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Vision
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Sunlight Algae

* Maximum conversion efficiency of about 10-13% of incident sunlight (needs to
be corrected for yearly sunlight intensities);

» Land area of about 100 x 100 square kilometers (or 4,500 square miles) is
required to provide enough energy to fully supply the U.S. transportation needs
(263 million vehicles, 60 mi/gge); this equals about 0.12% of the U.S. surface area.

« Estimated cost of photobiologically-produced H, could be as low as $3/kg (or
gge).



Biochemical Pathways for H.,
Photoproduction in Algae
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Biochemical Issues to be Solved

1. The algal hydrogenase is extremely sensitive to
O, Inactivation; other factors that regulate its
expression are not known;

2. H, production competes with CO, fixation and
other metabolic pathways for reductant

3. Photosynthetic electron transport is down-
regulated in the absence of ATP consumption
(due to lack of CO, fixation, which induces cyclic

electron transport)

4. The large light-harvesting antennae of the
photosystems prevents high light conversion
efficiencies at sunlight.



Issue 1. O, Sensitivity of the Two
Algal Hydrogenases

¢ The algal hydrogenase genes are not
transcribed In the presence of oxygen;

¢ The enzymes reguired for hydrogenase
maturation are noet expressed under exygenic
conditiens;

¢ he algal hydregenases are Inactivated By,
OXYygeEn and are guickly degraded Uneder
OXy/GEenic conditions.



Regulation of Hydrogenase Gene

Transcription by Redox Potential
(M. Pesewitz and S., Smolinski)

Chemochromic
sensor

Colonies on
TAP plates

- non-functional isoamylase gene; does not accumulate starch;
tansitory transcription of the hydrogenase genes and tansitory induction of
hydrogenase activity upon anaerobiosis: ¢ orrelation between H,-production
and PQ pool redox state.




O, Regulation of Metabolic Pathways

under Anaerobic Conditions
(A. Dubiar, E. Mus, M. Pesewitz, M. Seibert, A. Gressman)




Transcriptional Regulation and
Assembly ofi the Hydrogenase

Catalytic Site
(VI RPesewitz, B, King)

Insertional Mutagenesis
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SAM Cleavage into the Ado Radical




Recent results from other
groups

« HYDE and HYDG have been shown to have SAM
activity when expressed iIn vitro (Fontecave et al.).

« HYDF has been shown to have GTPase activity In
vitro (Fontecave et al.) and to insert a sulfur into
tyrosine, converting it into p-cresol (Fontecave and
Fontecilla-Camps).

Suggested role for each of the assembly proteins:
HydE — S insertion into the apoprotein

HydF — scaffold for assembly of the H-cluster
HydG — S insertion into the apoprotein or synthesis
of CO and CN- ligands



O,-regulation of the H-Cluster
Assembly

(P. King, M. Posewitz)

* |dentified assembly genes (HydE, HydF and HydG) and used them to
produce active, tagged [Fe]-hydrogenase by co-expression in E. coli.

 The tagged enzyme was partially purified and its activity measured with
reduced MV as the electron donor.




Inactivation of [FeFe]-Hydrogenase by O,
(Dr. Sverdruzic and P.King)
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Approaches for Solving Issue
#1

¢ Engineer a hydrogenase that IS more
telerant te O, Inactivation;

¢ lranstormi a more O -toleranit
Aydregenase inte the alga;

¢ lnduce culture anaereRlesis by partially,
Inactivating phetesynthetic ©5 evoelltion or
ByARCKEASINGFthENFELESI Ot ESPIELeR/ ©F
consuUmption:



Engineering a more O,-tolerant
[FeFe]-hydrogenase




Computationall Simulations
(J. Cehen, P, King, K. Schulten)
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Molecular Engineering O, Tolerance

iInto the Algal Hydrogenase
(C. English and P. King)




O, Tolerance Varies According to the

Redox State of the Enzyme
(C. English;, P. King)
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Conclusion: lack of (m) or short exposure to reductant ( ) results in enzymes that
are partially insensitive to O, inactivation, while enzymes exposed to reductant
throughout the purification process are totally sensitive to O, (©). The inactive state
of the enzyme could be due to the presence of a CO ligand at the H-cluster, as
suggested by others, which, upon illumination or extensive argon sparging, would be
removed to yield the O,-tolerant form of the enzyme.



Expressing a more O,-Tolerant
[Hydrogenase in




Expression of more O,-tolerant
hydrogenases In algae

(C. English, P. King)
HydA1 Promoter  C. acetobutylicum Ca1 HydA1 -
Transit-peptide [FeFe] hydrogenase  Terminator -
‘H-—_‘\f-ﬁ-——-",

"""" %}‘ 5T Expression and
enzyme maturation \ /

HydEF & HydG -

Translocation into
chlorpolast stroma

Functional Clostridial Hyase %;:
in C. reinhardtii choloplast 4
stroma

The Clostridum acetobutylicum hydrogenase gene (Cal) has been
successfully incorporated into the Chlamydomonas reinhardtii genome,
and that it is correctly transcribed upon anaerobic induction.



Induce Culture Anaerobiosis by
Partially Inactivating
Photesynthetic: O, Evelution



Effects of Sulfur Deprivation
(Wykoff et al., 1998; Melis et al., 2000)

Sulfur replete Sulfur depleted
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Temporal Separation of O,

Evolution and H,, Production
(Forestier and U.C. Berkeley)
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Cycles of +S (2 days) and —S (5 days) can be
repeated up to about 3 times without signifig
decrease in yicl




Photobioreactor with Immobilized

C. reinhardtii in Chemostat Mode
(Fedoerov:and Pushehinoe)

Cells were grown on 0O 10 20 30 40 50 60 70 80 90
the glass textile

Days

H, production was observed for 3 months at about the average rate as seen in
suspensions; continuous input of 10-20 uM sulfate in the flow medium was used.




Sustained H,-production by sulfur-
deprived, immobilized algae

Maximum light conversion efficiency of 1 % under low intensity



Other Approaches for Inducing
Culture Anaeroblosis

¢ Increase the photosynthesis/respiration ratio using
sulfate permease mutants (Melis et al.)

» Regulate the expression of PSII reaction center
protein (pshb) By expressing It behind the cyt c6
premoter that respends te additieon of Copper e the
mediumi (Surzycki et al.)

9 Generate PSImutants Withr RIgher Vielaxanthain te
zeaxanthinracuvity/A(Gierzllieret als)



Biochemical Issues to be Solved

The algal hydrogenase is extremely sensitive to
O, Inactivation; other factors that regulate its
expression are not known;



Issue 2. H, production competes with
the CO, fixation pathway

(A. Dubini)
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The genome of C.
reinhardtii has six
ferredoxin homologs,
besides the petF gene
whose gene product is the
electron acceptor for PSI.
Two of those genes, FDX2
and FDX5 are upregulated
during anaerobiosis.



The yeast two-hybrid assay using
HYD2 as bait

Western blot of

: Summary of results
fused protein

Yeas two-hybrid protocol
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Bail plasmid Bail ransiormation

1. Cloning and transformation

Growth in adenine-
2. Bait expression test

Westemn blot analysis
I

Sedf-activation assay
Pilot screen

5. Isolation of library plasmids Oy — O




Recent results from other
groups

¢ Happe et al. reported that FDX5 was upregulated
under sulfur deprivation; when; everexpressed in
Vitre, hewever, It was unable to reduce HYDAL or
Interact with ENR.

¢ Merchant et al. identified interactions between
FDX2 and nitrite reductase.



Issue 3. H, production is down-
regulated by non-dissipation of the

proton gradient

(Kosourov and Johns Hopkins Institute)
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Leaky ATPase mutants (where the proton gradient is uncoupled from ATP
synthesis) show higher rates and yields of H, under sulfur deprivation



Recent results from other
groups

¢ Many groups demonstrated that the addition of
proton uncouplers can temporarily Increase the
rates of H, production; By C. reinhardtil.

¢ Kruse and Hankamer shewed that the stmb
multi-phenotype mutant (that Icludes; an
Inaility’ te transitien; frem liInear ter cy/clic electron
trapsien); preduces Hy at RIGhEr rates and o)
|ORGEr PEREES G ime than Iits) parenital strain.



Issue 4. Large antennae saturate

photosynthesis at low light intensity
(Kosourov and U.C. Berkeley)
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Mutants with 2.5 smaller antennae show about 2X higher H,
production yields at high light intensity
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