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in cyanobacteria:

Uptake hydrogenase b Bidirectional hydrogenase Nitrogenase
HupS He HoxH  HoxE ~ HoxU °_ NADH
35kDa 53kDa | 19kDa 26kDa /:
HupL @ e —>
58kDa g Ferredoxin
NiFe . HoxF
HoxY 58kDa - Dinitrogenase =
g , 20kDa reductase Dinitrogenase
2H*+2e0 2H*+ 2" ™. : “ NAD*

Km (MV) = 16.1uM
Kcat (MV) = 1242 s
(Francis et al., 1990)

K, (0,) = 1%

in Ralstonia eutropha:

Periplasm \\
by Respiratt

Membrane chain

Cytoplasm
The membrane-bound hydrogenase (MBH)
Km (H,) =6.1uM

Kcat (H,) = 238 s (Schéfer et al., 2013)
K. (0,) =47.5% (Lenz et al., 2010)

(Mcintosh et al.,

Hydrogenase5 Diaphorase

Ghirardi et al., 2007

N+ H*

Tamagnini et al., 2007

Km (C,H,) = 1.8*%103 atms

2011)

HoxF

HoxU

Soluble NiFe hydrogenase (SH)

Km (H,) =11uM

Kcat (H,) = 384 s (Schifer et al., 2013)
80% activity at 60% O, (Lauterbach et al.,
2013)

(Hallenbeck et al. 1979)

cytoplasm

Formate dehydrogenase

membrane

Hydrogenase
Bagramyan et al., 2003

- =0,

Group 5 AH in Ralstonia eutropha H16
Schafer et al., 2013
Km (H,) =3.5uM

Kcat (H,) = 0.5 s7!
Oxygen insensitive (Schéfer et al., 2013)
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Carbohydrate Catabolism in Cyanobacteria:
maximize reductant minimize wastage .

Proteins Poly hydroxy

H,~>

(20-70%) alkanoates
Poly amino acids Glycogen
3 Glucose w 6.350)
¢ Poly glucose
3“”‘)3 G6P <> 3Gp St Pol i
P orage rolymers Cyanophycin

and sugars Poly Asp-Arg

3NADP*
‘L G6PDH P-gluconate dehydrase is
3i6p N @ Glucosyl-Glycerol
\

absent in the genome , !
(around 10-20% of glycogen

3 FBP ‘\‘ 36PGL Lunstressed]) Lipid Bodies
D \‘ ¢ P-gluconate Sucrose (4-60%)
3ADP \ deh drase (less than 3% glycogen Trehalose
6 GAP \\‘ y [unstressed]))
6NAD* D \ 3NADP* 36PG > 3 KDPG
5 Not found in genome
@ GAPDH \\‘@DlGPGDH g KDPG Salt Stress
6BPG
1 \  3RuSP +3C0, AL
] ATPD vlr \‘ * Glycogen is the preferred
\u 3 GAP carbon source for
6 PEP 2F6P+1 GAP 3Pyruvate  fermentative H, in cyanos

1NAD*

. 2
GATPD ‘l' LATP ) ¢C@ Y @ * Glycolysis is the preferred

6 Pyruvate 3 Pyruvate
1 Pyruvate catabolism pathway under
fermentative conditions
Glycolysis OPP Entner-Doudoroff
Per glucose Per glucose Per glucose
2 NADH, 2 ATP 6 NADPH, 1 NADH, 1 ATP 1 NADH, 1 NADPH

(Tang, 2011) (Guerra, 2013) (Hasunuma, 2013) (Liberton, 2011) (Quintana, 2011)
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R P4 H, Milking
Milking H, by Co-fermentation Arthrospira maxima wins the gold
Separate Growth medal for autofermentation H, yield
Arthrospira maxima 72 BRI
3 weeks 3 days electrode
‘\ ’]\ / . 270%
| by diion
Cyanothece sp. Synechococcus sp. 632 DP 2H*IH2>(
“photo” fermenter “dark” fermenter 6NADPH | OPP NAD* Kk 1H K4

| J GAP S NADH ]
| | H,-ase
atp\_PO°

Co-Fermentation

Pyruvate
300 | —= = = . I Secondary metabolites
[ / ] T [
[ [ [ [ vl it > AooiCoA ——> H,
250 - C. miami (20% [ \ . N Blosynthey
< +rgﬁméovo)) 2.5-fold 11 [ L ° '
g (LdhAEx) | v Vv Adding: 40%
o 200 4 DL Co, L F Ac Et :Ilgz‘r:rt::tee increase
; C. miami (20%) 7 | Excreted products +Ethanol
8 + Syn WT (80%) ] g
1
§ 150 - 18foldti ' [ . .
& A *Max. 39% of all catabolized carbohydrate is
T 100 | converted to H, (4.8 H,/ glucose eq.) under
[¢) C. miami (100% - . orr e
E T " : electrochemical “milking” of H,
50 ] '_ *600mL H,/L culture in five days w/o lysing
1 i *Another 40% increase in H2 is produced by
0] L adding the “magic mix” (formate, lactate and
| L ; : " X I . . 4 Y i I ! . 1 L 9 1 . 1

0 6 12 18 ethanol)
time, hrs Ananyev et al., J Biotech. 2012



_BioSolarH,> © rurcs
Hydrogen production in transgenic Synechococcus 7002
Competing Pathway Competition elimination +
Enhanced NAD(P)H Elimination Enhanced NAD(P)H + Milking
CO, nutrients AldhA + gapl+*
gapt™ AldhA AlGhA + Agapl
A gapl e
Milking
vAg vA |7 vAg % |7
1@53 ,5 IS S0
—— y —
[ ]
x4 : x +
[ J
.3 %
fermentation fermentation fermentation fermentation
Rate =\, | 1.2 | moles/d 2.7 |moles/d 6.7 | moles/d 6.4 | moles/d
&; 2.1
Yield H2
moles/10717 cells WT GAPDH LDH APDH +L
No milking/ 4 d 5.0 15.5::13.0 26.9 25.5
milking/ 1d 55.2 nd 92.6 255.0
mol/mol glucose 0.6 1.1:: 14

ECE 5% 9.2:11.7% Kumaraswamy et al. EES, in press.



S gg RUTGERS

Status and Future of Autofermentative H, Production in Cyanobacteria

Limitations Possible Solutions Y/N

1) Bidirectional [NiFe]-H,ase

-0, sensitivity Group V: actinobacterial H,ase
-H,* unfavorable AG® is + MNNAD(P)H], T™MH]
-ATP allosteric down-regulation ? ATP tolerant H,ase =>high ATP homeostasis ?
-H,{ uptake Milking: active removal of H, \'
2) PS Storage of Carbohydrates
-only glycogen, not osmolytes Gluconeogenesis: Overexpress GAPDH1 V
starch accumulation ?
3) Carbo Catabolic Flux >NAD(P)H
-glycolytic flux too slow EMP-glycolysis: Overexpress GAPDH1 V
OPP pathway: Knockout GAPDH1 V
-stronger reductant needed PFOR: Pyr—->Ferredoxin = N,ase photo-H,T V,?
FNR: NAD(P)H -Fd - N,ase photo-H,T ?
-max H, yield 33% (acetogenic) Reroute 100% glycogen catabolism via OPP ?



