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ABSTRACT

Rhodopseudomonas sphaeroides produces molecular H2 and CO2 from reduced

organic compounds which serve as electron sources and from light which
provides energy in the form of ATP. This process is mediated by & nitro-
genase enzyme. A mutant has been found that, unlike the wild-type, will
quantitatively convert g]ucosg to H2 and COé. Techniques for isolating
other strains.capab1e of‘UtiTizing other unusual electron sources are
presented. | |

Metabolism of glucose by the wild-type strain leéds to an accumulation
of gluconate. The isolated mutant strain does not appear to accumulate

gluconate.
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The pdrple, non-sulfur baéteria have long been known to produce molecular
hydrogen under defined conditions (5). Although low rates of'hydrogen
biosynthesis ha§e been reported for dark-grown cultures of these bacteria
(6), the light-mediated brocess appears to be qdantitative]y more significant
~ and has therefore attracted more study. These orgahisms utilize reduced
carbon compodnds and water as electron donors. For those compounds studied;
the process yields COé and H2 as the sole ﬁfoducts of conversion (7).

Equations (1) and (2) show the stoichiometry of this photoconversion process

for glucose and malate:

light |
(1) Cghy 0 + 6 H0 9% 12 1, + 6 co,

(2) CyHy0g +3 H,0 ;ll§2§§ 6 Hy0 + 4 CO,

Depending on the organic substrate, there may or may not be any net
storage of chemical energy, but the energy to drive the conversion at a
significant rate comes from light, presumably via energy stored in ATP
formed by photophosphorylation, by photoelectron transport, or both. Although
the standard degradative pathways have been.demonstrated for these organisms'
(1), the specific péthways responsible for hydrogen production have not
been identified. |

Historica11y, hydrdgen biosynthesis has been considered to be mediated
by nitrogenase andahydrbgenase enzymes. Hydrogenases as a class are
reversibly inhibited by oxygen, which appears to compete with protons as
~ an electron acceptqr in the reductive'process. They are non-competitively
'inhibited7by carbbn3monokide;'which may affect the obligatory electron-
transpdrt chain. Cytochrome:C3 is required for activity (]8). ATP 1is not
required for enzyme activity, but could be require& for metabolism leading
to reduction of electron carriers to reductants of sufficient electro-negativity.

Nitfogenases are irreversibly inhibited by oxygen. They are non-

competitively inhibited by CO, which may affect the transfer of electrons



frnm thecFe subunit to the Mo-Fe subunit. Curiously, while all substrate
reductions occur on the Mo—Fe‘subUnft,'proton reduction (hydrogen produc-
tinn) is unaffested by CO (9). At least two ATP molecules per electron
transferred are required for the enzymatic reaction (14,18). : .

An understanding of H2 biosynthesis by non-sulfur purple bacteria
.requires knowledge of the extent to which these two systems operate in
the cell. Hillmer and Gest.(8) have discussed the problem and concluded:
that nitrogenase'épnears to Bé the so]e‘enzyme-responsib]e for the Hzlbio-
synthesis in Rps. capsulata.. We present here similar results for BEE'v

sEhaeroides.

A long range goal of this research is the utilization of photosynthetic

bacteria for the biosynthesis of Hé, either as a primary fuel source or

as a-nécessary component in synthetic fuel cycles (i.e. for reduction of

carbon compounds containing oxygen or nitrogen). Such large scale hydrogen
produttion.wou1d require bacterfa] strains capable of utilizing the various

kinds of reduced compounds that might'be readily available, such as agricultural,
paper mill or sewage organic wastes. In this paper we demonstrate one

" such strain of Rps. sphaeroides capable of quantitatively converting glucose

to 602 and H2 when in thellight. Some properties of this strain and how

other strains may be isolated for pther'substrates are briefly described.

MATERIALS AND METHODS
| . Organisms. .Wi1d-type'Rhodopseudomonas spnaerodies was obtained from

the'Berke1ey Collection. Strains capable of producing H2 from unusual
carbon sources were isolated as described in Results.

Media and culture conditions. Cells were grown and maintained in

15 ml screw cap vials in a modified Hutner's medium of 2% (v/v) Hutner's

concentrated mineral base with grbwth factors (2), 1% (w/v) yeast extract

(Difco), 5 mM NazHP04, 5 mM NaH2P04 in glass-distilled water, pH 7.2 ("rich"
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. medium), fortified with 10 mM of the particular carbon source required. The
éxperimental ("miﬁima]") medium was as above except that 0.2% (w/v) yeast
extract 6r experimeﬂta]]y'defined levels of NH4C] were provided as the

fiked nitrogen‘source. The carbon sburcé was provided at 10 or 20 mM.

fn all cases, cells were grown anaerobically under illumination from a

bahk of G.E. "1umiiine" incandescent bulbs in a temperature-controlled

Tight box.: Temperature was maintained at 27-28°. Light intensity was
measured with a Weston illumination meter, model 756. Ce11 density was
méasured with a Klett-Summerson photoelectric colorimeter, mode1 800-3

with a red (660 nm) filter. Protein was determined by the method of Lowry

et al. (13).

Measurement of gas:produCtion. Cells were grown. in three types of
‘vessels, depeﬁding on the experiment: (i) when a gas bhase was not necessary
and only Hz-prod0ction wasvof interést, cells were grown in 25 ml test
tupes’fitted with a 0.0IN NaOH gas trap (Fig. 1). The tubes were coﬁp]ete]y
filled with minimal medium. Gas ‘in the needle prevented back flow of NaOH
into the culture medium. Evolved gas collected at the top of the trap.

The volume of this gas was quantified by drawing the gas off into a calibrated,
gas-tight syringe. (ii) When a gas phase for the system was necessary,

100 m1 bottles with attached traps and pipettes were useﬂ (Fig. 2). Flasks |
contained 50 m1 minimal medium and a gas phase of known volume, 50-70 ml.

The trap contained O.JNaOH. Gas evo]véd by the cells was measured mano-
metriéa]]y with the attached ca]jbrated pipette. Gas was sampled through

 a serum stopper ‘above the gas phase. In the third system (iii), cells

| for Hz-production were grown in Hungate-type tubes (Belco) equipped with
vf1ange-type butyl-rubber stoppers to allow sampling of the gas phase above
the cuitures or the contents of the 1iquid medium. A1l gas samples were
withdrawn with a gas-tight syringe; liquid samples were taken with 1 ml

glass tuberculin-type syringes. In all cases, sampling was carried out



‘aseptically. It was detéhmined th&t over a period of several hours the
serum stoppers did not allow loss of a measurable amount of H2 in any of
the three syStems.’ v ~.
To begin the experiment, cells were innocu1ated with 1-5% by volume of

a stationary ch]ture, and the flasks were assembled and flushed with the
appropriate atomsbhere. This flushing was carried out by passing a stream
of the purified gas through the vessels via two stainless stée] needles

The injection~need1e-was connected to a high pressure tank and both the
injection and exhaust heedles were sterilized before the gas exchange was
carried‘out.' During the gas exchange, the gas stream was passed through

a syétem of sterile cotton filters to reduce the chance of contamination

of the éu]ture. After several minutes of gassing, the intake or injection
needle was répidly withdrawn and then the exhaust needle was quickly removed.
This allowed equilibrium of the gas to approximately atmospheric pressure.

For all systems, the constitﬁents of the collected gasses were determined

"qualitatively and quantitatively by'gas4liquid'chromatography, using a
modified Aerograph 1520 gas-liquid chromatograph with columns of Poropak
R, Poropak Torab Z molecular sieve, wfth peaks integrated with a
Hewlett-Packard T8652AA/b converter or using a Hewlett-Packard 5830A
_gas-jiqUid chromatograph.with a column of carbosieve 101. Carrier gasses
were helium and nitrogén, respectiQe]y. It was found that the alkaline
traps of system (i) and (iI) removed 85-90% of the atmospheric C02.

throgenase assay. Nitrogenase activity was estimated by acetylene

reduction (11). Cultures in various growth states in system (ii) flasks
were flushed with 10% acetylene in argon for about five minutes which was
long enough to be complete as shown by gas-liquid chromatographic (glc)
analysis of the flask atmospheres. The cultures were incubated with gent]é
sfirring for 15 min in the light, then gas samples of known volume were

taken in gas-tight syringes and asgayed by glc for ethylene as described



~above, ‘using a column of Poropak.T at 175° and a flame-ionizétion detector.
The culture flasks were then flushed with argon for 5 min. Nitrogenase -
activity and'the_long-term effect of acetylene on the prOduttion bf H2

gas were measured using the modified Hungate tubes (system (iii)). Ethylene

production was determined by glc as described above with a Hewlett-Packard

5830A gas-liquid chromatograph. Samples in these experiments were withdrawn
directly from above the nitrbgenélimited cultures as described above.

]4C tracer experiment. Log-bhase cells in rich medium were harvested

at room temperature by centrifugation at 8,000 x g for 5 min, then resuspended
in 25 m1 minimal medium fn the 25 m] tubes with attached traps (system

(ii)). The cd}ture medium wés made 20 mM with the appropriate carbon source and
the flasks allowed to incubate at 27° and 900 lux illumination. As gas
production began (10-20 hrs), 1ow levels (0.4-0.8 mC/mmole) of the appropriate

]4C-1abe1ed carbon source (New England Nuclear) were added to

uniformly

the cu]tures. The gas was measured and collected at intervals and injected

into serum- stopperéd Warburg flasks containing 2N KOH in the center we]is

to trap atmosphericvcoz. ‘After gas evolution ceased, the culture media

was collected and piaced inside wells of Warburg glasks containing 2N KOH

in the centef wells. Concentrated H2504 was added to the media. The solution

in the center Qel]s of the Warbufg flasks and the liquid in the traps of

the culture flasks were assayed by scintillation counting using a Packard

tri-carb liquid scintillation counter, model 3375, and Aquasol-2 (New England"

Nuclear) as the scintillator. |
Samples of the culture media were taken at intervals throughout the

period of gas productioﬁ and killed in 80% methanol. Aliquots were assayed

by two-dimensional paper chromatography,.autoradiography and Gieiger-counting

(10,16). The solvent system for the first dimension was phenol-water-glacial

acetic acid-ethylenediamine tetraaceitc acid (M) {840:160:10:1 v/v/v/v)



+ and fn the second dimension, equal volumes of n-butanol-water (370:25 v/v)
and proprionic acid-water (i80:220 v/v). Chromatograms were déve]oped 36 hrs
in éach direction. | )

| CO2 production using systém (iii)'was assayed in ‘a similar manner
'by quantitatiVe 1iquid scintillation of ]4C02 recoveréd from supernatant
fraéfions 6f spentlmedia‘after Hydrogen prodUction.. Uniformly 1abé1]ed
halate and glucose were used as the sources of tracer. To estimate the
amount of CO2 from ]4C02 measured, the specific activities of the individual
substrates were divided by the'number of carbon atoms in the given substrate.
Before the evolved CQ2 was trapped, the supernatant fractions were first
tfeated with 0.2 ml of 3 N KOH per 5 ml of cu]tufe to insure that free
CO2 was converted to carbonate4bicarbonate»ions. The alkaline supernates
were then added to a Warburg vessel containing 0.4 ml of an organic base
(NCS Tissue Solubilizer, Amersham/Searle) in the center well. One ml of
4 N HC1 was .then added to the main chamber of the vessel and the vessel
quickly sea]ed with a rubber stopper. Acidification of the supernatant
fractioné converted the carbonate ions to COz.which was then trapped in
the organic base in the center well. After several hours of gentle §haking
ﬁo remove the last of the 602 from the supernatant solutions, the contents
of thé center well were removed with a syringe, and the center well washed
several times with NCS-solubilizer. A1l of the washings and the original
contents from the center wei] were then p]ated in a commercial scintillation
fluid (Mu]tisql, Isolab Inc.) and.counted for carbon-14 with an IsoCap/300
6868 1iquid scintillation system‘(Searle Analytic Inc.). The amount of
quenching was estimated using an external standard method prograﬁmed for
the scintillation counter.

;The analysis of radioactive carbon-14 assimilation was carried out
as follows: cells were washed 4x with the grthh medium and aliquots were

added to 0.4 m) of NCS solubilizer, mixed thoroughly and added to Multisol



for counting by liquid scintillation corrected for quenching.

GLC analysis of sugars and sugar acids. For certain experiments’carried‘

out with system-(ﬁii), glucose was determined colormetrically by Glucostat |
reéQent'(Worthfngton Biochemical Corp.) or by quantitative gas 1iqu1d'chroma-
tbgraphy of £he trimethylsilyl (TMS) derivétive. Gluconate and an unknown
sugar or sugar acid were a]sd quantitatively assayed by GLC of their respec-
tive TMS derivatives. Separétion‘of the TMS sugars was done on a column
of4Chromo$orb W Containing a liquid phase of-3% 0OV-1 (Supelco Inc.). The

TMS sugars were measured with a flame ionization detector (FID) and quanti-
tated against knowh amounts of comﬁertia]]y available TMS-sugars (Sigma
Chemical) or with TMS samp]es prepared by the method described by Laine,

et al.(12). The FID detector response was linear from 0.07 to 0.1 microgramé
of glucose or g]ucohate: A1l measurements were made at a constant temperature
of 195°C with nitrogen as the carrier gas.

Sanples.for si]y}ation were prepared in the following way: 1-5 ml

of a cell suspension was centrifuged at 10,000 g for 10 min and the clear
supernatant fraction and cell pellet were separated. The supernatant fraction
was then freéze-dried under reduced pressure and silylating reagehts added -
»to the dried residue containing the nonvolatile byproducts of the spent
medium. The residue was carefully mixed with the silylating reagents,
scraping thé sides of the test tube with a glass rod where necessa}y to

insure the complete mixing. The reaction mixture was then stored at room
tempefature for about 6 hrs to allow complete formation of the TMS derivatives.
The samples were then stored at minus-30°C until analysis was carried out.

GLC analysis was carried out by injection of from 0.5-2.0 ul of the silyla-

tion mixture directly onto the column of the gas chromatograph.

RESULTS

Isolation of permissive strains. To isolate strains of Rps. sphaeroides

able to7produce H2 gas from glucose or gluconate from wild-type which do not



ordinarily pkoduce'HZ gas, the wi]d-type cells were spread on 2% (w/v)
agar plates made with rich medium and 10 mM glucose or Q]uconéte. These
plates were Qrown aerobically in the light. The small pigmented colonies
appearing first were removed and grown anaerobica11y in riéh medium with
the appfobriéte tarbdﬁ source in the light. _This procéés was fepeated
twice with the newly isb1ated cells. Cultures passed three times were
used to innoéujate minimal media and 10 mM carbon source in 25 ml tubes
with traps. Thése tubes wefe placed in the light at 27°. Cultures corre-
sponding to the tubes producing H2 were retéined. In this way, strains
cabable of producing H, when grown on glucose (glc +) or gluconate {(gnt +)
were isolated. |

Metabolism of substrates. Wild-type Rps. sphaeroides utilizes malate

and lactate efficient]y; both in terms of maximum rate and in terms of total
conversion (Fig. 3); Glucose produces little H2 and only after a considerable
lag. G]Uconaté-produces'no Hy. Both compounds support dense photosynthetic
.ghowth, however. Citrate supports no growth .above controls on minimal

medium alone and such cultures do not produce H,. The gic + strain ﬁrocedures
H2 when supplied with ma]atevor lactate with wild-type efficiency and produces
‘high levels of H2 when supplied with glucose (Fig. 4). The gnt + strain

also uses malate or lactate with efficiencies simi]ar to the wild-type,

but also can make appreciable amounts of H2 when supplied with gluconate.

Cessation of H2 production by 100 hrv(Fig 3a, 4a) indicates only

depletion of substrate. If a utilizable substrate is.added as the H2 pro-
:dﬁction rates begin to déc]ine, the rates will rapidly increase, often
‘above the initia]Imaximum (Fig. 5). Periodic replenishment of fhe culture
| medium with yéast extract or trace elements of the modified Hutner's mineral
base also extended Hz-p}oduction up fo at least six weeks, although the

rate of gas evolution was reduced (Fig. 6).
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Culture conditions vs. H, production. Ammonium ion concentration and

light intensity were both important in determining rates of Hz-production

by Rps.<sphaerbide5'(Fig. 7-8). Comparatively high (20 mM) and low (0.5 mM)

levels of NH4CT'did not support or only poorly supported growth (7B) and

did not support H2-production (7C). The optimum initial NH4C1 leyel both er.
,growfh‘of'cells and for H2-production was observed between 2-10 mM. However,
the concentration of NH4C1 fell to very low levels (i.e. < 0.5 mM) before
‘H2-production was 1nifiated (6A). H2-production was Strong1y inf]uen;ed v

‘'by the intensity of the incandescent light source (Fig. 8). Hz-productioh
increased at an approximately linear rate in the range‘of 100-1200 ft candle,
although intensities greater than 4000 ft. candle inhibited the production

of H2 gas.

~Enzymatic source of H,. Several experiments were performed to character-

ize the enzymatic nature of the'HZ-evolving hydrogenase. As shown in Fig. 9,v
the rate of Hz-production was linearly related to the cellular activity
of nitrogenase. This was true'for each of the three carbon sources employed
(malate, lactate and glucose). | |
In a second series of experiments, nitrogen and acetylene were compared
for their effects on H2 production by nftrogen limited cells. As can be
seen (Fig. 10), H2-pfoduction from~g1ucose.was maximal under the inert atmos-
phere of Ar (upper curve).' The midd]é curves_were'obtained using gas.phases
of argon + 5% (v/v)'acety]ene; or purified N, . The surface areas for the
argon-acetylene and Nznﬁxtures were 17 and 2 cm2, respectiVe]y. Both gas
.-phases inhibited H2 productfon to é level about 50% of the values obtained
for a pure argon atmosphere.-
To some extent, the inhibitions caused by N2 plus acetylene appeared
to be cummulative, as shown by the curve for N2-gas plus 5% acetylene

(surface area of 2 cmz)and about 75% relative to the argon culture. However,
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the strongest inhibition of HZ synthesis dcqurred in the culture incubated
under N2,»bUt withfthe~surface area increased to 17 cmz. Thus, in situ H2 )
production by R. sphaeroides was inhibited by both acety]ene'and N2. Carbon
monoxide was also added to cultures actively producing H2 gas (Fig. 11).

As can be seen, acety1ehe reductidn_was completely suppressed by CO, but

the rate of H, prdduction was only slightly, if at all, reduced by this

gas. Simi]ar.cultures exposed to 18% 02 in argon as the atmospheré showed‘
the irreversible loss of-both Hz-evo1ving and acetylene-reducing capacities
(Fig. 12).

Stoichiometry. Cultures of the glucose-utilizing strain (glc+) and

of the wi]d-fype (W;t.) were assayed quantitatively (system (ii)) for substrate
ébnversion using radioactfve]y—]abeled compounds (Table I). The wild-type
cells converted 24% of the available glucose to the equivalent amounts

of H2 (see egn. 1). ]4C02 recovered from the system was somewhat greater,

]4C-glucose initia]]y present. The nbn—COz,radio—

:consisting of 34% of the

activity remaining was mostly in starting material (U—] C-glucose), although
on paper chromatography, a compound with Rf simi]ar to gluconate was also
observed. | _

Malate wés converted by the wild-type to 57% of the theoretical H2
aﬁd 60% pf the theofética] co, (see egn. 2). Lactate as the carbon source
ffbr the Qild-type gave 48% conversion to H2 and 58% of the theoretical COZ‘
For these th substrates, although some ( 5%) starting material remained,
~.most non-CO2 radioactivity waé found in insoluble carbohydrate polymers.

The glct strain with glucose as.substrate yielded an essentially complete
(99%) conversion go HZ,‘with 91%.conversion.to C02, and with no apparent

substrate remainign after H2 production had ceased. It should be noted

that the extent of glucose-supported H2 production by glc+ was much greater

than for the wild-type R. sphaeroides.
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Tab]e 2 shows comparable data obtained with the modified Hungate tubes
of system (iii). Thé gas pressure in system (iii), (a closed system),
contindes to increase due to production of H2 and CO2 in the time intervals
between the samplings. This may accodnt for the lower yields from glucose
(Table 2). 'Howeyer,‘the.results are qualitatively the éame as those obtained
with system (i), which was maintained at atmospheric preséure. As can
be seen, the conversion.by glct of glucose to H2 accounted for 36% of the
maximum possible conversion (eqn. 1). The w.t. strain converted 9% of
the available g]uéose to the eqﬁiva]ent amouﬁt of H2 + C02. In both cases,
as atmosphere of molecular nitrogéh decreased the yield of H, and reduced
the ratio of H2/C02 suggesting that N2 was-serving as .an g]ternative electron
acceptor in place 6f H+iohs. NH401 at a concentration of 5 mM completely
suppressed H2 produétion‘in the modified Hungate tubes, along with inhibition
of CO2 production. | |

The possible identity of low molecﬁ1ar weight compounds formed during
H2 production (Table. I) was investigatéd by GLC analysis (Fig. 13). Spent

culture suspending media of the mutant glc+ and the wild-type were trimethy1-
si]y]ated and éna]yzed by glc in these experiments. : The wild-type organism
(w.t.) formed no discernible soluble product and only the two isomeric
forms of glucose were found at the completion of H2 pfoduction. Mutant

glc+ converted some of the glucose to gluconate and an unknown compound
migrating with a rétentjon time nearly identical to the 5-carbon sugars

and we have termed this unknown material as "C-5-sugar".

DISCUSSION - |
Nitrogenasé._ The data in this paper supports the concept that H2'

biosynthesis in Rps. sphaeroides is mediated by nitrogenase. This view

is based on several experimental lines of evidence. First, acetylene
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apd.mo]e;u]ar-nitrogen, both substrates for reduction catalyzed by nitrogenase,

b}inhibited H2 evolution. As might be expected, increasing the surface area’

| of fhe cu]tures exposed to these COmpouhds increased the inhibitory effect.
Second, ammonium'ion, which is generally a repressor of nitrogeﬁase synthesis
(15),b1ocked the synthesis of H2' Third, the cellular specific actifity

of nitrogenase was EQOrdinate1y (Yinerly) related to the specific activity

~ of the H2 producing enzyme. And, finally, the effects of CO on in-situ

"Hz biosynthesis were predjctab]e, based on published results with the purified
enzyme (9). As reported by others, CO blocks nitrogenase catalysed reduction
- of molecular nitrogen without inhibiting H, evolution (8,9). We have demon-

strated a similar effect for Rps. sphaeroides.

xMutahfs. It was determined that glucose did not support extensive H,
production by the wild-type. However, selection of the glc+ and glnt+ mutants
capab1e of‘Hvaroduction was accomplished withqut difficulty by successive'
subcu]turihg onva_mineral base medium containing glucose or gluconate as
‘the sole carbon seurce. These mutant strains are probably altered in their
increased capacity to-convertvglucose to C3 metabolites using the steps
_ 6f the Entner-Doudoroff pathway, the princible degradative pathway for .
glucose (3,17). It is of interest, that the glc+ mutant excreted significant
quantities of a metabolite migrating with the same so1ub111ty (paper chroma-
tography) and retention time (GLC) as gluconate, an intermediate in the
Entner-Doudoroff pathway. Evidently, the oxidation of glucose to gluconate
’preCeeds the phosphbrylation step which is required for subsequent reactions.
The build-up of glucose carbon in gluconate may-indicate that gluconate

phosphorylation is.a partially rate-limiting step in this metabolic pathway.
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FIGURE LEGENDS

Fig. 1.

Fig. 2.

Fig. 3.

Fig. 4.

Fig. 5.

25 ml culture tube with attached CO2 trap. Trap is filled with
0.01N NaOH.

100 m1 culture f]ask.w{th attached C02 trap and manometer. Trap
is filled with 0.1N NaOH.

H, evolution by wild-type Rps. sphaeroides. Wild-type cultures
were grown in minimal medium with 10mM of the indicated carbon
source anaerobically at 800 ft candles illumination. 0—0 glucose,
A~—Alactate, 0—0 malate, 0—0 gluconate, &——a ci‘trate.

(A) rate of H2 evolution vs. time.  (B) total H2 evolved vs. time.

Hz.evolution by glc+ and gnt+ mutants of Rps. sphaerodies. The

appropriate strains were grown ahaerobica]]y in minimal medium -
with 10mM of the indicated carbon source at 800 ft candles i11umfnation.'
0—0 glucose, glc+ strain; —=8 malate, glc+ strain; o—p |
gluconate, gnt+ strain; ;——a malate, gnt+ strain. (A) rate of

H2 evolution vs. time, (B) total H2 evolved vs. time.

Maintenance of Hzevo1ution‘rate of R. sphaeroides. Wild-type
R. sphaeroides was grown anaerobically on minimal medium with
20mM latate as carbon source in the light. Lactate equivalent to

20mM concentration was added as the Hz-evolution rate fell (arrows).
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Fig. 6. Maintenance of H2 evolution rate oflg.'sghaeroidgs. Wild-type

R. sphaeroides was grown anaerobically on minimal medium with
-10mM malate as carbon source in the light. Malate equivalent.

to 10mM concentration was added every other day. Reb]enishment

of nutrients wés at afrows. 0—0 no.replenishment. 0——0 yeast

A conc. Hutner's base (2.0%) added,

extract (0.02%) added, A
—0 yeast extract (0.02%) and conc. Hutner's base (2.0%) added.

- Fig. 7. Effect of ammonium ion on H2 production by wild-type Rps. sphaeroides.

" Wild-type Rps. sphaeroides was grown anaerobically in the light on

4
optical ‘density vs. time, (C) H2 evolution rates vs. time. pg——q,

minimal levels of NH,C1. (A) Ammonium ion levels vs. time, (B)

+
0.5mM NH4 .

0—98 20mM NH

8——a 2.0mM NH4+. A——p 6. 0mM NH4+, a! O 10mM, NH4+,

+
4 L]
Fig. 8. Light intensity and H2 evo]ution.‘ Wild-type cells were grown

‘anaerobically in minimal medium with 20mM Jactate as carbon source.

Figl_9. Comparfson of Hz‘evolution with acetylene reduction. Wild-type
| and Glc+ mutéhts were grown ahaerobica]]y on minimal medium with
20mM of the indicated carbon source in the light. A malate, wild-
vtype;'l lactate, wild-type, @ glucose, glc+.

Fig. 10. Hydrogen production vs. gas phase. Glc+ cells were grown in System
(i1i) tubes on glucose anaerobically in the light. Atmospheres
were maintained as indicated by daily flushing and injection of
the appropriate purified gases. Surface area was increased by
tilting the tubes on their sides. 04—-G Ar atmospheré;ﬂ"'ﬂ

2

Ar + 50% acetylene atmosphere;¥—V N2 atmosphere (2 cm® surface
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area); 0—0 N, + 50% acetylene atmosphere (2 cm2 surface area);

2

A‘““Nz atmosphere (17 cm® surface area).

 Fig. 11. Effect of carbon monoxide. Cells were grown under Ar in minimal

Fig.

Fig.

12.

13.

medium with 10mM malate in the']giht. After the onset of gas
evo]ution,'thé atmosbhere was made 10% in CO (dark bar). Controls
under Aru§--ZlH2.evo1utfon, 0-0 C,H, reduction. . Cultures with
»10% CO:ArwAFQ evolution, —0 C2H2 reduction. |

Effect of oxygen. Cells were grown under Ar in minimal mediQm
‘with 10mM malate in the light. After the onset of gas evolution,
fhe atmosphere was made 18% in0, (dark bar). After the period
under Oé, the étmosphere was flushed with Ar. Controls under
Ar:.Q -4 H2 evolution, 0 - 0 C?_H2 reduction. Cultures with 18%
OzzAf-AHZ evolution, 0 - O C,H, reduction.

GLC Analysis of trimethylsilyl derivatives of culture media.
After gassing, cultures were freeze dried, trimethylsilylated
and separated by GLC using a flame ionization detector (FID).

(A) glc+ strain, (B) w.t. strain.



cell type

substrate

H2 gas evolved
total CO2 recovered

total 1abe1-recovered

w.t,

glucose (0.5 mmole)

1, 4 mmol (24%) ave.

1.0 mmol (34%) ave
91% ave

Table I

w.t.

malate (0.5 mmol)

1.7 mmol (57%) ave
1.25 mmol (60%) ave
92% ave

w.t,.

lactate (1.0 mmole)

2.9 mmol (48%) ave.
1.7 mmo] (60%) ave.
91% ave

glct

glucose (1.0 mmol)

12.0 mmol1 (99%) ave -
5.45 mmol (91%) ave

95% ave

A11 cultures grown in minimal medium with 0.2% yeast extract as-hitrogen source and 10 mM for carbon source, pH 7.2.

Othey conditioné as described.,

Gas phase CO2 5-17%.

L1
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Table 2

H2 Yields from Glucose: Strains glc+ and w.t,

Sample Surface Area Nitrogen Source H2] COO]  Ratio % Conversion?
gles-Ar> 17 em®  0.05% Yeast  435.6 197.3  2.21 36
- o | Extract ‘
gle+-N,' 2 cn? IR 167,17 128.5  1.30 14
w.t.-Ar® 17 e “ v 987 8.2 1.02 9
Wt 2 32.9  32.4  1.02 3
glc+-N, 17 cm? n z 0 MN7.3 0 0
w.t.-Ar 17 cm? 5mMHN, C1 0 3.2 0 0

]Values for CO2 and H2 are the average of three replicate samples and are expressed

in terms of umoles per mg dry weight of cells.

2Percent conversion based on the possible complete photo dissmimlation of

100 umoles of glucose: 10 C,H,,0.+600 Hy0 = 600 CO, + 1200 H,.

3Mutant glc+, Ar atmosphere

4Mutant glc+ Nz»atmosphere

Sw.t. Ar atmosphere

Ou. t. N, atmosphere:
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Table 3

Carbon Recovery After Photo-Dissimilation of Glucose

Sample | 'C021 .Cells : SuQefnate Percent Remaining Substrate
gic+-Ar' 32,9 155  44.4 92.8 | 25.0

glc+N, 19.6 . 31.5 31.8 82.9 0

glc+-Ar plus 5.7  20.8 54.0 805 6

NH,C1 | ‘ '

WotoN, 5.4 18.5 69.9 93.8 0

Ww.t.-N, plus 5.8 23.7 56.0 85.5 26.0

HH 1 o

]The values for carbon are the average of three replicate samples, and are expressed

in terms of the initial amount of glucose (100 umoles) present in each sample.

“Each sample contained 5 ml of HMB medium (methods) supplemented with 20 umoles/m]

- glucose and 0.05% w/v yeast extract as a limiting amount of combined nitrogen. The
specific activity of the substrate was 1100 dpm/umole ]4C, The carbon in columns
1-4 was determined on the basis of ]4C-measurements;-remaining substrate (column 6)
by gas liquid chromatography (methods). Symbols and conditions are the same as in
Table 2. '
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