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Synonyms

Light-induced electron transport

Definition

Photosynthetic electron transport describes the process

of light-induced electron transport for generating
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chemical energy and reducing equivalents in

phototrophic organisms.

Introduction

Photosynthesis is the ultimate source of all of our food

and most energy sources on Earth, and photosynthetic

organisms use solar energy to drive the synthesis of

biomass and biofuels. Photosynthetic electron trans-

port is the first stage of photosynthesis that produces

chemically stored energy and uses solar photons to

drive electron transport against a thermodynamic gra-

dient. The electron transport pathway and the coupled

chemiosmotic gradient generates high-energy

chemicals, (adenosine triphosphate, ATP) and reduc-

ing equivalents (reduced ▶ nicotinamide adenine

dicnucleotide phosphate, NADPH) (Blankenship

2002). Both oxygen-evolving phototrophs, including

cyanobacteria, algae, and plants, and anoxygenic

(non oxygen-evolving) phototrophic bacteria are

known. All anoxygenic organisms contain a single

photosystem. While the details of the organization of

photosynthetic complexes and reactions are different

in these two broad groups of organisms, the basic

mechanism of light-driven electron transfer across

a membrane mediated by a pigment-containing protein

complex called a reaction center (RC) is universal.

Photosynthetic Electron Transport in
Chloroplasts and Oxygenic Phototrophs

The overall reaction for photosynthetic electron trans-

port in chloroplasts of higher plants, photosynthetic

algae, and oxygenic photosynthetic bacteria known as

cyanobacteria is given in Eq. 1. The precise stoichiom-

etry (n) of ADP, Pi (inorganic phosphate), and ATP

depends on the reaction conditions.

2 H2Oþ 2NADPþ þ nADPþ nPi �!hv O2

þ 2NADPHþ 2Hþ þ nATP
(1)

The production of NADPH and ATP through pho-

tosynthetic electron transport is required for carbon

fixation and numerous cellular functions. Further, the

release of O2 into the atmosphere caused the transition

from the anaerobic world in the early Earth to the

aerobic world of today (Blankenship 2010).

Solar energy is either directly absorbed by chloro-

phylls in the reaction center (RC), where the charge

separation and electron transfer process take place, or

first absorbed by chlorophyll or other accessory pigments

such as carotenoids in the light-harvesting antenna com-

plexes and then transferred to the RC. Electron transport

is initiated in▶Photosystem II (PSII, or H2O:plastoqui-

none oxidoreductase) and▶Photosystem I (PSI, or plas-

tocyanin:ferredoxin oxidoreductase). PSI and PSII, each

containing several proteins and small molecules func-

tioning as electron carriers for▶ proton-coupled electron

transfer, have been characterized in detail in oxygenic

phototrophs (Blankenship 2002).

In the noncyclic electron transport pathway in oxy-

genic organisms, photosynthetic electron transport is

initiated from oxidation of H2O in the oxygen-

evolving complex (OEC) of PSII to NADP+ in PSI

(the so called Z-scheme). As illustrated in Fig. 1a, the

noncyclic electron transport pathway can be divided

into the electron donor side and the electron acceptor

side of PSI and PSII. Three integral membrane protein

complexes, the RC of PSII (including a special

pair of chlorophyll a (Chl a) that absorbs photons at

680 nm (P680)), the cytochrome b6 f complex (or

plastoquinol:plastocyanin oxidoreductase), and the

RC of PSI (with a special pair of Chl a and its C132-

epimer absorbs photons at 700 nm (P700)) operate in

order for noncyclic photosynthetic electron transport to

take place. Although most of the photosynthetic com-

plexes are associated with the thylakoid membrane,

several electron carriers are water-soluble proteins,

including the cupredoxin plastocyanin (PC, a water-

soluble copper-containing protein), ferredoxin (Fd,

a small iron-sulfur protein), and ferredoxin:NADP+

oxidoreductase (FNR), which is known to be the last

electron transporter in photosynthetic electron trans-

port, drives electron from the reduced ferredoxin to

NADP+ to generate NADPH.

The cytochrome b6 f complex transfers electrons

from plastoquinol (PQH2, a reduced form of plastoqui-

none (PQ) and a mobile electron carrier) in PSII to PC

in PSI and functions as a proton pump for synthesizing

ATP. The structure and function of the cytochrome b6 f

complex are similar to that of the cytochrome bc1
complex (also known as complex III) in chemiosmotic

electron transport in mitochondria and some

anoxygenic phototrophs, although the cytochrome c1
and f subunits have very different structures and evo-

lutionary histories (Baniulis et al. 2008).
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Alternatively, cyclic photosynthetic electron trans-

port pathway also operates during phototrophic growth

(Fig. 1a). Different from the noncyclic electron trans-

port, electrons carried by the reduced ferredoxin or/and

NADPH during cyclic electron transport are trans-

ferred to PQ or to the cytochrome b6 f complex,

which forms a supercomplex with PSI and FNR during

cyclic electron transport (Iwai et al. 2010). Thus, dur-

ing cyclic electron flow, NADPH is not synthesized or/

and not used for assimilating CO2 and carbon metab-

olisms, and O2 is not produced during cyclic electron

transport because the PSII is bypassed. Nevertheless,

cyclic electron transport is essential to fulfill the

demands of ATP, which is generated through electrons

transferred from PQH2 to the cytochrome b6 f complex.

While the detailed mechanism(s) of cyclic electron

transport is(are) not completely understood, it has

been suggested that cyclic electron transport is essen-

tial for synthesizing ATP in chloroplasts of bundle-

sheath cells, which are found in certain C4 plants and

have much less PSII than PSI, protecting the photo-

synthetic apparatus from photodamage (Shikanai

2007), and balancing ATP and NADPH in chloroplasts

through regulating the noncyclic electron transport as

cyclic and noncyclic electron transports share several

electron carriers (Fig. 1a).

Figure 1b depicts the structural data of four trans-

thylakoid membrane protein complexes (PS II (Guskov

et al. 2009), cytochrome b6f complex (Kurisu et al.

2003), PS I (Ben-Shem et al. 2003), and ATPase) and

of mobile protein electron carriers (plastocyanin (Xue

et al. 1998), ferredoxin, and FNR (Kurisu et al. 2001))

in the photosynthetic electron transport chain during

oxygenic photosynthesis (Nelson and Ben-Shem

2004). The structures have been adjusted to the relative

size of plant photosystem I, and the principal electron

and proton pathways are illustrated. The cyclic electron

transport pathway is indicated by a dashed line.
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representation of

photosynthetic electron

transport in oxygenic
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Photosynthetic Electron Transport
Employed by Anoxygenic Phototrophic
Prokaryotes

The photosynthetic electron transport in photosyn-

thetic prokaryotes is suggested to be the predecessor

of photosynthetic electron transport in chloroplast of

higher plants and plays an essential role in the evolu-

tionary perspective of photosynthesis (Blankenship

2010). It is evident that the oxygenic photosynthetic

bacteria (cyanobacteria) carry out similar noncyclic

and cyclic electron transport pathways as in

chloroplasts, although in many cases cyanobacteria

(and some algae) use cytochrome c6 instead of PC for

transferring electrons from cytochrome b6f to the RC

of PSI (Fig. 1a).

Electron transport pathways have been identified in

various types of anoxygenic photosynthetic prokary-

otes, including purple photosynthetic bacteria, green

sulfur bacteria (GSBs), filamentous anoxygenic

phototrophic bacteria (FAPs, or green non-sulfur/glid-

ing bacteria), and heliobacteria (Blankenship 2002).

Recently, another group of anoxygenic phototrophic

prokaryotes have been discovered, the Chloroacido-

bacteria (Bryant et al. 2007). Studies on purple bacteria

and GSBs have been reported since eight decades ago

(van Niel 1931). Depending on the electron sources,

purple bacteria can be classified as purple sulfur
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bacteria (PSBs) and purple non-sulfur bacteria. As indi-

cated by the given name, purple non-sulfur bacteria

prefer to acquire electrons from non-sulfide electron

sources, such as organic carbon sources or H2. PSBs,

along with GSBs, acquire electrons from sulfide

oxidation, instead of water splitting. These organisms

use several different enzyme systems, including sulfide-

quinone oxidoreductase (SQR) to oxidize sulfide and

trigger the electron transport (Frigaard and Dahl 2009).

A special pair of bacteriochlorophyll a (BChl a) in

the RC of purple bacteria and GSBs absorbs the photon

at 870 nm (P870) in heterodimeric type II RC of purple

bacteria or 840 nm (P840) in a homodimeric type I RC

of GSBs. Purple bacteria have been shown to operate

cyclic electron transport for producing ATP, and GSBs

have been suggested to carry out noncyclic electron

transport to reduce NADP+ (Fig. 2a, right) and cyclic

electron transport to generate ATP. The noncyclic

pathway in GSBs has been generally accepted,

whereas the cyclic electron transport has not yet been

experimentally verified. Further, different from the

cytochrome b6 f complex employed by oxygenic

phototrophs, the cytochrome bc1 complex is utilized

by purple bacteria and GSBs for photosynthetic elec-

tron transport. Also, a water-soluble mobile protein

▶ cytochrome c2 (or cytochrome c554), rather than

plastocyanin, is used to transport electrons from the

cytochrome bc1 complex to the type I RC (or the type II

RC) in GSBs (or purple bacteria). Moreover, different

quinones (menaquinones or ubiquinones) are used to

transport electrons to the cytochrome bc1 complex in

GSBs and purple bacteria (Fig. 2a).

Like purple bacteria, FAPs also employ cyclic elec-

tron transport in the type II RC (P870), whereas an

alternative complex III (ACIII), containing seven dif-

ferent protein subunits (Gao et al. 2010; Yanyushin

et al. 2005), and auracyanin (a soluble blue-copper

protein) (Bond et al. 2001; Lee et al. 2009) are utilized

in place of the cytochrome bc1/b6 f complex and cyto-

chrome c2/plastocyanin, respectively, for photosyn-

thetic electron transport (Fig. 2b). Finally, the

electron transport pathway has not been completely

established in the anaerobic anoxygenic heliobacteria

that are obligatory photoheterotrophs and have the type

I homodimeric RCs with a special pair of bacteriochlo-

rophyll g absorbing at 798 nm (P798). P798 functions

as the primary electron donor, and a unique isomer of

Chl a, 81-OH-Chl a, which absorbs the photon at

670 nm (P670) and has only been found in

heliobacteria, serves as the primary electron acceptor

(Heinnickel and Golbeck 2007). A cyclic electron

transport chain has been proposed with the electron

contributed from the oxidation of NADH by the

NADH-quinone oxidoreductase (i.e., the ▶ complex I

in chemiosmotic electron transport) (Kramer et al.

1997) and the cytochrome bc1 complex in purple

bacteria and GSBs is replaced by a cytochrome bc

complex (a hybrid of cytochrome bc1 and b6 f complex)

in heliobacteria (Ducluzeau et al. 2008) (Fig. 2c).

Summary

Photosynthetic electron transport converts free and

abundant solar energy into reducing power and chem-

ical energy for producing biomass and biofuels

through transferring electrons sequentially from H2O

through Photosystem II and then Photosystem I to

NADP+ in chloroplasts of higher plants and photosyn-

thetic algae or in cyanobacteria. While oxygenic

phototrophs operate both noncyclic and cyclic electron

transport pathways, anoxygenic photosynthetic pro-

karyotes carry out alternative electron transport

pathways to generate ATP and/or NAD(P)H.

Cross-References
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tion and the role of quinones, lipids, channels and chloride.

Nat Struct Mol Biol. 2009;16:334–42.

Heinnickel M, Golbeck JH. Heliobacterial photosynthesis.

Photosynth Res. 2007;92:35–53.

Iwai M, Takizawa K, Tokutsu R, Okamuro A, Takahashi Y,

Minagawa J. Isolation of the elusive supercomplex that

drives cyclic electron flow in photosynthesis. Nature.

2010;464:1210–3.

Kramer DM, Schoepp B, Liebl U, Nitschke W. Cyclic electron

transfer in Heliobacillus mobilis involving a menaquinol-

oxidizing cytochrome bc complex and an RCI-type reaction

center. Biochemistry. 1997;36:4203–11.

Kurisu G, Kusunoki M, Katoh E, Yamazaki T, Teshima K, Onda

Y, Kimata-Ariga Y, Hase T. Structure of the electron transfer

complex between ferredoxin and ferredoxin-NADP(+)

reductase. Nat Struct Biol. 2001;8:117–21.

Kurisu G, Zhang H, Smith JL, Cramer WA. Structure of the

cytochrome b6f complex of oxygenic photosynthesis: tuning

the cavity. Science. 2003;302:1009–14.

Lee M, del Rosario MC, Harris HH, Blankenship RE, Guss JM,

Freeman HC. The crystal structure of auracyanin A at 1.85 Å
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Synonyms

PS I; PS1

Definition

Photosystem I is a large membrane protein complex

involved in the process of oxygenic photosynthesis

catalyzing the light-induced transmembrane electron

transfer from plastocyanin or cytochrome c6 to ferre-

doxin or flavodoxin.

Introduction

Oxygenic photosynthesis, catalyzed by plants, algae,

and cyanobacteria, is the major process on earth that

converts light energy into chemical energy. It provides

the major energy source for all higher life on earth and

uses water as an electron source, leading to the evolu-

tion of oxygen, which 2.5 billion years ago changed

the atmosphere of our planet Earth. The reactions of

photosynthesis are catalyzed by two large membrane

protein complexes, Photosystem I (PSI) and ▶Photo-

system II (PSII), which act in series and are coupled

by the ▶ cytochrome b6f complex. PSI catalyzes the

light-induced transmembrane charge separation from

plastocyanin or ▶ cytochrome c6, located at the inside

of the photosynthetic membrane (lumen of the thyla-

koids), to the soluble electron carrier protein ferre-

doxin, located at the outside (stroma or cytosolic

side) of the thylakoids. The electrochemical gradient

formed across the photosynthetic membrane drives

synthesis of ATP by the ATP synthase. The electrons

are finally used for reduction of hydrogen, stored in

form of NADPH, and ATP which are used for CO2

fixation in the Calvin Cycle.

PSI is a large protein complex. In cyanobacteria, it

is a trimer with a molecular weight of 1 million Dalton.

One monomer of PSI consists of 12 proteins and 127
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