Lipids, membranes and chemiosmosis

The igurebelowillustrates the interior of a eucaryotic cell such as found in all higher
animals.

Map of the cel
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Its outer limit is theplasma membranand it contains many different types of structures each of
which is also highly membranous. Thecleuss surrounded by a membranous structure with
large holes depicted by large dots through which messenger RiiésuCleicacids),
transcribed from gersan the nucleus, are transported to the raargfoplasmic reticulurwhere
they are translated into proteins. This is depicted by strings of small dots that represent
ribosomessequentially reading the messenger RNAs and translating them into proteses. The
proteins are subsequently released from the ribosomes and are transporteddotgithe
apparatusfor posttranslational processing. They may subsequently be sequestered in secretion
granules, that are small intracellular membranous compartmentsithfitse with the plasma
membrane in a process callexbcytosisvhereby their contents are released to the exterior of the
cell. Endocytosiss the reverse of this process and prodecetsomethat contain molecules
from outside the cell. These may bgealted ilysosomesvith which the endosomes fuse. All of
these structures are dynamic, membranous structures. The membranes are lipid bilayers with a
thickness of 6 to 10 nnm&naneters).

Obviously, the picture ithe figureis not a photemicrograph mee with a light
microscope because such phai@rographs are restricted to larger than micron scale, and
nanometer scale structures are depicted in the picture. The picture is a deduced representation



made from scores of electronicrographs made with thredectronmicroscope. The revolution in
electron microscopy techniques in the 1940s through the 1960s made this picture possible. This
picture is a static picture as well. In a living cell the membranous structures are in motion and
undergo fusions and Bsns that constantly change their number, size and shape. Of special
interest for us in thigextare themitochondrig two of which are shown in the picture (a typical

cell may contain hundreds of mitochondria). These are the power plants of thendedhra

variety of processes take place. Before a detailed account of their structure and processes is
given, however, a digression into membrane structure is required.

Lipids and membranes

Membranes selassemble from lipid molecules and proteins. Membranes are highly
selective permeability barriers. Except for the processes of exocytosis and endocytosis
mentioned above (in fact, both of these processes require the aid of a structuralgiaitein),
transport across membranes is mediated by embedded proteins. These proteins confer on the
membrane its distinctive features. They serve as pumps, gates, transporters, receptors, energy
tranducers, structural elements and enzymes. The rgtiot@in to lipid by weight in a
membrane can range from 3 to 1 to 1 to Snirelin a nerve fiber insulator, the membrane is
18% protein, the plasma membrane is 50% protein and the inner mitochondrial membrane is
75% protein.

The three major kinds of @mbrane lipids arphospholipidsglycolipidsandcholesteral
Phospholipids are derived from the three carbon alagyu#rol
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and glycolipids are derived from the more complex alcspbingosine



Those derived from glycerol were callpdosphogfceridesbut are now called
glycerophospholipidand contain twdatty acidside chains and a phosphorylated alcohol such
ascholing ethanolaminginositol or serine Typically, the fatty acid chains in phospholipids and
glycolipids contain between 14 a@d carbon atoms. Most common are fiélifhitate
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Oleate contains one unsaturated carbaron double bond in the middle of the chain. Itis in
thecis conformation and this is almost always the case with unsaturated biological fatty acid
chains. The bend this causes in the fatty acids creates a disruption of regular order in the
membrane resulting in a more fluid membrane interior.

In glycerophospholiils, the carboxyl groups of the fatty acids are esterified to the C
and G2 hydroxyl groups of glycerol. In the simplest glycerophospholipid, #3eh@droxyl of
glycerol is esterified to phosphate, formitigcylglycerot3-phosphate
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Membranes conia only a small amount of this compound. The major glycerophospholipids are
derivatives of this compound in which the phosphate group is esterified to the hydroxly group of
one of several alcohols

Glycolipids are based on sphingosine. This molecoi¢ains an amino group and
already has one fatty acid chain. A second fatty acid carboxly group is linked by an amide bond
to this amino group. Isphingomyelinphosphorykcholineis esterified to the hydroxly group of
sphingosine. In glycolipids genemglithe unit linked to the hydroxly group of sphingosine is a
simple sugar or a small sugar polymemgllicoseor galactosas used then the result is a



cerebrosideand if a branched sugar chain with up to seven units is used then the result is a
gangliosde Another important neutral lipid in some membranes is choleststeta
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It is found in most eucaryotes but not in procaryotes. The single O that it contains derives from
atmospheric@ Chol ester ol must have eaccanulatedd® aft er
Eucaryotic plasma membranes are often rich in cholesterol but the membraneseaifidab
organelles have less. The evolutionary theory that mitochondria and cholorplasts in eucaryotes
arose from captured procaryotic ancestors suggesthigir membranes should contain no

cholesterol.
Single fatty acidselfassemblé¢link] into micelles


http://www.fefox.com/ARTICLES/Water.pdf

Phospholipids and glycolipids, on the other hand generally form lipid bilayers (also called
bimolecular sheets)

These structures are the result ofdhgphipathicnature of these molecules. That is, they contain
both ahydrophobiaegion, the fatty ad chains, and aydrophilicregion, the charged phosphate
groups and in some cases charged amine groups. The essseitasgemblyhas to do with the
way water molecules interact with the two regions of the lipid molecules. Water molecules are
polar aml can hydrogen bond with other molecules. The hydrophobic fatty acid regions of lipids
interact more favorably with other hydrophobic molecules then with water and the hydrophilic



regions interact strongly with water. To accommodate both tendenciesdatsyform micelles

in which the hydrophilic carboxyl groups are on the outside in direct contact with water and the
hydrophobic fatty acid chains are on the inside interacting with each other. Micelles are usually
less than 20 nm in diameter. Phosphobpaed glycolipids have two fatty acid side chains and

are, therefore, too bulky to readily form micelles without exposing the fatty acids chains to water
from the outside. Instead, a bilayer forms in which all of the fatty acids are inside the bilayer,
seqlestered away from water while the charged hydrophobic ends are on the outside of the
bilayer
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The bilayers tend to close up making a closed compartment that can have a diameter as large as
mm 6 milli heter). This is a much more versatile structhign a micelle. Bilayers tend to be

highly impermeable to ions and polar molecules, with the conspicuous exception of water
molecules. Permeability coefficients are measured in @ardiheters pesecond).The table
belowshows the great range of valudsserved
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Increasing permeability

For an ion such as Ngsodium) the incredibly low permeability compared t@Hesults from

the solvation shell of water molecules around Mahe aqueous milieu. This shell would have
to be removed in order for Néo permeate the bilayer. This is highly unfavorable energetically.
The permeability of LD is a result of its very small size and its high thermal velocity at
physiological temperatures, about 4 X &f/s ( this speed is equivalent to 1440 km/hr
(kilometer perhour).

When the bilayer closes into a compartment so that there are no edges exposing fatty acid
side chains to water, the resulting structure is asymmetric. Sphingomyelin and phosphatidyl
choline are preferentially located in the outer layer evptosphatidyl ethanolamine and
phosphatidyl serine are preferentially located in the inner layer in the case of red blood cells.
This brings up an important fact regarding the nature of the association of lipid molecules in the
bilayer. It is not a covale arrangement. The fatty acid side chains of different lipid molecules
interact by hydrophobic forces and van der Waals forces, whereas the charged, hydrophilic ends
interact with water molecules by ionic forces and hydrogen bonds.

The individual lipid nolecules are free to move laterally within the bilayer with a
diffusion constant of about f&m?/s. Thus, a lipid molecule can diffuse, on the average, a
distance of one mm (micron) in one second. This is roughly the size scale of the mitochondria.
Nevetheless, a lipid molecule is very unlikely to flilop from one layer of the bilayer to the
other. It takes a phospholipid ifimes longer to flipflop across the membrane than it does to
laterally diffuse 5 nm (which takes 6 microseconds). Thus, tharasyry of location of lipid
species in the bilayer is well preserved in time.



Proteins are associated with lipids in many different ways. Some are peripherally

associated with the hydrophilic exterior/interior of the bilayer compartment. These preteins t

to have lots of charged amino acid residues.
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The free energy barrier for a protein to cross the bilayer is even greater than for a lipid molecule
to flip-flop across. Other proteins are deeply embedded in the bilayer because of extensive
stretdhes of hydrophobic amino acid residues that make these stretches hydrophobicand lipid
like as well. Some proteins strands traverse back and forth across the bilayer many times.
Proteins can laterally diffuse in the membrane almost as well as lipids tcrepare generally
bigger than lipids and do so more slowly. Other proteins are linked to other molecules by groups
that are external to the lipid phase of the membrane and this can greatly reduce their laterally
mobility.

Complexes of proteins that amssociated with the membrane occur and possess well
mai nt ained positions relative to the membrane
proteins may be peripheral on the inside or the outside while others are embedded, either
crossing the bilagr altogether or situated closer to the exterior or the interior side of the
membrane compartment. These elaborate arrangemeréssethble from the proteins that are
synthesized elsewhere in the cell (endoplasmic reticulum and Golgi apparatus) dheifind
way to the correct associations in the correct membrane by diffusion and specific identification
labels that may be enzymatically removed once the proteins are in the correct position. Many
proteins are facilitated in their association with the memétbychaperoneproteins that require
the energy of ATP&denosindriphoghate) to do their jobs.

Cholesterol associates with the fatty acid side chains of the lipids in a bilayer. By
disrupting the interactions of saturated fatty acids chains withatheh, cholesterol actually
promotes fluidity of the lipid interior of the bilayer. However, too much cholesterol can have the
reverse effect.

Electron transport chains

Let6bs |l ook more closely at the mitochondr.i
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They are the power plants of the cell. They have the shape of a cylinder with a size of roughly

1.0 mm diameter and 2.0 mm length. They have two membranes, a smooth outer membrane and

an extensively invaginated inner membrane. The invaginations are @adiie@ The proteins

mediating electron transport and ATP synthesis are bound to the inner membrane. The outer

membrane contains the protgiarin, a nonspecific pore that permits the diffusive passage

through the membrane of molecules up to 10kkd {daltons). This includes coenzymes, small

peptides and small oligonucleotides. The inner membrane contains ~ 75% proteins and is freely

permeable to only £ CO, and HO. It contains proteins for electron transport, ATP synthesis

and metabolite transporth@&se proteins are embedded in the inner membrane lipid interior.
Contained within the compartment surrounded by the inner membrane ke gehtrix

rich in proteins for pyruvate dehydrogenase, the citric acid cycle, fatty acid oxidation and for the

m tochondionds geneti c mac hideoryribgucleiaasid), REA | as

andribosomesWhile the cytoplasm of the cell is an aqueous solution of many substances, the

matrix of the mitochondria is so jam packed with proteins and othexcoiek that there is room

left for relatively few water molecules, creating a gel rather than a solution. The evolutionary

theory for the origin of mitochondria in eucaryotes as captured procaryotic symbiotes is

bolstered by their apparent retention of ggnmachinery for the synthesis of some, but not all,

of the mitochondrial proteins. This machinery includes ribosomes that are more similar to those

of contemporary procaryotes then they are to eucaryotic ribosomes that occur in the rough

endoplasmic retulum of the eucaryotic cell. A similar state of affairs also applies to

chloroplasts in plant cells.



Electron transport in bacteria

The electron transport chain of bacteria is similar to that of mitochondria but simpler.
Thus, we will begin bgonsidering electron transport in bacteria

In the figurethe lipid bilayer is depicted byvb curved arcs that make clear which side of the
bilayer is the inside of the bacterium and which is the outside. Embedded in the bacterial
membrane are mamgplicas of different types of protein complexes. One complex involves
proteins labeled with FADflavin adeninedinucleotide)



ANP : odening mouaphosphete

and FeSifon sulfur protein). These proteins are at the top of the electron transport chain and
receive electrons from a wersal carrier of metabolically generated reducing equivalents,
NADH (nicotinamideadeninedinucleotide)
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This reduced molecule is generated by glycolysis and the citric acid cycle, energy metabolism
pathways discussed jenergy metabolismTwo elet¢rons are passed from NADH to the FAD
binding protein and then to the FeS proteins. These transfers are simple oxieldticton
reactions. However, some are pure electron transfers while others are transfers of both an
electron and a proton.

Indeed, tihee types of oxidationeduction reactions occur in biology and all three are
exhibited in this intial stage of electron transport. FAD is reduced to LA double
reduction that involves two electrons and two protons forming the two hydrogen atoms of
FADH; as is depicted ithe figure
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NADH, on the other hand, gives up two electrons and only one proton when it is oxidized
by FAD to form NAD and FADH. The extra proton needed by FARfdr complete reduction
is taken up from a free proton on the desbf the bacterium (actually from a hydronium ion
Hs0").

NADH +H;O+FAD2 NAD'+H,0+FADH,

The FeS proteins, on the other hand, engage in pure electron exchanges, i.e. their-oxidation
reduction reactions are ferderrous transitions involving the transfersafigle electrons. Clearly
something must be done about the protons that appear in the first two steps. By positioning the
transfer of electrons from FADHo FeS adjacent to the exterior surface of the lipid bilayer, the
protons can be extruded to the exteof the bacterium while the electrons are transferred to FeS
proteins. Thus, the arrangement of the proteins in the membrane results in aatursstit

coupling of electron flow to proton flow in which protons are transported across the membrane.
This is calledvectorialchemistry. Since the membrane is impermeable to protons (an®ty, H

this creates a transmembrane electrochemical potential made up of a charge imbalance and a pH
imbalance. This is the essence of themiosmotitheory for the erglized state of the intact
membrane. The two FeS proteins have different affinities for electrons. While thesuifan

centers in isolation would have identical electtansfer potentials, in the context of a
surrounding protein they have differemtentials because the proteins are different. This permits
the sequential and preferential transport of electrons from one FeS protein to the next.



Fe™*S- proteinl+ Fe**S- protein22 Fe**S- proteinl+ Fe**S- protein2

Proceeding down the electron transport chain we see that the second FeQ)wexain
electron to a species labeled U@ifuinone)
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UQ, like FAD is reduced by two electrons (requiring transfers from two FeS proteins) and two
protons forming the two hydrogen atoms of UQH gets its two protons from free protons

(H;0) on the inside of the bacterium. UQ rapidly diffuses across the membrane to the outside
surface where it reduces a different class of iron containing proteingttdadromesThese
cytochromes contain heme iron
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and their elecno-transfer potentials are tuned by the surrounding protein, as in the case of the
different FeS proteins. These different cytochromes are labeled with subscripts accordingly. As
with the transfer of electrons from FARKkb FeS proteins, the transfer of@lens from UQH

to Cyt, (cytochrome b) requires release of the protons to the exterior of the bacterium. Once
again we have vectorial chemistry and the curcemtent coupling of electron flow to proton

flow. Many replicas of the oriented cytochromecéompx occur s i n the bacter
membrane. In liver mitochondria there may be 5000 of these complexes and in heart
mitochondria the number is 20,000. They appear to be uniformily distributed so that there is one
every 400500 nnf of inner mitochondriamembrane area. The FeS complex and the cytochrome
complex are connected by the freely shuttling UQ. The final oxidation step is the oxidation of
cytochrome o by desolved molecular oxygen, The product of this reduction is a molecule of
water. In mitobiondria the process is somewhat more complicated and cytochrome ¢ connects
the UQcytochrome c reductase complex to the cytochrome c oxidase complex by free diffusion
along the outside surface of the bilayer



Overall for bacteria, two electrons havaveled through the membrane from NADH to
H,O. They have remained on the inside of the bacterium while going downhill energetically
through a series of spontaneous oxidatieduction reactions. At the same time one proton from
NADH and five protons fronthe interior of the bacterium have also been coupled to the electron
current. Two protons have ended up yOHdn the inside of the bacterium but the other four
have been transported vectorially across the membrane to create the energized membrane
potentid The energy inherent in the difference of electh@amsfer potential between NADH and
O, has been harvested as membrane energy captured in the disequilibrium of proton
concentrations on the inside and outside of the bacterium. This type of energllysanesilable
for powering various transport processes and other membrane associated mechanisms but it is
not suitable for the emense demand for energy for synthetic purposes. This demand is met by the
universal energy currency for synthesis, ATP



AT P synthesis

ATP has been called the universal energy currency of cells. Indeed, it is the primary
source of energy for the synthesis of proteins, polynucleotides, polysaccharides and lipids. It is
also essential for a wide variety of allosteric controkgsses that are triggered by
phosphorylations, and dephosphorylations, of susceptible groups on proteins. In addition, ATP
plays a central role in the reaction cycles that result in the dynamics of actin and myosin
associations in muscle fibers and tlyaamics of kinesin and dynein on microtubules. It is the
precursor to cycllkAMP (adenosinanongphosphate) that serves as the second messenger in
hormone actions. In other processes, Gjurajodindriphogphate), CTP gytodinetriphogphate)
and UTP gridine triphogphate) may be directly involved and may lose a phosphate. These
variants are recharged to triphosphates by ATP. Thus ATP does play many different essential
roles although the energized membrane does too. It is the energized membrane thasibleespon
for the bulk of ATP synthesis (some ATP is generated by glycolysis).

The protein complex in the membrane that generates ATP is calletypa RTPase. It
is a quite large protein complex with one portion, thedttion, embedded in the membrame a
spanning the entire width of the membrane, and with another portion, ploetien, attached to
the K portion on the inside of the membrane.



The energized state of the membrane favors transport of protons from the outside to the inside of
thebacterium, i.e. this is the direction of a spontaneous decrease in Gibbs free energy. The F
portion of the ATPase affords a pathway for this translocation of protons and when they arrive at
the R portion, a complicated process occurs in which ATP ismeigged from ADP and

inorganic phosphate, P



Just as there are many replicas of the HAES protein complexes and the cytochrome
complexes in the bacterial membrane, there are many replicas ofythe ATPases. This
redundancy supports the huge dadhéor ATP turnover by the cell. Typically, a cell has enough
ATP for its energy and other needs for the order of a minute. Thus it must be regenerated from
metabolic energy sources. A 185 pound man at rest consumes and regenerates ATP at the rate of
~ 4 nol/hr (this is equivalent to 2 kg/hr) and at 10 times this rate during strenuous activity.

Biochemical thermodynamics

In order to make these energy transactions quantitatively precise, a review of biochemical
thermodynamics is needed. Oxidati@duction (redox) processes always involve pairs of
molecules: one that is the oxidized form and one that is the reduced form of some underlying
molecular structure. For example, quinone (not to be confused with UQ which has an isoprenoid
tail) has the two forms
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This redox pair is denoted by (Q/@HHan example of the generic formqA4eq for the generic
molecular species A. Other examples of redox pairs include thdeewipair (F&'/Fe") and

the coenzyme NAD: (NADNADH). The generic event is the trsfer of electrons to the

oxidized form, thereby reducing it. For &€’ that is all that happens, a pure electron
transfer. In (Q/QH) a proton accompanies each of two electrons for a complete reduction. The
(NAD*/NADH) redox pair requires two eleotns and one extra proton for reduction

NAD" +2e +H" - NADH



H
!
/\—»@—NHL H *"QE“NHLr

A Ht +2e”
LRl
H%y:})ﬁ H n/H
l

f
R R

There is always an electron transfer, but there may or may not be a proton transfer too.
Typically, biology occurs at constant temperature, T, and pressure, P. Thus, the Gibbs

free energy, G, is the governing thermodynamic potential. The chang®id, @& what is

important. The second law of thermodynamics dictates that in a spontane@ss @ioconstant

T and PDG must be negative. Consider the cytochrome reaction that occurs in mitochondria

Cyt Fe** +Cyt Fe** @ Cyt Fe** + Cyt Fe™*
in which an electron is transferred from gyt Cyt. The change in Gibbs free energy is written

DG = DG? + 2.3RTlog, 4 Yere ICYLFe ]2
“gCyLFe Iyt Fe” ]y

Int hi s expression R is the gas constant gi ve
10mol ecul es/ mol ) an dg(1B381xt1@°erg/k).MbissyieldsRres8t3E/ Xt k
10" ergs/kmol = 1.987 cal/Kmol. The conversion identities 1 cal 186 J (Joule) = 4.186 x
10’ ergs have been used here. The 2.3 (actually 2.3025) comes from the conversion of Naperian
logarithms to base 10 logarithms. The expression [M] where M is a particular moleculas specie
denotes the concentration of M in moles |ger.

In standard statall reactants are at 1 molar by convention. Thus, at standard state

n



DG =DG°

One mole of electrons has a charge b F (Faradays) which is 9.648 x*1D (Coulombs).

Thus 1 F = 9.648 x TQ/V = 9.648 x 16x 1/4.186 cal/V = 23.05 Kcal/V where V stands for

volts. Common practice is to express redox energetics in terms of electrical potential, i.e. volts
instead of in terms of Gibbs free energy. This is done by the identity

DE:_E
F

Thereforethe cytochrome redox reaction above is described by

OE = DE® 23 Iog gCyt,Fe* ][Cyt.Fe*'] @
g Cyt,Fe* [[Cyt.Fe™ 1y

Since electrons are negatively charged, a spontaneous change is one iDBvhicieases. The
quantityDE® is obtained from a table of redox potentials.



Half reaction as a reduction E° atpH7 (V)

—;—0, +2H" 42 - H0 0516
Fe™* +e — Fe' 0.771
Cyta;-Fe' +¢ — Cytas-Fe™ 0.55
SO +2H +2¢ = SO + H,0 0.48
NO; +2H" + 2¢' = NO; + H;0 042
%Oz +H,0 +2¢ - H,0, 030
Cyta-Fe* +& = Cyta-Fe” 0.29
Cytc-Fe'* +¢ —» Cytc-Fe” 0.22
Cu™* +e- — Cu' 0.15
Cytb-Fe* +¢ — Cyt b-Fe™ 0.12
Ubiquinone + 2H" + 2¢” — Ubiquinone-H; | 0.10
Fumarate + 2H" + 2¢” - Succinate 0.030

Pyruvate + NH: + 2H' + 2¢’ — Alanine | -0.13

Acetaldehyde + 2H" + 2¢” — Ethanol -0.163

Oxalacetate + 2H™ + 2¢ — Malate 0.175
Pyruvate + 2H" + 2¢” — Lactate -0.190
Riboflavin + 2H' + 2¢" — Riboflavin-H, | -0.200
FAD + 2H' + 2¢ — FADH, 0.219
S+ 2H +2¢ — HoS 0.23

NAD" + 2H' + 2¢" — NADH + H' -0.320

NADP' + 2H" 4 2¢' — NADPH + H' -0.320

Pyruvate + CO, + 2H" + 2¢” — Malate -0.33

Uric acid + 2H" + 2¢’ — Xanthine -0.36
Acetyl-S-CoA + 2H™ +2¢" — -0.41
Acetaldehyde + CoA

CO; + 2H" + 2¢” — Formate -0.420
"R a
Ferredoxin-Fe™* + ¢ — Ferrodoxin-Fe™* | -0.420
3-Phosphoglycerate + 2H" + 2¢° — -0.55
Glyceraldehyde-3-phosphate + H;0

Acetate + 2H' + 2¢" — Acetaldchyde -0.60
Succinate + CO; + 2H" + 2¢ — 0.67
a-Ketoglutarate + H;0

Acetate + CO, +2H" + 2¢” — Pyruvate 0.70

We find from thetable that



E® = 0.22 V for (CytFe*"/Cyt.Fe*)
E°=0.12 V for (CytFe*'/Cyt,Fe)

Therefore DE® = E%nal - E%iniir Where final and initial are determined by the reduced member of
the pair. Thus, in this example, @5 is the reduced produsb that B, = 0.22 V. Therefore,
DE°=0.22 V-0.12 V = 0.10 V. This is a potential, not an energy. When multipliedr bgn

energy is obtainedG® = - 9648 J. This means thiat standard stateCyt, gives an electron to

Cyte.
A pH dependent redaeaction is the oxidation of ubiquinone by feryianide

2H,0+UQH, + 2Fe*cyanide® UQ+ 2Fe**cyanide+ 2H;O
The redox potential change for this process is given by

e [UQ][ Fe*"cyanidd’[H,O]?
10aUQHZ][Fee*cyamdq [H O] o
—DE°+23E OH - 23 I gloe [UQ][Fe”;yamde} 2

aUQHZ][Fe cyanlde]

DE = 23—I og

Several points need to be emphasized about this expression. Firstly, the 2F ine¢hedirst
reflects the fact that 2 electrons are transferred in this reaction. Secondly, sinee pH =
logio[H3"0] and [H"O] is squared in the first line of the formula, the pH term in the second line
is multiplied by a factor of RT/F, not RT/2F. Thirdfet [HO] factors have been omitted in the
second line since the convention for tHevBlues is that [kD] is at standard state, i.e. has the
value 1, the true value of nearly 55.55 molar being built into the table entries automatically. At T
= 300K, agood approximation for 2.3 RT/F is 0.06 V or 60 niul(j volt). Thus, each pH unit is
worth 60 mV. If protons are released during a reaction, then at PB ig,larger by 0.42 V per
mole of protons. If protons are consummed, thEns reduced.

G for H, is zero by convention. In the redox pair(H,) H, is on the product side and
H" is on the reactant side. Therefore, at pH%fpE(H"/H,) is- 0.42 V. Since pH 7 occurs
frequently, the convention is to write” = - 0.42 V. The pine on this redox potential signifies
that pH 7 applies. As an example consider the reduction of pyruvate to lactate by NADH

NADH +H;O+ pyruvate¢ NAD" +H,O +lactate

The redox potential change for this process is given by



DE = DE® - 23 I loe [NAD][H Q][ lactate] @
gNADH][H O][pyruvat¢u
gNADH][ pyruvate}u
— DEO - 23RTI 10e [NAD"][lactate] @
g NADH][ pyruvat@u

wherein DE” is determined from the table for pH 7, and the standard state for water is built into

these valueDE® =- 0.19V- (- 0.32V) = 0.13V. Again the factors of 2 represent the
participation of 2 electrons in the reduction. Since onlyexiernal proton is required because
NADH provides two electrons and one proton, the pH term retains the 2 in the denominator.

Membrane potentials

Consider the schematic diagram representing the ctouvergnt coupling of electron
flow to proton translocation across the membrane

This figure captures the essence of what happens in bacteria and in mitochondria. The electrical
potential inside andutside the membrane compartment is denoted bwndy ,, respectively.

Define by Dy =y .. -V, andDpH byDpH = pHy:- pHin. Clearly, the result of active



