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Abstract

We have discovered anew O, sengtivity in dgd H, production that represents an adternative to the O,
sengtivity of the hydrogenase per se. The principd findings serving as evidences of this dterndive O,
sengtivity are as follows: (1) the unexpected surge of H, photoevolution immediately after the onset of
actinic illumination in the continued presence of low concentrations of O,; (2) the relief effect of FCCP on
O, inhibition of H, photoevolution; (3) the absence of tolerance to the continued presence of the
background O, in Nationa Renewable Energy Laboratory’ s O,-tolerant mutants; and (4) the observation
of resdud hydrogenase activity a O, concentrations as high as 5000 ppm, where the steady-dtate H,
photoevol ution was inhibited almost completely.

Thereported O, sengtivity isgpparently linked to the photosynthetic H, production pathway that iscoupled
with proton trand ocation across the thylakoid membrane. Addition of the proton uncoupler (FCCP) can
diminate this mode of O, inhibition on H, photoevolution. This mode of inhibition is likely due to the
background O, which apparently can serve as atermina eectron acceptor in competition with the H,
production pathway for the photosynthetically generated eectrons from water splitting. This O,-sengtive
H,-productionéeectron trangport pathway can beinhibited by DCMU. Our experimentsdemonstrated that
this dterndtive pathway is more sengtive to O, than the traditionally known G sengtivity of the
hydrogenase. These findings darify the meaning of “oxygen tolerance’ in dgd H, production by
demondtrating the two modesin which atmospheric oxygen interacts with the hydrogen evolution process.
Future work will focus on mapping this dternative eectron transport pathway and on gpplying it to
enhancing the production of H,.



Introduction

Algd photosynthetic hydrogen (H,) production is a potentia clean energy resource. In green agee,
photoevolutionof H, and O, occursin the same cell, where the photosyntheticaly produced O, caninhibit
the production of H,.! Therefore, the gpplication of green agae for H, production must addresses the
problemof O, sengtivity. Inthe past, this O,-sengtive phenomenon was generdly interpreted asthe direct
O.-inhibition effect on hydrogenase activity.? In the course of our investigations, we discovered that the
classc interpretation of O, sengtivity needsto be revised. In recent experiments that characterized O,
tolerance in H,-producing wild-type Chlamydomonasreinhardtii, we observed anew O, sengtivity that
is clearly digtinct from that of the hydrogenase. This O, senstivity indicates that there is an dternative
electron transport pathway that can redirect eectrons from the hydrogenase-catalyzed H,-production
pathway to O,. Our experiments demongtrated that the dternative mechanism ismore sendtive to O, than
the classic O, sengtivity of hydrogenase. Itisfelt that thesefindings represent asignificant progressinagd
H, production studies. This paper reports the detailed experimenta results.

Materials and Methods

Chlamydomonas reinhardtii wild-type strain 137¢ and O,-tolerant mutants 155G6, 141F2, 76D4, and
104G5 were grown under light intensity of about 20 FEjnT4s ~ in minimal -plus-acetate medium. When
the culture grew to acdll density of about10° cdlls'ml, theadgd cellswere harvested by gentle centrifugation
(3000 RPM). The dgd cels were then washed and re-suspensed in fresh minima medium for O.-
tolerance hydrogen-production assays. The O,-tolerance assays were performed under atmospheres of
research-grade helium (purity >99.9999%, zero oxygen) and aseries of O, concentrations[10, 100, 300,
1000 (0.1000%), 5000, and 10,000 ppm O,] in hdium usng our unique dud-reactor-flow detection
system. The 10, 100, 300, 1000, 5000, and 10,000 ppm O, in helium were primary standards purchased
from Matheson Gas and Equipment, Inc.

Asillugrated in Fig. 1, the assays were conducted using a laboratory-built dud-reactor flow detection
system.® For each assay, 35 ml of dgd sample (3 Fg Chl/ml) was placed and sedled in each of the two
reactorsthat are water-jacketed and held at 20°C with atemperature-controlled water bath (LaudaRM6,
Brinkmann Indruments, Germany). The dgd sample was then purged by hdlium flow (50 ml gas’min)
through the liquid reaction medium. The helium flow serves two purposes: (1) to remove O, fromthedgd
sample to establish and maintain anaerobic conditions that are necessary for induction of the agd
hydrogenase synthesis and productionof H, and (2) to carry any H, gas product to the hydrogen sensors.
After induction of hydrogenase and establishment of steedy-gtate photoevolution of H, under the helium
amosphere (which normally required about 8 h or more), the primary standards 10, 100, 300, 1000,
5000, and 10,000 ppm O, in hdiumwereintroduced into the reactors by replacing the pure hdium at the
same flow rate (50 ml/min) to characterize the oxygen senstivity of photoevolution of H,. The actinic
illumination at 100 uEim*%s'* (about 5% of the full LED intensity) for the H, photoevolution assay was
provided by an dectronicdly controlled LED light source with its full (100%) intendty of about 2000
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uEim*2js'! a 670 nm. The actinic intensity was measured with an IL-1700 light meter. Both the rate of
H, production and the actinic intensity were recorded smultaneoudy by a PC computer.

For the chemical inhibitor studies, 3-(3,4-dichlorophenyl)-1,1-dimethyl-urea (DCMU) and carbonyl
cyanide p-(trifluoromethoxy) phenylhydrazone (FCCP) were purchased from Sigma Chemical Company.
Stock (500 uM) solutions of these chemicalsweremade. Then, small aliquots of the sock solutionswere
injected into thereactorsto give thefina concentrationsof 10 uM DCMU and 5uM FCCPinthereaction
medium as specified in the particular experiments.
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Figure 1. Schematic of a dual-reactor flow detection system for simultaneous
detection of CO;,, H,, and O,.



Results and Discussion

First Evidence of a New O, Sensitivity in Algal H, Production

The results of the assays are very intriguing. Asillugtrated in Fg. 2, introduction of 0.1000% (1000 ppm)
O, dramatically reduced the rate of aga H, photoevolution. The steady-state H, production rate in the
presence of 0.1000% O, was 0.33 pmol H,img Chi*‘ih'* which is only about 2.8% of thefull steady-state

rate (12 pmol H,img Chi*-h'%) before the introduction of the 0.1000% O,. In the past, this type of H,
production decay  was
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inhibition of O, on | |
hydrogenase activity. Our
experimenta  results have
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surge of H, photoevol ution after a2-h dark period in the continued presence of 0.1000% O,. The peak
rate of H, photoevolution was about 15 pmol H,img Chl*%h'* which is about 45 times higher than the
classcaly predicted rate (0.33 pmol H,jmg Chi*t-h'Y). This assay has now been repeated for more than
6 times and al the results were consstent with the observation presented in Fig. 2.

Thisobservation clearly indicated that hydrogenase activity wasnot thelimiting factor for H, photoevolution
a thislevd of O,. There must be an dternative eectron transport pathway that takes the photogenerated
electrons away from ferredoxin (Fd) to O, The observed reduction of H, production after theintroduction
of 0.1000% O, can be explained by such apathway that competesfor e ectronswith the Fd/hydrogenase-
catayzed H,-production pathway. Thisis an important discovery since it fundamentally redefines the
meaning of “oxygen tolerance’ in dgd H, production.

Evidence for a New O, Sensitivity from Studies with DCMU and FCCP

Our gtudies with the chemicd inhibitor (DCMU) and proton uncoupler (FCCP) have yielded additiona

evidence for the new O, sengtivity. 20 e
FCCP isaproton uncoupler that can 13 ——LEDIntensity [
dissipate the proton gradient across ' — ", Production
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of 1000-ppm O, after theinductionof & ¢ ‘E
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22:20), aburst of H, photoevolution O e S I
appeared, followed by an oscillation w2 24 om0 oG W
in the decay curve. Since both the Time {h)

adtinic intensity and the background Figure 3. Evidence of a new O, sensitivity from H,

O, concentration (1000 ppm) production assays with proton uncoupler FCCP

remain_ed.the same;,] thishoscillationunder continued presence of 1000-ppm G in C.
s indicated that  the  decay reinhardtii 137c.

(inhibition) in the rae of H,

photoevolution resulted not from O, inhibition of the hydrogenase enzyme per se but from akinetic effect
of O, on the eectron trangport that is related to the H,-production process. Addition of 5 uM FCCP
produced a dramatic reversa of the O, inhibition on H, photoevolution. The rate of H, production rose
to about 16 pmolimg Chl**-h*Y. This FCCP-stimulated H, production is clearly photo-dependent. As
soon asthe actinic light was turned off, the H, production stopped. The data (Fig. 3) dso demonstrated
that the FCCP-enhanced photoevol ution of H, can last for more 4 hourswith somewhat decay. The decay
isdue to agde effect of FCCP known asthe ADRY effect in which FCCP gradudly inhibits PSII activity
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by deactivation of the photosynthetic water-splitting complex inthe S, and S; tates* However, FCCP
does not have any known effect on the hydrogenase enzyme per se. Therefore, the observed stimulation
of H, photoevolution by FCCP in the presence of 1000 ppm O, is additional evidence for a new O,
sengtivity in dgd H, production that is dternative to the oxygen sengtivity to hydrogenase per se. The
result clearly demonstrated that the newly discovered O,-sengtive eectron transport pathway requiresthe
presence of a proton gradient (or ATP) to operate.

DCMU is achemicd inhibitor that binds N
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reserves are not the man source of

electrons in this mode of H, production.

Evidence for a New O, Sensitivity from Studies with O,-Tolerant Mutants

There is an active DOE research effort to produce H,-producing, O,-tolerant mutants of green algae
Chlamydomonas reinhardtii.> ® Using dassica chemicd mutagenesis and metronidazole-sdlection
techniques, anumber of H,-producing O,-tolerant mutantsof Chlamydomonasreinhardtii (e.g., 155G6,
141F2, 76D4, and 104G5) have been recently generated at National Renewable Energy Laboratory
(NREL). According to the short-term O,-tolerance assays that were conducted at NREL , mutants 76D4
and 141F2, respectively, had 4 and 9 times higher O, tolerance than did the wild-type parentd drain.
Mutant strains 104G5 and 155G6 reportedly have an O, tolerance 13 times higher than that of the wild-
typeparentd strain.” In acollaborative effort with Drs. M. Seibert and M. Ghirardi of NREL, dl of these
mutantsweresent to our Oak Ridge National Laboratory (ORNL) for O ,-tolerance assayswith continuous
exposure to low concentrations of O,. The experimental results showed that none of the mutants possess
any sustained O, tolerance under the steady-dtate assay conditions. A typicd experimenta result is
presented in Fig. 5 for mutant strain 155G5 and its wild-type parent 137c. When the carrier gas was



shifted from pure helium to 1000-ppm
O, in hdium, H, photoevolution
decayed a essentidly the same
rate—from about 13to 1 pmal H,img
Chl**-h**—in both mutant155G6 and
the wild typel37c. Thisresultindicates
that mutant 155G6 does not possess
improved O,-tolerant properties under
these steady-state conditions.
However, the spike (the initid rate) of
H, productionimmediately followed the
onset of theactinicillumination after a2-
hdark period was higher in 155G6 than
in137c. Theobserved higher initid rate
in 155G6 compared with that of 137c
seemscondgtent withresultsof NREL's
short-term O,-tolerance assays, which
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Figure 5. O;-tolerance assay with NREL mutant
155G6 and the wild-type parental strain 137c.

may reflect the O, tolerance of the hydrogenase per se. The H, photoevolution (Fig. 5) showed that the
spike wasfollowed by aquick oscillation and then aquite steady decay in therate of H, productionin both
155G6 and 137c. Also, both of the strains responded to the addition of 5 uM FCCP and resulted in
dramatic relief of O, inhibition on the H, photoevolution. These smilarities between155G6 and 137c in
the response to the presence of the continuous background (1000-ppm) O, and to the addition of FCCP
aso suggested that the observed inhibition in the stready-state H, photoevolution was due to the newly
discovered oxygen sengtivity that is dternative to the O, sengtivity to the hydrogenase per se.

Kinetic Characterization of the New
O, Sensitivity

This newly discovered O, sendtivity was
further characterized by using a series of
different O, concentrations. Theexperimenta
results showed that introduction of 100-ppm
O, had no ggnificant effect on the steady-
state rate of H, photoevolution in 137c (Fig.
6). However, addition of 300-ppm O, began
to show some inhibitory effect on H,
production (Fig. 7). When the O,
concentration was raised to 5000 ppm, the
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the rate H, photoevolution decreased to tolerate 100-ppm Os.

nearlly zero (Fig. 8). However, the



i ——r— T iz L — T T T T T T T T T T T T T 14
= 200 ppr 3, '.fd:;“mmun - FE2LE ppre —— H,Piodustisn | .
;; . :_15 'E_”.d:' 2% LED »
E 1i s E . | _
g 14 L1 E ] ué\
¥ 121 L1z e 128
£ 1 ol & ] ‘ -
= o - 1 i~
g al La ¥ E " UII:
B r* £ 4] ’_
I:L.1 < -4 n.._ |
T T 4 i

e o “: - B —t 2

|L_I ' |::1 ' LA ' 123 1£4 ' |:_F,\_-. ' 1_‘_::_ “BE ' 1II.'I.I I 1=.I|:J I I‘IB.'Z I "éd I 1.I|'_ I I;l'.l I il I II.
Tim= {3 Tire [k}

Figure 7. Introduction of 300-ppm O, Figure 8. Introduction of 5000-ppm O;
leads to partial inhibition of algal H, has dramatic inhibition of H:
production. production, but the hydrogenase

remains active.
hydrogenasein the dgd cdls wasdlill active even after ”
the continued presence of 5000 ppm O, for more than
10 h. When the actinic was turned on again after hour
198, asmdl peak of H, photoproduction was observed.
As illugtrated in the expanded scde (Fig. 9), this H,
photoproduction pesk was clealy above the
background noise and/or dark-H, Sgnd, indicating the
presence of active hydrogenase in the dgd cdls.
Therefore, the hydrogenase in the wild-type cells can
tolerate up to 5000 ppm of O..
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Fgure 10 plots percentage of steady-dtate H,-
production rate against the background O,
mmtra'ons in the mutant 141F2 md theW”d-type Figure 9. Expanded Sca|e Of F|g 8’
137c. Thisresult indicates that CompaedWIththeWIld showi ng a clear peak of H,
type, mutant 141F2 does not possess improved O photoevolution after 10 h of continued

tolerant properties under these steady-state conditions. presence of 5000-ppm O,.
Thus, with respect to this newly discovered O,

sengtivity, mutant 141F2 showed no moretoleranceto O, than itswild-type parental strainl37c. The O,
concentration that gave 50% inhibition of H, photoevol ution was about 500 ppm for both the mutant and
the wild type.

Conclusions

We have discovered anew O, sengtivity in dgd H, production that is different from the O, sengtivity of
the hydrogenase. The principd findings serving as evidence of this new O, sengtivity are asfollows: (1)

8



the unexpected surge of H, photoevolution S L S A
immediately after the onsst of actinic '®] === I
illumination in the continued presence of low -]
concentration of O,; (2) the relief effect of
FCCP on O, inhibition of H, photoevolution;
(3) the absence of tolerance to the continued
presence of the background O, in NREL’s
O,-tolerant mutants; and (4) the observation
of hydrogenase activity at O, concentrations
as high as 5000 ppm, where the Steady-date
H, photoevolution was inhibited amost
completdly.
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This newly discovered O, senstivity is 4 pom

gpparently linked to the photosynthetic H,
production pathway that is coupled with
proton trandocation across the thylakoid
membrane. Addition of the proton uncoupler
(FCCP) can diminatethismode of O, inhibition on H, photoevolution. This mode of O, inhibitiononH,
productionislikely dueto the background O,, which gpparently can serve asatermina € ectron acceptor
in competition with the H, production pathway for the photosynthetically generated dectrons from water
gplitting. This O,-sengitive H,-production eectron transport pathway can be inhibited by DCMU. Our
experiments demondtrated thet this dternative mechanismismore sengtiveto O, than the O, sengtivity of
the hydrogenase. These findings redefine oxygen tolerance in algd H, production. Future work should
focus on mapping this dternative eectron transport pathway and on devel oping atechniqueto control this

pathway to enhance the production of H,.

Figure 10. Effect of background O;
concentrations on steady-state H,
photoevolution.

Future Work

Our future work will focus on mapping thisdternative e ectron trangport pathway and on developing anew
approach to enhance the production of H, based on the new findings.

Mapping Out the Pathway

Asdiscussed previoudy, this newly discovered O, sengtivity gpparently represents anew pathway inthe
photosynthetic H, production that is coupled with proton trand ocation across the thylakoid membrane.
Asillugrated in Fig. 11, the Site for the reduction of O, could be at the RuBisco enzyme, which can serve
as both a RuDP carboxylase and/or a RuDP oxygenase in the Calvin cycle. Under the conditions for H,
photoevolution where CO, is not present and ATP is abundant owing to the associated
photophosphorylation, the Cavin-cycle enzymes are fully activated and RuBisco could act as a strong
oxygenase. Thishypothesiscan explain how FCCP mitigatesthe O, inhibition of H, photoevolution, Snce
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the operation of the Cavin cyclerequires Hot
formation of ATP using the proton - Qf:“
gradient across the thylakoid o /.O o e (1), etc.
membrane. Another possiblesitefor the 2H, A o8 X

O, interaction could be a Ferredoxin /?’Y’Smé@a S
(Fd), which could dso serve as the s
electron donor to O, (as in the dassc

Mehler reaction). More experimenta -
dudies are needed to completely _
elucidatetheoz-serﬂtiveHz—production\‘e{f_ T RRTRERFE
electron transport pathway. Weplanto {9, po i
ducidate this pahway by using more AN 3ol et )]
chemica inhibitors and a RuBisco- §
defident mutant of Chlamydomonas

reinhardtii in our experimentd SUAIES. g re 11, The newly discovered O, sensitivity is
RuBisco-deficient mutants, such assirain jjy a1y due to the background O, (at about 1000 ppm
76-5EN, which wes generdted Dy |o\615) acting as a terminal sink, in competition with
chemical mutegenesis, arenow available. v, o Fq/hydrogenase H, production pathway, for

Wewill obtain RuBisco-deficient mutant 1, 4 synthetically generated electrons.
76-5EN from the Chlamydomonas

Genetic Center at Duke Univerdty. Use of this mutant in our future assays should make it possible to
confirm whether RuBisco isindeed the Site where the background O, could act as atermind sink for the
photosynthetically generated electrons and thus reduce H, production because of the nonproductive
drainage of the reducing power (electrons). If RuBisco isindeed the Ste where the background O, enters
the pathway, the H, photoevol ution in aRuBisco-deficient mutant is expected to have asustained tolerance
to the background O,.

~ - RuBisco

)

s

Mehler Reaction?

Developing a New Approach to Enhance H, Production

Our experimenta studies have demonstrated that addition of the proton uncoupler FCCP can enhance H,
photoevolution by diminating or reducing the activity of the newly discovered O, sengtivity. If the Ste of
O, entry isindeed a the RuBisco enzyme, then aRuBi sco-deficient mutant could, theoreticaly, dso befree
of this O, sengtivity for H, production. However, a RuBisco-deficient mutant cannot grow
photoautotrophicaly and requires organic substrate for its photoheterotrophic growth. Moreover, it lacks
the ability to overcome the problem of proton-gradient buildup that impedes the linear eectron transport
fromPSII water splitting to the Fd/hydrogenasein H, photoevolution.? Therefore, itisprobably impractical
to use such a RuBisco-deficient mutant for large-scale H, production.

Addition of proton uncouplers such as FCCP could eliminate both the problems of back-proton
accumulation and the newly discovered Q sendtivity. However, most of these chemica proton

uncouplers, such as FCCP, carbonyl cyanide m-chlorophenylhydrazone (CCCP), and anilinothiophene,
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have undesirable side effects such as the
ADRY effect tha can damage the (CHOete
photosynthetic activity in dgd cdls Also, o
these chemicadsarehazardous materialsthat

areenvironmentdly unecogptablefor large-scde DNA NADP"
appllcatlons Therefore, we propose al Hydrogenase Promoter | Cflsuppressorl g}“m
technique to overcome these problems in a H
more effective way.

This new approach is to insert a piece of :3:‘"':*_- . SN g 111 e 11T ETTTITITL
DNA that containsahydrogenasepromoter 5 v
and a CF1 suppressor (or aproton-channel
gene) into a host dga as illugrated in Fig.
12. This DNA insertion can be achieved

by using the techniques of gene riq e 12, A transformed alga that contains the
transformation.  The CF1-SUppressor of p\a of a hydrogenase promoter and a CF1

proton-channgl genewi'lll hot be'expressed suppressor could grow photoautotrophically
under aerobic conditions since the using ambient air CO;.

hydrogenase promoter is activated only

Normal Photosynthesis Under Aerobic Conditions

under anaerobic conditions. Therefore, the ol oRL o 20079
transformed aga should be ableto perform o
autotrophic photosynthesisusingambient air N i “oner

CO, as the carbon source and grow N T N

normally under aerobic conditions such as Tt R

in an open pond. When the dgd cultureis TN DA TVA

grown and ready for H, production, the [iassenase pamoer | Gisimpiessar | 5 | e 7
CF1-suppressor or proton-channd gene 5 1

can then be expressed smultaneoudy with
the induction of the hydrogenase enzyme
under anaerobic conditions. The
expression of the CF1 suppressor should
create CFO! WhICh COUId act as a free Hy Production Under Anaerobic Conditions

proton channe without the CF1 cap, thus

dissipating the proton gradient across the Figure 13. Expression of the CF1 suppressor to
thylakoidmembranewithout ATPformation create free CFo (without CF1 cap)
(Fg. 13). The €ffect of the free CFo simultaneously with induction of the
channg on H, photoevolution could be hydrogenaseinthetransformedalga. CFo could
twofold. (1) The accumulation of proton serve as aproton channelto dissipatetheproton
gradient that impedes the photosynthetic gradient to enhance H, production.

electron transport from water to

Fd/hydrogenase could be prevented; and (2) The newly discovered O, sengtivity could be avoided by
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diminaing the photophosphorylation ot

that is required for the activation of the Oz '-._‘EARK
- ~

Cavin cycle and the RuDP-oxygenase " \WO i ?‘c‘@nem
activity of the RuBisco enzyme 2 ,.-" N
(asuming that the entry of the “‘_‘:ﬁ;fm;@ w0, T

. . o - '
background O, is indeed a the - TN peaeTR7AN
RUBIS:O) |Hydrogenase Promoter | Proton Channel Genel \. g NAI?E’H + H* ‘;'“.” . \
Membrane proton channels made of A -

gynthetic  polypeptides have aready
been demonstrated. From the known
polypeptide sequence, acorresponding
DNA sequence for a polypeptide [ =
prOton Channe' can now be " ' H, Production Under Anaerobic Conditions

congtructed. Therefore, construction

and trandformation of a vector that Figure 14. Development of an efficient algal H-
containsthehydrogenasepromoterand production system by construction and

a gynthetic DNA sequence for the transformation of a vector that contains the

polypeptide proton channel are hydrogenasepromoterand apieceofsynthetic DNA
probably moreachievable. Expresson for a polypeptide proton channel. The transformed

of such a polypeptide proton channdl alga could grow normally using ambient air CO,

(Fig. 14) should provide the same under aerobic conditions without the polypeptide

benefits to enhance H, photoevolution proton channel, which could be expressed only with

as those from the free CFo channds the induction of the hydrogenase under anaerobic

(Fg. 13). Our collaborator, Prof. conditionswhenits functionis neededforenhanced

Lauie Mes of the Universty of H, production.

Chicago, has dready cloned a

hydrogenase promoter. In our future work, we will focus on the congtruction and transformation of a
vector that contains the hydrogenase promoter and a synthetic DNA sequence for the polypeptide proton
channd into Chlamydomonas reinhardtii DSP521. DSP521 is a geneticaly modified strain for which
we have experimentally demongtrated the higher overall photon-utilization efficiency which is attributed to
its smaler chlorophyll-antenna size in comparison with that of its wild-type parentd strain DES15.°
Coordinated expression of the polypeptide proton channd (or CF1 suppressor) smultaneoudy with the
induction of the hydrogenase would transform dgd cdlls into inexpensive, effective, and environmentaly
friendly machines for production of H, by photosynthetic water splitting.
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