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SUMMARY

Hydrogen (H2) is a promising future chemical energy carrier and
feedstock with several renewable production options, including
electrolyzers and biological/bioinspired systems. The top H2 pro-
ducers in nature are [FeFe]-hydrogenases, high turnover metalloen-
zymes with a complex maturation process that can be circumvented
by artificial synthetic activation. Here, we report the expression and
activation of group A and D [FeFe]-hydrogenases in a photosyn-
thetic host organism, the unicellular cyanobacterium Synechocystis
PCC 6803. The hydrogenase from Solobacterium moorei (group A)
facilitates high in vivo H2 production from purely photoautotrophi-
cally generated substrates and unmistakably links to the meta-
bolism of the photosynthetic host. Cells harboring the non-native,
semisynthetic enzyme retain their H2 production capacity for
several days after synthetic activation. This work expands both the
number and the diversity of [FeFe]-hydrogenases examined in a
photosynthetic background and provides important insights for
future investigations into the development and understanding of
biological and biohybrid H2 production systems.
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INTRODUCTION

Molecular hydrogen (H2) can be used as a clean fuel or chemical feedstock and will

be vital in the search for alternatives to fossil carbon sources. Although almost all

available H2 gas still is derived from fossil sources, many alternatives are under inves-

tigation and/or development. Renewable, so-called green, H2 is generated in elec-

trolyzers when using renewable green electricity or, in similarity with fermentative

biogas production, generated by microbial fermentation.1,2 Cyanobacteria are a

phylum of photosynthetic microbes, some of which display the natural production

of H2 gas catalyzed by a bidirectional [NiFe]-hydrogenase or by nitrogenase during

N2 fixation.3 This native production of a ready-to-use fuel compound, using only

light as energy source and water as electron donor, has understandably attracted

a lot of attention in the field of biofuel research. Consequently, several cyanobacte-

rial strains have been explored and engineered in the pursuit of efficient H2 pro-

ducers.3–6

Biological H2 production systems remain most promising, even in light of the recent

development of artificial systems,7,8 due to, for example, facile scalability and inde-

pendence of rare metals. However, to become truly viable, efficiencies and stability

need to be significantly improved. A possible strategy to advance biological H2 pro-

duction is the utilization of [FeFe]-hydrogenases, nature’s most formidable H2 pro-

ducers. These hydrogenases, found in certain anaerobic bacteria and green algae,
Cell Reports Physical Science 2, 100376, March 24, 2021 ª 2021 The Author(s).
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are known for their unmatched H2 production capacity and high turnover

numbers.9–11 The active site of [FeFe]-hydrogenase contains a cofactor, known as

the H-cluster, consisting of a [4Fe-4S] cluster connected to a diiron subcluster via

a cysteine bridge. [FeFe]-hydrogenases are, in their native hosts, always accompa-

nied by a maturation machinery (HydEFG) that performs the assembly and

insertion of the diiron subcluster into the active site.12 The expression of an

[FeFe]-hydrogenase in a host cell lacking a functional maturation machinery will

result in an unmatured, inactive, apo-enzyme with a partially formed H-cluster in

which the diiron subcluster is missing. This has long been an inconvenience for

both in vivo and in vitro biotechnological applications and creative workarounds

have been developed, using both in vitro and recombinant in vivo maturation.13,14

In the filamentous cyanobacterium Nostoc PCC 7120, expression of a group A

[FeFe]-hydrogenase from Clostridium acetobutylicum and its corresponding matu-

ration machinery, resulted in phototrophic H2 production.15 Alternatively, a direct

in vitro maturation of purified apo-enzyme by a synthetic diiron subcluster mimic

also results in an active enzyme.16,17

Recently, it was discovered that a synthetic subcluster mimic could be used to

activate an unmatured [FeFe]-hydrogenase from the unicellular green algaeChlamy-

domonas reinhardtii (Cr HydA1) directly in living cells of the model bacterium

Escherichia coli.18 We later proved that the in vivo strategy worked also in cyanobac-

teria, by synthetically activating the Cr HydA1 expressed in Synechocystis PCC

6803.19 The semisynthetic enzyme accepted internally produced reduction equiva-

lents and produced H2 under a number of environmental conditions, in which both

the fastest and most long-lived production was observed under N2 deprivation in

absence of light.19

Based on in vivo activation work in E. coli18 and the recent discovery that the cofactor

of the semisynthetic enzyme can be monitored in vivo by electron paramagnetic

resonance (EPR) spectroscopy,20 Land et al.21 developed a screening method for

the rapid identification and characterization of new [FeFe]-hydrogenases without

the need for protein purification and specialized expression environments. In the

same study, two novel [FeFe]-hydrogenases, Sm HydA from Solobacterium moorei

(a strictly anaerobic bacterium originally isolated from human feces22) and TamHydS

from Thermoanaerobacter mathranii (a thermophilic spore-forming eubacterium

isolated from hot springs23), were discovered and analyzed further.

[FeFe]-hydrogenase is a diverse family of enzymes that divide into four groups (A–D)

that are further divided into a plethora of subclasses with a wide variety of domain

architectures that influence their respective functions.24–27 Sm HydA belongs to

group A, subclass M2, and is therefore a so-called prototypical [FeFe]-hydrogenase.

Group A enzymes are known for their high activity, and a well-studied example from

the same subclass is the [FeFe]-hydrogenase from Megasphaera elsdenii.28,29 Sm

HydA has previously only been partially characterized, but it shows indications of

a high specific activity.21 On the other side of the [FeFe]-hydrogenase spectrum,

Tam HydS, belonging to group D and subclass M2e, is a putative sensory enzyme

with low recorded activities in E. coli as well as in vitro.21,30 Exploration and applica-

tion of a broad spectrum of different [FeFe]-hydrogenases will be key in unlocking

the true potential of this enzyme family.

In the present work, we use artificial activation to show H2 production from the two

newly discovered [FeFe]-hydrogenases, Sm HydA from Solobacterium moorei and

Tam HydS from Thermoanaerobacter mathranii, in cells of a photosynthetic
2 Cell Reports Physical Science 2, 100376, March 24, 2021
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prokaryote, the cyanobacterium Synechocystis. This expands the number and vari-

ety of hydrogenases characterized in cyanobacteria and highlights differences in

performance when used in a photosynthetic context. We could detect in vivo

H2-evolution activity from both enzymes after synthetic activation by the diiron sub-

cluster mimic. Synechocystis cells carrying the activated Sm HydA exhibits clear H2

production under different environmental conditions, and the semisynthetic enzyme

remains stable in vivo for several days.

RESULTS AND DISCUSSION

Expression of Sm HydA and Tam HydS in Synechocystis

We expressed two novel FeFe-hydrogenases, Sm HydA (Table S1) from Solobacte-

rium moorei and Tam HydS (Table S1) from Thermoanaerobacter mathranii, in a

hydrogenase-deficient (DhoxYH) strain of the unicellular cyanobacterium Synecho-

cystis PCC 6803 (Synechocystis Dhox), resulting in strains Synechocystis Dhox

SmhydA and Synechocystis Dhox TamhydS. The complete absence of hydrogenase

activity in the background strain enables reliable and exact in vivo activity assess-

ments of the heterologously expressed hydrogenases.

Semisynthetic hydrogenase capable of in vivo H2 production in a

photosynthetic host

After a period of photoautotrophic growth, cultures of the 2 recombinant strains were

made anaerobic and incubated with 100 mg (50 mg/mL, 78 mM) synthetic mimic of the

diiron subcluster [Fe2(adt)(CO)4(CN)2]
2� (from here, [2Fe]adt, adt = –SCH2NHCH2S–).

H2 production was monitored under dark conditions in cultivation media with and

without added nitrate (BG11 and BG110, respectively) and/or glucose. No production

of H2 could be detected from Synechocystis Dhox TamhydS in any of the four tested

dark conditions, but the SynechocystisDhox SmhydA strain showed distinct H2 accumu-

lation in both of the nitrate-deprived conditions, and in BG11 with the addition of

glucose, already after 3 h. Accumulated H2 from SynechocystisDhox SmhydA after acti-

vation and 24 h of dark incubation in differentmedium compositions can be seen in Fig-

ure 1A. The highest H2 production was observed in N2-deprived conditions without

glucose supplementation, in which 158 (G11) nmol H2 optical density at 750nm

(OD)�1 mL�1 was measured after 24 h. Glucose-supplemented cell cultures in BG11

and BG110 had produced less than half at the same time point, 56 (G9) and 36 (G7)

nmol H2 OD�1 mL�1, respectively. No accumulation of H2 could be observed for Syne-

chocystisDhox SmhydA in BG11without glucose. As expected, we could not, under any

condition, detect H2 production from cell cultures in which no [2Fe]adt were added. Like-

wise, no H2 production was detected when the background strain Synechocystis Dhox

was incubated with [2Fe]adt. Increased Hox-dependent H2 production in nitrate-

deprived conditions has been reported from Synechocystis wild-type cell cultures dur-

ing dark fermentation.31 This is due to the arrest of the reductant demanding nitrate

assimilation pathway.32 The observation that Sm HydA and Hox catalyzed H2 produc-

tion follows the same trend suggests that the native and the recombinant subclass

M2 enzyme connects to the cellular metabolism in a comparable way.

Time profiles of the H2 accumulation in darkness (Figure 1B) reveal that no further net

production occurs after 24 h (Figure 1B). Conversely, in BG110 without glucose, H2

production continues beyond 24 h, reaching above 250 nmol H2 OD�1 mL�1 at the

end of the experiment, the highest recorded level in this work (Figure 1B). This is

considerable production, and the H2 contents in the sample vials were >2%.

To facilitate anoxygenic photohydrogen production, Synechocystis Dhox SmhydA

was treated as above with [2Fe]adt and incubated under continuous illumination
Cell Reports Physical Science 2, 100376, March 24, 2021 3
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Figure 1. In vivo H2 production from synthetically activated Solobacterium HydA in

Synechocystis

Accumulated H2 production by Synechocystis PCC 6803 Dhox harboring a synthetically activated

Sm HydA.

(A and C) Accumulated H2 24 h after synthetic activation and incubation with different media

composition in (A) darkness and (C) light with DCMU inhibition.

(B and D) Time profiles of H2 accumulation in (B) darkness and (D) light with DCMU inhibition during

incubation in BG11 (diamonds), BG11 with glucose (circles), BG110 (squares), and BG11 with

glucose (triangles).

Figures display nanomoles of accumulated H2 gas/mL culture, normalized to optical density (OD750

nm). Data points represent means of 2–6 individual experiments and error bars depict SDs.
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(80 mmol photons m�2 s�1) with photosystem II (PSII) inhibition by DCMU (3-(3,4-di-

chlorophenyl)-1,1-dimethylurea). The highest H2 accumulation under these

conditions was found in N2-deprived conditions with glucose (Figure 1C). 24 h after

incubation with [2Fe]adt, 20 (G1) nmol H2 OD�1 mL�1 could be detected in the head-

space of the sample vials, similar to the content in the corresponding condition in

darkness. In the other 3 conditions (BG11 with/without glucose and BG110 without

glucose), the accumulated H2 levels were 10 times lower or even less in light with

DCMU, compared to the corresponding dark conditions. Thus, we can conclude

that if any photohydrogen production via PSI is facilitated by the semisynthetic hy-

drogenase under continuous light, it is of minor importance. No O2 evolution was

observed from cultures under light with DCMU inhibition, ruling out inactivation

by O2 as the cause for the limited production. The addition of DCMU to darkness

samples did not have any negative effect on H2 production.

Time profiles of H2 accumulation under light (Figure 1D) shows that the only tested

growth medium that facilitates any significant H2 production after 3 h is glucose-sup-

plemented BG110. The apparent drop in accumulated H2 at 48 h in BG110 with

glucose could indicate H2 oxidation activity of Sm HydA under these conditions. Un-

fortunately, our data do not let us conclude whether this presumed consumption is

substantial since the decrease in H2 level is not statistically verified. In general, we

observed H2 production under light in BG110 with glucose to be less stable and

reproducible compared to other conditions. The data presented for this condition

in Figures 1C and 1D were collected from two individual experiments in which the

variation between technical replicates was deemed acceptable.
4 Cell Reports Physical Science 2, 100376, March 24, 2021



Figure 2. In vivo H2 production from synthetically activated Thermoanaerobacter HydS in

Synechocystis

Accumulated H2 by Synechocystis PCC 6803 Dhox harboring a synthetically activated Tam HydS

during light incubation with DCMU inhibition in BG11 medium.

Figure displays nanomoles of accumulated H2 gas/mL culture, normalized to OD750 nm. Note the

scale with only very low activities. Data points represent means of 2 individual experiments, and

error bars depict SDs.
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Overall, dark fermentative conditions provide the best environment for H2 produc-

tion, and the differences in H2 production between conditions are striking. The best

medium composition for H2 production by Sm HydA in darkness (BG110 without

glucose) provides almost neglectable production in light with DCMU inhibition.

The same dark condition (BG110 without glucose) facilitates nearly 10 times higher

H2 production than the best condition in light (BG110 with glucose). It is interesting

to note that glucose is essential for H2 production in BG11 darkness (Figures 1A and

1B), in which the production evidently is glucose dependent. In nitrate-free media,

however, glucose has a negative influence on H2 production and reduces the pro-

duction significantly. Thus, the highest reported H2 production in this work is

fermentative, but not dependent on glucose. The cell cultures in BG110 without

glucose have never been exposed to any external organic C sources, and all of

the electrons for H2 production are derived purely from photosynthetic internal

substrates.

The cells expressing Tam HydS show very limited H2 production after activation and

incubation in light, and only in BG11 without glucose. This is in line with the putative

sensory roll of the group D, subclass M2e enzyme. Less than 0.5 nmol H2 OD�1 mL�1

was measured at 24 h after activation, and at 72 h, the produced H2 had been

consumed (Figure 2). This is the only condition in which we were able to detect

any activity from Tam HydS when expressed in Synechocystis. Since the original

host organism Thermoanaerobacter mathranii is a thermophilic bacterium, 30�C
as used here, may have been too low to facilitate substantial enzyme activity. A

recent in vitro report specifies only �25% H+ reduction activity at 30�C compared

to 60�C.30 Even so, the production observed here enables a direct comparison of

potential differences in activity between groups and subclasses of [FeFe]-hydroge-

nases under our conditions.

It is intriguing that H2 production from Tam HydS, albeit low, was observed exclu-

sively during light incubation in BG11 without glucose, a condition in which Sm

HydA displayed very limited production compared to, for example, in darkness

with glucose (Figure 1). While in other conditions, where the group A [FeFe]-hydrog-

enase demonstrated a much higher H2 production capacity compared to BG11

without glucose, Tam HydS remained seemingly inactive. The two hydrogenases

display optimal in vivo production as far as investigated in the present study, under
Cell Reports Physical Science 2, 100376, March 24, 2021 5
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Figure 3. Expression levels of Solobacterium HydA in Synechocystis under light and dark

incubation

Representative western immunoblot analysis of Synechocystis PCC 6803 Dhox harboring a

synthetically activated Sm HydA under N2-starved conditions. Samples were collected immediately

after activation (0 h) or after 24 h of incubation in either darkness (24 h dark) or light with DCMU

inhibition (24 h light).

Figure depicts (A) anti-Strep signal from immunoblotting targeting the Strep-tagged Sm HydA

protein and (B) SDS-PAGE for total protein loading reference. Negative control (neg. C) is the

background strain Synechocystis Dhox. The left-most lanes display the protein size migration

reference ladder, with molecular masses corresponding to 72 and 56 kDa indicated.
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vastly different circumstances, and we propose further investigations of group D

[FeFe]-hydrogenases to better understand its performance and functions under

diverse environmental conditions.

High protein accumulation but low in vivo activity during light incubation

The condition that facilitates the highest H2 accumulation in our experiments is dark in-

cubation in BG110 without glucose. When the same medium composition is used but

cells are incubated under moderate to high irradiation (80 mmol photons m�2 s�1)

with PSII inhibition, only very low levels of H2 production can be detected (Figure 1).

We investigated the relative Sm HydA levels in the Synechocystis Dhox SmhydA strain

after a 24-h incubation in BG110 without glucose, in either light or darkness, using pro-

tein immunoblotting targeting the C-terminal Strep-tag fused to the hydrogenase. A

representative immunoblot is presented in Figure 3. Substantial protein accumulation

was observed after 24 h, both in darkness and in light.

It is evident from the immunoblotting that incubation in light has no negative effect

on SmHydA accumulation in BG110 without glucose; in fact, the opposite appears to

be the case. Thus, limited H2 accumulation in light (Figures 1C and 1D) cannot be
6 Cell Reports Physical Science 2, 100376, March 24, 2021
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Figure 4. In vivo H2 production from synthetically activated Solobacterium HydA in

Synechocystis after prolonged incubation in light

Accumulated H2 by Synechocystis PCC 6803 Dhox harboring a synthetically activated Sm HydA under N2-

starved conditions. H2 accumulation was monitored during (A) initial incubation in light with DCMU

inhibition in an Ar atmosphere followed by (B) restoration of the gas phase by sparging with Ar gas and

transition to darkness, (C) restoration of the gas phase by sparging with Ar gas and continued incubation in

light, and (D) transition to dark incubation without any gas phase restoration.

Figures display nanomoles of accumulated H2 gas/mL culture, normalized to OD750 nm. Data

points represent means of 2–4 individual experiments, and error bars depict SDs.
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due to the lack of expressed protein. However, the immunoblot does not discrimi-

nate between matured and unmatured enzyme, and the amount of active enzyme

in the different conditions cannot be deduced. The lower protein levels at the

time of activation (0 h; Figure 3) can be attributed to the fact that the cells are har-

vested and concentrated shortly before the addition of the subcluster mimic. At

this time point, cells have been dividing rapidly for several days, resulting in the

continuous dilution of expressed Sm HydA. After harvesting, activation, and incuba-

tion in darkness or in light with DCMU inhibition, cell division rapidly stops and the

heterologously expressed protein starts to accumulate.

The semisynthetic hydrogenase is functional well beyond 72 h

To further investigate the lifetime of the in vivo-operating semisynthetic Sm HydA

and to elucidate the reason for the limited production in light, we exposed Synecho-

cystis Dhox SmhydA to a period of darkness after activation and a long (72 h) incu-

bation in continuous light.

After the addition of [2Fe]adt and 72 h incubation in light (80 mmol photonsm�2 s�1) with

DCMU inhibition inBG110without glucose (Figure4A),SynechocystisDhox SmhydA cul-

tures were exposed to the following treatments: (1) sparged with Ar andmoved to dark-

ness (Figure4B), (2) spargedwithArbut placedbackunder light (Figure4C), or (3)moved

to darkness without sparging (Figure 4D). During the initial 72-h light incubation, and at

48and72hafter treatment (120and144hafter incubationwith [2Fe]adt), accumulatedH2

wasmeasured in the samplevials (Figure4).AdistinctH2productionwasdetected incells

sparged with Ar and transferred to darkness (Figure 4B). H2 production was also recov-

ered when kept under illumination after the sparging treatment; however, the accumu-

lation of H2 stopped at the same low levels it reached during the initial incubation

(Figure 4C).
Cell Reports Physical Science 2, 100376, March 24, 2021 7
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The H2 accumulation from cell cultures sparged with Ar and transferred to darkness

was measured to be 94 (G33) nmol H2 OD�1 mL�1 72 h after the transfer (144 h after

activation). This is less than half of the accumulated production measured at 72 h

from cells in BG110 incubated in darkness directly upon activation (Figure 1B), but

still remarkable considering how much time had passed since the hydrogenase

was activated. The poor H2 production under light in BG110 without glucose (as

seen in Figures 1 and 3) is clearly not due to any lack of functional, activated hydrog-

enase within the cells. Interestingly, the Synechocystis Dhox SmhydA strain,

harboring a heterologously expressed and artificially activated [FeFe]-hydrogenase,

is capable of H2 production >72 h after the single addition of [2Fe]adt at the start of

the experiment. This long-lived in vivo activity shows that synthetic activation may

prove useful not only in quick and convenient characterization experiments but

also for extended H2 production applications.

Cell cultures moved to darkness without sparging with Ar after the initial 72 h light

incubation (Figure 4D) displayed increased H2 production compared to cultures

kept under light (Figure 4C), but with significantly lower production compared to

cultures sparged with Ar before the transfer to dark incubation (Figure 4B).

Many [FeFe]-hydrogenases are irreversibly inactivated by O2,
34,35 but if O2 evolu-

tion during the light incubation would be the cause of the decreased production, a

similar decrease would also be expected in cells sparged before the transfer to

darkness. This, together with the fact that no O2 was detected in the sample vials

during or after the light incubation, allows us to exclude inactivation by O2 as the

cause of the low production seen without sparging. Likewise, since H2 concentra-

tions reached higher levels in many other experimental conditions, the accumula-

tion of H2 and reaction back pressure can be excluded. Instead, we attribute the

activity decrease to the accumulation of other gases during incubation in light.

Metabolically produced volatile thiols, or carbon monoxide from decomposition

of [2Fe]adt, may accumulate in our closed cultivation system and inhibit the

[FeFe]-hydrogenase.36,37

When examining the protein expression levels of Sm HydA during longer incubation

in BG110 with DCMU in light, followed by sparging with Ar gas and transfer to either

darkness or continued light incubation, we confirm the presence of the enzyme

throughout the entire experiment (Figure 5). After 72 h incubation in light, there

are significant levels of Sm HydA available in the cells. We know from the in vivo ac-

tivity experiments (Figure 4) that at least a portion is functional and capable of H2

production when provided with the right conditions. Following the same trend as

seen in Figure 3, Figure 5 shows that darkness incubation results in lower Sm

HydA content compared to light, also after an initial 72-h light incubation. The

fact that H2 production during darkness vastly exceeds the production in light (Fig-

ure 4), even though the protein content is lower, is interesting, especially as there is

no lack of activated enzyme after 72-h light incubation (Figure 4B). This is further

proof of the intimate connection between the metabolic status of the cell and the

semisynthetic hydrogenase. These results, together with the inhibitor studies per-

formed in a strain harboring Cr HydA1,19 suggest that the limited production in light

is attributable to insufficient electron donation and incompatible electron carriers. It

appears as though no suitable electron donor to Sm HydA is available in light with

DCMU inhibition in significant amounts, ruling out PSI-reduced ferredoxin as the

prime redox partner. The full nature of the electron supply to the activated Sm

HydA in darkness remains to be clarified, but a fermentatively reduced ferredoxin

or NAD(P)H are suggested to be the main contributor, with the former considered

most likely.
8 Cell Reports Physical Science 2, 100376, March 24, 2021
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Figure 5. Expression levels of Solobacterium HydA in Synechocystis after prolonged incubation

in light

Western immunoblot analysis of Synechocystis Dhox SmhydA under N2-starved conditions with

DCMU inhibition, with (+) or without (�) the addition of [2Fe]adt at the start of the experiment (0 h).

Samples were collected immediately (0 h) and after 72 h incubation in light (72 h). Thereafter, the

remaining cell cultures were sparged with Ar and additional samples were collected after 48 h

incubation in darkness (120 h dark) and after 48 h incubation in light (120 h light).

(A and B) Anti-Strep signal from immunoblotting targeting the Strep-tagged Sm HydA (A) and (B)

SDS-PAGE for total protein loading reference. The left-most lanes display protein size migration

reference ladder, with molecular masses corresponding to 72 and 56 kDa indicated. For

corresponding in vivo H2 production levels, see Figures 4A–4C.
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Also, as seen in Figure 5, the presence of [2Fe]adt did not lead to increased or

decreased Sm HydA levels in the examined condition, and we conclude that the

incorporation of the subcluster mimic does not affect the in vivo stability of the

enzyme in our cyanobacterial host. When comparing the relative protein levels in

Figures 3 and 5, it is apparent that Sm HydA content at 72 h and forward, regardless

of light regime, is lower than at 24 h. Since the immunoblots are developed individ-

ually, and with different total protein content loaded on the gels, band strengths are

not comparable between the blots. However, the 0 h signal can be used as a crude

normalization between the experiments. Sm HydA levels at 24 h (both in light and in

dark) are higher compared to levels at the start of the experiment (Figure 3) (as dis-

cussed above), whereas levels at 72 h and forward appear slightly lower (in light) or

clearly lower (in darkness) compared to levels at the start of the experiment (Fig-

ure 5). The lower protein levels during the later stages of the experiment may

contribute to the lower H2 accumulation seen 48 and 72 h after the transfer to dark-

ness following a 72-h light incubation (Figure 4B), compared to the levels observed

after the same time period of dark incubation directly upon activation (Figure 1).

Comparison of group A [FeFe]-hydrogenases

To compare the performance of SmHydA in vivo in Synechocystis Dhox to a more well-

studied [FeFe]-hydrogenase, we expressedHydA1 fromChlamydomonas reinhardtii (Cr

HydA1) (Table S1) in Synechocystis Dhox using an identical expression strategy and
Cell Reports Physical Science 2, 100376, March 24, 2021 9
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genetic construct architecture to that used in Synechocystis Dhox SmhydA and

Synechocystis Dhox TamhydS. The resulting strain, Synechocystis Dhox CrhydA1, was

anaerobically incubated with 100 mg (50 mg/mL, 78 mM) [2Fe]adt, and H2 production

was monitored in nitrate-starved conditions with and without the addition of glucose,

in darkness and under light with DCMU inhibition. Comparison in darkness reveals high-

ly similar H2 production profiles between the two strains (Figure 6A). A total of 251 (G17)

nmol H2OD�1mL�1 was detected in the headspace of theCrHydA1-expressing culture

at 72 h after activation, which is almost identical to the levels measured from Synecho-

cystis Dhox SmhydA. This high similarity suggests an underlying restriction in electron

supply to the hydrogenases as a limiting factor for the production under these condi-

tions, rather than a protein capacity-related limitation. The equivalent observation can

be made in glucose-supplemented dark condition, in which H2 accumulation also did

not differ significantly between the two strains.

The same comparison, made in light under nitrate-deprived conditions with DCMU

inhibition, reveals a more complex situation (Figure 6B). Without glucose supple-

mentation to the BG110 cultivation media, Synechocystis Dhox CrhydA1 produced

only limited amounts of H2 in light with DCMU inhibition and also for a very limited

time (Figure 6B). Although the production appears higher than that for the SmHydA-

expressing strain, H2 levels are so low that we hesitate to draw conclusions regarding

this. Accumulated H2 produced from Synechocystis Dhox CrhydA1 in glucose-sup-

plemented conditions reached 13 (G2) nmol H2 OD�1 mL�1 at 24 h after activation

with [2Fe]adt and did not change significantly during the rest of the experiment. The

significant H2 production observed for SynechocystisDhox SmhydA between 24 and

72 h was not apparent in the strain expressing Cr HydA1. Thus, although both strains

perform better under dark fermentative conditions, the decline we see in H2 produc-

tion in glucose-supplemented conditions in light with DCMU inhibition is evidently

less prominent for Sm HydA than for Cr HydA1.

The limited production observed for Synechocystis Dhox CrhydA1 in DCMU-in-

hibited, N2-deprived light conditions without glucose also agrees with results pub-

lished previously for a comparable strain (expressing an untagged, truncated Cr

HydA1 from a differently codon-optimized gene).19 It is apparent that this condition

does not facilitate any noteworthy in vivoH2 production in cyanobacteria from any of

the two group A [FeFe]-hydrogenases investigated in the present work. The corre-

sponding condition in darkness, however, gives the highest production of all of

the tested conditions for both Synechocystis Dhox SmhydA and Synechocystis

Dhox CrhydA1. We note that in both cases, no external electron sources are being

provided to the cell cultures before or during the experiment. The only difference

is the light regime and the addition of a PSII inhibitor (as stated above, PSII inhibition

by DCMU had no impact on H2 production in darkness). The results indicate a dra-

matic difference in internal electron supply to the [FeFe]-hydrogenases in darkness,

in which no photosynthetic electron transport is possible, compared to in light with

DCMU inhibition, in which cyclic photosynthetic electron transport through PSI is still

operating. When the group A, subclass M3 [FeFe]-hydrogenase from Clostridium

acetobutylicum was expressed together with a functional biological maturation ma-

chinery in the unicellular cyanobacterium Synechococcus elongatus PCC 7942, a sig-

nificant light-driven H2 production was observed upon PSII inhibition with DCMU.33

Light-dependent production was also observed when the C. acetobutylicum [FeFe]-

hydrogenase was inserted and biologically maturated in heterocysts of the filamen-

tous cyanobacterium Nostoc PCC 7120.15 Interestingly, the subclass M3 HydA

enzyme is evidently capable of light-driven H2 production in two diverse cyanobac-

terial strains, whereas subclass M2 Sm HydA and subclass M1 Cr HydA1 in
10 Cell Reports Physical Science 2, 100376, March 24, 2021
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Figure 6. Comparison of in vivo H2 production from synthetically activated Solobacterium HydA

and Chlamydomonas HydA1 in Synechocystis

H2 production comparison between synthetically activated Solobacterium moorei [FeFe]-

hydrogenase (Sm HydA, blue bars) and Chlamydomonas reinhardtii [FeFe]-hydrogenase (Cr HydA,

gray bars) in living cells of Synechocystis PCC 6803 Dhox. Bars represent accumulated H2 in BG110
in (A) darkness and (B) light with DCMU inhibition with (black-striped bars) or without (non-striped

bars) glucose.

Figures display nanomoles of accumulated H2/mL culture, normalized to OD750 nm. Data points

represent means of 2–4 individual experiments, and error bars depict SDs.
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Synechocystis are not. This may be attributed to strain-specific metabolic differ-

ences or to differences in the deployed enzymes (e.g., iron-sulfur cluster composi-

tion). Both possibilities can be readily investigated using artificial maturation and

present exciting questions for further research.

Artificial in vivo activation again proves to be an invaluable tool for [FeFe]-hydroge-

nase investigations. In the present study, we report the successful heterologous

expression and synthetic activation of two novel [FeFe]-hydrogenases, Sm HydA

from Solobacterium moorei and Tam HydS from Thermoanaerobacter mathranii,
Cell Reports Physical Science 2, 100376, March 24, 2021 11
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in living cells of the unicellular cyanobacterium Synechocystis PCC 6803. Our work

expands the number and diversity of [FeFe]-hydrogenases tested in photosynthetic

microbes and provides important clues for future investigations, developments, and

understanding of biological and bioinspired H2 production systems.

The Synechocystis strain harboring the semisynthetic Sm HydA is capable of signif-

icant H2 production under several environmental conditions. The enzyme connects

to the metabolic status of the host cells and accepts intrinsic electrons from the

cellular metabolism. The highest H2 production was observed under N2-starved con-

ditions, in darkness without the supply of an external C substrate. This production is

fermentative, with substrate electrons derived from photosynthetically produced in-

ternal compounds. The reducing power for the produced H2 is therefore derived

purely from photosynthetic water splitting in an indirect fashion. Providing an

external fermentation substrate did not increase the H2 production under these con-

ditions—in fact, it drastically reduced it. This is a unique behavior, not observed in

fermentative H2 production from heterotrophic organisms, and highlights the neces-

sity to investigate a broad range of conditions and host organisms when developing

biological H2 production systems. The H2 production from the semisynthetic Sm

HydA proved to be remarkably long-lived. It was active well beyond 24 h in our initial

screening, and when further investigated, we could show active hydrogenase oper-

ating in vivo beyond 72 h after synthetic activation. This is an astonishing lifetime for

a hydrogenase-based production system with semi-artificial components, and we

are confident that both stability and efficiency can be enhanced further by the opti-

mization of the cultivation system and synthetic activation procedure.

Activation of the group D, sub-class M2e [FeFe]-hydrogenase Tam HydS revealed clear

differences compared to the more well-studied group A [FeFe]-hydrogenases. Our re-

sults indicate that the two groups are suitable for in vivoH2 production in cyanobacteria

under vastly different environmental circumstances, possibly accepting electrons for

proton reduction from different parts of the cellular metabolism. Although this clearly

needs deeper investigation, especially considering the limited production from the

group D enzyme, our results open up interesting co-expression systems, in which

[FeFe]-hydrogenases from different groups and subclasses operate in tandem for maxi-

mized reduction power absorption and H2 production efficiency.

For H2 to truly become the sustainable fuel of the future, production needs to be

based on water splitting by renewable energy, independent of rare earth metals. Hy-

drogenases operating in photosynthetic microorganisms is a promising strategy that

satisfies these criteria and offers straightforward upscaling. Our results underscore

the value of investigating a wide range of [FeFe]-hydrogenases in a photosynthetic

environment to identify efficient candidates for future H2 production systems, and

in vivo synthetic activation offers the most direct, convenient, and reliable way to

examine different engineered strains, enzymes, and cofactors in this context.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further requests for procedures and resources can be directed to the lead contact,

Prof. Peter Lindblad (peter.lindblad@kemi.uu.se).

Materials availability

All of the uniquematerials generated in this study are available from the lead contact

upon reasonable request.
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Data and code availability

All data associated with the study are available from the lead contact upon reason-

able request.

Subcluster mimic

Subcluster mimic [Fe2(adt)(CN)2(CO)4]
2� ([2Fe]adt, adt = –SCH2NHCH2S–) was syn-

thesized in accordance with literature protocols with minor modifications, and veri-

fied by Fourier transform infrared (FTIR) spectroscopy.38–40 All of the anaerobic work

was performed in anMBRAUN Labmaster glovebox under an Ar atmosphere ([O2]%

10 ppm).

Strains and growth conditions

Glucose-tolerant Synechocystis sp. strain PCC 6803 DhoxYH (Synechocystis Dhox)

cells were cultivated at 30�C in BG11 media under continuous irradiance of

40 mmol photons m�2 s�. Synechocystis Dhox Sm-hydA, Synechocystis Dhox Tam-

hydA. and Synechocystis Dhox Cr-hydA-engineered cells were cultivated under

similar conditions, but in media supplemented with kanamycin to a final concentra-

tion of 50 mg mL�1. When necessary, combined N2 step down was carried out, after

cultivation in BG11 media to OD750 = 0.8 � 1.2, by centrifugation at 4,500 3 g for

5 min, washing 3 times in BG110 media, and suspending the cells to a final

OD750 = 0.8 � 1.2. The combined N2-starved cells were harvested 12–14 h after

step down for further experiments.

All cloning was done using E. coli strain DH5a Z1 grown at 37�C in Luria broth (LB)

liquid medium and on plates containing LB medium solidified with 1% (w/v) agar,

supplemented with 50 mg mL�1 kanamycin.

Plasmid construction and transformation

C-terminally StrepII-tagged Tam-hydA and Sm-hydA coding sequences was ampli-

fied by PCR from the corresponding template plasmid described in Land et al.21 The

resulting fragments were fused to a Ptrccore-BCD2 expression unit19 in an overlap

extension PCR. Fused fragments were amplified and cloned into broad host range

shuttle vector pPMQAK141 with restriction digestion (FastDigest XbaI and BcuI,

Thermo Fisher Scientific) and ligation (Quick Ligation Kit, New England Biolabs).

The Cr-hydA coding sequence used in this study was codon optimized and synthe-

sized by GenScript for a previous unpublished work. The Cr-hydA fragment was

amplified by PCR in two subsequent reactions, as previously described,19 and the

resulting fragment was cloned into broad host range shuttle vector pPMQAK1

with restriction digestion (FastDigest EcoRI and BcuI, Thermo Fisher Scientific) and

ligation (Quick Ligation Kit, New England Biolabs). The subsequent amplifications

facilitated the two-step addition of the promoter and bicistronic adaptor to the

Cr-hydA coding sequence and introduction of a C-terminal StrepII-tag. Annotated

sequences of the three genetic constructs can be seen in Table S1. Plasmids were

transformed to Synechocystis Dhox by triparental mating, as described,42 with

E. coli HB101 carrying the conjugal plasmid pRL443 and the cargo plasmids carried

on E. coli DH5a Z1.

H2 production assay

A total of 20 mL culture with a cell density of OD750 = 0.8 � 1.2 was harvested at

4,500 3 g, resuspended in 2 mL fresh BG11 or BG110 supplemented with 50 mg

mL�1 kanamycin, and sparged with Ar for 10 min. Where necessary, the cultivation

media was supplemented with 30 mMDCMU and/or 50 mM glucose. After resuspen-

sion and sparging, cells were relocated to the glovebox and transferred to 9-mL
Cell Reports Physical Science 2, 100376, March 24, 2021 13
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glass vials. In vivo synthetic activation with 100 mg [2Fe]adt was carried out as previ-

ously described.19 After sealing the sample vials with rubber septa, samples were

incubated at 30�C on a rotary shaker (120 rpm) in either darkness or under

80 mmol photons m�2 s�1 white light. Dark samples were wrapped in Al foil and

kept in a black, light-protected box on the same shaker as the light samples. Where

applicable, refreshing of the gas phase was performed by sparging the sample vials

with Ar for 10 min.
H2 measurement

H2 content in sample vials was monitored by injecting 100 mL headspace gas into a gas

chromatograph (GC; PerkinElmer) equipped with a thermal conductivity detector and a

stainless-steel column packed withMolecular Sieve (60/80mesh, Sigma-Aldrich). A cali-

bration curve was established by injecting known amounts of H2. The operational tem-

peratures of the injection port, the oven, and the detector were 100�C, 80�C, and
100�C, respectively. Ar was used as the carrier gas at a flow rate of 35 mL min�1.
Protein extraction and Western immunoblotting

Sample vials with synthetically activated cells of Synechocystis Dhox Sm-hydA was

opened up and the 2-mL culture was immediately cooled down on ice and harvested

by centrifugation, 4,000 3 g for 10 min at 4�C. The pellet was washed in phosphate-

buffered saline (PBS) pH 7.4, centrifuged again as above, and stored in �80�C.

Cell lysis was performed by thawing the cell pellet on ice, resuspending in 800 mL

PBS with 8 mL of 1003 Proteas Arrest (GBioscience), adding 150 mL acid-washed

glass beads, and 3 3 30 s disrupting in a Precellys-24 Beadbeater (Bertin Instru-

ments) at 5,000 rpm. Soluble protein was collected by centrifuging the cell lysate

at 18,000 3 g for 10 min at 4�C, transferring the supernatant to new tubes, and

centrifuging again as above. Protein concentration was determined using DC pro-

tein assay (Bio-Rad). The final supernatant was collected and stored at �80�C.

Total soluble protein, 3.5–5 mg, was loaded in each lane of aMini-PROTEAN TGX gel

(Bio-Rad) and separated by SDS-PAGE. Proteins were then transferred to a Trans-

Blot membrane (Bio-Rad) in a Trans-Blot Turbo membrane transfer system (Bio-

Rad). Anti-Strep antibody from rabbit (Abcam) was used to detect the hydrogenase

via hybridization with a secondary horseradish peroxidase (HRP)-conjugated goat

anti-rabbit antibody (Bio-Rad). Interactions were detected with Clarity Western

ECL Substrate (Bio-Rad), and chemiluminescence was detected in a ChemiDoc

XRS system (Bio-Rad) using an exposure time of 30 s.
SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.xcrp.

2021.100376.
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