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)LJXUH ���� 7KUHH GLPHQVLRQDOLWLHV RI 51$ VFDIIROGV� 2XU GHVLJQV DOORZ IRUPDWLRQ RI WKUHH GLIIHUHQW

W\SHV RI 51$ VFDIIROGV��� �$� ,Q WKH �' FDVH� D VLQJOH 51$ VWUDQG IROGV LQWR D GLVFUHWH XQLW SUHVHQWLQJ

WZR DSWDPHUV� �%� 7KH �' SRO\PHUL]LQJ VWUDQGV KDYH èVWLFN\è HQGV WKDW DOORZ WKH LQGLYLGXDO XQLWV WR IRUP

OLQHDU FKDLQV RI DSWDPHU VLWHV WKURXJK FRPSOHPHQWDU\ EDVH SDLULQJ� �&� ,Q WKH FDVH RI �' VFDIIROGV� WZR

GLIIHUHQW 51$ ROLJRQXFOHRWLGHV� $ DQG %� FRPH WRJHWKHU WR IRUP XQLW WLOHV $�%�� ZKLFK WKHQ SRO\PHU�

L]H LQ WZR GLPHQVLRQV WKURXJK VWLFN\ HQG EDVH SDLUV� (DFK FRUQHU RI WKH XQLW�WLOH LQWHUDFWLRQV EULQJV

WRJHWKHU WZR GLIIHUHQW DSWDPHUV LQ FORVH SUR[LPLW\� 5HG DQG EOXH UHSUHVHQW GLIIHUHQW DSWDPHUV DQG

GLPPHG VKDGHV VKRZ DSWDPHUV LQ D SRLQWLQJ GRZQZDUGV IURP WKH VFDIIROG SODQH�



)LJXUH ���� ,Q RXU DVVD\ IRU WKH IRUPDWLRQ RI DSWDPHU ELQGLQJ VLWH SUHVHQWLQJ 51$ VFDIIROGV� ZH FR�

H[SUHVV WKH 51$ VWUDQGZLWK WZR KDOYHV RI D VSOLW *)3 SURWHLQ��� ,I WKH 51$ VFDIIROG IROGV LQWR WKH

GHVLJQHG VHFRQGDU\ VWUXFWXUH� WKH WZR KDOYHV DUH EURXJKW LQ FORVH SUR[LPLW\ WKURXJK DSWDPHU�51$

ELQGLQJ GRPDLQ LQWHUDFWLRQV DQG WKLV FRPSOHPHQWDWLRQ UHVXOWV LQ KLJKHU FHOOXODU ćXRUHVFHQFH� ZKLFK

FDQ EH DVVD\HG E\PLFURVFRS\ RU ćRZ F\WRPHWU\�



)LJXUH ���� 7KLV ĆJXUH VKRZV D OLVW RI � GLIIHUHQW SDLUV ZLWK � XQLTXH DSWDPHU�51$ ELQGLQJ VHWV WHVWHG�

9DOXHV RI GLVVRFLDWLRQ FRQVWDQWV UHSRUWHG SUHYLRXVO\�������� DUH WDEXODWHG ZLWK GRPDLQ DQG DSWDPHU

VL]HV� $OVR VKRZQ DUH ),7& LPDJHV UHYHDOLQJ HQKDQFHG VSOLW *)3 ćXRUHVFHQFH LQ YLYR LQ WKH SUHVHQFH RI

51$ VFDIIROGV IRU DOO VHWV WHVWHG� 6FDOH EDUV� � PLFURPHWHU�



)LJXUH ���� +LVWRJUDPV RI ),7& LQWHQVLW\ SURĆOHV IRU � SDLUV RI VSOLW *)3 � 5%' IXVLRQV WHVWHG RQ �'

VFDIIROGV LQ )LJ ���� 'LIIHUHQFHV LQ ),7& LQWHQVLW\ VFDOHV GHSHQGHG RQ WKH ),7& H[SRVXUH WLPHV FKRVHQ

���PV � ���PV� WR HQVXUH VLJQDO SURĆOHV ZHUH QRW VDWXUDWHG�





)LJXUH ���� $SWDPHUV LQFRUSRUDWHG LQWR �� �� DQG � GLPHQVLRQDO 51$ VFDIIROGV ELQG SURWHLQV LQ YLYR �$�

),7& LPDJHV VKRZLQJ *)3 ćXRUHVFHQFH REVHUYHG LQ FHOOV RQ H[SUHVVLRQ RI VSOLW *)3 IUDJPHQWV �*)3$�

33� DQG*)3%�%,9�7$7� ZLWK HLWKHU QR VFDIIROG� �'� �' RU �' VFDIIROGV FRQWDLQLQJ 33� DQG %,9�7$7

ELQGLQJ DSWDPHUV �%� &RUUHVSRQGLQJ ),7& TXDQWLĆFDWLRQ �KLVWRJUDPV� IRU �� � DQG �' VFDIIROG GHVLJQV�

�S � ����� RQH�WDLOHG W�WHVW�
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)LJXUH ���� 7KH SHQWDGHFDQH SURGXFWLRQ SDWKZD\ GHVFULEHG E\ 6FKLUPHU HW DO �� FRPSRVHG RI WZR

F\DQREDFWHULDO HQ]\PHV $F\O $&3 5HGXFWDVH �$$5� DQG $OGHK\GH'HIRUP\ODWLQJ 2[\JHQDVH �$'2��

$OVR VKRZQ LV WKH FRPSHWLQJ VLGH UHDFWLRQ WKDW OHDGV WR DOFRKRO SURGXFWLRQ� LQFOXGLQJ KH[DGHFDQRO�



)LJXUH ���� 7KLV ĆJXUH VKRZV WKH VFDIIROGLQJ GHVLJQ LPSOHPHQWHG WR FKDQQHO WKH KH[DGHFLPDO LQWHUPH�

GLDWH WRZDUGV SHQWDGHFDQH SURGXFWLRQ� )XVLRQV RI $$5 DQG $'2ZLWK %,9�7$7 DQG 33� UHVSHFWLYHO\

DUH FR�H[SUHVVHG LQ (� FROLZLWK VFDIIROGV RI GLIIHUHQW GLPHQVLRQV FDUU\LQJ WKH FRUUHVSRQGLQJ ELQGLQJ

VLWHV� 2Q DVVD\LQJ GLIIHUHQW OHYHOV RI SHQWDGHFDQH DUH REVHUYHGZLWK HLWKHU DQ HPSW\ YHFWRU �QR VFDI�

IROGV� RU 51$ VFDIIROGV RU ���� RU � GLPHQVLRQV �ZLWK DSWDPHUV IRU %,9�7$7 DQG 33��� RU D �' VFDIIROG

ZLWKPLVPDWFKHG DSWDPHUV �FRQWDLQLQJ DQWL�5HY5��4 DQG06��� �Q �� HUURU EDUV  6(0� � LQGLFDWHV S

� ����� RQH�WDLOHG W�WHVW�



)LJXUH ���� 2QH RI WKH SHQWDGHFDQH SDWKZD\ VLGH�SURGXFWV� KH[DGHFDQRO� SURGXFWLRQPHDVXUHG RQ

H[SUHVVLRQ RI SDWKZD\ HQ]\PHV ZLWK WKH VDPH HPSW\ YHFWRU� FRUUHFW �' VFDIIROG� DQGPLVPDWFKHG �'

VFDIIROG� �Q �� HUURU EDUV  6(0�



)LJXUH ���� 'LUHFW HYLGHQFH RI HQ]\PH�51$ LQWHUDFWLRQ IURP H[SHULPHQWDO ćRZ IRU GHWHFWLQJ 51$

DVVRFLDWHG LQ�YLYR ZLWK �[+LV WDJJHG %,9�7$7�$$5 HQ]\PHV� 3XUSOH ER[HV VWDQG IRU DPSOLĆFDWLRQ GH�

WHFWHG E\ 6<%5 JUHHQ DQG \HOORZ ER[HV LQGLFDWH WKDW WKH 51$ VSHFLHV ZDV EHORZ GHWHFWLRQ WKUHVKROG�



)LJXUH ���� 3DWKZD\ HQ]\PH SURGXFWLRQ OHYHOV PHDVXUHG E\ TXDQWLWDWLYH ZHVWHUQ EORWWLQJ XVLQJ �[+LV

�$$5� DQG 6WUHS �$'2� WDJV DQG QRUPDOL]HG WR *$3'+� /HYHOV DUH VKRZQ IRU FR�H[SUHVVLRQ ZLWK DQ

HPSW\ YHFWRU RU VFDIIROGV RI GLIIHUHQW GLPHQVLRQDOLWLHV� �Q �� HUURU EDUV  6(0�





)LJXUH ���� 3HQWDGHFDQH \LHOG HQKDQFHPHQW LV KLJKHVW LQ H[SRQHQWLDO JURZWK SKDVH �$� 7LPH VHULHV RI

HQKDQFHG DONDQH SURGXFWLRQ IRU �' VFDIIROGV DW GLIIHUHQW WLPH SRLQWV LQ EDWFK FXOWXUH� SORWWHG ZLWK FHO�

OXODU JURZWKPHDVXUHG DV RSWLFDO GHQVLW\ �2'� DW ��� QP� �%� (Q]\PH OHYHOV PHDVXUHG E\ TXDQWLWDWLYH

ZHVWHUQ EORWWLQJ XVLQJ +LV �$$5� DQG 6WUHS �$'2� WDJV DQG QRUPDOL]HG WR *$3'+� �Q �� HUURU EDUV  

6(0� � LQGLFDWHV S � ����� RQH�WDLOHG W�WHVW�





)LJXUH ���� /HQJWK DQG RULHQWDWLRQ RI DSWDPHUV DIIHFW PHWDEROLF ćX[ LQFUHDVH RQ VFDIIROGV� �$�

6FKHPDWLF VKRZLQJ GHVLJQ GHWDLOV RI D SDLU RI DSWDPHUV LQWHUDFWLQJ RQ WKH �' VFDIIROG XVLQJ 3'% ĆOHV�

�48;���� �$�;���� DQG �.94���� 'LIIHUHQW EDVH�SDLU OHQJWKV �����ES� ZHUH XVHG IRU WKH KDLUSLQ

SUHVHQWLQJ DSWDPHU ERXQG E\ %,9�7DW�$$5 VR WKDW URWDWLRQ RI WKH FRPSOH[PD\ EULQJ $$5 LQ FORVHU

SUR[LPLW\ WR $'2RQ WKH VFDIIROG �%� 3HQWDGHFDQH \LHOGV DUH VKRZQ IRU �' VFDIIROGV ZLWK WKH GLIIHUHQW

%,9�7DW ELQGLQJ DSWDPHU VWHP OHQJWKV� &RQFHQWUDWLRQV ZHUH QRUPDOL]HG WR \LHOG IURP HQ]\PH H[SUHV�

VLRQ ZLWKRXW VFDIIROGV DQG SORWWHG DV UHODWLYH SURGXFWLRQ OHYHOV� �&� 51$ VFDIIROG SURGXFWLRQ OHYHOV�

PHDVXUHG E\ T57�3&5 DQG QRUPDOL]HG WR HQGRJHQRXV JDS$P51$� IRU WKH VWUDLQV VKRZLQJ JUHDWHVW

YDULDWLRQ LQ \LHOGV� �/RJ EDVH YDOXH �U≈ ����� VHH0DWHULDOV DQG0HWKRGV �'� 3DWKZD\ HQ]\PH SURGXF�

WLRQ OHYHOV PHDVXUHG E\ TXDQWLWDWLYH ZHVWHUQ EORWWLQJ XVLQJ �[+LV �$$5� DQG 6WUHS �$'2� WDJV� /HYHOV

DUH VKRZQ IRU FR�H[SUHVVLRQ RI SDWKZD\ HQ]\PHV ZLWK 51$ VFDIIROGV RI YDU\LQJ %,9�7$7�DSWDPHU

OHQJWKV DQG DUH QRUPDOL]HG WR *$3'+ OHYHOV� �Q �� HUURU EDUV  6(0� � LQGLFDWHV S � ����� RQH�WDLOHG

W�WHVW�



)LJXUH ���� 3URSRVHGPRGHO IRU WZRPD[LPDO FRQĆJXUDWLRQV RI LQWHUPHGLDWH ćX[ FKDQQHOLQJ� 2Q YDU\�

LQJ WKH DQWL�%,9�7$7 DSWDPHU VWHP ORRS OHQJWK� GLIIHUHQW URWDWLRQDO FRQIRUPDWLRQV RI WKH %,9�7DW�$$5

PRLHW\ DUH SRVVLEOH� UHODWLYH WR WKH 33��$'2GLPHU�





)LJXUH ���� &RQYHUVLRQ RI S\UXYDWH DQG R[DORDFHWDWH IURP VLJQLĆFDQW FRQWURO SRLQWV IRU WKH IHUPHQ�

WDWLYH SURGXFWLRQ VXFFLQDWH IURP (� FROL��� 6KRZQ KHUH DUH WKH HQ]\PHV ZH H[SUHVVHG WR LQFUHDVH

VXFFLQDWH SURGXFWLRQ LQ (� FROL� :H K\SRWKHVL]HG WKDW WKH LQWHUPHGLDWHPROHFXOHV VKRZQ LQ ER[HV ZRXOG

EH SUHIHUHQWLDOO\ FKDQQHOHG WRZDUGV VXFFLQDWH SURGXFWLRQ�



)LJXUH ����� 6FKHPDWLFV IRU WZR VFDIIROGLQJ DSSURDFKHV RQ �' VFDIIROGV WR LQFUHDVH SDWKZD\ ćX[ WR�

ZDUGV VXFFLQDWH� 3<& DQG )'+ DUH VFDIIROGHGZLWK0'+ LQ WKH ĆUVW DSSURDFK WR SUHYHQW ORVV RI R[�

DORDFHWDWH DQG1$'+ UHVSHFWLYHO\� ,Q WKH VFDIIROG ZLWK � DSWDPHUV� H&$ LV DOVR VFDIIROGHG WR SURYLGH

+&2�� IRU 3<&� 7KH SORW VKRZV VXFFLQDWH SURGXFWLRQ IURP (� FROL H[SUHVVLQJ � HQ]\PH IXVLRQV �33��

3<&� %,9�7$7�0'+� ODPED1�)'+� RU � HQ]\PHV �DOVR 5HY5��4�H&$� ZLWK DQGZLWKRXW WKH FRUUH�

VSRQGLQJ �' VFDIIROGV FRPSDUHG WR ZLOGW\SH �:7� OHYHOV� �Q �� HUURU EDUV  6(0� � LQGLFDWHV S � �����

RQH�WDLOHG W�WHVW�
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→

≈



≈



)LJXUH ���� ([SUHVVLRQ RI +\GURJHQDVH $ LQ 6\QHFKRFRFFXV HORQJDWXV VS� ����� �$� $ VFKHPDWLF VKRZLQJ

WKH JHQHV LQWHJUDWHG LQWR WKH JHQRPH� &RQVWLWXWLYH SURPRWHU SVED� DUH XVHG WR H[SUHVV PDWXUDWLRQ

IDFWRUV �+\G()�*� DQG+\G$ LV SODFHG XQGHU ,37*�LQGXFLEOH 3/DF FRQWURO �%� $ZHVWHUQ EORW VKRZLQJ

,37* LQGXFWLRQ RI +\G$ LQ WUDQVIRUPHG VWUDLQV �H[SHFWHGPROHFXODU PDVV � ���� N'D� �&� (YROXWLRQ RI

K\GURJHQ JDV IURP:7 DQG+\G$ H[SUHVVLQJ VWUDLQV RI 6\QHFKRFRFFXV O\VDWHV DIWHU ��PLQXWHV DQDHUR�

ELF PHWK\O YLRORJHQ WUHDWPHQW



≈



)LJXUH ���� ,Q YLYR K\GURJHQ SURGXFWLRQ IURP+\G$ H[SUHVVLQJ 6\QHFKRFRFFXV HORQJDWXV� �$� +\GURJHQ

SURGXFWLRQ XQGHU DQDHURELF FRQGLWLRQV ZLWK GLFKORURSKHQ\O GLPHWK\O XUHD �'&08� DGGHG WRPHGLD WR

SUHYHQW R[\JHQ HYROXWLRQ IURP SKRWRV\VWHP ,, �%� ,Q YLYR K\GURJHQ SURGXFWLRQ GHSHQGV RQ OLJKW DQG

HOHFWURQ WUDQVSRUW IURP SODVWRTXLQRQH� ZKLFK FDQ EH LQKLELWHG E\ GLEURPRWK\PRTXLQRQH �'%0,%��





)LJXUH ���� +\GURJHQDVH $ GHSHQGHQW FKHPRDXWRWURSKLF JURZWK RI 6\QHFKRFRFFXV� �$� +\G$ DFWLYLW\

VXSSRUWV JURZWK LQ DQDHURELF FRQGLWLRQV ZLWK K\GURJHQ JDV DQG FR�H[SUHVVLRQ RI PDWXUDWLRQ IDFWRUV

+\G() �%� 8VLQJ GLEURPRWK\PRTXLQRQH �'%0,%� WR LQKLELW SODVWRTXLQRQH HOHFWURQ WUDQVIHU SUHYHQWV

K\GURJHQDVHPHGLDWHG JURZWK





strongest ferredoxin-hydrogenase affinity as a function of hydro-
gen output from this circuit (28). We sought to utilize these pair-
ings to facilitate increased electron transfer to HydA and increase
hydrogen production within S. elongatus. We integrated the
strongest ferredoxin pairs, one plant type and one bacterial type
(from Spinacia oleracea or C. acetobutylicum, respectively) (28),
into the HydA-expressing strain, and expressed them from an
IPTG-inducible promoter (30). We found that expression of
ferredoxin from C. acetobutylicum (CAC0303) (41), our strongest
pairing in our previously reported synthetic circuit (28), could
increase the rate of hydrogen evolution by approximately twofold
(Fig. 4A), suggesting that expression of this ferredoxin helped
to redirect internal reducing equivalents toward HydA. Expres-
sion of ferredoxin I from S. oleracea did not significantly increase
hydrogen production.

Although the ferredoxin from C. acetobutylicum has previously
shown a strong functional interaction with HydA in a synthetic
circuit (28), it is a bacterial-type ferredoxin and is unlikely to
be capable of direct interactions with PSI in a manner similar to
the endogenous S. elongatus plant-type ferredoxins. Therefore,
we asked if the observed increase in hydrogen production in
strains expressing both HydA and C. acetobutylicum ferredoxin
was the result of utilization of reducing equivalents from a distinct
source. Indeed, C. acetobutylicum ferredoxin-bearing strains
were capable of producing hydrogen in the dark and/or in the
presence of DBMIB, whereas these conditions largely abolished
hydrogen production when expressing HydA alone (Fig. 4B).

Because expression of exogenous ferredoxin improved the
capacity of HydA to support hydrogen evolution (Fig. 4A), we
wished to examine if these ferredoxin pairings would also im-
prove and/or alter the ability of HydA to support growth under
hydrogen-containing atmospheres (Fig. 3A). However, although
we found that strains expressing S. oleracea ferredoxin exhibited
HydA-dependent growth in the presence of hydrogen, the pre-
sence of C. acetobutylicum ferredoxin attenuated hydrogen-
supported growth (Fig. 5C). Collectively, these experiments de-
monstrate that addition of supplemental ferredoxins or optimiza-
tion of ferredoxin-hydrogenase interactions can both increase
the flux of electrons toward hydrogenase as well as rewire the
redox pathway. We suggest that the addition of C. acetobutylicum
ferredoxin provides an alternative electron pathway that can par-

tially bypass the need for the light-mediated reduction of HydA
by anaerobic fermentation through PSI. However, the presence
of an exogenous ferredoxin that is preferred by HydA, but less
integrated with endogenous redox pathways may “short circuit”
the HydA-dependent redox circuit responsible for hydrogenase-
dependent growth under hydrogen (Fig. 5).

Discussion
In this work, we explore the activity of a heterologously expressed
[FeFe] hydrogenase (HydA) that is functional in cyanobacteria
in vivo, particularly within the context of the endogenous redox
machinery and ETC components. We show a significant boost
in the capacity of HydA-expressing cells to evolve hydrogen,
especially when compared to the hydrogen evolution rates of
wild-type S. elongatus, which rely on native [NiFe] hydrogenases
(Figs. 1C and 2A). In this context, it is relevant to note earlier
studies on the efficacy of a [FeFe] hydrogenase from Clostridium
pasteurianum within cyanobacteria (27), where the hydrogenase
exhibited only limited (approximately 2×) activity over that of
native hydrogenases and which was only observed when artifi-
cially reduced with an exogenous source of methyl viologen. In
the present work, we demonstrate that an exogenous hydroge-
nase is capable of interacting with endogenous redox machinery
to evolve hydrogen from internal sources of reducing equivalents
at the rate of approximately 2.8 μmolH2 h−1 · mgChl-a−1
(Fig. 2A). We also demonstrate that HydA activity can support
limited chemoautotrophic growth of cyanobacteria by uptake
of hydrogen gas as a source of reducing equivalents when PSII
is chemically inhibited.

Utilizing photosynthetic organisms for the biological produc-
tion of hydrogen gas or other chemicals is an attractive approach
to meet some future energy needs (42). Whereas genetic tools
and metabolic engineering have factored heavily in the develop-
ment of strains of microbes for the production of biodiesel,
alcohols, or other combustible compounds, improvement of
photobiological hydrogen production has relied heavily upon
optimization of culturing conditions and bioprospecting (8).
Currently, algal species possessing native [FeFe] hydrogenases
are the most favored organisms for biological hydrogen produc-
tion, with some existing research and plans for taking production
to industrial scale. In this work, we have shown that incorporation
of [FeFe] hydrogenases into S. elongatus can enhance the hydro-

A

B

C

Fig. 4. Ferredoxin incorporation alters electron flow to/from hydrogenase. (A) In vivo hydrogen production under anaerobic conditions in the presence of
exogenous ferredoxins [Spinacea oleracea (S. Fd) and Clostridium acetobutylicum (C. Fd)]. (B) Incorporation of C. Fd allows dark fermentation to generate
hydrogen gas. (C) Hydrogenase-bearing strains containing Clostridial ferredoxin are unable to support growth with hydrogen as the sole source of reducing
equivalents.

3944 ∣ www.pnas.org/cgi/doi/10.1073/pnas.1016026108 Ducat et al.

)LJXUH ���� &RXSOLQJ ZLWK IHUUHGR[LQ DIIHFWV +\G$ HOHFWURQ ćRZ� �$� (IIHFW RI FR�H[SUHVVLQJ IHUUHGR[�

LQV IURP 6SLQDFHD ROHUDFHD �6� )G�� DQG &ORVWULGLXP DFHWREXW\OLFXP RQ K\GURJHQ SURGXFWLRQ WKURXJK+\G$

�%� &� )G� HQDEOHV K\GURJHQ JDV SURGXFWLRQ IURP GDUN IHUPHQWDWLRQ �&� 6WUDLQV H[SUHVVLQJ &� )G� DUH

XQDEOH WR VXSSRUW +\G$ GHSHQGHQW JURZWK LQ DQ DQDHURELF K\GURJHQ HQYLURQPHQW�





gen production rates over that of the wild-type S. elongatus.
Strains expressing [FeFe] hydrogenase exhibited a >500-fold
increase of hydrogen evolution in vivo relative to unmodified
strains of S. elongatus; wild-type S. elongatus produced hydrogen
at rates approximating those previously reported (39). Similarly,
our strain produces hydrogen at greater rates (2.8 μmolH2 h−1 ·
mgChl-a−1) than those reported in most other non-nitrogen-fix-
ing unicellular cyanobacteria (0.02–1 μmolH2 h−1 · mgChl-a−1
(8), with the exception of Synechosystis sp. PCC 6803 when
engineered (21) or under nitrogen-depleted conditions (9)
(6–30 μmolH2 h−1 · mgChl-a−1), which brings S. elongatus hydro-
gen production rates nearer to those of many nitrogen-fixing
cyanobacteria and algae (approximately 2–70 μmolH2 h−1 ·
mgChl-a−1 (9, 10, 43). Given the relative ease of transformation
of S. elongatus, it may be possible to make further genetic mod-
ifications in this strain analogous to those demonstrated in other
cyanobacteria or algae that increase starch accumulation (44),
reduce cyclic electron transport (20), modify PSII activity (45),
or reduce phycobilisome size (46) to allow for enhanced produc-
tion of hydrogen. Finally, optimal culture conditions or cell
immobilization can greatly enhance photobiological hydrogen
production (47, 48), which could increase the yield and concen-
tration of hydrogen evolved in this system.

We have previously demonstrated that C. acetobutylicum
HydA can functionally interact with a variety of ferredoxin
proteins from diverse organisms (28), and herein show that elec-
tron carriers within S. elongatus can also donate and/or receive
reducing equivalents to/from HydA. Furthermore, our results
demonstrate that proper ferredoxin–hydrogenase combinations
may optimize hydrogen production and change properties of the
reaction, such as allowing for fermentation of internal reducing
equivalents without the assistance of light (Figs. 4B and 5).
Although the presence of at least two distinct (i.e., light-depen-
dent and light-independent) pathways for electron transfer to
hydrogenases have been well documented (9, 36, 49), to our
knowledge there have been no previous reports of genetic means
to enhance the rate of one pathway relative to the other. Rewiring
the flow of reducing equivalents by such a strategy may not only
be useful for reducing the cost of bioreactor design (i.e., by
reducing the need for illumination, and associated light penetra-
tion and heat distribution issues), but also open the possibility of
importing parallel redox pathways that are partially insulated
from host redox machinery (Fig. 5). Consequently, our data sug-
gest that proposals to characterize and optimize the key residues

forming the ferredoxin–hydrogenase interface could significantly
improve hydrogen production (11). Finally, the ability of HydA
to oxidize hydrogen to support limited growth in S. elongatus
also offers a possible method for directed evolution of HydA
variants with desirable traits, particularly greater oxygen toler-
ance. To our knowledge, there have been no previous reports
of cyanobacteria capable of chemoautrophic division through
the utilization of hydrogen (37).

Although photobiological production of hydrogen is an attrac-
tive concept to meet increasing energy demands, it is evident that
substantial gains in this technology are necessary to make it
economically feasible (34, 50, 51). A successful hydrogen-produ-
cing organism would likely combine traits of several species of
photoautotrophs (e.g., optimal hydrogen production, growth in
environments unsuitable for competing commercial crops, and
minimal by-production of toxic biologically active compounds;
ref. 52). Discovery or engineering of hydrogenases with increased
oxygen tolerance would allow for direct production of hydrogen,
which would bypass inefficiencies associated with energy transfer
through internal carbohydrate intermediates. The capacity to
functionally express [FeFe] hydrogenases in a variety of contexts
may open up a range of organisms for development of more effi-
cient biohydrogen processes, and the natural transformability of
S. elongatus may facilitate development of hydrogenase-expres-
sing strains to reach target levels of biohydrogen production in
cyanobacteria.

Experimental Procedures
Strains, Plasmids, and Culture Conditions.Wild-type S. elongatus was
obtained from the American Type Culture Collection. Cultures
and in vivo assays utilized BG11 medium with light illumination
of ≤4;000 lux at 30° and a 12∕12 h day∕night cycle. All constructs
were cloned in BioBrick format in E. coli (Assembly Standard 21)
(53). S. elongatus in log phase (OD750 ∼ 0.4) was transformed
with approximately 100 ng plasmid DNA overnight and plated
on BG11 plates with antibiotics. Neutral site vectors for genomic
integration were obtained from their respective lab of origins
[NS1/pAM2314; NS2/pAM1579 (30, 54); NS3/ pHN1-LacUV5
(31)]. Hydrogenase (HydA) from Clostricium acetobutylicum,
Clostridium acetobutylicum ferredoxin CAC0303, ferredoxin I
from Spinacia oleracea, and hydrogenase maturation factors
(HydEF, HydG) from Chlamydomonas reinhardtii were cloned
and synthesized as previously described (28).

SDS-PAGE and Western Blotting. Standard laboratory procedures
for SDS-PAGE were used, loading cyanobacterial lysates in
Laemmli Buffer on 4–20% gradient gels (Bio-Rad). Proteins
were transferred to PVDF membranes (Millipore) and probed
with anti-Strep antibodies (Novagen).

Hydrogen Production–Uptake Assays. S. elongatus was grown under
a standard atmosphere with appropriate antibiotics, diluted to
OD750 0.1 10∕50 mL within 25∕240 mL clear glass vials and
sealed with rubber septa. Where applicable, the following chemi-
cals were supplemented in the media: 5 μM Diuron (DCMU),
20 μM DBMIB, 0.1–1.0 mM IPTG, 20 mM Hepes pH 8.0.
Cultures were sparged with 2.5% CO2, nitrogen balance (Airgas)
and placed in 30 °C incubators with light as above (or dark, where
appropriate). For in vitro methyl viologen assays, we adapted
the method from ref. 25, lysing cyanobacterial sealed cultures
with bacterial protein extraction reagents (Pierce) in the presence
of 1 mM methyl viologen (Sigma) and 5mM sodium dithionite
for 60 min (Fisher). Headspace was measured by gas chromato-
graphy (Shimadzu GC-14A). For hydrogen-dependant growth
assays, headspace was sparged with 5%H2, 5% CO2, nitrogen bal-
ance. Measurement and calculation of chlorophyll a calculated by
methanol extraction were conducted as previously described (55).

Fig. 5. Model of ferredoxin-mediated electron transfer to/from hydro-
genase. Endogenous S. elongtaus ferredoxins (Syne. Fd) are capable of
transferring electrons from PSI to exogenous HydA for the production of
hydrogen. When exogenous Clostridial ferredoxin (C. Fd) is expressed, it is
the preferred interacting partner for HydA (bold arrows). Although C. Fd
can increase the flux of reducing equivalents to HydA under conditions
favoring hydrogen evolution, exogenous ferredoxins are inefficient for
electron transfer (faded arrows) to the plastoquinone (PQ) pool to allow for
hydrogen-mediated growth.
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1 RNA BINDING DOMAIN-APTAMER SETS 

The new RNA binding domain-aptamer sets are mutually orthogonal, as seen from this table of RNA 
binding domains (RBDs) tested in vivo and corresponding target aptamers as reported in Bayer et al (1). 
First row contains the names of RNA binding domains (RBD). The first column is the list of the 
corresponding aptamers. Each entry in the table represents the tested dissociation constants (Kd) in nM, as 
tested and reported in Bayer et al (1). N.T.: not tested.   

Table 1 

 RevN7D RevR11Q BMV Gag Lambda N BIV Tat 
HTLV-1 

Rex 

anti-RevN7D 120 >1024 >1024 N.T. >1024 >1024 
anti-RevR11Q >1024 100 >1024 N.T. >1024 >1024 

Anti-BMV 
Gag 

>1024 >1024 20 N.T. >1024 >1024 
Lambda box 

B 
>1024 >1024 >1024 90 >1024 >1024 

BIV TAR >1024 >1024 >1024 >1024 60 >1024 
HTLV XBE >1024 >1024 >1024 >1024 >1024 270 

The following table lists amino acid sequence of RBDs used by Bayer et al (1) and our work. 

Table 2 

 
We picked BIV-Tat from this list since it has an X-ray crystal structure reported (2) and showed high 
affinity to its aptamer in the above reports. 

2 SUPPORTING METHODS 

2.1 CLONING AND EXPRESSION STRATEGY 

The following table lists the plasmid systems used for expression of the various components in E. 
coli.  

RBD 
Name 

Amino acid Sequence Aptamer RNA sequence 

RevN7D TRQARRDRRRRWRERQR GACAAGUUGGUCCGCACAGUUGCGAGGUGU 
RevR11

Q 
TRQARRNRRRQWRERQR CGCUUAUGGUCAUUGAGUAUCUCCUGCCGA 

BMV 
Gag 

KMTRAQRRAAARRNRWTAR GGCGGUGGGUUUGGAAAACGGUAACGGGCA 
Lambda 

N 
MDAQTRRRERRAEKQAQWK

AAN 
GGGCCUGAAGAAGGGCCC 

BIV-Tat SGPRPRGTRGKGRRIRR GGCUCGUGUAGCUCAUUAGCUCCGAGCC 
HTLV-1 

Rex 
MPKTRRRPRRSQRKRP 

GCUCAGGUCGAGGTACGCAAGTACCUCCCUUG
GAGC 

)LJXUH $��� 6HTXHQFH LQIRUPDWLRQ IRU QHZ DSWDPHU�51$ ELQGLQJ GRPDLQ SDLUV
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)LJXUH $��� 7DEOH VKRZLQJ .G YDOXHV IRU QHZ 51$ ELQGLQJ GRPDLQ�DSWDPHU VHWV� )LUVW URZ FRQWDLQV WKH

QDPHV RI 51$ ELQGLQJ GRPDLQV �5%'�� 7KH ĆUVW FROXPQ LV WKH OLVW RI WKH FRUUHVSRQGLQJ DSWDPHUV� (DFK

HQWU\ LQ WKH WDEOH UHSUHVHQWV WKH WHVWHG GLVVRFLDWLRQ FRQVWDQWV �.G� LQ Q0� DV WHVWHG DQG UHSRUWHG LQ

%D\HU HW DO ��� 1�7�� QRW WHVWHG�
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Table 3 

Plasmid Name Vector Backbone 
(resistance) 

Expressed sequences 

pPSGS088 pACYCDuet1 (Cm) 

 

GFPA_(Gly4SerGly4)_ RevN7D 

pPSGS089 pACYCDuet1 (Cm) 

 

GFPA_(Gly4SerGly4)_ RevR11Q 

pPSGS090 

 

 

pACYCDuet1 (Cm) 

 

GFPA_(Gly4SerGly4)_ BMV Gag 

pPSGS091 

 

pACYCDuet1 (Cm) 

 

GFPA_(Gly4SerGly4)_ Lambda N 

pPSGS092 

 

pACYCDuet1 (Cm) 

 

GFPA_(Gly4SerGly4)_ BIV-Tat 

pPSGS093 

 

pACYCDuet1 (Cm) 

 

GFPA_(Gly4SerGly4)_ HTLV-1 Rex 

pPSGS094 

 

pCOLADuet1 (Kan) GFPB_(Gly4SerGly4)_ RevN7D 

pPSGS095 

 

pCOLADuet1 (Kan) GFPB_(Gly4SerGly4)_ RevR11Q 

pPSGS096 

 

pCOLADuet1 (Kan) GFPB_(Gly4SerGly4)_ BMV Gag 

pPSGS097 

 

pCOLADuet1 (Kan) GFPB_(Gly4SerGly4)_ Lambda N 

pPSGS098 

 

pCOLADuet1 (Kan) GFPB_(Gly4SerGly4)_ BIV-Tat 

pPSGS099 

 

pCOLADuet1 (Kan) GFPB_(Gly4SerGly4)_ HTLV-1 Rex 

pPSGS100 pACYCDuet1 (Cm) 
BIVTAT_(6xHis)_SerGlySer_AAR 

(6xHis)_SerGlySer_PP7_(Gly4SerGly4)_ADO 

pPSGS139 
(Fig S1) 

pACYCDuet1 (Cm) 
BIVTAT_(6xHis)_SerGlySer_AAR 

(Strep-Tag)_SerGlySer_PP7_(Gly4SerGly4)_ADO 

pPSGS083 
pPSGS087, 
pPSGS118 

pPSGS125-135 

pETDuet1 (Amp) 
Please see Scaffold Expression table for details of 

relevant DNA sequences expressed 
(2D scaffold vector shown in Fig S2) 

pPSGS153 pETDuet1 (Amp) 2D scaffold with anti-RevR11Q and MS2 

pPSGS144 pACYCDuet1 (Cm) PP7-PYC, mdh-BIV-TAT, lambda-FDH 

pPSGS146 pETDuet1 (Amp) 2D scaffold with PP7, anti-BIV-TAT, and anti-lambdaN 

pPSGS151 pACYCDuet1 (Cm) RevR11Q-eCA, PP7-PYC, mdh-BIV-TAT, lambda-FDH 

pPSGS152 pETDuet1 (Amp) 
2D scaffold with annti-RevR11Q, PP7, anti-BIV-TAT, 

and anti-lambdaN 

 

The following table lists the detailed protein sequences of the components indicated above and used 
in our experiments. 

)LJXUH $��� /LVW RI SODVPLGV XVHG IRU &KDSWHUV � DQG ��
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Table 6 

Scaffold Expression DNA sequence 

D0 
(BIV-Tat and PP7) 

pPSGS083 

GGAGGACTCGGCTCGTGTAGCTCATTAGCTCCGAGCC 
GAGTCCTCGAATACGAGCTGGGCACAGAAGATATGGCTTCGTGCC 

CAGGAAGTGTTCGCACTTCTCTCGTATTCGATTCCC_<T7TERM> 

D1 
(BIV-Tat and PP7) 

pPSGS087 

GGGTAGGCGCCTAGCCTAATGTACATTAAGTTATTTTTCCGGATGAATAG
AATATATTCTAATAACGCAGGACTC 

GGCTCGTGTAGCTCATTAGCTCCGAGCC 
GAGTCCTCGAATACGAGCTGGGCACAGAAGATATGGCTTCGTGCC 

CAGGAAGTGTTCGCACTTCTCTCGTATTCGATTGCG_<T7TERM> 
2D_A 
(PP7) 

pPSGS118 

GGGTCAGGAATCCTCCTGATAGCTATTTGGACAATTACGTACGTAGTTGA
TGACAACTACATGAAAATAAGGGCACAGAAGATATGGCTTCGTGCC 

CTCTAGA_<T7TERM> 
2D_B 

(BIV-Tat) 
pPSGS118 

GGGTAGTTGTTATGGATTCCTGATTTATGGGACCCT 
GGCTCGTGTAGCTCATTAGCTCCGAGCC 

AGGGTCC_ ACTAGT_<T7TERM> 
2D_BIV_variants 

(2D_B) 
pPSGS125-135 

(Default 7bp stem) 

GGGTAGTTGTTATGGATTCCTGATTTATGGGACCCT_<Rota-Variant> 
_ GGCTCGTGTAGCTCATTAGCTCCGAGCC _<Rota-Var-

ReverseComplement>_ AGGGTCC_ ACTAGT_<T7TERM> 

Rota-Variant-8bp stem G 
Rota-Variant-9bp stem TA 

Rota-Variant-10bp stem GGA 
Rota-Variant-11bp stem UGGC 
Rota-Variant-12bp stem AGGGA 
Rota-Variant-13bp stem GAGACC 
Rota-Variant-14bp stem AGUGAUG 
Rota-Variant-15bp stem GUUCCACG 
Rota-Variant-16bp stem AGUUCGUGA 
Rota-Variant-17bp stem GCAGUUCAAA 
Rota-Variant-18bp stem UGGUCAUCAAA 

PP7 aptamer GGCACAGAAGATATGGCTTCGTGCC 
MS2 aptamer CCACAGTCACTGGG 

T7Term CTAGCATAACCCCTTGGGGCCTCTAAACGGGTCTTGAGGGGTTTTTTG 

 

Table 7 

RT-PCR primer Primer sequence 

2D_F GGGTCAGGAATCCTCCTGATAGC 
2D_R GGTTATGCTAGTCTAGAGGGCACG 

GAPA_F ACTGACTGGTATGGGGTTCC 
GAPA_R AGGTTTAACGGCAGCTTTGA 

)LJXUH $��� '1$ VHTXHQFHV XVHG IRU H[SUHVVLRQ RI YDULRXV 51$ VFDIIROGV
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)LJXUH $��� 3ULPHUV XVHG WRPHDVXUH VFDIIROG 51$ OHYHOV
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