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Abstract: For applications in synthetic biology, for example,
the bottom-up assembly of biomolecular nanofactories, mod-
ules of specific and controllable functionalities are essential. Of
fundamental importance in such systems are energizing
modules, which are able to establish an electrochemical
gradient across a vesicular membrane as an energy source
for powering other modules. Light-driven proton pumps like
proteorhodopsin (PR) are excellent candidates for efficient
energy conversion. We have extended the versatility of PR by
implementing an on/off switch based on reversible chemical
modification of a site-specifically introduced cysteine residue.
The position of this cysteine residue in PR was identified by
structure-based cysteine mutagenesis combined with a proton-
pumping assay using E. coli cells overexpressing PR and PR
proteoliposomes. The identified PR mutant represents the first
light-driven proton pump that can be chemically switched on/
off depending on the requirements of the molecular system.

The emerging field of synthetic biology takes advantage of
biomolecules and organisms that exist in nature to generate
new systems with defined functionalities. This can be
approached top-down (introducing new features into living
cells) or bottom-up (assembling isolated biomolecules into
new functional systems). The potential applications are
diverse and cover all colors of biotechnology."”! A simple
bottom-up assembled biomolecular nanofactory comprises
a nanoscale container, for example, a vesicular structure with
functional modules in the membrane and the enclosed
compartment. The assembled modules define the function-
ality and application spectrum of such a system. Modules can
be proteins of specific functions found in nature or versions
that have been engineered to meet the requirements of the
biomolecular nanofactory. Essential components in such
systems are energizing modules for the appropriate supply
of energy. Proton gradients across biological membranes are
commonly used by living cells to power processes such as
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import, export, and synthesis of molecules. For proton
transport and the efficient establishment of a proton gradient
across membranes, proton channels’®” and light-driven
proton pumps®'? are good candidates. The latter in particular
represent an excellent choice since light energy is easily
accessed and supplied to the system. In the past, the light-
driven proton pump bacteriorhodopsin from the halophilic
archaeon Halobacterium salinarum*'" has been used in
liposome- and polymerosome-based nanofactories to power
the production of ATP.'*"% In this work, we chose the green-
light-absorbing proton pump proteorhodopsin (PR)!'*!?l as
energy supply module because its genetic manipulation and
overexpression in the bacterium Escherichia coli is well
established compared to other light-driven proton pumps. PR
is a seven-transmembrane a-helix protein carrying a retinal
cofactor bound via a lysine Schiff base. Upon light absorption,
the all-trans retinal photoisomerizes to 13-cis retinal, which
induces conformational changes and the transfer of a proton
from the cytoplasm to the extracellular space. The proton-
transfer mechanism of PR has been well characterized,['>'¢'®!
and the molecular assembly and structure were recently
determined by atomic-force microscopy!"” and solution
NMR.?! The availability of functional and structural data
for PR paves the way for rational mutagenesis to extend its
functionality as a module for applications in synthetic biology.
Our approach towards introducing a molecular on/off switch
into PR comprised mutagenesis of amino acids that are
located near the proton translocation pathway and close to
the aqueous solution at the extracellular side into cysteine
residues.”!! Subsequent covalent modification of the engi-
neered cysteine residue by a bulky or charged chemical
moiety makes interference with the pumping function prob-
able. For the chemical gating of channels and pores, similar
approaches have been used in the past.*??) The choice of
methanethiosulfonates as thiol-modifying reagents®! opens
the possibility of reactivating PR by removing the covalently
bound moiety using reducing agents such as [3-mercaptoetha-
nol (B-ME).

In the living bacterium, PR pumps protons out of the cell
to generate a proton gradient across the cell membrane. As
a robust method to measure the pumping activity of PR, we
used a micro pH electrode and quantified pH changes in
a small volume of unbuffered suspension of PR-overexpress-
ing bacteria (Figure 1a). Water cooling of the system and
gentle stirring provide constant experimental conditions.
Upon illumination of the E. coli cells overexpressing PR,
translocation of intracellular protons to the outside solution
induces a pH shift that is measured with the micro pH
electrode (see Methods in the Supporting Information).
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Figure 1. a) Experimental set up. b, c) Photoactivity measurement of E. coli cells overexpressing PR-wt (b) and PR-wt proteoliposomes (c). Yellow
and black bars indicate light/dark cycles (interval time indicated) in which the acidification occurs and recedes. The first three sets of experiments
in panels (b) and (c) show the same sample before treatment, after 8 mm MTSES (sodium (2-sulfonatoethyl) methanethiosulfonate), and after

75 mm B-ME (B-mercaptoethanol) treatment, respectively. A control treated with the proton ionophore CCCP (carbonyl cyanide 3-chlorophenylhy-
drazone; 150 um for bacteria and 50 um for proteoliposomes) is shown for comparison.

Figure 1b shows a representative experiment with wild-type
PR (PR-wt): within 8 min of light exposure, the pH in the
solution dropped by about 0.25 (see the Supporting Informa-
tion for raw data) and was regenerated within 8 min of dark
incubation. This effect is fully reproducible over numerous
light/dark cycles. For the chemical modification of PR, we
selected the membrane-impermeable thiol-modifying agent
sodium (2-sulfonatoethyl) methanethiosulfonate (MTSES).
After treatment of the previously measured sample with
MTSES, the measurement was repeated and the results
indicated similar proton-pumping activity (Figure 1b). This
result implies that MTSES does not inhibit the function of
overexpressed PR-wt in E. coli cells. Subsequent treatment of
the sample with the reducing agent $-ME slightly reduced the
signal produced by PR-wt (Figure 1b). A possible explan-
ation for the slight drop in activity after 3-ME treatment is the
modification of other proteins of E. coli, or the partial lysis or
loss of cells during the modification and washing steps.
Addition of the proton ionophore carbonyl cyanide 3-
chlorophenylhydrazone (CCCP) abolished the light-induced
pH change almost to background levels (Figure 1b; see also
Table S1 in Supporting Information for background levels),
thus clearly demonstrating that the measured signal originates
from a proton gradient across the cell membrane. In contrast
to bacteria, functional studies using proteoliposomes have the
great advantage that the system is clearly defined as consist-
ing of membrane protein and lipid only. Therefore, possible
interference in the measured signal from other cellular
components can be excluded. For reconstitution, membranes
isolated from PR-overexpressing E. coli cells were solubilized
in n-octyl-3-p-glycopyranoside (OG) and the protein was
purified by nickel-affinity chromatography (see Methods in
the Supporting Information). The quality of the purified
protein was analyzed by sodium dodecyl sulfate polyacryl-
amide gel electrophoresis (SDS-PAGE) and UV/Vis spec-
troscopy (see Figure S1 and Table S1 in the Supporting
Information). In SDS-PAGE, PR migrated as a double band
around 24 kDa and was highly pure (Figure S1a). The two
bands represent full-length PR and N-terminally truncated
PR lacking the signal peptide, as described previously."® PR-

Angew. Chem. 2016, 128, 89928995

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

120 7 WM Before treatment

= MTSES

: |

-
>
(=)

T

2
N ®© © 9
© © © ©

1

Normalized pH change (%)
238388 8383

(=]
:

PR-wt PRDBSC PRTOIC PR-M45C PR.G213C PR-L219C
Figure 2. First screening round for the PR cysteine mutants. a) A
space-filling model of the PR surface viewed from the extracellular side
(PDB ID: 2L6X?). Identified amino acid residues for cysteine muta-
genesis that are accessible to the aqueous solution and the retinal
cofactor are indicated in green and magenta, respectively. b) Photo-
activity measurements with E. coli cells overexpressing PR-wt and PR
mutants. The signal height before treatment is normalized to 100 %
and compared to the activity after MTSES (sodium (2-sulfonatoethyl)
methanethiosulfonate) treatment. Bars represent averages of 9 peaks
from 3 independent experiments. Error bars show the standard
deviation.
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slowly compared to in bac-
teria (Figure 1b,c). Similar
to PR overexpressed in
bacteria, the effects of
MTSES and B-ME on the
pH change in PR-wt pro-
teoliposomes were negligi-
ble. These screening condi-
tions are thus suitable for
detecting the effects of
MTSES and B-ME on the
function of PR cysteine
mutants. In a first screening
round, amino acid residues
near the proton transloca-
tion pathway on the extra-
cellular surface of PR (Fig-
ure 2a) were selected by
using the available solution
NMR structure as template.’” The initial positions tested
were T91C and L219C, which are at the extracellular end of
the transmembrane a-helices C and G, and D88C, 1145C, and
G213C, which are in the loops B-C, D-E, and F-G (Fig-
ure 2a). Our activity assay indicated most prominently
reduced proton-pumping activity for the mutants PR-T91C
and PR-L219C after MTSES treatment (Figure 2b). Because
the photoactivity of T91C was only half of that of PR-L219C,
PR-T91C was not further considered. In a second screening
round, we tested the neighboring residues of L219C on
helix G by generating the PR mutants N218C, N220C, and
L221C and assessing their photoactivity (Figure 3a; also see
Figure S1 and Table S1). From the four mutants, only L219C
and N220C showed substantially reduced proton-pumping
activity after MTSES modification in bacteria and proteoli-
posomes, with N220C exhibiting the most prominent effect
(Figure 3b,c). The regeneration of the function upon reduc-
tion with B-ME was successful for both mutants in proteoli-
posomes and for N220C in E. coli cells as well. Based on these
results, we identified PR-N220C as a light-driven proton
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Figure 3. Second screening round for the PR cysteine mutants. a) A ribbon model of the PR structure (PDB ID:
216X):? side view (extracellular side up) and top view from the extracellular side, with amino acid residues for
cysteine mutagenesis indicated in green. Also indicated are residues involved in proton translocation (cyan)
and the retinal cofactor (magenta). Oxygen and nitrogen atoms in the depicted side chains are colored in red
and blue, respectively. In the side view, helix B was omitted for an unobstructed view of relevant residues.

b, c) Photoactivity measurements with E. coli cells overexpressing PR-wt and PR mutants (b) and proteolipo-
somes containing PR-wt and PR mutants (c). The signal height before treatment is normalized to 100% and
compared to the activity after MTSES (sodium (2-sulfonatoethyl) methanethiosulfonate) and subsequent 3-ME
(B-mercaptoethanol) treatment. Bars represent averages of 9-17 peaks from 3-6 independent experiments (b)
and 6-8 peaks from 3—4 independent experiments (c). Error bars show the standard deviation.

pump that can be reversibly switched on/off through chemical
modification. From a practical point of view, initial screening
for mutants with novel characteristics can be performed by
using PR-overexpressing E. coli cells, thus avoiding the
laborious and time-consuming generation of proteolipo-
somes. Nevertheless, results from the clearly defined proteo-
liposome system are most reliable for the functional charac-
terization of the best screening hit(s). Next, we evaluated the
robustness of the introduced chemical switch by performing
several sequential on/off switching cycles with PR-N220C
proteoliposomes and measuring the light-induced pH changes
(Figure S2a). A decrease in the pH change was observed after
each switching cycle and this was attributed to loss of
proteoliposomes during centrifugation, for example, in the
washing steps (Figure S2b). In summary, chemical on/off
switching of the engineered PR version appears to be robust
and reproducible. The observed decrease in pH change over
several on/off switching cycles results mainly from loss of PR-
N220C proteoliposomes during centrifugation.
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The availability of controllable modules with different
functions for the bottom-up assembly of molecular factories is
essential. Light-driven proton pumps as energy-converting
modules are of particular interest in synthetic biology because
of the easy accessibility of light energy (e.g., solar energy) and
their high efficiency for establishing proton gradients across
membranes. Such gradients can then be used to power proton-
driven modules of molecular factories, for example, proton-
driven transporters. In this study, we extended the versatility
of PR by implementing a chemical on/off switch. The
identified PR mutant N220C represents the first light-driven
proton pump and energizing module that can be activated and
deactivated chemically to meet the requirements of the
molecular system.

Acknowledgements

This work was supported by the University of Bern, the Bern
University Research Foundation, the National Centre of
Competence in Research Molecular Systems Engineering and
the Swiss Nanoscience Institute.

Keywords: light-driven proton pumps - membrane proteins -
protein engineering - proteorhodopsin - synthetic biology

How to cite: Angew. Chem. Int. Ed. 2016, 55, 8846—8849
Angew. Chem. 2016, 128, 89928995

[1] W. C. Ruder, T. Lu, J. J. Collins, Science 2011, 333, 1248 -1252.

[2] D. M. Miller, J. M. Gulbis, Life 2015, 5, 1019-1053.

[3] D. A. LaVan, J. N. Cha, Proc. Natl. Acad. Sci. USA 2006, 103,
5251-5255.

[4] A.P.Liu, D. A. Fletcher, Nat. Rev. Mol. Cell Biol. 2009, 10, 644 —
650.

[5] M. T. Smith, K. M. Wilding, J. M. Hunt, A. M. Bennett, B. C.
Bundy, FEBS Lett. 2014, 588, 2755-2761.

[6] C.Ma, C.S. Soto, Y. Ohigashi, A. Taylor, V. Bournas, B. Glawe,
M. K. Udo, W. E. Degrado, R. A. Lamb, L. H. Pinto, J. Biol.
Chem. 2008, 283, 15921 -15931.

Zuschriften

[7] S. Hiller, Biophys. J. 2013, 104, 1639 —1640.

[8] U. Haupts, J. Tittor, D. Oesterhelt, Annu. Rev. Biophys. Biomol.
Struct. 1999, 28, 367 -399.

[9] N. A. Dencher, H.J. Sass, G. Biildt, Biochim. Biophys. Acta
Bioenerg. 2000, 1460, 192-203.

[10] O. Beja, L. Aravind, E. V. Koonin, M. T. Suzuki, A. Hadd, L. P.
Nguyen, S.B. Jovanovich, C. M. Gates, R. A. Feldman, J. L.
Spudich, E. N. Spudich, E. FE. DeLong, Science 2000, 289, 1902 —
1906.

[11] J. K. Lanyi, Annu. Rev. Physiol. 2004, 66, 665—688.

[12] C. Bamann, E. Bamberg, J. Wachtveitl, C. Glaubitz, Biochim.
Biophys. Acta Bioenerg. 2014, 1837, 614—-625.

[13] E. Racker, W. Stoeckenius, J. Biol. Chem. 1974, 249, 662 - 663.

[14] B. Deisinger, T. Nawroth, K. Zwicker, S. Matuschka, G. John, G.
Zimmer, H. J. Freisleben, Eur. J. Biochem. 1993, 218, 377 -383.

[15] H.J. Choi, C. D. Montemagno, Nano Lett. 2005, 5, 2538 —2542.

[16] T. Friedrich, S. Geibel, R. Kalmbach, I. Chizhov, K. Ataka, J.
Heberle, M. Engelhard, E. Bamberg, J. Mol. Biol. 2002, 321,
821-838.

[17] G. Viré, L. S. Brown, M. Lakatos, J. K. Lanyi, Biophys. J. 2003,
84, 1202-1207.

[18] A.K. Dioumaev, L.S. Brown, J. Shih, E.N. Spudich, J. L.
Spudich, J. K. Lanyi, Biochemistry 2002, 41, 5348 —5358.

[19] A.L. Klyszejko, S. Shastri, S. A. Mari, H. Grubmiiller, D. J.
Miiller, C. Glaubitz, J. Mol. Biol. 2008, 376, 35-41.

[20] S. Reckel, D. Gottstein, J. Stehle, F. Lohr, M. K. Verhoefen, M.
Takeda, R. Silvers, M. Kainosho, C. Glaubitz, J. Wachtveitl, F.
Bernhard, H. Schwalbe, P. Giintert, V. Détsch, Angew. Chem.
Int. Ed. 2011, 50, 11942 -11946; Angew. Chem. 2011, 123, 12148 -
12152.

[21] S. Frillingos, M. Sahin-Toth, J. Wu, H. R. Kaback, FASEB J.
1998, 12, 1281 -1299.

[22] M. D. Slugoski, A. M. Ng, S. Y. Yao, K. M. Smith, C. C. Lin, J.
Zhang, E. Karpinski, C. E. Cass, S. A. Baldwin, J. D. Young, J.
Biol. Chem. 2008, 283, 8496 —8507.

[23] A. Karlin, M. H. Akabas, Methods Enzymol. 1998, 293, 123 -
145.

Received: February 12, 2016
Revised: April 27, 2016
Published online: June 13, 2016

Angew. Chem. 2016, 128, 8992-8995

© 2016 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

www.angewandte.de

An dte

Chemie

8995


http://dx.doi.org/10.1126/science.1206843
http://dx.doi.org/10.3390/life5021019
http://dx.doi.org/10.1073/pnas.0506694103
http://dx.doi.org/10.1073/pnas.0506694103
http://dx.doi.org/10.1038/nrm2746
http://dx.doi.org/10.1038/nrm2746
http://dx.doi.org/10.1016/j.febslet.2014.05.062
http://dx.doi.org/10.1074/jbc.M710302200
http://dx.doi.org/10.1074/jbc.M710302200
http://dx.doi.org/10.1016/j.bpj.2013.03.020
http://dx.doi.org/10.1146/annurev.biophys.28.1.367
http://dx.doi.org/10.1146/annurev.biophys.28.1.367
http://dx.doi.org/10.1016/S0005-2728(00)00139-0
http://dx.doi.org/10.1016/S0005-2728(00)00139-0
http://dx.doi.org/10.1126/science.289.5486.1902
http://dx.doi.org/10.1126/science.289.5486.1902
http://dx.doi.org/10.1146/annurev.physiol.66.032102.150049
http://dx.doi.org/10.1016/j.bbabio.2013.09.010
http://dx.doi.org/10.1016/j.bbabio.2013.09.010
http://dx.doi.org/10.1111/j.1432-1033.1993.tb18387.x
http://dx.doi.org/10.1021/nl051896e
http://dx.doi.org/10.1016/S0022-2836(02)00696-4
http://dx.doi.org/10.1016/S0022-2836(02)00696-4
http://dx.doi.org/10.1021/bi025563x
http://dx.doi.org/10.1016/j.jmb.2007.11.030
http://dx.doi.org/10.1002/anie.201105648
http://dx.doi.org/10.1002/anie.201105648
http://dx.doi.org/10.1002/ange.201105648
http://dx.doi.org/10.1002/ange.201105648
http://dx.doi.org/10.1074/jbc.M710433200
http://dx.doi.org/10.1074/jbc.M710433200
http://dx.doi.org/10.1016/S0076-6879(98)93011-7
http://dx.doi.org/10.1016/S0076-6879(98)93011-7
http://www.angewandte.de

