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Extending the Library of Light-Dependent
Protochlorophyllide Oxidoreductases and their Solvent
Tolerance, Stability in Light and Cofactor Flexibility
Luca Schmermund,[a] Sarah Bierbaumer,[a] Viktor K. Schein,[a] Christoph K. Winkler,[a]

Selin Kara,[b] and Wolfgang Kroutil*[a]

Biocatalysis is increasingly used in combination with light to
develop new and more sustainable synthetic methods. Thereby,
mostly a chemical photocatalyst harvesting the light energy is
combined with an established enzymatic reaction, thus the
biocatalyst itself does not require the light for its specific
reaction. Here we expand the library of an enzyme which
requires light for its natural reaction, namely the light-depend-
ent protochlorophyllide oxidoreductase (LPOR). This enzyme
catalyzes the NADPH-dependent reduction of a C=C in a N-
heterocycle. Out of five LPORs identified by sequence search,
four were found to be well expressible in E. coli and active.
Investigating the light intensity, which is an important parame-
ter describing energy input and subsequently may enable fast

reaction, it turned out that the four LPORs can stand the
maximum light intensity reachable with the equipment used
(1450 μmol photons m� 2 s� 1). However, the natural substrate
and product were degraded at these conditions, allowing only
15% of the maximum input (211 μmol photons m� 2 s� 1).
Furthermore, the LPORs accepted seven different water miscible
solvents with a solvent content of up to 20% v/v and were
active at a pH from 6 to 10. While all LPORs known to date are
exclusively NADPH dependent, two LPORs identified here were
active also with NADH. The cofactor selectivity could be pinned
to three amino acid residues, which interestingly do not directly
bind to the cofactor.

Introduction

In the last decade, biocatalysis and photocatalysis have become
important tools in organic chemistry to enable new, generally
mild and more sustainable syntheses of organic compounds.[1]

Engineering biocatalysts and to adapt them to non-natural
substrates, elevated temperatures or pH values turned biocatal-
ysis into a strong tool extending classical organic synthesis
strategies.[2]

Furthermore, photocatalytic reactions were developed
showing a broad substrate scope and running at milder

reaction conditions compared to their light-independent
alternatives.[1d,3]

Consequently, the advances in biocatalysis and in
photocatalysis[1d,3,4] are currently leading to concepts combining
photo- and biocatalysis, named then photobiocatalysis[5] and
various studies have been published recently.[6] Of special
interest are photoenzymes which strictly require light for their
actual catalytic activity. Without light no enzymatic reaction
would take place. So far, only three photoenzymes were
discovered in nature beside the photosystem[7] itself:[8] the
photolyases,[9] the photodecarboxylase[10] and the light-depend-
ent protochlorophyllide oxidoreductases (LPORs).[11] Recently, it
has been shown that a photodecarboxylase can be used in
light-dependent biotransformations allowing the decarboxyla-
tion of fatty acids,[12] which was for instance exploited in the
kinetic resolution of α-functionalized carboxylic acids.[13] How-
ever, the other above-mentioned photoenzymes like LPORs
have not yet been used in biocatalysis.

LPORs are found in different phototrophic organisms[14] and
have been described as single component NADPH-dependent
enzymes catalyzing the light-driven reduction of a C=C double
bond at ring D of protochlorophyllide (pchlide) to chlorophyl-
lide (chlide), which is a key intermediate in the biosynthesis of
chlorophyll (Scheme 1).[15]

The reduction of the C17=C18 double bond occurs in a
sequential manner by trans-addition of a hydride and a proton
along the double bond,[14,16] after excitation of the pchlide by
light.[16–17] Actually, first a ternary complex of substrate, cofactor
and enzyme forms, which acts as a photoreceptor during the
reaction. Under illumination, an endergonic light-driven hydride
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transfer takes place from NADPH to the C17 position of the
pchlide, whereby a charge-transfer complex is formed. This is
followed by a light-independent proton transfer to C18, which
is presumably provided by a tyrosine residue in the active site.
Finally, the NADP+ is released from the enzyme and after
binding of NADPH the product (chlide) is released and is
replaced by another pchlide.[16,18] The whole reaction takes
places on an ultrafast timescale and the light-driven step
proceeds even under low temperatures of 120 K.[18b,19]

Recently, a C226S variant of a LPOR has been found
showing a different mechanism. The reaction starts with a
single electron transfer followed by a concerted hydrogen atom
and proton transfer. The exact influence of the cysteine residue
within the catalytic mechanism is not fully understood,
yet.[17,20–21]

In the last decade a few LPORs were mostly studied from
the viewpoint of their photochemical mechanism,[16] especially
the LPORs from Synechocystis sp.[14,22] and
Thermosynechococcus elongatus[20] were investigated regarding
their expression, kinetic parameters and reaction intermediates.

In this study the library of LPORs was extended and
possibilities of varied reaction conditions, thus the tolerance
towards organic solvents, light intensity and varied pH were
investigated. Since all LPORs reported to date are exclusively
NADPH dependent, LPORs with a more flexible cofactor
preference were additionally searched for.

Results and Discussion

Enzyme Selection, Heterologous Expression and Purification
of LPORs

To extend the library of LPORs and identify also NADH
dependent ones, five new LPORs were identified via a blast
search (https://blast.ncbi.nlm.nih.gov/Blast.cgi), whereby the
DNA sequence of the LPOR originating from Thermosynechococ-
cus elongatus BP-1 (T. elongatus, Te-LPOR) served as
template.[18a,20,23]

The LPORs were selected mainly based on the following
selection criteria: First, all protein sequences contained a
conserved NADPH-binding motif and three to four conserved
cysteine residues that are probably involved in substrate
binding and catalysis mechanism. In addition, all selected DNA

sequences had at least an identity of 65% to the DNA sequence
from T. elongatus BP-1. Table 1 compares the five selected
LPORs (Entries 2–6) with the template and further four already
described LPORs which were included in this study (Entries 7–
10): LPOR from Hordeum vulgare (Hv),[24] Arabidopsis thaliana
(At),[25] Thermosynechococcus elongatus[23] and Dinoroseobacter
shibae (Ds).[15a] The LPORs of H. vulgare and A. thaliana are of
plant origin, the one from D. shibae of an anoxygenic photo-
trophic α-proteobacterium. For this reason, the identity of these
last three LPORs is clearly lower compared to the Te-LPOR.

The LPORs were in general expressed with a N-terminal
His6-tag in E. coli BL21(DE3) by using a pET28a based expression
construct. Only the LPOR from A. thaliana (At-LPOR) was
expressed wit C-terminal His6-tag. Since the LPORs from
A. thaliana and C. shibae were produced in insoluble form only
and the LPOR of Synechocystis sp. strain PCC 6803 was obtained
in tiny amounts, these three LPORs were not considered for any
further experiments.

The other seven LPORs were purified by nickel affinity
chromatography. From 500 mL medium about 1.4–47 mg of
enzyme were obtained (for details see Table SI5). For purifica-
tion and subsequent storage at � 21 °C, the choice of buffer
used proved to be crucial to maintain catalytic activity. A Tris
based buffer containing glycerol and NaCl was best for storage
(20% w/v glycerol, 500 mM NaCl, 25 mM Tris, pH 7.5). In buffers
based on MOPS, HEPES or phosphate, the LPORs started to
precipitate at concentrations greater than 0.5 mg/mL.

Activity Assay

The natural substrate pchlide of LPORs was produced using the
Rhodobacter capsulatus ZY5 strain as described in literature (see
also SI).[26] Employing this substrate, the conversion was
determined for the purified LPORs (Scheme 2) whereby the
formation of product was monitored using UV/Vis spectroscopy.

Scheme 1. Light-dependent reduction of protochlorophyllide by using light-
driven protochlorophyllide oxidoreductases (LPORs).

Table 1. Comparison of LPORs used in this study to the protein sequence
of Thermosynechococcus elongatus (Te).

# Source organism # of
AAs

Identity
[%]

Ref.

1 T. elongatus[a] (Te) 322 100 [18a]
2 Leptolyngbya sp. NIES-3755 (Ls) 322 77 this

study
3 Cyanobacterium aponinum (Ca) 322 71 this

study
4 Fischerella sp. JSC-11 (Fs) 333 71 this

study
5 Chroococcidiopsis thermalis (Ct) 322 70 this

study
6 Crocosphaera watsonii WH 0005 (Cw) 321 67 this

study
7 Synechocystis sp. PCC 6803 (Ss) 322 76 [14]
8 Dinoroseobacter shibae DFL12T[a] (Ds) 328 61 [15a]
9 Arabidopsis thaliana[a] (At) 405 51 [25]
10 Hordeum vulgare[a] (Hv) 388 50 [24]

[a] The LPOR plasmids of these organisms were provided by Dr. Thomas
Drepper and Dr. Ulrich Krauss, University Düsseldorf, Bacterial Photo-
biotechnology.
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The product concentration was determined using the extinction
coefficient of chlide at 669–670 nm (69.95 mM� 1 cm� 1).[14]

All LPORs tested were active, whereby the conversion
measured varied depending on the LPOR. The highest con-
versions within five minutes were achieved with Ct-, Te- and
Ca–LPORs around 32%. The Hv-LPOR showed the lowest
conversion with 7%. The other three LPORs (Ls-, Ds-, and Fs-
LPORs) displayed values in-between (Figure 1). This is the first
study in which LPORs from Leptolyngbya sp. NIES 3755,
C. aponinum, Fischerella sp. JSC-11 and C. thermalis were suc-
cessfully tested for activity.

In literature it is described that DTT is crucial for the enzyme
activity (DTT prevents in general the formation of disulfide
bridges within the enzyme).[14] However, testing the LPORs in
the absence of DTT still led to detectable conversion although
it was significantly reduced to up to 5%. Furthermore, Triton X-
100 was an essential part of the reaction as in the absence of
Triton X-100, no conversion was detected with purified enzyme
(Triton X-100 prevents the precipitation of pchlide/chlide).

Testing phosphate buffer as reaction buffer, it turned out
that the reaction can also be performed in this buffer at
100 mM, pH 7.5 instead of the commonly reported Tris/
glycerol-based storage/reaction buffer. The conversions meas-

ured in the two buffers were comparable which simplified the
set-up of the reaction system.

Furthermore, the activity of the LPORs remained constant
for more than a year when stored at � 21 °C. However, thawing/
freezing cycles led to a loss of activity. In addition, the
conversion measured after purification did not differ, if the
enzyme was purified at room temperature or at 4 °C.

Since most of the previous experiments here as well as in
literature were performed with purified enzyme, cell-free extract
(CFE) was tested for comparison for Ls-LPOR and Ct-LPOR.
Interestingly in this case neither DTT nor Triton X-100 was
required. Probably this is due to all the other cell components
present in the mixture taking over the function of these
additives. The conversion achieved with an amount of total
protein, which would lead to a concentration of 1 μM of protein
after purification, was also higher (50% instead of 38%). This
can be attributed to a loss of enzyme during purification.
Furthermore, it was found that DTT can also be replaced by
ascorbic acid. Already a concentration of 10 mM ascorbic acid
was enough to obtain conversions comparable to those with
DTT at 30 mM.

Although working with CFE has clear advantages such as
saving time and reagents, the following studies were performed
with purified enzyme to be able to give an exact protein
concentration and to have reaction solutions as clear as
possible for the light dependent reaction to minimize unwanted
absorption and interference by other ingredients (e.g. flavins,
etc.). For the subsequent studies the Ct-, Ls-, Te- and Ca–LPOR
were used in general due to their higher activity (Figure 1).
Additionally, the Fs-LPOR was used in the cofactor assays.

Light Intensity

The effect of the light intensity was tested on both the LPORs
as well as the substrate. First, the LPORs were incubated at a
light intensity of 1450 μmol photons m� 2 s� 1 for 30 min, which
corresponds to a 7-fold higher intensity compared to the
studies above and in literature. The LPORs displayed a
comparable activity after incubation, thus the stability of the
LPORs was not affected by the higher light intensities under
these conditions.

However, the picture was different for the substrate and
product: pchlide and chlide were found to be unstable at
higher light intensities. Illumination with more than 1450 μmol
photons m� 2 s� 1 led to fast decomposition of pchlide and
chlide, indicated by a disappearance of the peaks in the UV/Vis
spectrum within 3 minutes. Also, at a light intensity of 850 μmol
photons m� 2 s� 1 a significant damage of the pchlide and chlide
was observed (Figure SI8).

Subsequently, biotransformations were compared at 211,
430 and 1450 μmol photons m� 2 s� 1 (Figure 2).

At the lowest light intensity with 211 μmol photons m� 2 s� 1

(black line) conversions of about 30–35% were obtained after
10 min. A higher light intensity with 430 μmol photons m� 2 s� 1

(red line) enabled a slightly faster reaction. Within 5 min
conversions of about 20–25% were obtained. However, here

Scheme 2. Activity assay for LPORs following the double bond reduction of
pchlide.

Figure 1. Conversion measured for the LPORs tested. Reaction conditions:
LPOR (1.0 μM), pchlide (9.6 μM), NADPH (30 μM), DTT (30 mM), Triton X-100
(0.03% v/v), MeOH (0.2% v/v), KPi buffer (100 mM, pH 7.5), LED white light,
light intensity 211 μmol photons m� 2 s� 1, 25 °C, 5 min.
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degradation of the pchlide occurred, which was concluded
from the reduced absorption at 448 nm. At the highest tested
light intensity with 1450 μmol photons m� 2 s� 1 (blue line),
decomposition of the pchlide and chlide was observed as
stated already above (Figure SI8). Significantly less conversion
was obtained and after only 1 min, there was a decrease of the
product by degradation of the chlide.

Thus, increasing the light intensity from 211 to 430 μmol
photons m� 2 s� 1 led to an acceleration, but at the same time a
faster degradation of pchlide and chlide occurred. For this
reason, a light intensity of 211 μmol photons m� 2 s� 1 was used
for all further studies.

Solvent Tolerance of LPORs

Seven water-miscible solvents were tested in the LPOR
catalyzed biotransformation. Thus, acetone, EtOH, MeOH, DMF,
DMSO, iPrOH and tBuOH were used at a concentration of 5–
37% v/v. An organic solvent may be advantageous in case of
less water soluble substrates to improve the bioavailability of
the substrate in the aqueous phase.

For all solvents tested, comparable conversions were
detected at 10% v/v similar to the value found in the absence
of solvent (Figure 3). At a volume of 20% v/v a decrease in
conversions of about 5–10% was detected for most of the
tested solvents. At solvent concentration higher than 30% only
DMSO allowed to obtain still a conversion greater than 20%.

Figure 3 shows the conversions obtained by using seven
different solvents.

With 10% v/v a conversion of about 30–37% was detected
for all solvents which is almost identical with the conversion
obtained with 0.2% solvent. DMSO showed the lowest con-
version of all solvents between 0.2–10% v/v solvent content.
But it was the only solvent where it was possible to detect a

conversion with a solvent content higher than 30% v/v. At 37%
v/v DMSO, a conversion of 22% was still detected.

Since in the experiments above the solvent and the
substrate where both present at the start, the possible effect of
e.g. acetone after 1 h was investigated. Ca-LPOR was therefore
incubated for 1 h in the presence of 10% v/v acetone first,
before the substrate pchlide was added. Afterwards, the
reaction was started by irradiation of the reaction vial with light.
The Ca-LPOR showed the same conversion as without pre-
incubation (33%), thus at this concentration acetone did not
lead to any detectable loss of activity.

pH Range

The LPORs were tested at varied pH values between pH 4–11.
For all experiments KPi buffer (100 mM, pH 7.5) was used,
although the buffer capacity is not given for all pH values;
however, since no pH shift occurred during the reaction, this
seemed to be an acceptable approach to keep the buffer salt

Figure 2. UV/Vis spectra showing the influence of the light intensity on the
biocatalytic reaction system by using the LPOR from Leptolyngbya sp. NIES-
3755 as model enzyme; black 211 μmol photons m� 2 s� 1; red 430 μmol
photons m� 2 s� 1 and blue 1450 μmol photons m� 2 s� 1. The new peak at
670 nm shows the formation of chlide.

Figure 3. Conversions obtained in the solvent screening by using the LPOR
from C. aponium and iPrOH, tBuOH, acetone, MeOH, DMF, EtOH and DMSO
as solvent. Reaction conditions: Ca-LPOR (1.0 μM), pchlide (14 μM), NADPH
(30 μM), DTT (30 mM), Triton X-100 (0.03% v/v), solvent (0.2–37% v/v), KPi
buffer (100 mM, pH 7.5), LED white light, light intensity 211 μmol photons
m� 2 s� 1, 25 °C, 3 min.
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the same to maintain comparable conditions. It was found that
the LPORs (Te, Ca, Ct) work in a broad pH range between pH 5
and pH 10 (Table S6). At pH 4 or 11 no conversion was
detected. At high pH values such as pH 9 or 10 slightly higher
values for product formation were detected than e.g. at pH 8
(33% instead of 29%).

Longer lasting experiments showed that a higher pH is
better for the stability of pchlide and chlide. This was also
visualized by color changes of reaction solutions: At higher pH
�8 the reaction solution stayed green for several days at room
temperature. At a pH 5–7, the reaction started to turn yellowish
after 5 hours (Figure 4). But this result is negligible for the LPOR
assays performed before, since the reactions were not incu-
bated for longer than 5 minutes.

Cofactor Regeneration

Since for the established assay the substrate concentration of
the precious pchlide is rather low, stoichiometric amounts of
NADPH have been used in general. Thus, in the first assays
NADPH was used at a concentration of 160 μM, which
corresponds to a more than 10-fold excess of cofactor
compared to the substrate. During the studies, the concen-

tration of NADPH was reduced to 30 μM without affecting the
conversion of the biotransformation. However, this still corre-
sponds to a two-fold excess of cofactor compared to the
substrate. Nevertheless, to see whether a cofactor recycling
system would be feasible as well, a glucose dehydrogenase
(GDH) based NADP+ recycling system was established to further
reduce the cofactor concentration.

For the recycling system GDH and glucose had to be added
to the reaction system. The recycling system made it possible to
perform the reaction with only 0.1 μM NADP+ (Figure 5).

Using the recycling system at 0.1 μM NADP+ a conversion
of 19%, was achieved within 7 min which corresponded to a
turnover of 30 based on NADP+. The conversion was about 10–
15% lower than obtained with an excess of NADPH, but the
experiment showed that the GDH based recycling system is
compatible with the LPOR reaction. This might be useful for
reactions with non-natural substrates at higher concentration.

NADH/NADPH Cofactor Flexibility

Since all LPORs known until today are described as NADPH
dependent and in all previous experiments in this study NADPH
was used, the seven LPORs investigated in this study were
subsequently tested also with NADH. Interestingly, only the two
novel LPORs from Fischerella sp. JSC-11 and from C. thermalis
accepted also NADH as cofactor (Table 2, entries 1–2). All other
LPORs did not give any conversion of pchlide in the presence of
NADH.

The conversions measured in the presence of NADPH were
about twice as high as with NADH for both enzymes, thus the
two enzymes showed a slightly higher preference for NADPH.

To identify the possible origin of the NADH/NADPH
flexibility, the sequences were compared via an alignment of Fs
and Ct-LPORs to the other LPORs (Figure SI11). Additionally, by
pairwise comparison of the various LPORs to spot flexible
positions, finally three amino acids were identified which are
identical in Fs and Ct-LPORs but are different from the other
LPORs, which only accept NADPH as the cofactor. In Ct and Fs-

Figure 4. Color change of the reaction at different pH values after three days
of storage at 21 °C. The reaction color stayed green at pH �8. Reaction
conditions: Ct-LPOR (1.0 μM), pchlide (14 μM), NADPH (30 μM), DTT (30 mM),
Triton X-100 (0.03% v/v), MeOH (0.2% v/v), KPi buffer (100 mM), LED white
light, light intensity 211 μmol photons m� 2 s� 1, 25 °C, three days.

Figure 5. UV/Vis spectrum of the LPOR reaction with GDH based recycling
system: Ct-LPOR (1.0 μM), pchlide (16 μM), NADP+ (0.1 μM), DTT (10 mM),
Triton X-100 (0.03% v/v), GDH (5 mg/mL), glucose (100 mM), MeOH (0.2%
v/v), KPi buffer (100 mM, pH 7.5), LED white light, light intensity 211 μmol
photons m� 2 s� 1, 25 °C, 15 min.

Table 2. Conversions of LPORs and variants by using NADH or NADPH as
cofactor.[a]

Entry LPOR Conv.
NADPH
[%]

Conv.
NADH
[%]

1 Ct wildtype 33 17
2 Fs 16 8
3 Ct-(E185K/V195L/V198M) (Ct-KLM) 33 1.7
4 Ct-(E185K/V195L) 30 n.d.
5 Ct-(V195L/V198M) 27 1.9
6 Ct-(E185K/V198M) 26 2.9
7 Ct-(E185K) 28 n.d.
8 Ct-(V195L) 27 n.d.
9 Ct-(V198M) 30 1.3
10 Te-(K188E/L198V/M201V) 27 n.d.

[a] Conditions: UV/Vis assay with LPOR variants (1.0 μM), pchlide (7.5 μM),
NADPH or NADH (160 μM), DTT (70 mM), Triton X-100 (0.03% v/v), MeOH
(0.2 v/v), KPi buffer (100 mM, pH 7.5), LED white light, light intensity 211 μ-
mol photons m� 2 s� 1, 25 °C,3 min; n.d.=not detected.
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LPOR the amino acids E, V and V are found. The other LPORs
have the amino acids K, L and M at these positions (Figure 6).
Consequently, it was speculated that these amino acids in these
positions are responsible for cofactor flexibility.

To test the hypothesis, a variant of Ct-LPOR was created
exchanging the amino acids in these three positions to the
amino acids identified in the strictly NADPH-dependent LPORs.
Testing this triple variant Ct-(E185K/V195L/V198M)-LPOR (abbre-
viated Ct-KLM) showed that it still accepted NADPH but lost
almost its activity in the presence of NADH (Table 2, entry 3,
Figure SI11). Actually, the conversion obtained with Ct-KLM in
the presence of NADPH (33%) was identical to conversion
obtained with the Ct wildtype (33%). In the presence of NADH,
Ct-KLM led to a calculated conversion of just 1.7%, while the
wildtype Ct-LPOR allowed to reach a conversion of 17%.

To check, whether indeed all three mutations are required,
or a single or double variant is sufficient, the three single as
well as the possible three double variants were prepared. All
LPOR variants accepted NADPH as cofactor and led to a
comparable conversion as the wildtype and Ct-KLM (Table 2,
entries 4–9). On the other hand, all single as well as all double
variants led to very low conversion or not detectable conversion
at all when NADH was used as cofactor. Thus, by mutating just
one position out of the three leads to a clear loss of activity.
This means on the other hand, since even no double variant
was active, that the activity in the presence of NADH is only
observable if all three positions got exchanged. However, trying
to exploit the mutations in the opposite direction, namely, to
exchange the three positions in an LPOR not accepting NADH

(Te-LPOR) did not lead to a variant active with NADH (Table 2,
entry 10).

When locating the corresponding amino acids identified
above in the recently published crystal structures[27] of the
LPORs from T. elongatus (PDB: 6R46) and Synechocytis (PDB:
6R48) it becomes clear that these three amino acids are not
amino acids in close contact with the phosphate moiety of the
NADPH or even the cofactor itself (Figure 7). The amino acids
are in an α-helix next to the NADPH cofactor, but the distance
between the amino acids and the NADPH are too long for an
obvious interaction. The closest residue to the cofactor is V198
with a distance of already 9.4 Å. It seems that there must be a
cooperative effect of the three amino acids changing the overall
structure when also the substrate gets bound.

Amino acids like K197 and Y193 in the published paper
interact with the ribose next to nicotinamide of the cofactor but
they are also suggested to bind the substrate,[27] thus there
needs to be a significant change of the structure for binding.
Therefore, by careful comparison of sequences, a non-intuitive
origin of cofactor flexibility was identified.

Conclusions

In this study the library of LPORs was extended by four new
LPORs (from Leptolyngbya sp. NIES 3755, C. aponinum, Fischer-
ella sp. JSC-11 and C. thermalis) which were identified for the
reduction of pchlide in the presence of light. Additionally to the
possibility to use them as purified enzymes, cell-free extracts
proved to be suitable for the biotransformation as well
eliminating the need for external additives e.g. DTT or Triton X-
100.

The LPORs evaluated tolerated seven water miscible
solvents (acetone, EtOH, MeOH, DMF, DMSO, iPrOH and tBuOH)
in general up to 20% v/v with tolerance towards DMSO even
up to 37% v/v. Furthermore, the reactions were carried out at a
pH of 5–10, with a higher conversion at higher pH.

In contrast to all reported LPORs to date, the LPORs from
Fischerella sp. JSC-11 and C. thermalis were found to accept also
NADH as cofactor at about 50% of the conversion observed
with NADPH. The exchange of three amino acids in Ct-LPOR led
to a clear loss of conversion in the presence of NADH but
maintaining the activity with NADPH. With this triple variant Ct-
(E185K/V195L/V198M) only 1.7% conversion was detected in
comparison to 17% with the wild type. Interestingly, these
positions are not the amino acids responsible for direct NADPH
binding as deduced from the recently published crystal
structure from Synechocystis.[27]

As selected enzymes, which are in nature not light-depend-
ent, have been shown to possess promiscuous activity under
the influence of light,[28–29] LPORs as NADPH-dependent natural
photoenzymes may be targets for further studies of light
dependent reactions.

Figure 6. Alignment of the protein sequence of the LPOR from T. elongatus
and from C. thermalis. The sequence of Ct differs in the amino acids at the
positions E185K, V195L and V198M in comparison to the sequence of Te. The
positions 186 and 187 in Ct are in general flexible for the different LPORs.

Figure 7. Homology model of C. thermalis; the model was built with swiss-
model (https://swissmodel.expasy.org) using the crystal structure of T. elon-
gatus (PDB: 6r46.1-A, 70% identity) as template. The three identified amino
acids (E185, V195 and V198), which are different in all other LPORs not
accepting NADH, are shown as blueish sticks.
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Experimental Section
Construction of plasmids: For the constructions of the plasmids
DNA strings with the corresponding LPOR sequence were ordered
(GeneArtTM StringsTM DNA Fragments from invitrogen by Thermo
Fisher Scientific). In addition to the respective LPOR sequence, all
DNA strings contained a NdeI restriction site at the 5’ end (5’-
GTGCCGCGCGGCAGCCATATG-3’), a XhoI site at the 3’ end (5’-
CTCGAGCCACTGAGATCCGGC-3’) and a 14 base pair long overhang.
The DNA strings were incubated with NdeI and XhoI and cloned
into the NdeI/XhoI sites of pET28a(+). The plasmid pET28a(+)
allowed the fusion with a N-terminal histidine tag. The recombinant
plasmids (pET28a-his6-lpor) were transformed into E. coli NEB 5-
alpha cells and E. coli BL21 (DE3) cells. The final hexahistidine-
tagged LPORs (His6-LPOR) were overexpressed by inducing a BL21
(DE3) cell culture, containing the corresponding plasmid, with
0.4 mM isopropyl β-D-thiogalactopyranoside (IPTG). In the case of
the Ct-variants, the pET28a-his6-lpor plasmids were ordered from
General Biosystems or Twist Bioscience.

Expression and purification of His6-LPOR: To produce the His6-
LPOR, E. coli BL21 (DE3) with the corresponding pET28a-his6-lpor
plasmid were cultivated in a 2 L flask in LB medium (500 mL)
containing kanamycin (50 μg/mL) at 37 °C and 120 rpm. The culture
was incubated at 37 °C until the OD600 reached 1.0, then IPTG was
added to a final concentration of 0.4 mM and the culture was
incubated at 25 °C and 120 rpm for 2 h. After 2 h, the cells were
harvested by centrifugation (4500 rpm, 20 min, 4 °C), the super-
natant was discarded, and cell pellet was resuspended in storage
buffer (500 mM NaCl, 20 mM Tris, 20% w/v glycerol, pH 7.5). The
cells were lysed by sonication, centrifuged (18000 rpm, 25 min, 4 °C)
and the supernatant was purified employing a HisTrapTM FF column
(5 mL, GE Healthcare). The column was equilibrated with 10 column
volumes (cv) ddH2O and 10 cv wash buffer (500 mM NaCl, 20 mM
Tris, 20% w/v glycerol, 20 mM imidazole, pH 7.5). After the super-
natant was loaded onto the column, the column was washed with
10 cv wash buffer to elute non-specifically proteins. Finally, the
recombinant enzyme was eluted with 5 cv elution buffer (500 mM
NaCl, 20 mM Tris, 20% w/v glycerol, 250 mM imidazole, pH 7.5). The
eluted fractions were concentrated to a volume of 2.5 mL using a
10 kDa centrifugal concentrator (4000 rpm, 4 °C, VIVASPIN 20,
SARTORIUS). The concentrated protein solution was dialyzed
against storage buffer using a PD-10 column (GE HEALTHCARE).
Finally, the protein concentration was determined by BRADFORD
assay on a photometer (BioPhotometer plus, EPPENDORF). The
protein solution was aliquoted and stored at � 20 °C.

Synthesis and purification of pchlide: The protochlorophyllide was
produced and purified form a Rhodobacter capsulatus ZY5 culture.
Rhodobacter capsulatus ZY5 cells from a glycerol stock were plated
on agar plates with VN medium (10 g/L yeast extract, 1 g/L MgSO4,
pH 7.0) containing rifampicin (rif) (25 μg/mL). The plates were
incubated at 34 °C for 48 hours until greenish-red colonies were
formed. Then VN medium (100 ml) containing rif (25 μg/mL) were
inoculated with several colonies and the preculture was incubated
at 34 °C and 120 rpm. After 31 h the preculture (75 mL) was
transferred to a 2 L flask with fresh VN medium (1 L) containing rif
(25 μg/mL). In addition, two white FisherbrandTM polyurethane
foam stopper (height/diameter 50/35 mm, Fisher Scientific) were
added to the culture and the culture was incubated for 72 h at
34 °C and 130 rpm. The foam stopper turned dark green and were
replaced every 24 h (Figure SI5). The dark green foam stopper were
dried overnight in the dark. Pchlide was washed from foam bungs
with methanol (800 mL) and the solvent was removed under
reduced pressure. Then the crude pchlide was resuspended in
acetone (800 mL). For better resuspension methanol (1.5% v/v) was
added. Subsequently, pchlide was purified by a CM Sepharose Fast
Flow column (SIGMA). For this, 50 mL CM Sepharose were poured

onto a Buchner funnel and washed with ddH2O (500 mL). Then
resin was resuspended in acetone (200 mL) and was dried. The
acetone treatment was repeated twice before the resin was finally
resuspended in acetone (100 mL) and poured into a glass column
(5 cm wide). Then, the green pchlide suspension was loaded onto
the column. The column was washed with acetone (10 cv) in order
to remove all carotenoids and with acetone (containing 5% v/v
methanol, 6 cv) in order to remove phytol or pheophorbide.[22]

Finally, the pchlide was eluted with acetone (25% v/v methanol, 10
cv). The elution fractions were concentrated under reduced
pressure to a volume of 50 mL. The final pchlide solution was
aliquoted (1 mL, 1 mg/mL), the solvent was removed completely
under reduced pressure and the aliquots were stored at � 21 °C in
the dark.

Biotransformations with pchlide and measurement of the con-
version: The biotransformation of pchlide to chlide was followed by
UV/Vis spectroscopy. The UV/Vis spectra of the reaction were
measured on a Cary 60 UV-Vis photometer from Agilent Technolo-
gies. The concentration of pchlide and chlide were determined by
using the following extinction coefficient in aqueous solution:
pchlide, 23.95 mM� 1 cm� 1 at 630 nm; and chlide, 69.95 mM� 1 cm� 1

at 670 nm.[14]

For the reaction separate stock solutions of NADPH (16 mM), DTT
(700 mM) and Triton X-100 (10% v/v) in KPi buffer (100 mM, pH 7.5)
were prepared. A pchlide aliquot (1 mg dried pchlide) was dissolved
in MeOH (100 μL) and this solution (33 μL) was added to KPi buffer
(10 mL) to give the substrate solution.

The final reaction was performed in a total volume of 1 mL. First
the substrate solution (600 μM) was added to a 1.5 mL screw neck
glass vial. Then NADPH (10 μL, final concentration: 160 μM), DTT
(100 μL, final concentration: 70 mM) and Triton X-100 (3 μL, final
amount: 0.03% v/v) were added to the substrate solution. The
reaction vials were placed in a storage box (SARSTED) to avoid light
irradiation. Finally, the LPOR (1 μM) was added, the vial was closed
with a lid and the storage box was closed.

Afterwards, the reaction was placed in the photoreactor and the
reactions were incubated at 25 °C with 211–1450 μmol photons
m� 2 s� 1. After the incubation the UV/Vis spectrum was recorded,
and the conversions were calculated. The variations of the protocol
and more information about the photoreactor can be found in the
SI.

The pchlide concentration at the beginning of the biotransforma-
tion was measured without adding the enzyme. Instead of the
enzyme the corresponding amount of KPi buffer was added and
the starting concentration of pchlide was determined on the
photometer.
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