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The nif] gene codes for pyruvate:ferredoxin oxidoreductase (PFOR), which reduces ferredoxin during
fermentative catabolism of pyruvate to acetyl-coenzyme A (acetyl-CoA). A nif] knockout mutant was con-
structed that lacks one of two pathways for the oxidation of pyruvate in the cyanobacterium Syrnechococcus sp.
strain PCC 7002. Remarkably, the photoautotrophic growth rate of this mutant increased by 20% relative to
the wild-type (WT) rate under conditions of light-dark cycling. This result is attributed to an increase in the
quantum yield of photosystem II (PSII) charge separation as measured by photosynthetic electron turnover
efficiency determined using fast-repetition-rate fluorometry (F,/F,,). During autofermentation, the excretion of
acetate and lactate products by nif/ mutant cells decreased 2-fold and 1.2-fold, respectively. Although nifJ cells
displayed higher in vitro hydrogenase activity than WT cells, H, production in vivo was 1.3-fold lower than the
WT level. Inhibition of acetate-CoA ligase and pyruvate dehydrogenase complex by glycerol eliminated acetate
production, with a resulting loss of reductant and a 3-fold decrease in H, production by nifJ cells compared to
WT cells. Continuous electrochemical detection of dissolved H, revealed two temporally resolved phases of H,
production during autofermentation, a minor first phase and a major second phase. The first phase was
attributed to reduction of ferredoxin, because its level decreased 2-fold in nifJ cells. The second phase was
attributed to glycolytic NADH production and decreased 20% in nifJ cells. Measurement of the intracellular
NADH/NAD™ ratio revealed that the reductant generated by PFOR contributing to the first phase of H,
production was not in equilibrium with bulk NADH/NAD™ and that the second phase corresponded to the

equilibrinm NADH-mediated process.

Although cyanobacteria are oxygenic photoautotrophs,
many are capable of performing limited anaerobic metabolism
in the dark (autofermentation). As with many other bacteria,
autofermentation results in catabolism of stored energy re-
serves (photosynthate) coupled to excretion of H, and organic
acids and/or alcohols. The pathways by which these products
are formed in oxygenic photoautotrophs are not well under-
stood and are the subject of this report, with a particular focus
on the redirection of the reductants into H, production by
genetic engineering.

Pyruvate:ferredoxin (flavodoxin) oxidoreductase (PFOR),
encoded by the nif] gene, catalyzes the oxidation of pyruvate to
acetyl-coenzyme A (acetyl-CoA) and carbon dioxide and is an
oxygen-sensitive enzyme that is ubiquitous in anaerobic bacte-
ria. The electron acceptor for PFOR is usually either ferre-
doxin (Fd) or flavodoxin (Flvd) (35), but rubredoxin, the iron-
sulfur protein, has also been shown to be an alternative
electron acceptor (47). PFOR is also present in certain strains
of facultatively anaerobic bacteria (39), and a similar oxi-
doreductase exists in some aerobic bacteria (33). PFOR cata-
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lyzes the reverse reaction, the reductive carboxylation of
acetyl-CoA to pyruvate, in certain strains of bacteria that grow
on acetate (e.g., the methanogen Methanococcus maripaludis)
(21).

Because cyanobacteria are capable of facultative fermenta-
tive metabolism under anoxic conditions, it is not surprising
that about 40% of fully sequenced cyanobacterial genomes
contain nif/ genes (29). PFOR in cyanobacteria has been
shown to be more closely related to the enzymes found in
anaerobes than to those in aerobes (39). Although expression
of PFOR under oxic conditions in cyanobacteria has been
previously reported (39), the enzyme is inactivated by O, (31).
Ferredoxin has been reported to be the electron acceptor for
PFOR in cyanobacteria (19). Although the full physiological
function, including the fermentative function, of this enzyme in
cyanobacteria has not been extensively explored, PFOR has
been shown to catalyze reduction of ferredoxin for nitrogen
fixation in diazotrophic, heterocystous cyanobacteria (31).

The oxidation of pyruvate to acetate in cyanobacteria can
alternatively be catalyzed by the pyruvate dehydrogenase com-
plex (PDC), which consists of the pyruvate dehydrogenase
enzyme (PdhA), dihydrolipoyl transacetylase, and dihydro-
lipoyl dehydrogenase (9, 29). PDC ultimately reduces NAD™,
and it cannot catalyze the reverse set of reactions to produce
pyruvate from acetyl-CoA and CO,. PDC is typically consid-
ered to function under oxic conditions but has been shown to
contribute to fermentative metabolism in Enterococcus (Strep-
tococcus) faecalis, which contains both PDC and PFOR (8).
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FIG. 1. Schematic of metabolism of pyruvate to acetate during
autofermentation in Synechococcus sp. strain PCC 7002. Thiamine
pyrophosphate (TPP; also known as thiamine diphosphate) is a cofac-
tor of both the pyruvate dehydrogenase enzyme and PFOR; lipoate is
an intermediate in the reactions of PDC. 1, enzymes of glycolysis; 2,
pyruvate dehydrogenase; 3, dihydrolipoyl transacetylase; 4, dihydro-
lipoyl dehydrogenase; 5, PFOR (reversible); 6, Fd:NADP" oxi-
doreductase (FNR); 7, acetate-CoA ligase.

These reports suggest that only PDC is expected to be available
to oxidize pyruvate to acetyl-CoA during photoautotrophic
growth in cyanobacteria, because the oxygen sensitivity of
PFOR suggests that it should not function during oxic growth.
Conversely, the involvement of PDC during autofermentation
in cyanobacteria has not been extensively explored, although
pyruvate dehydrogenase activity is reportedly absent during
autofermentation in the cyanobacterium Microcystis sp. strain
PCC 7806 (28). Figure 1 summarizes the reactions potentially
catalyzed by PFOR and PDC during pyruvate metabolism in
Synechococcus sp. strain PCC 7002.

In strains of bacteria that synthesize both PFOR and either
nitrogenase or bidirectional hydrogenase, the reduction of
ferredoxin by PFOR during fermentation is a potential source
of reductant for H, production. Diazotrophic bacteria can uti-
lize the reduced Fd generated by PFOR for nitrogen fixation
and H, production via nitrogenase. PFOR was shown to be
necessary for in vivo nitrogen fixation in the proteobacterium
Klebsiella pneumoniae (14, 36). Additionally, PFOR is required
when iron is a limiting factor in the diazotrophic cyanobacte-
rium Anabaena sp. strain PCC 7120 (3). The bidirectional
[NiFe] hydrogenase found in some cyanobacteria contains 5
subunits: ~oxHY comprises the catalytic hydrogenase domain,
whereas hoxEFU comprises the diaphorase domain that ex-
changes hydride with NAD™" (11). NADH (E° = —315 mV),
rather than Fd (—350 = E° = —455 mV) or Fld (—415 =
Ey® = —440 mV; —180 = E,,° = —210 mV), is the only
established electron donor for cyanobacterial NiFe hydroge-
nases (44). Interestingly, all fully sequenced cyanobacteria that
contain a bidirectional hydrogenase also contain PFOR, al-
though the involvement of PFOR in H, production has never
been directly demonstrated. Because [NiFe] hydrogenases are
not known to utilize ferredoxin as an electron donor, both the
ferredoxin:NADP* oxidoreductase (FNR) and NAD(P)":
NAD(P)H transhydrogenase together are believed to be re-
quired to equilibrate the pool of Fd../Fd,, and NADH/
NAD". Surprisingly, the reduced iron-sulfur center(s) in
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PFOR is able to evolve H, at very low rates in vitro in the
absence of an alternative electron acceptor(s) other than pro-
tons (27). However, this low activity is not thought to occur in
Vivo.

Synechococcus sp. strain PCC 7002 is a fully sequenced,
unicellular, euryhaline cyanobacterium that contains PFOR,
PDC, and a bidirectional hydrogenase but lacks nitrogenase
(GenBank accession number NC_010475). In the experiments
described here, an nif] null mutant of Synechococcus sp. strain
PCC 7002 was constructed and effects on photoautotrophic
growth, photosynthetic efficiency, and fermentative metabo-
lism were studied using metabolite analysis by nuclear mag-
netic resonance (NMR), liquid chromatography-mass spec-
trometry (LC-MS), and fluorescence methods. Based on
continuous electrochemical monitoring, the first observations
concerning the temporal dynamics of H, metabolism in this
organism are reported.

MATERIALS AND METHODS

Growth conditions. Cultures of Synechococcus sp. strain PCC 7002 were grown
photoautotrophically in medium A" (42) supplemented with 2 uM NiCl, and
sparged with 2% (vol/vol) CO, in air. Cells were grown for 3 days at 35°C in
500-ml flasks to a late-exponential-phase optical density at 550 nm (ODss() of
~2.5 by the application of fluorescent light from one side of the culture vessel at
200 pmol of photons m~2 s~!. Glycerol-adapted cultures (designated “+G”)
were gradually adapted to grow mixotrophically as increasing amounts of glycerol
were added to the medium. Fully adapted cultures were grown on 10 mM
glycerol to high density (ODss, > 10).

Construction of the niff mutant. A 1,600-bp fragment of nifJ gene coding
sequence was amplified by PCR using primers NifJF (5" CTCCCAAGGACAG
CCAAATCTC 3’) and NifJR (5" CACCAGAGAGGGCAAAGAAACAG 3').
This fragment contains one HindIII site. The antibiotic resistance cartridge
containing the aphAII gene, which confers kanamycin resistance, was introduced
into this HindIII site. The HindII site was digested and subsequently ligated to
aphAII to generate the mutagenesis construct (see Fig. Sla in the supplemental
material). Transformants were selected on plates containing medium A™ (42)
supplemented with 50 g of kanamycin ml~!. Single transformant colonies were
repeatedly streaked on plates containing 300 pg of kanamycin ml~'. The segre-
gation status of transformants was assessed by analytical PCR with primers
NifJchkF (5" GGATTTGCCCTGTTGTCGTCTG 3') and NifJchkR (5" GCCT
TTCTTGCCGTAAGTCTTCTG 3'); full segregation of the nifJ and nifJ::aphA2
alleles was detected by failure to amplify a DNA fragment corresponding to the
size of the nif/ amplicon produced from a wild-type (WT) DNA template (see
Fig. S1b in the supplemental material).

Quantitative RT-PCR. Cells were grown to an ODss, of 1 and harvested and
disrupted by three freeze-thaw cycles. Total RNA was isolated by using a High
Pure RNA isolation kit (Roche). The purity and concentration of the resulting
total RNA were determined with a NanoDrop (ND-1000) spectrophotometer.
Primers and probes for the nif/ gene were designed by the Genomics Core
Facility of The Pennsylvania State University using real-time PCR Primer Ex-
press probe-primer design software (version 2.0; Applied Biosystems). DNase-
treated RNA was subjected to reverse transcription (RT) using a High Capacity
c¢DNA reverse transcription kit (Applied Biosystems). Quantitative real-time
PCR was performed using 10 or 20 ng of cDNA in a reaction with TagMan
Universal PCR Master Mix (Applied Biosystems) in a volume of 20 pl. Primers
were added at a concentration of 400 nM and a probe at a concentration of 200
nM; the probe was labeled at the 5" end with 6-carboxyfluorescein (FAM) and at
the 3’ end with Black Hole Quencher (Biosearch Tech). The amplification
protocol consisted of 10 min at 95°C, followed by 40 cycles of 15 s at 95°C and
1 min at 60°C, using a 7300 real-time PCR system. Threshold cycle (C;) values
of the targeted gene and the reference gene were used together with the AC,
method to determine relative transcript levels of the gene. The data collected
were analyzed and interpreted by the use of REST (Relative Expression Soft-
ware Tool) software.

Fermentative conditions. Fermentative conditions were induced as previously
described (25). Briefly, cells were concentrated by centrifugation and resus-
pended in nitrate-free medium A at similar cell densities. Final cell densities
were measured by determination of optical density (OD) at 550 nm (38). The
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FIG. 2. Growth of nifJ ((J) and WT (<) cultures under conditions of constant illumination (left panel) or a diurnal cycle of 12 h of light and
12 h of dark (right panel) as measured by optical density at 550 nm. Dark periods of the diurnal cycle are indicated by shading. The nifJ cultures

grew 1.2-fold faster than the WT cultures.

final ODss, values were 2.05 for WT cells and 1.91 for nifJ mutant cells. Glycerol-
adapted cultures were grown mixotrophically to the stationary phase in the
presence of 10 mM glycerol. The final ODss, values were 14 for WT+G and 16
for nif/+G cultures. Data for the WT and nif/ mutant strains were normalized on
the basis of cell numbers, with 1.0 = 0.2 X 10® cells per ml = ODs;5,, of 1.0 (38).
Dark, anoxic conditions were created to induce autofermentation. At each time
point, the headspace gas, cells, and media were assayed as described below.

Analytical assays. The headspaces of vials containing fermenting cultures were
sampled with a gas-tight syringe, and H, levels were measured by gas chroma-
tography (GC) using a Gow Mac series 300 instrument with a thermal conduc-
tivity detector and argon as the carrier gas. The metabolite concentrations in the
extracellular medium of fermenting cells were quantified using proton nuclear
magnetic resonance (‘H NMR) spectroscopy as described previously and 30 p.g
ml~! 3-(trimethylsilyl)propionic-2,2,3,3-d,, acid sodium salt (TSP) as the internal
standard (6). Hydrogenase activity was measured via the methyl viologen assay as
described previously (5, 25). Activity was determined immediately following the
onset of fermentative conditions. Dissolved H, concentrations were measured
using a membrane-covered rate (Clark-type) electrode as described previously
(1), except that cultures were allowed to ferment directly on the membrane at
35°C. Total sugars were assayed using anthrone reagent (13) as described pre-
viously (25). Fast-repetition-rate fluorometry (FRRF) experiments were per-
formed using single-turnover pulses as described previously (4). A laser diode
excitation source (N = 655 nm) at a light intensity of 32 mmol of photons m™2
s~ ! was used as the excitation source. The sample was flashed with 25 pulses
(flashlettes), each 1 ps in duration, followed by a 1-ps dark interval prior to the
next flashlette. These pulse “trains” were repeated at a frequency of 100 Hz for
50 trains. Sampling was repeated after dark adaptation (>10 s), and the signal
was averaged over 24 h or in 12-h increments as indicated.

LC-MS. Internal metabolite extracts for LC-MS analysis were prepared as
described previously (25). Briefly, aliquots (4 ml) of cultures from fermentation
vials were removed via syringe in the presence of argon and were subjected to
rapid vacuum filtration. The filter was immediately submerged in 1.8 ml of 80:20
MeOH:H,0 quench-extraction solvent at —20°C for 15 min. The cell debris was
extracted twice and stored at —80°C until analysis. LC-MS metabolite quantifi-
cation was conducted using an Agilent 6410 QQQ mass spectrometer coupled to
a 1200-series chromatography system. A Phenomenex Synergy C-18 Hydro-RP
column was employed at 40°C, with 10 mM tributylamine and 10 mM acetic acid
in H,O as mobile phase A and methanol as mobile phase B.

RESULTS

Growth and transcription of nifJ. The nif/ mutant had a
growth rate similar to that of the WT during continuous illu-
mination for 7 days under the conditions specified (Fig. 2).
During diurnal growth (12 h of light and 12 h of dark), the
mutant culture grew an average of 1.2-fold faster than the WT
over a period of 115 h (Fig. 2). Transcription of the nif/ gene
in WT cells was investigated by quantitative reverse transcrip-
tion-PCR (RT-PCR) amplification. RNA was prepared from
cells of three replicate cultures grown to the late exponential
phase under standard growth conditions (ODss, = 1.0) and
from those same three cultures incubated in the dark for 30
min after sparging with 1% (vol/vol) CO, and 99% N, to

initiate autofermentation. The control RNA samples from
photoautotrophically grown cells produced a relative nifJ tran-
script level of 1.00 = 0.06. The samples incubated in the dark
under anoxic conditions for 30 min had much (130- *+ 23-fold)
higher nifJ transcript levels (Fig. 3). Although nifJ transcript
levels increased dramatically under fermentative conditions,
these transcript levels were only about 24% of the level seen
with the most abundant cellular protein, i.e., phycocyanin (en-
coded by cpcB), under the same conditions.

Variable fluorescence. The steady-state chlorophyll variable
fluorescence yield, F,/F,,, averaged over 24 h was 5% higher in
the nifJ cells (0.409 = 0.002) than in WT cells (0.389 = 0.002)
(Fig. 4). The transient FRRF response to single turnover
pulses at a rate of 100 Hz revealed oscillations in F,/F,, arising
from modulation of the Chl yield by S-state cycling in the
photosystem II (PSII) water oxidation complex (2). The period
of the transient oscillations (P) was obtained by Fourier trans-
formation (2, 15), and the analysis revealed that the cycling
period of nif/ cells (P = 4.25) was shorter than that of the WT
cells (P = 4.31). The oscillation amplitude was fit to the Kok
model to extract the miss (a) and double-hit (B) parameters
(41); nifJ displayed 13% lower o and 24% lower 8 values. All
three of the transient Kok parameters and the steady-state
F,/F,, value were internally self-consistent and indicated that
PSII turns over more efficiently in nifJ cells than in WT cells.
This corresponded to a 5% higher quantum yield when sam-
pled at a turnover rate of 100 Hz. To determine the stability of
this phenotype in the dark, a comparison of transient F,/F,,
data averaged in successive 12-h increments up to 48 h re-
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FIG. 3. Relative transcript levels of nif/ quantified via RT-PCR
after photoautotrophic growth (ODss, = 1.0) or 30 min of growth
under anoxic conditions. Threshold count (C;) values of the targeted
gene were used to determine relative transcript levels of the gene.
Error bars represent = one standard deviation for the results of three
biological replicate experiments.
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vealed that, whereas the F,/F,,, of WT cells remained constant,
the F,/F,, of nif] cells decreased progressively to reach the
same level as that of the WT cells (0.389 = 0.002) by 48 h (see
Fig. S2 in the supplemental material). It should be noted that
the net level of photon flux from the measuring fluorometer
over the dark period is a tiny fraction of that of the integrated
light received during an equal period of continuous illumina-
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tion for growth.

Autofermentation. As measured in vitro by the methyl violo-
gen assay at 25°C, hydrogenase activity was slightly higher for

Single Turnover Flash Number

FIG. 4. Fast-repetition-rate fluorometry of WT (A) and nifJ ((J) cells grown photoautotrophically in air. Each excitation flash sequence (A =
655 nm) was 50 s long and was composed of 25 identical flashlettes of 1 ps each and 1 ws dark interval equally spaced prior to the next flash.
The flash sequence was repeated at a frequency of 100 Hz for 50 flashes, followed by a dark adaptation period of 120 s prior to the next sequence
of 50 flashes. Each flash train was averaged over 24 h. Inset: Period, turnover period; o, Kok miss parameter; 3, Kok double-hit parameter.

nifi cells at 5.5 = 0.3 mol H, evolved h™! per 107 cells than for
WT cells at 4.7 = 0.8 mol H, evolved h™' per 10'7 cells.
Photoautotrophically grown cultures were concentrated and
allowed to ferment in the absence of added nitrate on a mem-
brane-covered H, rate electrode at 35°C that measures the
current due to oxidation of H,. The electrode consumes all H,
in the thin sample within a few minutes and so produces results

that differ from the GC measurements of H, in the headspace.
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WT cells displayed two kinetic phases of H, production during
fermentation as determined using the electrode (Fig. SA). The
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FIG. 5. Rate of extracellular H, concentration change in solution following exposure to dark, anoxic conditions at 35°C. The rate of change of
dissolved H, concentration was measured using a membrane-covered electrode that irreversibly oxidizes all H,. (A) WT cells display two distinct
phases of H, production. (B) nif/ cells display a decreased phase 1 value, with the integrated area (2 = 0.3)-fold lower. The integrated area
represented by phase 2 is 18% = 6% lower in nifJ cells. Data represent the results of one of three replicate experiments that exhibited comparable
changes. (C) Model for H, production in Synechococcus sp. strain PCC 7002. The redox poise at the diaphorase site may be increased by the
presence of ferredoxin, which exchanges with NADH via transhydrogenase and FNR.
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FIG. 6. Autofermentative metabolite excretion from wild-type WT (¢ ) and nifJ (L) cultures. Lactate, alanine, and acetate concentrations were
determined by 'H NMR. H, concentrations in the headspace were measured by gas chromatography. The ordinate gives the concentrations per
10" cells. Error bars represent + one standard deviation calculated from the results of three biological replicate experiments.

first phase increased slowly within 5 h of the onset of anoxic
conditions and lasted 18 = 5 h, with the highest rate typically
occurring at 15 = 1 h and then quickly declining to the baseline
level. The second phase appeared abruptly, immediately after
the first, after ~20 h, reaching a maximum within about 5 h and
then continuing at a constant rate. The nif/ cells, however,
lacked the characteristic peak in the first phase and instead
increased monotonically to a lower level under the first 23 h of
anoxic conditions (Fig. 5B). The integrated area of phase 1,
corresponding to the amount of H, produced, was (2 = 0.3)-
fold lower in nif] cells. The second phase in nif] cells began
sharply at 23 =+ 2 h after the onset of anoxic conditions and was
also lower; the integrated area was 18% = 6% smaller in nif/
cells. These kinetic measurements were replicated in triplicate
with independent cultures.

Cells were grown in continuous light and then allowed to
autoferment in sealed vials in order to measure cumulative H,
production and concentrations of excreted metabolites over 4
days of fermentation (Fig. 6). At the onset of anoxic conditions
and as measured by the anthrone assay, WT cells contained
110 = 10 mol reduced carbohydrate per 107 cells and nifJ cells
contained 94 * 4 mol reduced carbohydrate per 10'7 cells.
After 4 days of fermentation, WT cells catabolized 31 = 14 mol
carbohydrate per 10'7 cells and nifJ cells catabolized 26 * 5
mol carbohydrate per 10'7 cells (see Fig. S3 in the supplemen-
tal material). The amount of carbohydrate catabolized can be
converted into equivalents of carbon and reductant generated
from glucose equivalents during glycolytic catabolism. Assum-
ing that the pentose phosphate pathway is not contributing to
catabolism, one catabolized glucose equivalent is equal to 6
carbon equivalents and 2 NADH (reductant) equivalents. Af-
ter 4 days of fermentation, WT cells catabolized carbohydrate
to a stoichiometry of 186 carbon equivalents and 62 reductant
equivalents and nifJ cells catabolized carbohydrate to 156 car-
bon and 52 reductant equivalents. These fluxes into glycolysis
are annotated as negative values in Table 1. After 4 days of
fermentation, WT cultures accumulated 2.9 = 0.3 mol H, per

10" cells, 6.5 = 0.4 mol acetate per 10'7 cells, 60 = 7 mol
lactate per 107 cells, and 1.8 = 0.8 mol alanine per 10*” cells
(Fig. 6). After 4 days of fermentation, nif/ cultures accumu-
lated 1.3-fold less H, (2.3 = 0.2 mol H, per 107 cells), 2.0-fold
less acetate (3.0 = 0.4 mol acetate per 10*7 cells), 1.2-fold less
lactate (51 = 7 mol lactate per 10'7 cells), and 1.7-fold more
alanine (3.0 = 1.0 mol alanine per 10"7 cells) than WT cultures.
The excreted products can be converted into the equivalents of
the carbon and reductant consumed in order to generate them,
with H,, lactate, and alanine consuming one reductant
(NADH) equivalent and acetate + CO,, lactate, and alanine
consuming 3 carbon equivalents. A summary of excreted me-
tabolites appears in Table 1. Equivalents were determined by
multiplying observed concentrations by the associated equiva-
lent; e.g., row 5 = (row 1) * (row 3). WT cells excreted 200
equivalents of carbon and 59 equivalents of reductant, whereas
nif] cells excreted 170 equivalents of carbon and 53 equivalents
of reductant, with both corresponding to the amount of car-
bohydrate catabolized.

Fermentation with glycerol. WT and nif/ cultures were
adapted to grow mixotrophically on 10 mM glycerol under
conditions of constant illumination and then were allowed to
autoferment under dark, anoxic conditions for 7 days in the
presence of 10 mM glycerol (Fig. 7). Cells grown mixotrophi-
cally on glycerol displayed lower in vitro hydrogenase activity
than cells grown photoautotrophically. Under these conditions,
WT cells displayed in vitro hydrogenase activity, as measured
by the methyl viologen assay, of 1.2 = 0.1 mol H, evolved per
10'7 cells per h, whereas nifJ cells displayed in vitro activity of
2.2 = 0.8 mol H, evolved per 10" cells per h (Table 2).
Additionally, the mixotrophically grown cultures produced less
H, in vivo than the photoautotrophically grown cultures. Mix-
otrophically grown WT cells produced 0.5 = 0.01 mol H, per
10'7 cells in the headspace after 7 days, whereas nifJ cells
produced 0.18 = 0.05 mol H, per 10'7 cells in the headspace
after 3 days, at which point the culture stopped producing H,.
The presence of glycerol during the fermentation also inhib-
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TABLE 1. Summary of catabolized carbohydrate and excreted products after 4 days of autofermentation

Value (mol X 10'7 cells™") for:

Category Intracellular Hydrogen Acetate Lactate Alanine CO, E.XCCSS
R.S.C# excreted excreted excreted excreted excreted® qullValCn;S
excreted!

WT cells (measured) 3114 29+0.3 6.5 *0.4 60 =7 1.8 08 6.5
nif] cells (measured) 26 =5 23 %02 3.0+04 51+7 30+1.0 3
Carbon equivalents per molecule” -6 0 2 3 3 1
NADH equivalents per molecule” -2 1 -1 1 1 0
WT carbon equivalents —186 0 13 180 5.4 6.5 18.9
nif] carbon equivalents —156 0 6 153 9 3 15
WT NADH equivalents —62 2.9 —6.5 60 1.8 0 —3.8
nif/ NADH equivalents =52 2.3 -3 51 3 0 1.3

“ R.S.C., reduced sugars catabolized.

® Values represent theoretical equivalents of carbon (row 3) and reductant (row 4 [as NADH]) per catabolized glucose equivalent during fermentation.

¢ CO, values were not directly measured and are set equal to the acetate concentration, since CO, forms stoichiometrically and concomitantly with acetyl-CoA via
the PFOR or PDC reaction (Fig. 1). Additionally, the reductant formed in this reaction is accounted for in the acetate column only to avoid double counting.

4 Excreted equivalents that were excreted in excess of the carbohydrate catabolized. Based on the systematic error determined for each detection method, the
propagated systematic error for this column is =15 for carbon equivalents (rows 5 and 6) and *+5 for NADH equivalents (rows 7 and 8) based on the systematic error

for each detection method.

ited the production of acetate during fermentation by the nifJ
cells, which excreted only trace amounts of acetate that were
below the limit of accurate quantification (10 uM), while WT
cells excreted acetate at the same rate as photoautotrophically
grown WT cells, as indicated in Table 2. WT+G cells excreted
D-lactate at the same rate as photoautotrophic WT cells,
whereas nif/+G cells excreted Dp-lactate at a 1.6-fold-higher
rate. Photoautotrophically grown cells excreted no succinate,
whereas WT+G and nif/+G cells excreted small amounts of
succinate. WT+G and nif/+G cells excreted alanine at similar
rates.

[
(]

Intracellular pyridine nucleotides. Intracellular NAD(P)(H)
levels were quantified during the first 3 days of fermentation.
At the onset of anoxic conditions ( = 0), NADH levels were
below the detection limit (10 nM) for both WT and nifJ cul-
tures. The NADPH levels for WT and nifJ cultures at the onset
of fermentation were 0.04 = 0.01 and 0.03 = 0.01 mol per 107
cells, respectively. The NADP™ levels for WT and nifJ cultures
at the onset of fermentation were 0.09 = 0.01 and 0.07 = 0.03
mol per 10" cells, respectively. NADPH and NADP™ levels
remained constant throughout the fermentation. Over 3 days
of fermentation, the intracellular concentration of NADH in-

|Acetate

| Hydrogen

Lactate

Excreted Metabolite or Headspace H, (mol * 107 cells?)

0 2 4 6 8

Succinate

0 2 4 6 8

Time of Fermentation {days)

FIG. 7. Autofermentative metabolite excretion from glycerol-adapted WT+G (<) and nif/+G (L) cultures. Lactate, alanine, and acetate
concentrations were determined by '"H NMR. H, in the headspace was measured by gas chromatography. The nif/+G cultures excreted 1.6-fold
more lactate and 1.7-fold more succinate than the WT cultures, demonstrating the redistribution of carbon from acetate to these alternative
pathways. Alanine excretion results were not significantly different between WT+G and nif/+G cultures. The H, production by nif/+G cultures
was decreased 3-fold compared to WT+G culture results. The ordinate gives the concentrations per 10! cells. Error bars represent *+ one standard
deviation as calculated from the results of three biological replicate experiments.
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TABLE 2. Hydrogenase activities and average rates of excretion

Value (mol x 10'7 cells™" day™') for:

Culture  pegrogenase  Hydrogen Acetate  Lactate  Alanine
activity” rate? rate rate rate
WT 113+19 073008 16x02 152 04=x02
nif] 1327 057005 08=01 13x2 07=x03
WT+G 30+3 008001 18*x01 14=x1 12=x0.1
nifl+G 5319  0.06 =0.02 0 22+x1 13%x0.1

“ The methyl viologen in vitro hydrogenase values are reported in the text as
mol per 10'7 cells per h, while the average rates of excreted products for WT,
nif], WT+G, and nif/+G cultures are reported in units of mol per 10'7 cells
per day.

® The indicated hydrogen rate for nif/+G cells is for the first 3 days of
autofermentation. The rate after 3 days was zero.

creased monotonically and concomitantly with a parallel de-
crease in the NAD™ level for both WT and nifJ cultures (Fig.
8). These changes resulted in a substantial increase in reduc-
tant poise for both cultures over the course of autofermenta-
tion (Fig. 8).

DISCUSSION

The absence of a significant growth defect for nif/ mutant
cells under continuous photoautotrophic growth conditions in-
dicated that PFOR activity is not essential under these growth
conditions. Either PFOR is inactive under such conditions or
other pathways can perhaps compensate for its absence. Sur-
prisingly, the nif] mutant cells grew 20% faster than WT cells
when both were grown under conditions of a diurnal cycle of
12 h of light and 12 h of dark. This phenotype may arise from
a higher photosynthetic efficiency in the nifJ cells that is exag-
gerated when cells are grown on a diurnal cycle. Metabolism of
cyanobacteria cells, during both growth and fermentation, is
extremely flexible and can be controlled metabolically or ge-
netically. This metabolic flexibility can lead to unexpected phe-
notypes in mutants.

The steady-state and transient FRRF data of cells grown
under conditions of continuous illumination revealed that F,/
F,,, the relative quantum yield for photosynthetic charge sep-
aration at a 100-Hz sampling rate (turnover frequency), is 5%
higher in nifJ cells (Fig. 4). Because the cells were adapted to
dark (though exposed to air and therefore not anoxic) in this
experiment and were exposed to only short pulses of light,
PFOR may have been transcribed in WT cells, thereby pro-
ducing an increase in the ratio of reduced to oxidized Fd.
Indeed, transcriptional studies have revealed that nif] expres-
sion increases significantly when cells are shifted from photo-
synthetic (i.e., light oxic) to respiratory (dark oxic) conditions,
which is similar to the conditions used in this experiment (23).
Because there is a strong thermodynamic driving force for
reduced Fd (E, = —0.42 V) to deliver electrons to the plas-
toquinone (PQ) pool (E, = 0 V) through FNR (classical cyclic
electron transfer), this transfer reduces the PQ pool, which is
the endogenous electron acceptor pool for PSII (22). Corre-
spondingly, nif/ cells that lack this flux of reductant from car-
bohydrate catabolism via Fd to the PQ pool are expected to
exhibit a higher PSII quantum yield (an elevated F,/F,, ratio),
in agreement with our observations. While the F,/F,, ratio for
WT cells remained stable for a full 48 h for dark-adapted
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samples, the F,/F,, ratio for nif] cells was stable over 12 h but
then decreased to the level seen with the WT after 48 h in the
dark (see Fig. S2 in the supplemental material). The origin of
this transition is unknown but may reflect changes in the reg-
ulation of cyclic electron transfer during this extended dark
period. Since the diurnally grown cells are “reset” into the light
after 12 h of darkness, this effect did not occur during the
growth experiment. The increased photosynthetic efficiency
and growth rate under diurnal cycling conditions have impor-
tant implications for increasing biomass yields in phototrophs
used for biofuel production. The nif/ mutant is currently being
investigated further in an effort to understand the basis for the
phenomena described here.

The increased hydrogenase activity associated with the
PFOR mutant is not expected to increase the growth rate and
quantum yield of photosynthetic charge separation efficiency,
because the hydrogenase is inactive aerobically. In a mutant of
Synechocystis sp. strain PCC 6803 which overexpresses the hy-
drogenase enzyme, no increase in growth was demonstrated
(10).

Quantitative RT-PCR experiments showed that the nif/
mRNA levels increased rapidly and to very high (130-fold)
levels within 30 min after WT cells were transferred from
standard photoautotrophic (light oxic) conditions to dark an-
oxic (fermentative) conditions (Fig. 3). Assuming that this
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FIG. 8. Intracellular concentrations of NADH and NAD™ and ra-
tio of NADH/NAD™ for WT and nifJ cells of Synechococcus sp. strain
PCC 7002 determined by LC/MS. Time zero was measured at the onset
of anoxic conditions. Concentrations of NAD* and NADH were mea-
sured with LC/MS. Error bars represent = one standard deviation
calculated from the results of three biological replicate experiments.
Asterisks indicate data that are not significantly different (P = 0.1;
2-tailed ¢ test).
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transcriptional difference also reflects a difference in enzyme
activity, this result strongly suggests that Synechococcus sp.
strain PCC 7002 catabolizes pyruvate under respiratory and
fermentative conditions by using different enzymes. A recent
study corroborated these results, showing a more than 100-fold
increase in nif/ transcription 1 h after the cells were shifted
from light oxic (photosynthetic) to dark anoxic (autofermen-
tative) incubation (23). Additionally, the cells showed a de-
crease in transcription of the PDC components after 1 h of
dark, anoxic incubation, which supports the idea of the parti-
tioning of these two pathways under different conditions. In-
activation of the pdcA gene resulted in a mutant auxotrophic
for acetate (46). This result indicates that, under aerobic con-
ditions, nifJ expression or PFOR activity (or both) is unable to
provide sufficient acetyl-CoA to support the autotrophic
growth of this cyanobacterium. While the expression of ferre-
doxins and flavodoxins in cyanobacteria has been studied un-
der various photosynthetic conditions (17, 20, 24, 34), the an-
oxic expression profile has not yet been reported. Future
studies are planned to attempt to demonstrate whether some
of these electron transport proteins are specifically associated
with catabolic enzymes such as PFOR under fermentative
growth conditions.

The observed 2-fold decrease in fermentative acetate pro-
duction by the nif/ mutant after 4 days under conditions of
dark anoxia indicated that PFOR does contribute to the fer-
mentative metabolism of pyruvate. However, the nonzero level
of acetate indicates that PDC must also contribute to this
anoxic catabolism, at least in the absence of PFOR. Although
the nif/ mutant cells produced 1.3-fold less H, than the WT
cells, PFOR was not the sole source of reductant for H, pro-
duction by the bidirectional hydrogenase. The presence of glyc-
erol altered the fermentative metabolism of both the WT and
the nifl mutant cells. Glycerol completely inhibited acetate
formation in nif/ mutant cells and further altered the distribu-
tion of both carbon products and H, (Fig. 7). Notably, there was
an increase in catabolism in the nif/+G culture compared with
the WT+G culture, and the redistribution of reductant flux to-
ward lactate in the nif/+G culture more than accounts for the
decrease in reductant flux to H,. Glycerol decreases the fermen-
tative formation of acetate from pyruvate at two possible points:
acetate-CoA ligase (acetate-CoA synthase) and PDC have been
shown to be inhibited by glycerol in chloroplasts and yeast, re-
spectively (18, 37). It has additionally been demonstrated that
PDC is inhibited by an elevated NADH:NAD™ ratio in Gram-
negative bacteria (9) and that the redox poise is expected to be
elevated in mixotrophic cyanobacteria, as evidenced by the reduc-
tion state of the PQ pool during dark incubation of cells supple-
mented with exogenous sugar (16). We observed no decrease in
acetate production in WT cells during autofermentation in the
presence of glycerol, suggesting that inhibition is specific to PDC.
Conversely, the addition of glycerol under conditions of dark
anoxia in nif/ cells eliminated all acetate excretion, forcing carbon
flux into lactate and the reductive branch of the TCA pathway
and indicating that PDC is responsible for acetyl-CoA production
in the absence of glycerol.

H, production from a constitutively expressed bidirectional
[NiFe] hydrogenase occurs under dark, anoxic conditions in
the cyanobacterium Arthrospira maxima. This has previously
been shown to occur in two temporally resolved phases in
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fermenting cells derived from exponentially growing cultures
(1). Because a respiratory incubation period prior to fermenta-
tion eliminates the first phase of H, production in A. maxima, this
transient phase had been attributed to accumulated photosyn-
thetic reductant (Fd, NADPH) that is exhausted during respira-
tion. The second phase of H, production in A. maxima is fueled
by NADH generated from glycolysis and occurs only after an
accumulation of excess NADH:NAD™ sufficient for the thermo-
dynamic production of H, (1). The level of intracellular reductant
pools correlates with H, production in certain strains of bacteria,
including cyanobacteria (7, 25, 30). NADH has been shown to be
the preferred exogenous electron donor for the cyanobacterial
NiFe hydrogenase (44). Further studies are required to establish
the mechanisms and regulation of electron exchange among the
major reductant sources (Fd,.,, NADPH, and NADH) under
dark, fermentative conditions.

Synechococcus sp. strain PCC 7002 cells also display two
temporal phases of H, production. However, only phase 2 H,
is generated from glycolytically generated NADH, in analogy
to A. maxima results. In contrast, phase 1 H, differs qualita-
tively from H, from the first phase in A. maxima, in which it
rises to a substantial level within seconds after anoxic condi-
tions are presented. Phase 1 H, in A. maxima was shown to
originate from Fd or NADPH previously generated by photo-
synthesis (1). In contrast, in Synechococcus sp. strain PCC
7002, phase 1 H, levels increased over several hours after the
onset of dark anoxic incubation and peaked at about 18 h
before the sharp onset of phase 2 H, production at 22 h (Fig.
8). This indicates either a residual photosynthetic reductant
source different from that present in A. maxima or a new
anoxic reductant source distinct from glycolytic NADH. A
possible explanation that we favor is that the reductant for
phase 1 H, in Synechococcus sp. strain PCC 7002 does not
originate primarily from residual photosynthetically derived Fd
or NADPH but instead originates primarily from reduced
ferredoxin formed during anoxic catabolism of pyruvate by
PFOR. The several hours required to achieve the maximum H,
production rate would in this case be attributed to the time
scale for catabolism of biosynthetic precursors to form pyru-
vate. While glycolysis reduces NADH during fermentation, the
NADH:NAD™ ratio does not attain the level necessary for H,
production until later (phase 2 H,). The bidirectional hydro-
genase, coded by the hox operon, is expected to be constitu-
tively expressed, as it is in A. maxima and some other cyano-
bacteria (45). Additionally, the activity may be altered by
maturation or activation of the enzyme following oxygen inac-
tivation, as occurs in the [NiFe] hydrogenases of other bacteria
(26, 32, 43).

In order to investigate further the influence of the PFOR
enzyme on the reductive poise of cells, we measured the intra-
cellular concentrations of NADH and NAD™ by LC-MS dur-
ing fermentation in Synechococcus sp. strain PCC 7002. There
was no significant difference between WT and nif/ mutant
reductant levels over 3 days of autofermentation. At the onset
of dark anoxia, the absence of detectable NADH in both WT
and nifJ mutant cells (Fig. 8) suggested that the reductant for
phase 1 H, is not NADH. Instead, pyruvate oxidation by the
PFOR enzyme appears to result in formation of a substantial
portion of the reductant responsible for phase 1 H,, from the
Fd,.q generated via the PFOR reaction, and PDC may be
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contributing the remainder. The low-level intrinsic hydroge-
nase activity reported for an isolated PFOR enzyme in vitro is
probably not relevant under in vivo conditions (27). Reduced
ferredoxins are stronger reducing agents (—350 = E® = —455
mV) than NADH (E0 = —315 mV) and could, in principle,
reduce hydrogenase. Although there is no precedent in the
literature that documents direct electron transfer from re-
duced Fd to a cyanobacterial bidirectional [NiFe] hydrogenase,
we cannot completely exclude this possibility. The lack of a
difference between the WT and niff NADH/NAD™ levels sup-
ports the interpretation that there is not full redox equilibrium
between NADH and the Fd, 4 pool and that the ferredoxin
reduced by PFOR may potentially serve as a direct electron
donor to the [NiFe] hydrogenase. Interestingly, there is exper-
imental evidence for the existence of a class of FeFe hydroge-
nases that require both NADH and Fd, .4 (40), demonstrating
that the mechanisms of some hydrogenases are not fully un-
derstood and are still emerging. Alternatively, Fd.., and
NAD(P)H are known to equilibrate via the combined activities
of FNR and transhydrogenases (12, 48), resulting in reduction
of NADH, which is the commonly accepted hydride donor to
the cyanobacterial hydrogenase. In Fig. 5C, we show this
known route, with Fd,.4 equilibrating with NAD™". However,
formation of phase 1 H, cannot involve a single pool of
NADH/NAD™" at equilibrium, as the LC-MS data (Fig. 8)
show that this ratio had not yet increased sufficiently to allow
H, production to occur. Thus, we conclude that phase 1 H,
must arise from formation of a reduced electron donor that is
channeled to the hydrogenase, possibly via the diaphorase sub-
unit. Examination of the genome of Synechococcus sp. strain
PCC 7002 reveals evidence for only one copy of the petH gene
encoding FNR, which is specific for NADPH rather than
NADH (GenBank accession number NC_010475). Addition-
ally, there are only single genes for pntA, pntB, and pntC, which
together encode the pyridine nucleotide transhydrogenase.

Phase 2 H, exhibits a sharp rise at onset that indicates that
it may be triggered by an increase of the NADH:NAD™ ratio
to a high enough level for the H, formation reaction to become
thermodynamically favorable. The formation of phase 2 H, in
cyanobacteria is fueled primarily by NADH from carbohydrate
(glycogen) catabolism, as proposed previously (1) and as cor-
roborated in these studies by the increased redox poise re-
quired for its formation (caused by an increase in NADH levels
and a decrease in NAD™, a possible inhibitor) for both WT
and nifJ cells during fermentation (Fig. 8). Additional NADH
is generated via metabolism of pyruvate, either directly via
PDC or via PFOR (from Fd as mediated by FNR and
transhydrogenase).

The data presented herein show that a role for the bidirec-
tional hydrogenase in Synechococcus sp. strain PCC 7002 is to
serve as a valve to reoxidize excess NADH formed during
glycolysis. However, this is clearly one of at least two roles, as
here the hydrogenase is also shown to oxidize reductant gen-
erated from Fd,., produced by PFOR.
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