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ABSTRACT: Both photo- and biocatalysis are well-established and intensively studied. The
combination of these two approaches is also an emerging research field, commonly referred to
as semi-artificial photosynthesis. Semi-artificial photosynthesis aims at combining highly
efficient synthetic light harvesters with the self-healing and potent catalytic properties of
biocatalysis. In this study, a semi-artificial photocatalytic system featuring Escherichia coli
bacteria, which heterologously express the [FeFe] hydrogenase enzyme HydAl from green
algae, is employed as a hydrogen gas production catalyst. To probe the influence of
photochemistry on overall system performance, the E. coli whole-cell catalyst is combined with
two different photosensitizers and redox mediators. The addition of a redox mediator greatly
improves the rates and longevity of the photocatalytic system, as reflected in increases of both
the turn-over number (0.777 vs 10.9 yumol H, mL. ™' OD¢,,™") and the turn-over frequency
(175 vs 334 pmol H, mL™" h™! ODgy,™"). The redox mediator is found to both protect from
photobleaching and enable electron transport to the hydrogenase from an extracellular
photosensitizer. However, E. coli cells are strongly affected by the photocatalytic system, leading to a decrease in cell integrity and
cell viability, possibly due to toxic decomposition products formed during the photocatalytic process. We furthermore employed
steady-state and transient absorption spectroscopy to investigate solution potentials and the kinetics of electron transfer processes
between the sacrificial electron donor, photosensitizer, redox mediator, and the [FeFe] hydrogenase as the final electron acceptor.
These results allowed us to rationalize the different activities observed in photocatalytic assays and offer a better understanding of the
factors that influence the photocatalytic performance of E. coli-based whole-cell systems.

H-cluster

KEYWORDS: hydrogenase, whole-cell catalysis, semi-artificial photosynthesis, hydrogen, transient absorption, redox mediator,
sacrificial electron donor

Bl INTRODUCTION Among these enzymes, the so-called [FeFe] hydrogenases are
of particular interest due to their high turn-over frequencies
(TOFs) and energy efficiencies.” While photosynthetic micro-
organisms expressing [FeFe] hydrogenases do benefit from the
ability to regenerate the catalyst, they often struggle with low
efficiencies of the natural photosystem.” Hence, various
combinations of hydrogenases or molecular mimics with
artificial photosystems have been widely studied.”” Yet, these
systems usually require costly enzyme purification, hindering
industrial upscaling. This limitation has led to the more recent
development of a variety of whole-cell-based biohybrid
systems.”* ">

Escherichia coli (E. coli) bacteria are often chosen as a host
organism, and artificial photosensitizers (PSs) are added to

Since the industrial revolution, fossil fuels have grown to
become the main energy resource worldwide, resulting in
increased emissions of greenhouse gasses such as carbon
dioxide. The results of this stress on our environment can be
felt globally. While many different approaches are needed to
tackle the negative impacts of our society on the environment,
a complete shift toward renewable energy resources is an
important step.” To achieve this, a variety of strategies to
harvest, transform, and store energy from different renewable
sources are in use and under further development.

The most abundant energy resource we have on earth is
radiation from the sun.” Current applications commonly
transform solar energy into electricity or heat. However,
another possibility is the photosynthesis of solar fuels. Natural
photosynthesis provides a good example of processes making Received:  March 24, 2023
use of solar energy to synthesize a number of valuable Revised:  June 14, 2023
products, all while functioning under mild conditions and Published: July 3, 2023
without the use of rare metals.” In the context of solar fuels and
a future hydrogen society, enzymes capable of oxidizing or
producing molecular hydrogen have gained a lot of interest.
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Figure 1. Photocatalytic hydrogen evolution assays exploring the effect of PSs and RMs on system performance. Samples contain a cell suspension
in 100 mM PBS buffer at pH = 7.5, with 100 uM PS (EY or [Ru(bpy);]**), different concentrations of RM (MV or DQ, concentrations given in
equivalents relative to PS), and 100 mM TEOA. Experiments are carried out under an inert gas atmosphere with continuous light irradiation. (A)
Cumulative hydrogen production; inset: zoom-in for low-TON samples; (B) maximum TOF for samples both with holo-enzyme and apo-enzyme;
and (C) maximum turn-over number (TON) reached for samples both with holo-enzyme and apo-enzyme. Note the broken Y axis in panels B and

C.

Table 1. Summary of Photocatalytic Assay Results”

PS eq RM” [FeFe] hydrogenase® Time/h
EY holo 24
EY apo 24
EY 1 MV holo 24
EY 1MV apo 24
EY S MV holo 115
EY S MV apo 89
EY 10 MV holo 184
EY 10 MV apo 88
EY! 10 MV holo 100
EY 10 DQ holo 67
EY 10 DQ apo 67
EY? 10 DQ holo 100
[Ru(bpy);]** holo 67
[Ru(bpy),J** apo 67
[Ru(bpy);]* 10 MV holo 360
[Ru(bpy),]* 10 MV apo 350

TOF,,,,/nmol H, mL™" h™' ODgy, ™"

TON,,,./umol H, mL ™" ODgy, "

175 £ 52 0.78 + 0.06
04 + 0.5 0.023 + 0.017
105 + 21 0.17 £+ 0.06
02 £ 0.1 0.009 + 0.005
198 + 24 74 £ 0.7
35+ 138 0.0532 + 0.0002
138 + 19 10.2 £ 0.7
9.0 + 3.5 0.67 + 0.32
271 + 28 113 + 04
334 £ 10 10.9 £ 0.7
83 £ 06 0.35 £ 0.0S
453 + 47 10.6 + 0.7
1.8 £ 09 0.012 + 0.004
02+ 0.1 0.01S + 0.007
30 £ 17 6.2 + 1.0
3.0+ 1.5 1.081 + 0.009

“Samples contain 100 uM PS, TEOA (100 mM), RM (0—1 mM, given in equivalents to PS), and cells (ODgy, = S) in 100 mM PBS (pH = 7.5).
Experiments are conducted under an inert gas atmosphere. quuivalents (eq) given relative to the PS concentration (100 zM). “Holo refers to cells
containing the active holo-enzyme, generated through artificial maturation with [Fe,(adt)(CO),(CN),](Et,N),; apo refers to cells containing the
inactive apo-enzyme as expressed by E. coli. dSamples containing higher TEOA concentrations (500 mM).

either improve the fermentative processes inside the cell host'”
or to deliver electrons to an overexpressed enzyme such as
hydrogenases.”'""'* A variety of artificial PSs have been studied
for whole-cell catalysis, e.g., inorganic materials such as TiO,

15,16

nanoparticles, metal oxynitrides,”

11,17,18
dots, "

Furthermore, different (sacrificial) electron donors are added

CdS quantum

or organic dyes such as Eosin Y (EY).'”"

to the system. Typical examples of such electron donors found

. . . 8,17,20 . .
in the literature are cysteine,” ” triethanolamine

(TEOA),”" bis-trismethane,'' and ascorbic acid."**' While
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a system consisting of a whole-cell biocatalyst, an artificial PS,
and an electron donor is technically a complete photocatalytic
system, many reports also include a mediator, e.g., methyl
viologen” or reduced graphene oxide,”" which facilitates the
efficient transport of electrons from the photoactive system to
the enzyme. However, despite the continuously growing
number of reported semi-artificial systems for photocatalytic
hydrogen evolution, there is still a general shortage of
mechanistic understanding of these highly complex whole-

cell systems.7’18
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Figure 2. Confocal fluorescence microscopy images of cells after incubation with PS (EY or [Ru(bpy);]**) and subsequent separation from the
supernatant through centrifugation. (Top) EY: excitation at 514 nm, emission at SS0—600 nm; (a) emission image; (b) bright-field image; and (c)
overlay of emission and bright-field images. Scale bar 25 ym. (Bottom) [Ru(bpy);]**: excitation at 458 nm, emission at 580—700 nm; (d) emission
image; (e) bright-field image; and (f) overlay of emission and bright-field images. Scale bar 7.5 ym.

We and others have previously studied a semi-artificial
system based on E. coli bacteria which heterologously express
the [FeFe] hydrogenase, with EY as the artificial PS and TEOA
as the sacrificial electron donor (SED) for light-driven
hydrogen production.'”'”"” We could further spectroscopi-
cally show that this hydrogen production activity indeed stems
from the photocatalytically driven [FeFe] hydrogenase enzyme
inside the cells."” Following our earlier design-of-experiment
screening for the ideal catalytic conditions, we herein present
studies focusing on the photochemistry aspects of the system.
The factors determining the photocatalytic performance are
identified using in vitro and in vivo steady-state and transient
UV—vis absorption spectroscopy. We furthermore show that
the choice of the redox mediator (RM) strongly influences not
only the hydrogen evolution performance in terms of TOFs
and final yields but also greatly affects the cell viability and
present spectroscopic investigations of the mechanism
involving the whole-cell system, which has to date been rarely
discussed in the literature.

B RESULTS AND DISCUSSION

Photocatalytic Assays. We used standard BL21(DE3) E.
coli bacteria to heterologously express the apo-[FeFe]
hydrogenase enzyme HydAl from the green algae Chlamydo-
monas reinhardtii (CrHydAl). Following protein expression
and formation of the active holo-enzyme, the cells were
suspended in phosphate-buffered saline (PBS) (pH = 7.5),
yielding an optical density at 600 nm (ODgy) of S. The
enzyme was activated using artificial maturation to ensure a
well-defined intracellular concentration of the active enzyme at
a defined time point.”**’ To form a photocatalytic system,
TEOA was added as the SED, and EY or ruthenium tris-2-2'-
bipyridine ([Ru(bpy);]**) was used as the PS. The protocol
and concentrations of the different components were adapted
from our previous design-of-experiment study on E. coli-based
photocatalytic hydrogen evolution systems.'” Control samples
with E. coli cells containing an inactive apo-form of CrHydAl
were analyzed in parallel. The samples (1 mL sample volume
in 9 mL vials, estimated path length S mm) were prepared
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under an inert gas atmosphere (nitrogen or argon gas) and
exposed to continuous white light irradiation (4000 Lx, main
emission 400—650 nm, spectrum, see Figure S.I. 5) at 30 °C.
The headspace was sampled via gas chromatography at
selected time points. The results of these photocatalytic assays
are shown in Figure 1 and are summarized in Table 1.

As previously reported,'”"” the whole-cell system using EY
as the PS does produce hydrogen upon white light irradiation,
and the photocatalytic system significantly outperforms the
fermentative production in darkness.””** However, the hydro-
gen production does not last longer than 24 h. One of the main
reasons for the short-lived activity of the system is the
decomposition of EY upon photoreduction by TEOA,
apparent from a color change of the assay mix from pink to
almost colorless. Similar decomposition of EY and structurally
related dyes during photocatalysis has been previously reported
by different groups and was suggested to involve dehalogena-
tion.

The metal-based PS [Ru(bpy),]** is expected to be more
stable under the catalytic conditions than EY. However, in the
absence of an RM, no significant hydrogen evolution could be
observed presumably due to the inability of [Ru(bpy);]** to
permeate the cell membrane.”> Conversely, EY is a known
cytoplasmic staining agent.”® Indeed, confocal fluorescence
microscopy (Figure 2) shows that EY is found inside the E. coli
cytoplasm. This can be seen by the fact that the cells display
clear fluorescence signals, which also appear evenly stained
throughout, rather than exhibiting a stronger emission on the
edge, which would be indicative of EY being located in the
periplasm or on the outside of the cell. Meanwhile, barely any
[Ru(bpy);]** can be observed in or on the cells, hence
showing the lack of membrane permeability of the Ru complex.
The extracellular character of [Ru(bpy);]** results in a lack of
electron transfer into the cells and to the catalyst.

The instability of EY is primarily due to the degradation of
the reductively quenched intermediate EY,4 Despite the
intracellular localization of EY, the electron transfer from the
reduced PS to the hydrogenase, or an alternative primary
electron acceptor, is evidently insufficient to fully prevent

https://doi.org/10.1021/acscatal.3c01347
ACS Catal. 2023, 13, 9476—9486
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degradation of the PS. An RM was hence introduced to act as a
more efficient electron acceptor for EY as well as an electron
shuttle for [Ru(bpy);]**. Methyl viologen (1,1'-dimethyl-4,4'-
bipyridinium, MV) was selected as it is a well-established
electron transfer agent to the hydro7genase enzyme, both in in
vitro and in vivo systems.'”'®?” Furthermore, a diquat
derivative (1,1’-(1,3-propylene)-5,5'-dimethyl-2,2’-bipyridi-
nium, DQ) was also assayed. DQ_ was selected due to its
more negative reduction potential (—660 mV vs SHE™"),
relative to MV (=446 mV vs SHE), providing a higher
driving force for the electron transfer toward the hydrogenase
(=400 mV vs SHE"). Earlier studies have shown that MV can
slowly permeate the membrane of E. coli.*" Furthermore, MV
is capable of driving whole-cell hydrogen evolution.'”** To the
best of our knowledge, there are no studies on the cell
permeability of the herein-used DQ. However, we expect it to
behave similarly to MV concerning membrane permeability.

To probe the effect of the RM concentration, different
concentrations of MV were used in systems with EY as the PS.
The results are shown in Figure 1 and Table 1. When one
equivalent of MV with respect to EY is used, the observed
hydrogen production is decreased (1 MV, 100 uM; Figure 1A,
inset, brown trace). However, by increasing the MV
concentration to 5 or 10 equivalents, both the initial rate
(TOF) and the overall turn-over numbers (TONs) are
increased (5 MV and 10 MV, ie., 500 uM and 1000 uM,
Figure 1A, blue and orange traces, respectively). The increase
in TON correlated with the amount of MV added while the
initial hydrogen production rate was highest with 5 rather than
10 equivalents of MV. The use of DQ as the RM results in the
highest observed TOF (Figure 1A, red trace), equaling an
apparent quantum yield of up to 4.8% (see Section S.L1.7).
However, the final TON is within error identical when
comparing samples containing 10 equivalents of DQ or MV
(Figure 1A, compare red and orange traces). When [Ru-
(bpy);]** is used as the PS in the presence of 10 equivalents of
MV (Figure 1A, green trace), a prolonged hydrogen evolution
activity can be observed. However, the initial rate and the
maximum TON reached in the studied time window are lower
than those obtained with EY.

These observations provide several insights into the system.
First, samples with EY and the apo-enzyme (lacking the H-
cluster) exhibit very low hydrogen evolution activity (well
below 10% compared to the holo-enzyme) and are hence
practically catalytically inactive. [Ru(bpy);]** in combination
with MV results in a slightly higher background hydrogen
production activity, and experiments with E. coli cells only
containing the apo-[FeFe] hydrogenase exhibit almost 20% of
the activity compared to the holo-enzyme. This activity in the
absence of an active catalyst presumably stems from nano-
particle formation involving either [Ru(bpy);]** or other trace
metals in the cell, e.g, forming metal oxides or metallic
particles, which are then catalytically active, a common
phenomenon when dealing with molecular catalysts.*
Alternatively, MV,4 has also been reported as capable of
yielding low levels of hydrogen production.”* Yet, there is a
strong increase in activity in the presence of the co-factor,
hence leading to the conclusion that also in this system, the
main hydrogen evolution activity stems from the hydrogenase
enzyme.

Second, the implementation of an RM dramatically increases
system performance. The RM acts as an efficient electron
acceptor from both the reduced EY, EY, .4, and the excited Ru
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complex, ([Ru(bpy);]***). The formation of RM,4 can be
observed in both increased hydrogen evolution activity and
color changes of the photocatalytic assay samples. In the case
of MV, which exhibits a dark blue color in its reduced form,
accumulation of MV,4 could be observed upon light
irradiation. This accumulation indicates that the electron
transfer from MV, 4 to the hydrogenase is rate-limiting in this
system.

Third, comparing systems containing MV and DQ, the
diquat results in significantly higher rates. This is in line with
the more negative reduction potential of DQ compared to MV
and hence an expected increase in the electron transfer rate
toward the hydrogenase.

Although a distinct difference in the TOF was observed, the
choice of the RM did not affect the final hydrogen production.
Both systems using EY and 10 equivalents of either MV or DQ_
yield a total of approximately 50—55 pmol of dihydrogen. With
a total of 100 pmol of the SED being present in the system and
two electrons necessary to produce one hydrogen molecule, it
can be argued that the overall TON is limited by electron
supply by the SED. However, we note that oxidized TEOA is
known to form a strongly reducing radical and could
consequently serve as a two-electron donor,” hence rendering
higher TONS possible. Still, the fact that both systems (10 MV
and 10 DQ) yield the same overall TON (see Figure 1A,C)
implies that the supply of TEOA is a limiting factor in this
system. Yet, the use of higher TEOA concentrations (500 mM
instead of 100 mM) did not lead to a higher TON, regardless
of the RM (see Figure S.I. 7). Similarly, the addition of TEOA
at later points during the experiment (shortly before or after
the maximum TON was reached) did not yield any significant
differences.

However, an increase in initial TEOA concentrations did
result in a corresponding increase in the initial TOF (271 nmol
H, mL™ h™' ODgy,!). This shows that the reductive
quenching of EY by the SED is limiting the electron transfer
from EY .4 to MV and thus MV, 4 accumulation. By extension,
this highlights the fact that a higher concentration of MV, 4
increases the electron transfer rate to the hydrogenase,
implying that photochemistry controls overall rates.

Finally, the longevity of hydrogen evolution with [Ru-
(bpy);]** is in line with the high stability of the PS. On the
other hand, in systems with EY, it is assumed that while the
RM does protect and greatly reduce photobleaching of the PS,
eventual decomposition of the PS does play a role in the loss of
activity. However, as observed with the SED, the addition of
EY to the reaction mixtures shortly before or after the
maximum TON was reached did not again result in a
reactivation of the photocatalytic activity. We could
furthermore exclude changes in pH being responsible for the
loss of activity. Measurements before photocatalytic assays and
after a maximum TON was reached revealed no significant
deviation (+0.2) from the desired pH of 7.5. There have been
reports of hydrogenation of MV during photocatalysis in the
presence of a Pt catalyst’® or under strongly acidic
conditions.”” Other studies observed photochemical or thermal
decomposition products from MV in systems where no catalyst
was present.’”*® While we cannot rule out that these processes
occur, we expect that under the herein chosen photocatalytic
conditions, the degradation of MV is not the primary limiting
factor.

Analogous photocatalytic experiments were furthermore
carried out using cell lysates, i.e., after artificial maturation,
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the cells were lysed, and the suspension was then used to
prepare photocatalytic samples. In all cases employing an RM,
the observed initial TOF was larger than when non-lysed cells
were used. This observation is well in line with previous studies
indicating that cell lysis makes electron transfer from an RM to
the enzyme more efficient.’’ However, the system appeared
less stable, i.e., the maximum TONs reached are lower than
when whole cells were used, showcasing the protective nature
of the whole-cell scaffold (see Table S.I. 1 and Figure S.L 8).

Overall, when comparing the observed TOFs with the values
reported for the purified CrHydAl enzyme in the literature
(specific activity of 600—700 gmol H, min™" mg™"),” we note
that our observed TOFs are lower by 1-2 orders of
magnitude. More specifically, based on previous studies,” we
estimate 13.5 pg of the enzyme in each sample, which would
equal a possible TOF of 8.1-9.5 ymol H, min~". Yet, the
highest TOF observed herein is 37.8 nmol H, min~". This
difference is not unexpected due to three main reasons. The
reduced RM has to be transferred into the cells, which affects
the overall rate of hydrogen evolution. Furthermore, the
hydrogenase enzyme might not be the primary electron
acceptor, resulting in additional electron transfer steps. In
addition, the reaction conditions used to determine the TOF
of [FeFe] hydrogenases commonly rely on much larger
quantities of MV, generated through chemical reduction.
Thus, circumventing photogeneration of the electron donor, as
also seen in this study, can affect the overall rate.

Cell Integrity and Viability Assays. The whole-cell
scaffold introduces a variety of factors that can influence the
catalytic performance. In return, the introduction of a
photoactive system affects living organisms. We conducted
cell integrity and viability assays of photocatalytic samples at
different time points to elucidate the effect of the different
photocatalytic components on E. coli cells.

In vitro assays were conducted to investigate the cell
integrity in the photocatalytic experiments by determining
whether the main hydrogen evolution activity stems from the
enzyme present in the supernatant or inside the cells (Figures
3 and S.I. 9). The cells were separated from the supernatant via
centrifugation, and following cell lysis, the hydrogenase activity
of the two fractions was determined through MV-—sodium
dithionite assays.”>*® It should be noted that the activity of the
whole-cell fraction is generally underestimated, as it relies on
complete lysis and release of the enzyme into the solution
without loss of activity. While the nature of the assay prevents
a quantitative comparison of the results, we can nonetheless
draw some qualitative conclusions. First, when no RM is used,
the main hydrogen evolutlon act1v1ty stems from the cells, in
line with our previous study.'” Second, in all systems using an
RM, substantial amounts of the enzyme are present in the
supernatant even before or after only short irradiation periods
(Figure 3, left and Figure S.I. 9). Finally, a decrease of overall
activity for longer times can be observed for systems using EY
as the PS, highlighting that not only the photoactive
component(s) of the catalytic system loses activity.

The decrease in cell integrity does not necessarily impair the
overall performance of the photocatalytic system. Indeed, it has
been reported that cell breakage increases the reactivity of MV
with enzymes in E. coli, arguably due to increased access to the
enzyme.”' However, a key motivation for semi-artificial
photosynthesis is the possibility of self-regeneration of the
whole-cell catalyst, and it is critical to understand where the
toxicity stems from to move toward more long-lived systems.

9480

1200 A after2h { 4 after 18 h

1000 A

supematant
ceIIs

Vl—'—|.ﬁ

X \()c\\]\ e O
\ad

800+

600

H,/a.u.

400 +

200

0

N\

E\( g‘(*‘\l\ E‘(*? \Q\J\s\ (099\3\

Figure 3. Comparison of hydrogen evolution activity stemming from
the supernatant vs cells probed at different time points during
photocatalysis. Activity was determined through NaDT/MV assays
performed in 100 mM phosphate buffer at pH 6.8. Samples were
taken after 2 (left) and 18 (right) h under photocatalytic conditions.
All samples contained E. coli cells (ODyy = S), combined with 100
uM EY (“EY”); 100 uM EY and 1 mM MV (“EY + MV”); 100 uM
EY and 1 mM DQ (“EY + DQ”); or 100 uM [Ru(bpy);]** and 1 mM
MV (“[Ru(bpy);]*"+ MV”).

We thus conducted viability studies, i.e., probed the ability of
cells to replicate, in which samples from the different
photocatalytic conditions were incubated in the dark or
under light irradiation. Samples were collected after 18 and 40
h and plated on agar. The results are summarized in Table 2
and Figure S.I. 10.

Overall, the single components do not show any toxicity for
the cells impairing their ability to replicate, with or without
exposure to light irradiation. The one exception is MV, which
was found to somewhat decrease the viability on a timescale of
>18 h. Similarly, the combination of MV and TEOA also
resulted in a larger decrease in viability than DQ and TEOA,
although in both cases, a fraction of the cells remained viable
even after 40 h of incubation. The presence of MV was also
found to decrease the viability of cells under photoactive
conditions. Cells in a suspension with the apo-enzyme
including EY and TEOA were found to be viable following
irradiation for 18 h in the absence and presence of DQ, but the
addition of MV completely abolished viability. However, for
the functional photocatalytic system, i.e., cell suspensions
including the holo-enzyme, SED, and either EY (with or
without RM) or [Ru(bpy),]** (with RM), no cell viability was
observed after light irradiation for 18 h.

The negative effects of MV on viability were somewhat
unexpected. While it is well known that MV is toxic to cells
under aerobic conditions due to the formation of reactive
oxygen species (ROS), MV is reported to be non-toxic toward
cells under anaerobic conditions.”*' The samples studied
herein were prepared under strictly anaerobic conditions, and
hence, the observed toxicity with MV is unlikely to stem from
ROS formation. Furthermore, both MV and diquat derivatives
have been reported to only weakly bind to DNA ex’cernally,42
and it is hence unlikely that the cytotoxicity stems from DNA
intercalation of the planar MV molecule. However, upon
reduction, MV, 4 can also act as a reductant for other
components present in the cell. Thus, broad interference
with intracellular redox processes could contribute to
toxicity.*"*’ Furthermore, it has been suggested that MV can
cause NADPH depletion and act as a cytotoxin in the absence
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Table 2. Plating Studies of Different Samples Containing E. coli Cells (ODg, = S), with Apo- or Holo-[FeFe] Hydrogenase,
Suspended in 100 mM PBS Buffer (pH = 7.5) with Different Other Components Added”

after 18 h after 40 h
light dark light dark
apo holo apo holo apo holo apo holo
cells” ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++
+EY*© ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++
+[Ru(bpy);]>** ++++ 4+ et 4+ e+ ++++ e+ e+t
+TEOA? ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++
+MV© ++++ +H++ ++4++ 4+ + + ++ +
+DQ° ++++ ++++ ++++ ++++ ++++ ++++ ++++ ++++
+MV + TEOA +++ +++ ++++ ++++ ++ + ++++ +
+DQ + TEOA ++++ ++++ ++++ ++++ +++ +++ ++++ ++++
+EY + TEOA +++ - ++++ ++++ +++ — ++++ ++++
+[Ru(bpy);]**+TEOA e+ e+t o+t e+t +++ +++ +++ +++
+EY + TEOA + MV - - ++ + - - - -
+EY + TEOA + DQ ++ - ++++ ++++ - - ++++ ++++
+[Ru(bpy);]**+TEOA + MV + + e+t ot - - e e

“Samples were plated after being kept under constant light irradiation (light) or in the dark (dark) at 30 °C for 18 or 40 h. Component
combinations resulting in a significant drop in viability are highlighted in bold. For an explanation of ratlngs, see Figure S.I. 10. bAll samples
contained E. coli cells at an initial ODgy, of 5. “+EY or +[Ru(bpy);]>* contains 100 M of the respective PS. “+TEOA contains 100 mM of the

SED. “+MV or +DQ_contains 1 mM of the respective RM.

of oxygen. The latter effect could explain the observed MV
toxicity in the absence of an active photosystem, which would
be needed if MV,,4 was the toxic component.*"** Overall, the
observation that viability improved when MV was replaced by
DQ_ shows that these issues can be alleviated while still
retaining the positive effect of the RM on catalytic perform-
ance.

Regardless of the RM, we note that all photocatalytically
active systems assayed here displayed dramatic decreases in cell
viability. Indeed, even the system with TEOA and EY shows no
cell viability after light irradiation, despite the cell integrity
assays indicating an active hydrogenase mainly inside intact
cells. Thus, apparent cell integrity does not strictly correlate
with cell viability. Overall, the decreased cell viability upon
hydrogen evolution indicates that a toxic byproduct is formed
under photocatalytic conditions. We postulate that decom-
position products of oxidized TEOA are toxic to the cells and,
among other things, induce a decrease in cell integrity. This
explanation would account for the faster decrease of cell
integrity with DQ_than with MV under catalytic conditions
(Figure 3), as the hydrogen evolution rate is much higher and
hence more TEOA is oxidized. It is also in line with the much
slower decrease of cell integrity when [Ru(bpy);]*" is used
compared to EY as the PS. Furthermore, it could explain why
cells with apo-hydrogenase are generally less affected as they
do not offer an obvious terminal electron acceptor, and hence,
less TEOA can be oxidized.

In Vitro and In Vivo Steady-State and Transient UV—
Vis Absorption Spectroscopy. Based on the photocatalytic
assay results, we could already draw some conclusions
regarding the limiting electron transfer steps in our whole-
cell system. Time-resolved absorption spectroscopy gives
further insights into the electron transfer kinetics (all reported
values are averages of three individual traces or more). A
detailed discussion of the electron transfer processes occurring
upon irradiation of the photoactive system with EY can be
found in the SI (Section S.I. 6). In short, upon irradiation in
the visible absorption band, EY is excited and undergoes inter-
system crossing to a long-lived triplet excited state *EY*. This
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excited state is reductively quenched by TEOA. In the absence
of a suitable electron acceptor, the reduced state, EY,.q4, is very
long-lived [observed rate constant for decay is (2.4 + 0.2) X
1072 57!, see Figures S.I. 15 and 4C, black trace] but eventually
results in decomposition via hydrolysis or dehalogenation. At
shorter timescales (<200 ps), only a slight decrease of the EY,q
signal via unknown decay processes can be observed (see
Figure 4A). When the hydrogenase (20 yM) is added to
samples containing EY and TEOA, a recovery of the ground
state absorption and a decrease of the reduced EY can be
observed at a pseudo-first-order rate constant of (4.0 + 1) X
10* s' (Figure 4B). This corresponds to a second-order
electron transfer rate constant from the reduced EY to
CrHydAl of (8 + 7) x 107 M™' s7". At much longer
timescales (Figure 4C, green trace), no absorption signal of
EY,4 could be generated, despite very low hydrogenase
concentrations (550 nM) and long light irradiation (10 s,
LED centered at 530 nm). This supports the observations at
shorter timescales, showing that there is electron transfer from
the reduced EY to the hydrogenase at a timescale faster than
what can be resolved in this latter experimental setup. An
overview of the observed pseudo-first-order rate constants is
given in Scheme 1.

When E. coli cells are added to a sample containing EY and
TEOA, the reduced state decays with a very similar rate
constant of (4.0 + 0.2) X 10* s7' (Figure S.I. 21, right),
indicating that the cells also act as an electron acceptor. This
observed rate constant for the ground state bleach recovery
and reduced state decay was not influenced by cell density.
Furthermore, the same experiments were carried out using
cells that had expressed the apo-hydrogenase enzyme but were
not matured, hence lacking the functional holo-enzyme. The
observed rate constants were identical (within the exper-
imental error, data not shown) to those obtained with cell
suspensions containing the holo-hydrogenase. We conclude
that under the chosen experimental conditions, we cannot see
definitive spectroscopic evidence for electron transfer toward
the [FeFe] hydrogenase itself as the primary electron acceptor
inside the cells. Based on previous EPR studies,”® we estimate
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Figure 4. Kinetic traces of absorption changes at 400 nm upon
excitation at 516 nm (A,B) or 530 nm (C). A: sample containing EY
(4 uM) and TEOA (100 mM) in 100 mM PBS (1 cm path length). B:
sample containing EY (13 uM), CrHydAl (20 uM), and TEOA (100
mM) in 100 mM PBS (1 mm path length). C: samples containing EY
(4 uM) and TEOA (100 mM) in 100 mM PBS (3 s light irradiation,
black trace) and in the presence of CrHydAl (550 nM) (10 s light
irradiation, green trace). Measurements were conducted under an
inert gas atmosphere.

45,000 hydrogenase molecules per cell, resulting in an
intracellular hydrogenase concentration of ~70 pM. Thus,
the intracellular concentration is on par with what was
employed in the in vitro experiments. The absence of a
distinct rate enhancement in the presence of the holo-[FeFe]
hydrogenase under whole-cell conditions compared to the apo-
enzyme is arguably due to the wide range of available electron
acceptors in the latter case.

When the system including MV is investigated using
transient absorption spectroscopy, a fast electron transfer
[(2.5 £ 0.5) x 10° M~ s7'] from the reduced EY to MV is
observed, both in the presence and absence of cells (see
Figures S.I. 17, 18, and 22). Due to the observed instability of
the cells in the presence of MV, these experiments were
consistently performed with fresh preparations. Still, exact
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Scheme 1. Schematic Representation of the Photocatalytic
Cycle Involving EY as the PS (4 uM), TEOA as the SED
(100 mM), and Either MV (Red, 38 uM) or the
Hydrogenase CrHydAl (Light Blue, 20 uM) or Cells
(Green, ODg, = 0.3) as the Electron Acceptor”

TEOAy MV
EY/ 9.7:10% s
TEOA, MVieq
1.1-108 s
CrHydA1
EY* J1.9-10%s” 1-10° s

CrHydA1reg

|2410Z s

EY

cells

hQ
516 nm

“Pseudo-first-order rate constants as obtained by transient absorption
spectroscopy. Reported values are averages of three or more
individual traces.

4.0-10° s

cellsoy

quantification of the MV, 4 to the cellular acceptor electron
transfer step proved difficult as significant variations were
observed over the course of the experiments (data not shown).
Yet, it was evident that the reduced MV species is very long-
lived, and in the presence of cells, the MV, 4 decay can be
observed over the time course of several minutes. This
indicates that the electron transfer from the reduced MV
radical to an electron acceptor in the cell is much slower than
that from the reduced EY to the cell. This is in line with
relatively small electron transfer rates from MV, 4 to hydro-
genase enzymes, which have been reported previously.™
However, we note that in the whole-cell system, the electron
transfer kinetics are also intertwined with mass-transfer kinetics
related to the transport of RM,q to the target protein.

The apparent sluggishness of the electron transfer from the
reduced MV can also be rationalized by the relatively low
concentration of MV 4 generated during the experiment. In
return, this results in much larger concentrations of the
oxidized MV, which can act as an electron acceptor from the
reduced hydrogenase, resulting in significant back-electron
transfer. To circumvent this issue, the transient spectroscopy
analysis was complemented by steady-state UV—vis spectros-
copy experiments to estimate how the thermodynamic driving
force varies between the photocatalytic assays. As seen above,
different initial rates of H, production are observed as a
function of both the nature and the concentration of the RMs
(Figure 1). This observation is assumed to be due to both the
different reduction potentials and different ratios of the
oxidized and reduced RM. On a molecular level, a high
reduction potential of the mediator will ensure a strong driving
force for forward electron transfer to the cellular electron
acceptor and prohibit back-electron transfer. Similarly, a high
RM,.4/RM ratio is expected to increase the rate of forward
electron transfer to the electron acceptor(s) and also limit the
back-electron transfer. Redox potentials and concentrations of
RM and RM, 4 can be summarized in the solution potential E,
which is calculated using the Nernst equation (for details, see
Section S.I. 6.4).

To estimate the solution potentials, we prepared solutions
with TEOA and selected combinations of RMs and PSs. The
solutions were subsequently irradiated with green (530 nm, for
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Figure 5. Accumulation of RM,.4 upon constant illumination in the absence and presence of E. coli cells. (Left) RM, 4 accumulation in the absence
of cells, samples containing PS (4 pM), RM (20 yM), and TEOA (100 mM) in PBS (pH = 7.5). (Right) Comparison of (pseudo)-steady-state
RM,.4 concentration in in vitro EY samples (“no cells”) with in vivo samples taken from photocatalytic assays at different time points (0, 24, and 51
h); photocatalytic samples are diluted to yield an OD of 0.1, RM concentration of 20 4M; additional EY is added to yield a final concentration of 4

uM. All measurements are conducted under an inert gas atmosphere.

EY) or blue (447 nm, for [Ru(bpy);]*) light, and the
accumulation of RM,4 was monitored using UV-—vis
absorption spectroscopy. The concentration of RM,4 was
calculated using the reported extinction coefficients of MV, 4
(£400nm = 42,100 cm™' M™)* and DQ,.y (€490mm = 11,500
cm™' M™").2® The concentrations of the PS and RM in the
spectroscopic samples were lower than those in the photo-
catalytic assays due to their strong absorbance. Nevertheless,
the relative differences between the assayed systems can still be
assumed to hold true also under photocatalytic conditions. The
results are shown in Figure S (left panel) with the calculated
concentrations and solution potentials summarized in Table 3.

Table 3. Calculated Concentrations of Accumulated RM, 4
upon Continuous Illumination and Solution Potentials E*

solution
potential E/mV
PS RM  c(RM,4)/#M ratio RM,.4/RM vs SHE
EY MV 17.9 8.5 —501 + 13
[Ru(bpy)s]** MV 104 1.1 —448 + 3
EY DQ 14.5 2.6 —685 + 4

“Sample solutions contain 4 M PS, 20 yuM RM, and 100 mM TEOA
in the PBS solution (pH = 7.5); measurements are carried out under
an inert gas atmosphere.

Comparing the two PSs, EY and [Ru(bpy);]*, at a constant
MV concentration, EY yields a higher (pseudo)-steady-state
concentration of MV, 4. This is consistent with the different
mechanisms expected for the electron transfer from the excited
PS to MV. In contrast to EY, which follows a reductive
quenching pathway (see Scheme 1), [Ru(bpy);]*" is expected
to follow an oxidative quenching mechanism, i.e., the excited
PS transfers an electron to an electron acceptor (e.g., MV)
The oxidized complex then gets reduced again by the SED.
Under continuous illumination, in both the reductive
quenching process with EY and the oxidative quenching
process with [Ru(bpy);]**, RM,q is accumulated. However, in
the case of [Ru(bpy);]**, a lower concentration of
accumulated RM,.q is achieved (Figure S). This is in line
with the lower driving force for electron transfer from excited
[Ru(bpy);])*** to MV compared to electron transfer from
EY,.4 to MV. Moreover, it is known that back-electron transfer
from MV, to photogenerated [Ru(bpy);]** can occur,
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making oxidative quenching less efficient.** A similar back-
electron transfer is unlikely to occur in the case of EY as EY, 4
returns to the ground state upon electron transfer, which
makes back-electron transfer thermodynamically unfavorable.
It follows that a lower MV,4/MV ratio is expected to
contribute to the lower hydrogen production rates obtained
with [Ru(bpy);]** as compared to EY. Similar reasoning can
also rationalize the dependence of initial rates on the MV
concentration (compare S vs 10 equivalents of MV, Figure 1).
As the rate constant for electron transfer from EY to MV is
very large, both S and 10 mM give a near-unity yield of
electron transfer. Instead, a lower initial MV concentration
allows the MV, 4/MV ratio to increase more quickly. In other
words, the RM can be regarded as a redox buffer, and a lower
initial MV concentration allows for a more rapid change of
solution potential, which by extension changes the ratio of
forward and back-electron transfer to and from the hydro-
genase.

When the two RMs are compared, using EY as the PS, the
maximum concentration of DQ,.4 is much lower than that of
MV, 4. This difference can be explained by the lower driving
force for the reduction of DQ compared to MV by the reduced
PS. Yet, the more negative reduction potential of DQ leads to a
larger driving force for the subsequent electron transfer toward
the cellular electron acceptor and decreases non-productive
back-electron transfer, hence yielding a higher hydrogen
production rate. This is in good agreement with the
significantly more negative solution potential value for the
DQ system than the MV system (—685 vs —504 mV), despite
the lower DQ,.4 concentration.

Adding a catalyst to the system is expected to reduce the
(pseudo)-steady-state RM,.4/RM ratio through the consump-
tion of RM,.4. To examine how these ratios varied between
assay conditions and with time, we compared samples with the
different RMs at selected time points of the photocatalytic
experiments. Samples were collected either before (0 h) or
after operating the photocatalysis (for 24 or 51 h). The steady-
state population of RM,, was again probed by UV-—vis
spectroscopy following exposure to continuous illumination
and compared to analogous samples in which no E. coli cells
were added (Figure 5, right, “no cells”). The results are shown
in Figure S (right panel). When MV is used as the RM, the
presence of fresh cells does not impact the accumulation of
MV,.q (Figure S, right, MV 0 h time point), indicating that the
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electron transfer to the hydrogenase is slow and does not
significantly affect the MV_4 concentration. Samples taken at
later time points, however, do show a slight decrease in the
amount of accumulated MV_,4, indicating that a more efficient
or accessible electron acceptor becomes available during
photocatalysis (Figure S, right, MV 24 and S1 h time points).
These results correspond well with the cell integrity assays
discussed above (Figure 3). As the cell integrity decreases
during catalysis, the hydrogenase enzyme and other cellular
electron acceptors become more accessible for the RM over
time.

When DQ is used, the presence of fresh cells strongly
impacts the accumulation of DQ,.4 (Figure S, right, DQ 0 h
time point). As noted above, DQ,4 has a larger driving force
for electron transfer toward the hydrogenase than MV, 4. This
increased driving force will accelerate the electron transfer
from DQ, causing a decrease in the steady-state DQ,4
concentration. In contrast, cells that had been operating for
24 h under photocatalytic conditions had a much more limited
effect on DQ,.q accumulation (Figure S, right, DQ 24 h time
point). This latter observation agrees with a decay of the
catalytic system on a daytime scale, as also noted in the
photocatalytic assays (Figure 1A).

B CONCLUSIONS

The work described herein presents a detailed characterization
of an E. coli-based system for semi-artificial photosynthesis,
ranging from factors controlling overall system performance
and cell viability to a detailed elucidation of the photo-
triggered electron transfer processes. The studied model
system utilized a non-native [FeFe] hydrogenase for photo-
catalytic hydrogen evolution, and we expect the observed
trends to hold true also for other E. coli-based systems
depending on heterologously expressed (redox) enzymes. The
implementation of an RM significantly improved overall
performance and enabled the use of a wider range of PSs.
We furthermore showed the impact that the concentration and
reduction potentials of the RM have on the photocatalytic
hydrogen evolution performance. It was found that the
solution potential provided a highly useful tool for rationalizing
the observed hydrogen production rates in different photo-
catalytic assays.

On a mechanistic level, transient spectroscopy showed that
the electron transfer reaction from the PS to the target enzyme
is most likely indirect, i.e., it proceeds via other redox-active
components in the cell. This implies that further optimization
of the system can be achieved by overexpressing suitable
ferredoxins or, alternatively, by designing RMs with a higher
affinity for the hydrogenase or other target enzymes.

We also note that the choice of the RM had a significant
impact on cell viability, with the commonly employed MV
displaying higher apparent toxicity than DQ. Nevertheless, we
showed that the whole-cell system is strongly affected during
photocatalysis, leading to both a decrease in cell integrity and
cell viability. We propose that decomposition of the photo-
catalytic components or side products formed during photo-
catalytic hydrogen evolution exhibit significant toxicity to the
host cell. Clearly, the identification of more biocompatible
electron donors represents an important next step.

In closing, the presented E. coli-based semi-artificial system
clearly offers the potential for long-lived photocatalytic
hydrogen evolution without requiring time-intensive and
elaborate enzyme purification. Yet, this study also highlights
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that to achieve a truly sustainable and self-healing photo-
catalytic system, it is necessary to reduce toxicity and stress on
the cells. Exploring different SEDs and streamlining the
electron transfer processes to overcome intracellular diffusion
limitations appear to be critical for further improvement of
these systems.
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