a signal sequence-containing form of BPR (that we will refer to thereafter as
pre-BPR) was identified in purified protein samples with sensitive techniques such as
MALDI-TOF (Friedrich et al., 2002) and amino acid-specific isotope labeling (Pfleger et
al., 2009). What was surprising in our experiments was that such a large amount of

membrane-integrated pre-BPR remained unprocessed.

3.2 Neither the presence, nor the processing of the signal sequence is required for

BPR biogenesis which occurs in Sec-independent fashion

To confirm that inefficient signal sequence processing was related to enhanced BPR

synthesis, we conducted expression experiments at 25, 30 and 37°C and immunoblotted
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aliquots corresponding to identical amounts of cells with anti-His antibodies. Figure 2A-
B show that the amount of mature —and therefore membrane-integrated BPR—
increased with a reduction in the expression temperature, as would be expected from a
better match between the lower flux of pre-BPR to the plasma membrane and the
availability of cellular Signal Peptidase | (SPasel). However, even when expression was
conducted at 25°C, the fraction of unprocessed protein remained high with pre-BPR
accounting for nearly 40% of the immunoreactive material produced by the cell (Figure

2B).

Considering that most proteins residing in the bacterial inner membrane are inserted
in the lipid bilayer through the signal recognition particle (SRP) dependent pathway and
do not contain a Sec-dependent signal sequence (Ulbrandt, Newitt, & Bernstein, 1997),
we further explored the need for this feature by constructing BPR(Ass)-His, a BPR
variant lacking residues Met-1 to Ala-20 which span the predicted signal sequence. When
cells expressing the truncated protein were grown in the presence of retinal, a faint pink-
orange color was observed (Figure 3A), suggesting low-level expression of functional
BPR. Indeed, Western analysis of membrane fractions with anti-His antibodies revealed
the presence of a faint immunoreactive band at the migration position of mature BPR
(Figure 3C). Thus, although the BPR signal sequence of BPR is dispensable it

significantly improves protein production.

We next asked if processing of the signal sequence was important to obtain active
BPR. Informed by the facts that SPase | recognizes the Ser-Phe-Ala motif present at the
C-terminus of its signal sequence (Friedrich et al., 2002; Shi et al., 2009)(Supplementary
Figure S1), and that conversion of the highly conserved P1 alanine to leucine in the SPase
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I site of the alkaline phosphatase (PhoA) signal sequence completely inhibits its
processing (Karamyshev, Karamysheva, Kajava, Ksenzenko, & Nesmeyanova, 1998), we
changed Ala-20 in position P1 of the BPR signal sequence to Leu to produce
BPR(A20L). Cells expressing the resulting variant exhibited the pink—orange color of
high producers of bioactive BPR (Figure 3A) although none of the material present in
membrane fractions was processed into mature BPR (Figure 3B-C, lane 5).
Overexpression of BPR(A20L) had a more deleterious effect on cell growth relative to
that of BPR or BPR(Ass), possibly due to the toxicity of membrane protein
overexpression or to the fact that the uncleavable signal sequence of BPR(A20L) inhibits
SPase | and causes the accumulation of toxic preproteins (Supplementary Figure S2).
However, cells overproducing BPR(A20L) accumulated about 50% more
immunoreactive material in their inner membranes compared to cells expressing the wild
type protein. As a result, we achieved BPR(A20L) yields of ~ 2-3 mg of protein per L of
culture after Ni-NTA purification from detergent solubilized membranes (Supplementary

Figure S3).

With the presence and processing of the BPR signal sequence seemingly unnecessary
for the production of functional protein, we asked if the biogenesis of BPR in E. coli was
dependent on the Sec pathway. To this end, we repeated expression experiments in the
presence of sodium azide (NaN3), a compound that inhibits the ATPase activity of SecA
and blocks Sec-dependent protein translocation (Oliver, Cabelli, Dolan, & Jarosik, 1990;
Chun & Randall, 1994). Figure 3B-C shows that azide addition had no significant impact

on the accumulation of wild type BPR, BPR(Ass) or BPR(A20L) in the inner membrane,
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indicating that trafficking to and insertion of these proteins within the inner membrane is

occurring through a Sec-independent process.

3.3 BPR(A20L) is fully functional as a pH-dependent, light-activated proton

transporter

While a change in cell color following addition of all-trans retinal to cultures of E. coli
producing BPR(A20L) is consistent with the acquisition of a correct seven
transmembrane a-helical architecture (Béja et al., 2000; Kamo et al., 2006), we sought to
confirm that the protein’s proton pumping activity was unaffected by the presence of an
uncleaved signal sequence. To do so, we expressed BPR(A20L) in the presence or
absence of retinal, transferred the cells to unbuffered saline, and measured the change in
solution pH upon illumination with a 505 nm light emitting diode (LED). Figure 4A
shows that exposure of retinal-treated cells to blue light caused immediate acidification,
and that the pH started to rise again as soon as the light was turned off (black circles).
The kinetics of acidification were well captured by an exponential decay model with rate
constants of 14.9 x 10™ pH.min™Ago™ for BPR(A20L) and 6.2 x 10™ pH.min™Agge™ for
the wild type, with differences well explained by the lower expression level of wild type
BPR species relative to BPR(A20L) (Figure 3C). Negative control, retinal-free culture of
BPR(A20L) which produce a nonfunctional protein experienced a linear decrease in pH
that was unaffected by the presence or absence of light (Figure 4A, red circles). Of note,
it was possible to achieve multiple cycles of light-induced acidification after the cell
suspension had returned to a more neutral value (Figure 4B), a critical property for the

construction of rhodopsin-based protonic devices (Soto - Rodriguez et al., 2016).
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Retinal-bound BPRs have characteristic pH-dependent absorption spectra in which
maximum absorption wavelengths can vary by as much as 50 nm (Kelemen et al., 2003).
To further confirm that the purified signal-sequence-containing BPR(A20L) variant was
functionally similar to the wild type, we recorded its UV-visible spectrum at four
different pHs. Maximum absorption was at ~524 nm at pH 7.2 and blue shifted linearly to
~ 500 nm at pH 9.0 (Figure 4C, Supplementary Figure S4). These values are comparable
to those of Hot75m1 except for a 5-7nm shift to longer wavelengths (Hillebrecht et al.,
2006; W.-W. Wang et al., 2003), possibly caused by variations in sample preparation and
protein concentrations. In short, the presence of an intact signal sequence at the N-
terminus of BPR does not affect light-induced proton transport or significantly alter pH-

dependent spectral characteristics.

4. Discussion

The discovery of proton-pumping proteorhodopsins in planktonic marine bacteria (Béja
et al., 2000) was a first in many respects: it established the power of metagenomics in
identifying genes or functions that one was not particularly “looking for”; it ignited
research that established the ubiquity of PRs in bacterioplankton; and it revealed that o.-
helical membrane proteins functionally or structurally related to difficult to express
targets (e.g., bacteriorhodopsin and GPCRSs), can be produced at reasonable yields in
recombinant E. coli (Béja et al., 2000; Beja et al., 2001; Gourdon et al., 2008). While
significant effort was subsequently dedicated to the study of the biochemistry, physiology
and genetic diversity of marine PRs (Pinhassi, DeLong, Béja, Gonzéalez, & Pedros-Alio,

2016), little attention has been paid to the details of PR biogenesis in E. coli.
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In their original studies, Béja and coworkers predicted the existence of typical
Sec-dependent signal sequences at the N-terminus of green (and blue) proteorhodopsins
amplified from environmental marine samples (Béja et al., 2000; Beja et al., 2001). While
the pathway responsible for plasma membrane integration was not studied, it was
reported that these signal sequences were efficiently cleaved to yield mature products that
are functional (Béja et al., 2000; Bischoff et al., 2014) and adopt the 7-TMS architecture
common to bR and GPCRs (Béja et al., 2000; Ran et al., 2013). Taken together with a
recent report demonstrating that SecA supports the co-translational insertion of the single
TMS membrane protein RodZ (S. Wang, Yang, & Shan, 2017), the presence of a signal
sequence raised the possibility that SecA could be involved in BPR biogenesis. However,
our combined observations that a signal sequence-less version of the proteorhodopsin
localizes to the plasma membrane where it folds into a functional protein (albeit with
severely reduced yields), and that treatment of cultures with the SecA inhibitor sodium
azide does not alter the distribution of BPR precursor and mature species (Figure 3)

strongly argue against this possibility.

The majority of autologous inner membrane proteins containing multiple
membrane-spanning segments rely on the cotranslational SRP pathway to integrate
within the plasma membrane of E. coli (Luirink et al., 2012). In current models, SRP
samples the hydrophobicity of nascent chains emerging from the ribosome exit tunnel
and preferentially binds to regions exhibiting the high hydrophobicity that is typical of o-
helical TMS (Lee & Bernstein, 2001). Indeed, a recent analysis of the nascent E. coli
proteome has revealed that over half of the sites bound by SRP contain a stretch of at

least four consecutive phenylalanines, isoleucines, leucines or valines (Schibich et al.,
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2016). Such features only occur about 8% of the time in Sec-dependent signal sequence,
yet a signature Leu-Leu-Leu-lle-Leu motif is present in the signal sequences of both BPR
and GPR (Supplementary Figure S1). It is therefore possible that SRP recognizes the
BPR signal sequence before it is engaged by SecA, and that it directs the ribosome
nascent chain complex to its FtsY receptor for subsequent cotranslational membrane
integration of the opsin through the lateral gate of the SecYEG pore. Further work will be

needed to explore this possibility.

Our finding that conversion of the Ser-Phe-Ala motif at the C-terminus of the
BPR signal sequence to Ser-Phe-Leu completely abolishes leader peptide excision
(Figure 3) firmly establishes SPase | as the peptidase responsible for BPR signal
sequence processing. This is an unusual aspect of BPR biogenesis in E. coli since SPase |
normally cleaves the signal sequences of periplasmic and outer membrane proteins that
are exported post-translationally via the Sec-dependent pathway. It should be noted that
the presence of a cleavable signal sequence in an inner membrane protein is not unheard
of: the bacteriophage M13 procoat protein sports such a feature. However, there are
significant differences between this short (79-residues long) single TMS membrane
protein which directly integrates into the membrane through a “YidC-only” pathway
(Samuelson et al., 2000) and BPR a 27 kDa polytopic membrane protein. The presence of
a signal sequence has a clear beneficial effect on the yields of membrane-integrated BPR

(Figure 3) and it may have evolved for this very reason.

Remarkably, we found that the “unprocessable” A20L pre-BPR variant was not
only fully functional for light-activated proton transport (Figure 4), but that is was also
produced at higher levels than the wild type protein (Figures 3). At present, we do not
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know if the accompanying increase in cellular toxicity (Supplementary Figure S2) is the
reason why evolution has favored a cleavable version in proteobacteria or if higher levels
of expression affect E. coli growth rates. What is clear from a practical point of view is
that the A20L mutation yields sizable amounts of a homogeneous gene product that
exhibit light cycling and pH-dependent characteristics similar to the wild type protein and

is therefore very well suited for the construction of bioprotonic devices.
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Figures

FIGURE 1 Expression and purification of wild type BPR. (A) KTD101 cells expressing
BPR exhibit a pink orange color characteristic of a functional protein when retinal is added at
the time of induction. (B) Bands corresponding to precursor (pre) and mature (m) BPR are
present in membrane fractions and following Ni-NTA purification. (C) Western analysis with
anti-His antiserum confirms that both products contain an intact C-terminal His tag, and thus

that signal sequence processing is incomplete.
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FIGURE 2 Lower cultivation temperatures improve BPR signal sequence processing. SDS-
PAGE fractionation (A) and corresponding immunoblot analysis (B) of KTD101 cultures
expressing BPR at the indicated temperatures. Samples correspond to identical amounts of cells
collected 3h post-induction. Top and bottom arrows identify the migration positions of
unprocessed (pre) and mature (m) BPR, respectively. Numbers below the blot indicate the
percent of unprocessed BPR (pre) and the total (precursor and mature) BPR species in each
sample, as determined by videodensitometric analysis. The percent of pre-BPR in cells grown at

37°C was found to be 58+3% in 5 independent experiments.
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FIGURE 3 Role of the BPR signal sequence in membrane targeting and functional protein
production. (A) Appearance of KTD101 cells expressing wild type BPR (WT), or its Ass or
A20L variants after 3h of cultivation in the presence of retinal (+). A retinal-free control (-) is
included for the wild type protein. SDS-PAGE fractionation (B) and corresponding immunoblot
(C) of membrane fractions extracted from E. coli cells expressing BPR (WT), or its Ass or
A20L variants following treatment (+) or not (-) with NaN3. Top and bottom arrows identify the

migration positions of unprocessed (pre) and mature (m) BPR, respectively.
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FIGURE 4. BPR(A20L) supports light-induced outwards proton transport and exhibits pH-
dependent spectral characteristics. (A) Resuspended E. coli cells expressing wild type BPR
(open triangles) or its A20L variant (open circles) were illuminated with blue light for 30 min
and the light was turned off. The evolution of solution pH was monitored over time. A retinal-
free culture of BPR(A20L) provides the negative control (filled circles). (B) Repeated cycles of
illumination and darkness demonstrate that the observed changes in pH are associated with the
photocycle of BPR(A20L). (C) The absorption spectra of purified BPR(A20L) was recorded at
the indicated pHs.
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