
Energy
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We know that energy can neither be created 
or destroyed, so cells must merely convert en-
ergy, from one form to another.  The two prin-
cipal organelles that carry out these transfor-
mations in eukaryotic cells are mitochondria 

and chloroplasts, ancient endosymbionts that 
have now become part of their host cells.  In 
this chapter we examine the energy transfor-
mations carried out by these organelles.

“Getting over a painful experience is 
much like crossing monkey bars. 
You have to let go at some point in 
order to move forward.”

-C.S Lewis
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Energy:  Basics

Introduction
Living organisms are made up of cells, and 
cells contain a horde of biochemical compo-
nents. Living cells, though, are not random 
collections of these molecules. They are ex-
traordinarily organized or "ordered". By con-
trast, in the nonliving world, there is 
a universal tendency to increasing 
disorder.  Maintaining and creat-
ing order in cells takes the input 
of energy.  Without energy, life is 
not possible.   

Oxidative energy
The primary mechanism used by non-
photosynthetic organisms to obtain energy is 
oxidation and carbon is the most commonly 
oxidized energy source.  The energy released 
during the oxidative steps is “captured” in 

ATP and can be used later for en-
ergy coupling (see HERE).  The 
more reduced a carbon atom is, 
the more energy can be realized 

from its oxidation.  Fatty acids 
are highly reduced, whereas carbohy-
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drates are moderately so.  Complete oxida-
tion of both leads to carbon dioxide, which 
has the lowest energy state.  Conversely, the 
more oxidized a carbon atom is, the more en-
ergy it takes to reduce it.

In the series shown in Figure 5.1, the most 
reduced form of carbon is on the left.  The en-
ergy of oxidation of each form is shown above 

it.  The reduction states of fatty acids and car-
bohydrates can be seen by their formulas.  

   Palmitic acid = C16H34O2

   Glucose = C6H12O6

Palmitic acid only contains two oxygens per 
sixteen carbons, whereas glucose has six oxy-
gen atoms per six carbons.  Consequently, 
when palmitic acid is fully oxidized, it gener-
ates more ATP per carbon (128/16) than glu-
cose (38/6).  It is because of this that we use 
fat (contains fatty acids) as our primary en-
ergy storage material.  

Oxidation vs. reduction in 
metabolism
Biochemical processes that break things down 
from larger to smaller are called catabolic 
processes.  Catabolic processes are often oxi-
dative in nature and energy releasing.   
Some, but not all, of that energy is captured as 
ATP.  If not all of the energy is captured as 

ATP, what happens to the 
rest of it?  The answer is sim-
ple.  It is released as heat and 
it is for this reason we get hot 
when we exercise.  

By contrast, synthesizing 
large molecules from smaller 
ones (for example, making 
proteins from amino ac-
ids) is referred to as anabo-
lism.  Anabolic processes are 

often reductive in nature (Figures 5.3 & 
5.4) and require energy input.  By them-
selves, they would not occur, as they are re-
versing oxidation and decreasing entropy 
(making many small things into a larger one).  
To overcome this energy barrier, cells must ex-
pend energy.  For example, if one wishes to re-
duce CO2 to carbohydrate, energy must be 
used to do so.  Plants do this during the dark 
reactions of photosynthesis (Figure 5.3).  
The energy source for the reduction is ulti-
mately the sun.  The electrons for the reduc-
tion come from water, and the CO2 is removed 
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Figure 5.1 - Five oxidation states of carbon
Image by Pehr Jacobson



from the atmosphere 
and gets incorporated 
into a sugar.

Energy coupling
The synthesis of the 
many molecules needed 
by cells needs the input 
of energy to occur.  Cells 
overcome this energy ob-
stacle by using ATP to 
“drive” the reaction (Fig-
ure 5.6).  The energy 
needed to drive reac-
tions is harvested in 
very controlled condi-

tions in enzymes.  This involves a process 
called ‘coupling’.  Coupled reactions rely 
on linking an energetically favorable reac-
tion (i.e., one with a negative ∆G°’) with 
the reaction requiring an energy input, 
which has a positive ∆G°’.  As long as the 
overall ∆G°’ of the two reactions together 
is negative, the reaction can proceed. Hy-
drolysis of ATP is a very energetically fa-
vorable reaction that is commonly linked 
to many energy requiring reactions in 
cells.     Without the hydrolysis of ATP (or 
GTP, in some cases), the reaction would 
not be feasible.  

Entropy and energy
Most students who have had some chemis-
try know about the Second Law of Ther-
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Figure 5.3 - Movement of biological energy
Image by Aleia Kim

Figure 5.2 - Photosynthesis - The primary 
source of biological energy

Image by Aleia Kim



modynamics with respect to increasing dis-
order of a system.  Cells are very organized or 
ordered structures, leading some to mistak-
enly conclude that life somehow violates the 

second law.  In fact, that no-
tion is incorrect.  The second 
law doesn’t say that entropy 
always increases, just that, 
left alone, it tends to do so, in 
an isolated system.  Cells are 
not isolated systems, though, 
in that they obtain energy, ei-
ther from the sun, if they are 
autotrophic, or food, if they 
are heterotrophic.

To counter the universal ten-
dency towards disorder on a 
local scale requires energy.  
As an example, take a fresh 

deck of cards which is neatly aligned with 
Ace-King-Queen . . . . 4,3,2 for each suit.  
Throw the deck into the air, letting the cards 
scatter.  When you pick them up, they will be 
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Figure 5.4 - Photosynthesis as measured by chlorophyll 
concentration

Figure 5.5 - Synthesis and breakdown pathways in metabolism
Image by Pehr Jacobson



more disordered than when they started.  
However, if you spend a few minutes (and ex-
pend a bit of energy), you can reorganize the 
same deck back to its previous, organized 
state.  If entropy always increased every-
where, you could not do this.  How-
ever, with the input of energy, you 
overcame the disorder.  This illus-
trates an important concept - the 
cost of fighting disorder is energy.

Biological energy
There are, of course, other reasons that organ-
isms need energy.  Muscular contraction, syn-

thesis of molecules, neuro-
transmission, signaling, 
thermoregulation, and sub-
cellular movements are ex-
amples.  Where does this en-
ergy come from?  The curren-
cies of energy are generally 
high-energy phosphate-
containing molecules.  ATP 
is the best known and most 
abundant, but GTP is also 
an important energy source 
(energy source for protein 
synthesis).  CTP is in-
volved in synthesis of glyc-
erophospholipids and 
UTP is used for synthesis of 
glycogen and other sugar 
compounds.  In each of 
these cases, the energy is in 
the form of potential chemi-

cal energy stored in the multi-phosphate 
bonds. Hydrolyzing those bonds releases the 
energy in them. 

Of the triphosphates, ATP is the primary en-
ergy source, acting to facilitate the 

synthesis of the others by action 
of the enzyme NDPK.  ATP is 
made by three distinct types of 

phosphorylation – oxidative phos-
phorylation (in mitochondria), photo-

phosphorylation (in chloroplasts of 
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Figure 5.6 - Cycling of biological energy via ADP and ATP
Image by Pehr Jacobson
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plants), and substrate level phosphoryla-
tion (in enzymatically catalyzed reactions).

Gibbs free energy in biology
 ATP is generally considered the “storage bat-
tery” of cells (See also ‘Molecular Battery Back-
ups for Muscles HERE).  In order to under-
stand how energy is captured, we must first 
understand Gibbs free energy and in doing 
so, we begin to see the role of energy in deter-
mining the directions chemical reactions take.

Gibbs free energy may be thought of as the 
energy available to do work in a thermody-
namic system at constant temperature and 
pressure.  

Mathematically, the Gibbs free energy is given 
as:

G = H – TS

where H is the en-
thalpy, T is the tempera-
ture in Kelvin, and S is 
the entropy.  

At standard tempera-
ture and pressure, every 
system seeks to achieve 
a minimum of free en-
ergy.  Thus, increasing 
entropy, S, will reduce 
Gibbs free energy.  
Similarly, if excess heat 
is available (reducing 
the enthalpy, H), the 

free energy can also be reduced. 

Cells must work within the laws of thermody-
namics, as noted, so all of their biochemical 
reactions, too, are ruled by these laws.  Now 
we shall consider energy in the cell.  The 
change in Gibbs free energy (∆G) for a reac-
tion is crucial, for it, and it alone, determines 
whether or not a reaction goes forward.  

∆G = ∆H – T∆S, 

There are three cases
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One reason we need ATP
Is the high cost of living, you see

‘Cause the chaotic entity
Known as the entropy

Requires cells to burn energy

Figure 5.7  A mitochondrion



∆G < 0 - the reaction proceeds as written

∆G = 0 - the reaction is at equilibrium

∆G > 0 - the reaction runs in reverse

For a reaction 

aA ⇄ bB 

(where ‘a’ and ‘b’ are integers and A and B are 
molecules) at pH 7, ∆G can be determined by 
the following equation,

∆G = ∆G°’ + RTln([B]b/[A]a)

For multiple substrate reactions, such as aA + 
cC ⇄ bB + dD

∆G = ∆G°’ + RTln{([B]b[D]d)/([A]a[C]c)}

The ∆G°’ term is called the change in 
Standard Gibbs Free energy, which is the 
change in energy that occurs when all of the 
products and reactants are at standard 
conditions and the pH is 7.0.  It is a constant 
for a given reaction.

In simple terms, we can collect all of the 
terms of the numerator together and call 
them {Products} and all of the terms of the de-
nominator together and call them {Reac-
tants},

∆G = ∆G°’ + RTln({Products}/{Reactants})

For most biological systems, the temperature, 
T, is a constant for a given reaction.  Since   
∆G°’ is also a constant for a given reaction, 
the ∆G is changed almost exclusively as the 
ratio of {Products}/{Reactants} changes.  

Importance of ∆G°’ 
If one starts out at standard condi-
tions, where everything except pro-
tons is at 1M, the RTln({Products}/
{Reactants}) term is zero, so the 
∆G°’ term equals the ∆G, and the 
∆G°’ determines the direction the 
reaction will take (only under those 
conditions).  This is why people say 
that a negative ∆G°’ indicates an en-
ergetically favorable reaction, 
whereas a positive ∆G°’ corre-
sponds to an unfavorable one.  
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Movie 5.1 - ATP - The fuel of the cell
Wikipedia



Increasing the ratio of {Products}/
{Reactants} causes the value of the natural log 
(ln) term to become more positive (less nega-
tive), thus making the value of ∆G more posi-
tive.  Conversely, as the ratio of {Products}/
{Reactants} decreases, the value of the natu-
ral log term becomes less positive (more nega-
tive), thus making the value of ∆G more nega-
tive.  

System response to stress
Intuitively, this makes sense and is consistent 
with Le Chatelier’s Principle – a system 
responds to stress by acting to alleviate the 
stress.  If we examine the ∆G for a reaction in 
a closed system, we see that it will always 
move to a value of zero (equilibrium), no 
matter whether it starts with a positive or 
negative value.

Another type of free energy available to cells 
is that generated by electrical potential.  For 
example, mitochondria and chloroplasts 
partly use Coulombic energy (based on 
charge) from a proton gradient across their 
membranes to provide the necessary energy 
for the synthesis of ATP.  Similar energies 
drive the transmission of nerve signals 
(sodium and potassium gradients) and the 
movement of some molecules in secondary 
active transport processes across mem-
branes (e.g., H+ differential driving the move-
ment of lactose).  From the Gibbs free energy 
change equation,

∆G = ∆H – T∆S

it should be noted that an increase in en-
tropy will help contribute to a decrease in 
∆G.  This happens, for example when a large 
molecule is being broken into smaller pieces 
or when the rearrangement of a molecule in-
creases the disorder of molecules around it.  
The latter situation arises in the hydropho-
bic effect, which helps drive the folding of 
proteins.

Chemical and electrical potential
It is said that absence makes the heart grow 
fonder.  We won’t tackle that philosophical is-
sue here, but we will say that separation pro-
vides potential energy that cells can and do 
harvest.  The lipid bilayer of cell and (in 
eukaryotic cells) organelle membranes pro-
vide the necessary barrier for separation.  

Impermeable to most ions and polar com-
pounds, biological membranes are essential 
for processes that generate cellular energy.    
Consider Figure 5.8.  A lipid bilayer sepa-
rates two solutions with different concentra-
tions of a solute.  There is a greater concentra-
tion of negative ions in the bottom and a 
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When reactions have product largesse
They will act to address the excess

Henry Le Chatelier
Showed conversion’s the way

To suppress the excess by redress



greater concentration of positive ions on the 
top.  

Whenever there is a difference in concentra-
tion of molecules across a membrane, there is 
said to be a concentration gradient across 
it.  A difference in concentration of ions 
across a membrane also creates a charge (or 
electrical) gradient.  Because there is a differ-
ence in both the chemical concentration of the 
ions and in the charge on the two sides of the 
membrane, this is described as an electro-
chemical gradient (Figures 5.8 -5.10).  

Potential energy
Such gradients function like batteries and con-
tain potential energy.  When the potential en-
ergy is harvested by cells, they can create 

ATP, transmit nerve signals, pump mole-
cules across membranes, and more.  It is im-
portant, therefore, to understand how to calcu-
late the potential energy of electrochemical 
gradients.  

First, we consider chemical (solute) gradients.  
In Figure 5.9, two concentrations of glucose 
are separated by a lipid bilayer.  Let’s assume 
C2 be the concentration of glucose inside the 
cell (bottom) and C1 be the glucose concentra-
tion outside (top).  The Gibbs free energy asso-
ciated with moving glucose in the direction of 
C2  (into the cell) is given by 

∆G = RTln[C2/C1]

To move it in the direction of C1 (to the out-
side of the cell) the expression would be 
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Figure 5.8 - Differences in ion concentration across a membrane give rise to 
chemical and electrical gradients

Image by Pehr Jacobson



∆G = RTln[C1/C2] 

Since C2 is smaller than C1 (i.e., there are 
fewer glucose molecules inside the cell) then 
the ∆G is negative and diffusion would be 
favored into the cell, if the glucose 
could traverse the bilayer.  

Conversely, if C2 was greater than 
C1 (more glucose was in the cell than 
outside) the ∆G would be positive, so move-
ment in the direction of C2 would not be fa-
vored and instead the glucose would tend to 
move towards C1 , that is, out of the cell.  

If C2 = C1, with the same concentration of glu-
cose inside and outside, then the ∆G would be 
zero and there would be no net movement, as 
the system would be at equilibrium.  

In the example above, 
we considered glu-
cose,  which is an un-
charged molecule.  
When ions are in-
volved, their charges 
must also be taken 
into consideration. 
Figure 5.10 depicts a 
similar situation 
across a lipid bilayer.  
In this case, a differ-
ence of concentration 
and charge exists.  
There are more posi-
tive charges inside the 

cell than outside.  

Using C2 to indicate the concentration of mate-
rials inside the cell and C1 for the concentra-

tion outside the cell (as before), 
then the free energy for move-
ment of an ion from top to bot-

tom is given by the following equa-
tion

 ∆G = RTln[C2/C1] + ZF∆ψ

Note here that this equation must take into 
consideration both the concentration differ-
ences and the charge differences.  Z refers to 
the charge of the transported species, F is the 
Faraday constant (96,485 Coulombs/mol), 
and ∆ψ is the electrical potential difference 
(voltage difference) across the membrane.  
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Figure 5.9 - A chemical gradient
Image by Aleia Kim
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If we were to calculate the ∆G for movement 
of the potassium ion from top to bottom, it 
would be positive, since [C2/C1] is greater 
than 1 (making for a positive ln term), and the 
ZF∆ψ is positive because positively charged 
ions (Z) are moving against a positive charge 
gradient given by ∆ψ (greater concentration 
at the target (bottom) than the starting point 
(top)).  If we were to calculate the concentra-
tion of ions moving from bottom to top, then 
the ln term would be negative (C2<C1) and 
the ZF∆ψ would be negative as well (Z=pos-
itive, but ∆ψ negative).

Reduction potential
In discussing chemical potential, we must also 
consider reduction potential.  Reduction 
potential measures the tendency of a chemical 
to be reduced by electrons.  It is also desig-

nated by several other names/variables.  
These include redox potential, oxidation/
reduction potential, ORP, pE, ε, E, and Eh. 

Reduction potential is measured in volts, or 
millivolts. A substance with a higher reduc-
tion potential will have a greater tendency to 
accept electrons and be reduced.  If two sub-
stances are mixed in an aqueous solution, the 
one with the greater (more positive) reduction 
potential will tend to take electrons away, 
thus being reduced, from the one with the 
lower reduction potential, which becomes oxi-
dized.   

Relative measures 
Absolute reduction potentials are difficult to 
measure, so reduction potentials are typically 
defined relative to a reference electrode. In 
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Figure 5.10 - An electrochemical gradient of potassium ions
Image by Aleia Kim



aqueous solutions, reduction potentials are 
measured as the potential difference between 
an inert sensing electrode (typically platinum) 
in contact with the test solution and a stable 
reference electrode (measured as a Standard 
Hydrogen Electrode - SHE) as shown in 
Figure 5.11.  The standard of reference for 
measurement is the half-reaction

H+ + e-  -> (1/2)H2

The electrode where this 
reaction occurs (referred 
to as a half-cell) is given 
the value of E° (Stan-
dard Reduction Poten-
tial) of 0.00 volts.  The hy-
drogen electrode is con-
nected via an external cir-
cuit to another half cell 
containing a mixture of 
the reduced and oxidized 
species of another mole-
cule (for example, Fe++ 
and Fe+++) at 1M each and 
standard conditions of 
temperature (25°C) and 
pressure (1 atmosphere). 

Direction and 
voltage measured
The direction and magni-
tude of electron move-
ment is then measured.  If 
the test mixture takes elec-
trons from the hydrogen 

electrode, the sign of the voltage is positive 
and if the direction is reversed, the voltage is 
negative.  

Thus, compounds which have greater affinity 
for electrons than hydrogen will register a 
positive voltage and negative voltages corre-
spond to compounds with lesser affinity for 
electrons than hydrogen.  
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Figure 5.11 - Reference electrode for measuring reduction 
potentials.

Image by Pehr Jacobson



Movement of electrons
Under standard conditions, electrons will 
move from compounds generating lower volt-
ages to ones generating higher (more positive) 
voltages.  Just as the standard Gibbs free en-
ergy change is the Gibbs free energy change 
under standard conditions, so, too, is the stan-
dard reduction potential E° the reduction po-
tential E under standard conditions.  

The actual reduction potential of a half cell 
will vary with the concentration of each chemi-
cal species in the cell.  The relationship be-
tween the reduction potential E and the stan-
dard reduction potential E° is given by the fol-
lowing equation (also called the Nernst 
equation) 

where F is the Faraday constant (96,480 J/
(Volts*moles), R is the gas constant (8.315 J/
(moles*K), n is the number of moles of elec-
trons being transferred, and T is the absolute 
temperature in Kelvin.

At 25°C, this equation becomes

As for Gibbs free energy, it is useful to meas-
ure values at conditions found in cells.  This 
means doing measurements at pH = 7, which 
differs from having all species at 1M.  

Adjustment
Because of this adjustment, a slightly different 
standard reduction potential is defined and 
we designate it by E°’, just as we defined a spe-
cial standard Gibbs free energy change at pH 
7 as ΔG°’.  

There is a relationship between the change in 
Gibbs free energy ΔG and the change in reduc-
tion potential (ΔE).  It is

ΔG = -nFΔE

Similarly, the relation between the change in 
standard Gibbs free energy and the change in 
standard reduction potential is

ΔG°’ = -nFΔE°’

Energy storage in triphosphates
Formation of triphosphates, like ATP, is essen-
tial to meeting the cell’s energy needs for syn-
thesis, motion, and signaling.  In a given day, 
an average human body makes and breaks 
down more than its weight in triphosphates.  
This is especially remarkable considering that 
there is only about 250 g of the molecule pre-
sent in the body at any given time.  Energy in 
ATP is released by hydrolysis of a phos-
phate from the molecule.  
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The three phosphates, starting with the one 
closest to the sugar are referred to as α, β, 
and γ (Figure 5.12).  It is the γ phosphate 
that is cleaved in hydrolysis and the product is 
ADP.  In a few reactions, the bond between 
the α and β is cleaved. When this happens, a 
pyrophosphate (β linked to γ) is released and 
AMP is produced.  This latter reaction to pro-
duce AMP releases more energy (ΔG°’ = -45.6 

kJ/mol) than the first reaction which pro-
duces ADP (ΔG°’ = -30.5 kJ/mol). 

Since triphosphates are the “currency” that 
meet immediate needs of the cell, it is impor-
tant to understand how triphosphates are 
made.  There are three phosphorylation 
mechanisms – 1) substrate level; 2) oxida-
tive; and 3) photophosphorylation.  We 
consider them here individually.

Substrate level phosphorylation
The easiest type of phosphorylation to under-
stand is that which occurs at the substrate 
level.  This type of phosphorylation involves 
the direct synthesis of ATP from ADP and a 
high energy intermediate, typically a 
phosphate-containing molecule. Substrate 
level phosphorylation is a relatively minor 
contributor to the total synthesis of triphos-
phates by cells.  An example substrate phos-
phorylation comes from glycolysis.

This reaction has a very negative ∆G°’ (-31.4 
kJ/mol), indicating that the PEP contains 
more energy than ATP, thus tending to ener-
getically favor ATP’s synthesis.  Other triphos-
phates can be made by substrate level phos-
phorylation, as well.  For example, GTP can 
be synthesized by the following citric acid cy-
cle reaction.

Triphosphates can be interchanged readily in 
substrate level phosphorylations catalyzed by 
the enzyme Nucleoside Diphosphate Kinase 
(NDPK).  A generalized form of  the reactions 
catalyzed by this enzyme is as follows:
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Phosphoenolpyruvate (PEP) + ADP

 
Pyruvate + ATP

Succinyl-CoA + GDP + Pi  

 
Succinate + GTP + CoA-SH

Figure 5.12 ATP showing α, β and γ 
phosphates



XTP + YDP ⇄ XDP + YTP

where X = adenosine, cytidine, uridine, 
thymidine, or guanosine and Y can be any 
of these as well.  Further, XTP and YDP can 
be any of the deoxynucleotides as well.

Last, an unusual way of synthesizing ATP by 
substrate level phosphorylation is via the reac-
tion catalyzed by adenylate kinase

2 ADP ⇄ ATP + AMP

ATP source
This reaction is an important means of gener-
ating ATP when the cell doesn’t have other 
sources of energy.  Accumulation of AMP re-
sulting from this reaction activates enzymes, 
such as phosphofructokinase, of glycoly-
sis, which will catalyze reactions to give the 
cell additional, needed energy.

It is important to note that enzymes cannot 
make reactions happen that are energetically 

unfavorable.  Enzymes speed reactions, but 
do not change their direction.  Cells are thus 
bound by the rules of Gibbs free energy.  
So, how do energetically unfavorable reac-
tions happen in a cell? 

Reaction coupling
Reactions that are energetically unfavorable, 
can be made favorable by coupling them with 
the hydrolysis of ATP, a very energetically 
favorable reaction.  There are numerous paral-
lels in the “real world.”  Movement of automo-
biles is energetically unfavorable, but cou-
pling movement of the automobile to oxida-
tion of gasoline makes an unfavorable process 
favorable.  Another approach to making an un-
favorable reaction favorable is to manipulate 
the concentration of reactants and prod-
ucts.  Consider the reaction below, which oc-
curs in pyrimidine nucleotide metabolism 
(top of next page): 
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Figure 5.13 - Nucleotides, nucleosides, and bases



The ΔG°’ for this reaction is -0.8 kJ/mol, 
meaning that if one starts with equal concen-
trations of reactants and products, at equilib-
rium, there will be a small excess of products.  
In the cell, however, this reaction moves 
strongly to the right (ΔG = very negative).  
Given that the ΔG°’ is very close to zero, a very 
negative ΔG can only occur if the concentra-
tions of reactants and products are altered, 
since 

Manipulation is exactly what happens here.  
The key item whose concentration is adjusted 
in this reaction is the pyrophosphate (PPi).  
This is possible because cells contain an en-
zyme called pyrophosphorylase that catalyzes 
the following reaction

Hydrolysis of pyrophosphate is very ener-
getically favored, causing the PPi produced in 
the reaction to be quickly hydrolyzed.  As a re-
sult, the concentration of PPi in the cell is kept 

very low.  A low concentration of a product 
(PPi) causes the natural log (ln) term of the 
orotate equation to become more negative, 
driving the ΔG term for the overall reaction to 
become much more negative.  

Pushing and pulling
Reactions that yield pyrophosphate as a 
product are produced in the synthesis of DNA 
and RNA, as well as many other molecules.  
As shown in the previous example, this pyro-
phosphate is rapidly hydrolyzed, causing the 
overall reaction to move in the direction of py-
rophosphate production.  When reactants are 
removed/reduced in a metabolic reaction to 
decrease the concentration of a product, we 
say that the reaction is “pulled”, to represent 
the increase in the forward reaction as a result 
of product depletion.  

Pushing happens when reactants in a reac-
tion are added/increased.  This too has the ef-
fect of reducing the ΔG of a reaction and mak-
ing it more favorable because the ratio of 
[Products]/[Reactants] is decreased with in-
creasing [Reactants].  Pushing and pulling of 
reactions are additional tools for cells to over-
come energy barriers, just like coupling ener-
getically favorable processes to energetically 
unfavorable ones.
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ΔG = ΔG°’ + RTln  {[OMP][PPi]                                              
                                [Orotate][PRPP]}

Orotate + PRPP  

 
OMP + PPi

PPi + H2O  

 
Pi + Pi
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Martha Baker’s 

Web Page

Click HERE for 
Pehr Jacobson’s 

Web Page

Click HERE for 
Aleia Kim’s
Web Page

Click HERE for 
Penelope Irving’s

Web Page

Problem set related to this section HERE
Point by Point summary of this section HERE

To get a certificate for mastering this section of the book, click HERE
Kevin Ahern’s free iTunes U Courses - Basic / Med School / Advanced

Biochemistry Free & Easy (our other book) HERE / Facebook Page
Kevin and Indira’s Guide to Getting into Medical School - iTunes U Course / Book

To see Kevin Ahern’s OSU ecampus courses - BB 350 / BB 450 / BB 451
To register for Kevin Ahern’s OSU ecampus courses - BB 350 / BB 450 / BB 451

Biochemistry Free For All Facebook Page (please like us)
Kevin Ahern’s Web Page / Facebook Page / Taralyn Tan’s Web Page 

Kevin Ahern’s free downloads HERE
OSU’s Biochemistry/Biophysics program HERE

OSU’s College of Science HERE
Oregon State University HERE

Email Kevin Ahern / Indira Rajagopal / Taralyn Tan

http://www.davincipress.com/bffa/problemsets/p5p1.html
http://www.davincipress.com/bffa/problemsets/p5p1.html
http://www.davincipress.com/bffa/certificates/c5p1.html
http://www.davincipress.com/bffa/certificates/c5p1.html
https://itunes.apple.com/us/course/introductory-biochemistry/id556383540
https://itunes.apple.com/us/course/introductory-biochemistry/id556383540
https://itunes.apple.com/us/course/biochemistry/id556410409
https://itunes.apple.com/us/course/biochemistry/id556410409
http://www.davincipress.com/bffa/bffaitunesubounce.html
http://www.davincipress.com/bffa/bffaitunesubounce.html
http://biochem.science.oregonstate.edu/content/biochemistry-free-and-easy
http://biochem.science.oregonstate.edu/content/biochemistry-free-and-easy
https://www.facebook.com/BiochemistryFreeAndEasy/
https://www.facebook.com/BiochemistryFreeAndEasy/
http://www.davincipress.com/bffa/courseinfo/itunesumedschool.html
http://www.davincipress.com/bffa/courseinfo/itunesumedschool.html
http://www.davincipress.com/bffa/bbbookfreebies.html
http://www.davincipress.com/bffa/bbbookfreebies.html
http://www.davincipress.com/bffa/courseinfo/bb350.html
http://www.davincipress.com/bffa/courseinfo/bb350.html
http://www.davincipress.com/bffa/courseinfo/bb450.html
http://www.davincipress.com/bffa/courseinfo/bb450.html
http://www.davincipress.com/bffa/courseinfo/bb451.html
http://www.davincipress.com/bffa/courseinfo/bb451.html
http://www.davincipress.com/bffa/courseinfo/bb350credit.html
http://www.davincipress.com/bffa/courseinfo/bb350credit.html
http://www.davincipress.com/bffa/courseinfo/bb450credit.html
http://www.davincipress.com/bffa/courseinfo/bb450credit.html
http://www.davincipress.com/bffa/courseinfo/bb451credit.html
http://www.davincipress.com/bffa/courseinfo/bb451credit.html
http://www.davincipress.com/bffa/facebookpagebounce.html
http://www.davincipress.com/bffa/facebookpagebounce.html
http://www.davincipress.com/
http://www.davincipress.com/
https://www.facebook.com/kevin.g.ahern
https://www.facebook.com/kevin.g.ahern
http://www.davincipress.com/bffa/tanwebpagebounce.html
http://www.davincipress.com/bffa/tanwebpagebounce.html
http://davincipress.com/bffa/kgafreebies.html
http://davincipress.com/bffa/kgafreebies.html
http://biochem.science.oregonstate.edu
http://biochem.science.oregonstate.edu
http://www.science.oregonstate.edu
http://www.science.oregonstate.edu
http://oregonstate.edu
http://oregonstate.edu
mailto:ahernk1@gmail.com?subject=Biochemistry%20Free%20for%20All
mailto:ahernk1@gmail.com?subject=Biochemistry%20Free%20for%20All
mailto:rajagopi@oregonstate.edu?subject=Biochemistry%20Free%20for%20All
mailto:rajagopi@oregonstate.edu?subject=Biochemistry%20Free%20for%20All
mailto:tan.taralyn@gmail.com?subject=Biochemistry%20Free%20for%20All
mailto:tan.taralyn@gmail.com?subject=Biochemistry%20Free%20for%20All
http://www.davincipress.com/bffa/problemsets/p2p3.html
http://www.davincipress.com/bffa/problemsets/p2p3.html
http://www.davincipress.com/bffa/problemsets/p2p3.html
http://www.davincipress.com/bffa/problemsets/p2p3.html
http://www.davincipress.com/bffa/problemsets/p2p3.html
http://www.davincipress.com/bffa/studentforwards/penelopeirvingforward.html
http://www.davincipress.com/bffa/studentforwards/penelopeirvingforward.html
http://www.davincipress.com/bffa/studentforwards/aleiakimforward.html
http://www.davincipress.com/bffa/studentforwards/aleiakimforward.html
http://www.davincipress.com/bffa/studentforwards/pehrjacobsonforward.html
http://www.davincipress.com/bffa/studentforwards/pehrjacobsonforward.html
http://www.davincipress.com/bffa/studentforwards/marthabakerforward.html
http://www.davincipress.com/bffa/studentforwards/marthabakerforward.html
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Oh Delta G
To the tune of “Danny Boy”

Metabolic Melodies Website HERE

Oh Delta G - the change in Gibbs free energy
Can tell us if a process will advance

'Cause if the value's less than naught it translates that
Reverse reactions haven't got a chance

But when the sign is plus it is the opposite
And then the backwards happens all the time

A factor is the standard Gibbs free energy
So don't forget about the Delta G naught prime

Recording by Tim Karplus
Lyrics by Kevin Ahern 

http://www.davincipress.com/
http://www.davincipress.com/
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The Cell's Lament  
To the tune of “Yesterday”

Metabolic Melodies Website HERE

Woe is me 
My substrates are losing entropy 

Causing gains in Gibbs free energy 
Oh I can't lose no en - tro- py

Re-a-lly 
I could use a source of enthalpy 

To combat the rise in Delta G 
Oh I believe in enthalpy

 
I crave en-er-gy
Don't you see?

It's getting worse
My re-actions all 

Soon will stall 
And then rever-r-r-se

 
ATP 

It's the metabolic currency 
Guess I'll spend a bit judiciously 

To help reduce the Delta G 
Help reduce the Delta G

Recording by Tim Karplus
Lyrics by Kevin Ahern

http://www.davincipress.com/
http://www.davincipress.com/

