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plastoquinone; X — phylloquinone, and Z — Mn-tyrosine complex in
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Sources: Goodwin and Mercer. Introduction to Plant Biochemistry and
Heldt. Plant Biochemistry and Molecular Biology.
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Figure 1. An Updated Z-Scheme Describing Photosynthetic Electron Transfer. Each carrier is
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shown in both its oxidized and reduced form to facilitate the readers’ understanding of the
sequence of steps, in which each carrier accepts an electron from a donor to become reduced and
is reoxidized as it gives an electron to an acceptor. The midpoint potentials of the carriers in this
version of the scheme have been updated to reflect the recent literature but are yet only
approximate, owing in part to artistic aesthetics and in part to the intrinsic difficulty of estimating
these numbers. In the cytochrome b6f complex (shown in pink to distinguish it as a heme-
containing complex), the donor (reduced plastoquinol PQH2) provides two electrons: one is
transferred through the Rieske FeS protein and cytochrome f to plastocyanin (or cytochrome c6)
to photosystem I, while the other is transferred through the b-hemes to a bound quinone on the
stromal side. The dashed arrow to and from PQH2 distinguishes diffusion of the redox carrier
from the solid arrows that signify electron transfer. The conversion from the ground to the excited

state (indicated with an open vertical arrow) occurs upon absorption of a photon. Some of the

carriers appear to have obscure names (e.g., Z in PSII and AQ and A1 in PSI) and these have a
historical origin in that the carriers had been identified as spectroscopic signals long before their
chemical identities were known. In this scheme, A0 is indicated as Chl and A1 as PhQ to lead the
reader away from obscurity. Redding and van der Est (2005) have suggested a specific
nomenclature for the electron transfer cofactors in PSL.

Source:

Sabeeha Merchant and Michael R. Sawaya (2005) The light reactions: A

guide to recent acquisitions for the picture gallery. Plant Cell 17:648—663.
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Structure of NADPH (and NADH)!

Nicotinamide ring
(the functional moiety of the coenzyme)

P CONH,

.+
0O N
I
“0—P—O0—CH,
H H
H H
HO OH
O
NH,

Fig. 6.7. Structure of the pyridine nucleotides; NAD*, R=H;
NADP*, R=POj5".

! Source: TW Goodwin and EI Mercer 1990 Introduction to Plant Biochemistry. Pergamon Press. page 172
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Flavin adenine dinucleotide (FAD)

Figure 7.12 Structure of flavin adenine dinucleotide (FAD), the cofactor for ferredoxin-NADP
reductase. The oxidized quinone (FAD), partially reduced semiquinone (FADH") and fully reduced
hydroquinone (FADH,) forms are shown. The redox-active portion of the isoalloxazine ring is boxed.
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O Carbon

Figure 5.9
Structure of S. platensis ferredoxin and its 2Fe-2S cluster.
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Figure 7.1 Absorption spectrum of oxidized (dashed line) and reduced (solid line) cytochrome ¢, with
the structure of the heme cofactor for ¢-type cytochromes. The heme group is covalently attached to the
protein via two thioether linkages to cysteine residues. The lower panel shows the reduced-minus-
oxidized difference spectrum. '
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Nano Motors — page 1.19 — RR Lew, chemiosmosis

The structure of the ATP synthase has similarities to the flagellar motor, especially evi-
dence that rotation of the ¢ complex in the membrane cause conformational change that are
transduced into ATP synthesis from ADP and phosphate.

Schematic subunit arrangement of the Escheri-
chia coli F F, ATP synthase and the proposed
proton pathway in F,. The a,B, hexamer contain-
ing the catalytic sites in each of the  subunits
surrounds the rotor shaft made up of the y subunit
coiled-coil. The rest of the proposed rotor consists
of the € and ¢ subunits. The stator a3, and a
subunits are connected by the & and two b sub-
units. The 10—12 ¢ subunits are believed to be
arranged in a ring, with subunit a on the side.
Proton transport is mediated between the a and ¢
subunits. As shown, the protons enter from the
periplasmic space (right half-channel) to protonate
he ¢ subunit, and the protonated ¢ subunit rotates
i counterclockwise until it meets the cytoplasmic-

2 facing half-channel (left), where the protons are
released. Nakamoto RK, CJ Ketchum and MK
Al-Shawi (1999) Rotation coupling in the F F, ATP
synthase. Annual Review of Biophysics and
Biomolecular Structure. 28:205-234.

H ADP + P +mH* . <—>ATP + mH’

outside inside

Energetic equivalence of the chemical potential and Gibbs
free energy at equilibrium:

AGtotal =ne AMH+ + A(;ATP = O
inside
a. .
ne (RTIn| —2—1+ FAW) + AG},, + RTIn _LATP] ) _ 0
a [ADP][P]

The equilibrium energy is determined by solving for AW

(AG%.p and H" activities can be determined experimentally,
as can [ATP], [ADP] and [P,]).



Nano Motors — page 1.20 — RR Lew, protons and sodium

Biochemists identified the role of the proton motive force in ATP synthesis and bacterial
motility over a period of time extending from the 1950’s through the 1990°s. Much of this
scientific history is embedded in introductory and advanced biochemistry textbooks in

various forms.

2° _?°
It is, however, highly unlikely that the proton - C\ N A
(H*, a positively charged hydrogen ion) could be OH O
the transported ion. It is very small, with a corre- H* protonatable
spondingly high charge density, difficult to polar- + —NH groups
ize, and unlikely to exist for more than a brief —N H3 2
moment in aqueous biological environs, where :
there are so many other molecules it can interact +
with (especially water molecules, H,O, but also H— O H
ionizable groups such as carboxyls, aminos and H*+ O—H —
phosphates). If it did react with H,0, the product II—I

would be the hydronium ion H,O".

This is important in the context of flagellar rotation (or ATP synthesis), because the
mechanisms using a naked proton H* would be different from those involving H,O*. The
hydrogen ion would tend to pass from one ionizable group to the next (often called a
proton wire). This could result in conformational changes that cause a torsional strain and
eventually rotation. The H,O* would have to pass through a pore structure!l. Now, the
actual mechanism could involve a combination of both proton wire and hydronium ion
pore, but in fact this is not the case. The reason for such certainty is that certain bacteria
rely upon Na* motive force, rather than H* motive force for synthesis of ATP and flagellar
rotation'?. Unlike the naked proton H*, the Na* ion will not react with ionizable groups by
forming a covalent bond.

Hydronium ion depictions
. | ] .

MSource: Boyer, PD (1988) Bioenergetic coupling to proton motive force: Should we be considering

hydronium ion coordination and not group protonation? Trends in Biochemical Science
13:5-7.

ISource: Dimroth P (1995) On the way towards the Na*-binding site within the F F_ ATPase of Propi
ongenium modestum. Biochem. Soc. Trans. 23:770-775.



4 5 8 9 [[o]

pH
3 7
- ) \\‘
2 82 -2
84
’ 3 86 3
88
90
100,

=4 pMg

o /—\_/
-~

1.2, 12

7 - ;
4 5 6 7 8 9 [[v]
pH

Fi16. 3. Contour map of —AGY, in kilocalories per mole, for the
hydrolysis of ATP to ADP and P; at 25° and 0.2 ionic strength,
The confour lines are at intervals of 0.2 keal mole™!.

Alberty RA 1968 Effect of pH and metal ion concentration on the equilibrium
hydrolysies of adenosine triphosphate to adenosine diphosphate.
Journal of Biological Chemistry 243:11337=1343.

i
- VALUE OF AG° FOR THE HYDROLYSIS OF ATP

T T T T

880

8601

8201

BOOL

80F

7601

740F

pMg

i‘ig. 3. 4 G°obs as function of pMg at [ 0.20, 25 °C and various pH values.

' Roaing J and EC Slater 1972 The wvalue of AGO for the hydrolysis of ATP.
Biochimica Biophysieca Acta 267:1275-290.



?aa& *.Q

Tae owrsoll reacktion s

ALT « VY, « nlr(-: =— Axe 4 nﬂt

A‘L u.‘u\\m‘or\m s

Ao = o BUAys + Aby . O

paien (l,n.puv.l‘a wpon how MO
H* ane required pu ATP, Tais
temenns uncliar, B3 WY Lan hon
Hoae wma\ub acspted valua .

—\t\.n. LN N‘a'pah‘a\\b\.r. ‘eot" !..au.PL\vf\wa.L
vectssial Ut %mA\u\{- to :,\le-h.ua\'& S\_ AP €saan
ADVY AP, » o AP bg»&-.hu,

s Mmede s X (7, LoWdn resdas sutside

Ho mancbrone amd (Fo (whwaes reodas wiblloiu
Hae smewilarane

CE, oubunts Cre oubuands
no.,
oA B Gy -
> -3 ) -
¥ - W e vo-iM
S | Wola) -
' i |

e o %}3 bu‘ownltks B M AD? A ;: AP

T\A—l— c bu\bm';\'s etu\dru:nob o ‘dmnm\' -eaf—
Wt mouceasnt Uu.mu:&» e mamlerond .



CHEMIOSMOTIC COUPLING

Figure 8.4 Structure of the ATP synthase

enzyme. The F, and F  portions of the enzyme
are shown. Figure reproduced from Junge et al.
(1997) with permission from Elsevier Science.



CHEMIOSMOTIC COUPLING
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Figure 8.6 Binding change mechanism of ATP synthesis proposed by Boyer. The enzyme has three
catalytic nucleotide binding sites, which cycle between the tight, loose and open conformations. The
conformational changes induced by the rotary motion of the y subunit cause the enzyme to change its
affinity for the nucleotide. Figure reproduced from Boyer (2000) with permission from Elsevier Science.



8.7 Proposed pathway of proton translocation through the F_portion of the ATP synthase.
reproduced from Junge et al. (1997) with permission from Elsevier Science.
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