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!e Gene !erapy Road Map 
Biomedical researchers believe that monogenetic disorders can be treated by gene therapy if (1) human cells can be 
coaxed to take up exogenous DNA that contains the sequence for a healthy version of the defective gene, (2) the 
exogenous DNA becomes stabilized in the nucleus, and (3) the exogenous DNA can be transcribed into messenger 
RNA and translated into the encoded protein.

Virus Life Cycle 
Viruses introduce their genetic material into speci!c cell types of the host organism. 
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version of the ADA gene into the T cells of two patients, one of whom showed 
a limited but positive temporary response to the treatment. In another study, 
researchers from Italy used retroviruses to deliver a healthy version of ADA to 
blood lymphocytes and hematopoietic stem cells taken from two infants with 
ADA-SCID. Afterward, the genetically modifi ed cells were infused into the in-
fants, who showed some improvements.5

Early Setbacks
With several other clinical trials underway, it looked as if gene therapy was 
fi nally off to a promising start until the death of 18-year-old Jesse Gelsinger 
in 1999 brought trials to a screeching halt. Gelsinger suffered from ornithine 
transcarbamylase (OTC) defi ciency (an inherited disorder that causes ammo-
nia to accumulate in the blood). His death resulted from organ failure that 
began with a severe infl ammatory response after his liver was infused with 
an adenovirus vector carrying a healthy version of the OTC gene.6 Gelsinger

show signs until later in life, during adulthood. Sadly, none of these diseases 
have cures. For those with treatments, the best that medical practitioners can 
do is manage symptoms, hoping to maintain the patient’s quality of life for as 
long as possible.

In a landmark scientifi c paper published in 1972 in the journal Science, 
Theodore Friedmann (considered to be the father of gene therapy) and Rich-
ard Roblin presented a detailed roadmap for the treatment of monogenetic 
disorders called gene therapy.4 According to the two biomedical scientists, 
monogenetic disorders can be effectively treated if these steps can be success-
fully executed:

1. the human cells can be coaxed to take up exogenous DNA (produced 
from outside the system) that contains the sequence for a healthy ver-
sion of the defective gene;

2. the exogenous DNA can survive its journey into the cell’s nucleus;
3. the exogenous DNA becomes stabilized in the nucleus;
4. the exogenous DNA can be transcribed into messenger RNA and 

translated into the encoded protein.

Surveying the scientifi c literature of that time, Friedmann and Roblin 
speculated on ways each of the four steps might be achieved and concluded 
that gene replacement therapy is a real possibility. However, they also called for 
a moratorium on any attempts at gene therapy until a more detailed under-
standing of molecular biology emerged.

In spite of gains in understanding about the genetic basis of diseases and 
the rapid advances in recombinant DNA technology that took place through-
out the 1970s and 1980s, the fi rst successful use of gene therapy to treat a ge-
netic disorder wasn’t reported until the early 1990s. In this case, the technique 
was used to treat ADA-SCID. This disorder is caused by a mutation to the gene 
that encodes the enzyme adenosine deaminase (ADA). The mutation prevents 
DNA synthesis from taking place, which inhibits cell division. Because cell di-
vision is important for expansion of T and B cell populations in response to 
disease, the patient’s immune system is compromised. This mutation also leads 
to the buildup of a metabolic product that is toxic to immature lymphocytes—
further complicating matters. The net effect is that people with this mutation 
suffer from a disorder called severe combined immunodefi ciency (SCID).

In one clinical study, a research team at NIH (National Institutes of Health) 
headed by William French Anderson used a retrovirus to deliver a healthy 

Figure 1.1: The Gene Therapy Road Map
Biomedical researchers believe that monogenetic disorders can be treated by gene therapy if (1) 
human cells can be coaxed to take up exogenous DNA that contains the sequence for a healthy 
version of the defective gene, (2) the exogenous DNA becomes stabilized in the nucleus, and (3) 
the exogenous DNA can be transcribed into messenger RNA and translated into the encoded 
protein.
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harm it causes to the recipient of the gene transfer is called insertional genotox-
icity.) Also, if the insertion of the viral vector disrupts tumor repressor genes, 
errant gene therapy can cause cancer. 

Still, biomedical researchers fi nd the adeno-associated viral vector

Figure 1.2: Virus Life Cycle
Viruses introduce their genetic material into specifi c cell types of the host organism.

Retroviruses, like all viruses, consist of protein capsules that house ge-
netic material (either DNA or RNA). Viruses infect organisms by in-
vading specifi c cell types of the host organism. After viruses attach to 
the target cell’s surface, they inject or release their genetic material into 
the healthy cell or the viral particles may be taken up by the cell. The 
viral genetic material exploits the cell’s machinery to produce viral ge-
netic material and proteins. Once formed, these components combine 
to form new viral particles. When the newly formed viruses escape 
from the host cell, the infection cycle repeats (see fi gure 1.2).

RNA is the genetic material used by retroviruses. After it’s intro-
duced into the host cell, reverse transcriptase uses the retroviral RNA 
to make DNA. This newly made DNA becomes incorporated into the 
host’s genome, where it can direct the production of new retroviral 
particles. (HIV, the virus responsible for AIDS, is a retrovirus.)

Once generated by reverse transcriptase, the DNA copy of the ret-
roviral genetic material can become incorporated into the host cell’s 
genome. Biomedical researchers seek to take advantage of this integra-
tion process to incorporate healthy copies of genes that compensate 
for defective genes into the host genome.

Role of Retroviruses

On the other hand, retroviruses and lentiviruses can deliver genetic packages 
of around 8,000 genetic letters. Some viral vectors (such as retroviruses and 
lentiviruses) integrate into the target cells’ genomes. The adeno-associated vi-
rus does not insert into the genome—instead, it becomes stabilized in the cell’s 
nucleus as a small piece of genetic material called an episome. The insertion 
location is also key. Some viral systems integrate only in the coding regions of 
the genome; others insert in other locations. None of these systems is ideal and 
biomedical researchers face tradeoffs when selecting viral vehicles.

Two additional challenges confront biomedical researchers when they at-
tempt gene therapy with viral vectors. The fi rst stems from unintended con-
sequences of the insertion of the viral genetic material into the host genome. 
These insertion events deliver a “healthy” version of the gene, but they can also 
damage the genome if they insert into genes or regulatory regions. (When this 
damage occurs, molecular biologists refer to it as insertional mutagenesis. The 
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!e Molecular Structure of a Typical Phospholipid with Schematic Structure Superimposed
Phospholipids have a water-soluble head group and a water-insoluble tail that leads to its bilayer-forming properties. 

Assembly of Phospholipid Molecules into a Bilayer 
Because of phospholipid’s dual solubility properties, these molecules spontaneously form bilayers when added to 
water through tail-to-tail interactions. 
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Figure 1.3: The Molecular Structure of a Typical Phospholipid with Schemat-
ic Structure Superimposed
Phospholipids have a water-soluble head group and a water-insoluble tail that leads to its 
bilayer-forming properties.

Liposomes are hollow spherical structures formed from bilayer-form-
ing phospholipids.

Usually found in cell membranes, phospholipids resemble a large 
balloon with two strings tied to the bottom. Biochemists divide phos-
pholipids into two regions that possess markedly different physical 
properties. The head region, corresponding to the “balloon,” is water 
soluble (hydrophilic, or “water-loving”). The phospholipid tails, corre-
sponding to the balloon’s “strings,” are water insoluble (hydrophobic, 
or “water-hating”). 

Liposomes
appealing because it does not insert into the genome of the target cells. Unfor-
tunately, the adeno-associated virus is limited by the size of the genetic payload 
it can carry and by the potentially transient nature of the genetic change to the 
target cells. The episome derived from the adeno-associated viral system is sta-
ble but not permanent, because it is not inserted into the target cell’s genome 
and will become lost daughter cells produced in cell division.

The second challenge arises from the patient’s immune system’s response 
to the viral vectors. Because they are viruses, the viral delivery systems will elicit 
a reaction from the immune system. This can cause a potentially fatal infl am-
matory reaction in the short term. Long-term effects can render the patient im-
mune to the viral vector and future gene therapy treatments. Successive treat-
ments are often met with an increasingly stronger immune reaction from the 
patient receiving gene therapy. In some instances, the patient’s modifi ed cells 
come under attack from the patient’s immune system because the body views 
the modifi ed cells as foreign. When the cells are destroyed, the process not only 
undoes the gene therapy, but also may worsen the patient’s condition as cells in 
the target tissue undergo destruction.

Because viral delivery systems elicit immune responses, a few biomedical 
scientists have pursued nonviral delivery systems. The most promising ap-
proaches involve liposomes.13 To execute this approach, researchers encapsu-
late circular pieces of DNA harboring the replacement gene (called plasmids) 
within liposomes. These lipid-DNA particles enter the target cell through a 
process called endocytosis, in which the particle becomes engulfed by the target 
cell’s plasma membranes and forms a vesicle inside the cell’s interior. Because 
liposomes are synthetic systems, they can be designed to be “invisible” to the 
immune system. As of now, the main limitation of liposome delivery systems 
is their ineffi ciency for transporting the gene-harboring plasmids into the cy-
toplasm into the cell’s nucleus once they are released from the liposome. This 
shortcoming is so problematic that most biomedical researchers don’t see lipo-
some delivery as a viable approach. 

Up to now, results from viral vectors to support gene therapy efforts have 
been mixed, though this approach does show promise as the means to treat 
some types of genetic disorders.14 For example, through clinical trials using 
the adeno-associated virus as a vector for the gene that encodes the protein-
clotting factor IX, biomedical researchers discovered that symptoms for hemo-
philia B were ameliorated when they injected the gene therapy package directly 
into liver or muscles. However, the improvement proved temporary due to test 
subjects’ immune response to the viral vector. Follow-up clinical trials that
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included immunosuppressant drugs yielded longer-lasting outcomes for the 
patients. Also, adeno-associated viral vectors carrying the gene for the reti-
nal pigment epithelium-specifi c 65 kDa protein have shown some success for 
treating patients with blindness caused by defects in this gene. Yet, these im-
provements waned over time. 

Gene therapy with viral vectors has found its greatest successes address-
ing monogenetic blood disorders. These disorders can be treated by taking the 
genetically defective hematopoietic stem (bone marrow) cells from the patient 
and, in a laboratory setting, delivering “healthy” genes to the cells, typically 
with either a retrovirus or a lentivirus vector. Once these cells have been ge-
netically modifi ed, they can be returned to the patients through a bone mar-
row transplant. These approaches have produced unequivocal improvements 
in patients with severe combined immunodefi ciency caused by mutations in 
the genes that code adenosine deaminase and/or the interleukin-2 receptor g, 
respectively. Similar approaches also hold promise for treating hemoglobin 
disorders, such as sickle cell anemia and b-thalassemia. So, while gene therapy 
carried out with viral vectors may have clinical value for treating a handful of 
specifi c monogenetic disorders, it doesn’t appear as if it will have broad utility 
for treating the thousands of known monogenetic disorders.

Gene Editing Systems
Another approach to gene therapy relies on techniques known as gene edit-
ing. Inherently more versatile than those relying on viral vector gene delivery 
systems, gene editing methods may well lead to more robust clinical protocols 
that could treat most, if not all, diseases caused by mutations to single genes. 
Viral vector techniques can only alter the genomes of target cells in a single way 
by adding genes into the genome. In contrast, gene editing techniques can add 
genes, delete regions of the genome, and edit DNA sequences, making it pos-
sible to correct mutations in a defective gene without the need to supplant it by 
the addition of a healthy gene.

Gene editing involves the use of enzymes called nucleases that precisely tar-
get specifi c regions of the genome by cutting both strands of the DNA double 
helix at the desired genome location. These cuts trigger highly effi cient DNA 
repair processes that lead to either: (1) the insertion or deletion of variable 
lengths of DNA at the cut sites (through a process called non-homologous end 
joining repair, or NHEJ); or (2) a correction to the mutation or the addition 
of DNA to the genome, if an additional piece of donor DNA containing the
desired sequence is added with the nuclease (through a process called

Figure 1.4: Assembly of Phospholipid Molecules into a Bilayer
Because of phospholipid’s dual solubility properties, these molecules spontaneously form 
bilayers when added to water through tail-to-tail interactions.

Through special laboratory procedures, scientists can induce 
phospholipid bilayers to form hollow, spherical structures that encap-
sulate materials such as plasmids.

Chemists refer to molecules such as phospholipids, in which dis-
tinct molecular regions possess different solubility characteristics, as 
amphiphilic (“ambivalent in its likes”). Soaps and detergents are com-
monly recognized examples of amphiphilic compounds.

Because of their schizophrenic solubility properties, phospholipids 
spontaneously organize into bilayers—sheets two molecules thick—
when added to water. In a bilayer, phospholipid molecules align into 
two monolayers, with the phospholipid head groups adjacent to one 
another and the phospholipid tails packed close together. The mono-
layers in turn collect so that the phospholipid tails of one monolayer 
interface with the phospholipid tails of the bilayer’s other monolay-
er. This tail-to-tail arrangement ensures that the water-soluble head 
groups contact water and the water-insoluble tails avoid water. 

Phospholipids
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homology-directed repair, or HDR).
Initial attempts at gene editing relied on the use of three different nucleas-

es: (1) meganucleases, (2) zinc fi nger nucleases, and (3) TALENs (transcription 
activator-like effector nucleases).15 Meganucleases are a type of enzyme called 
a restriction endonuclease. These enzymes cleave DNA at specifi c sites along 
the double helix, determined by the nucleotide sequence and the specifi city 
of the enzyme. Researchers can reengineer the meganucleases to target alter-
nate nucleotide sequences that these enzymes don’t normally bind. By making 
modifi cations, researchers can use the reengineered meganuclease to pinpoint 
specifi c regions of an organism’s genome for gene editing purposes.

Both the zinc fi nger nucleases and TALENs used for gene editing are fusion 
proteins, engineered from two separate proteins. One of the proteins binds to 
DNA, the other cleaves DNA. In this way, molecular biologists can engineer the 
DNA binding region so that it targets the desired nucleotide sequences, making 

gene editing possible. Unlike meganucleases, in which the DNA binding and 
cleaving regions of the enzyme are intertwined (making modifi cations to this 
enzyme extremely challenging), zinc fi nger nucleases and TALENs are much 
easier to reengineer to target specifi c DNA sequences because the DNA binding 
and DNA cleavage domains are separate and distinct.

Gene editing applications of these three nucleases have been limited pri-
marily to proof-of-concept laboratory studies. However, researchers have ex-
plored some clinical applications. For example, in one study, researchers from 
the University of Pennsylvania used zinc fi nger nucleases to disable the gene 
that codes for the receptor protein CCR5 in autologous T cells.16 These proteins 
play a role in the entry of HIV into T cells. Disabling this gene disrupts the HIV 
infection of T cells. After applying gene editing to modify the T cells, the Uni-
versity of Pennsylvania scientists infused them into 12 HIV patients, with some 
indication that this procedure might offer relief for AIDS patients.

Though the use of meganucleases, zinc fi nger nucleases, and TALENs as 
gene editing tools show real promise, two signifi cant limitations exist. Reengi-
neering the enzymes is extremely diffi cult to carry out. In fact, many labora-
tories have not been able to successfully reengineer them at all. Because of the 
diffi culties involved and expertise required to reengineer these enzymes, the 
cost to pursue applications of the three nucleases is exorbitant.

But things changed in 2012 with the advent of CRISPR-Cas9 gene editing.

CRISPR-Cas9 Gene Editing
In 1987, Yoshizumi Ishino and collaborators serendipitously discovered highly 
unusual clusters of repeated DNA sequences in the genome of the bacterium E. 
coli while cloning a gene.17 At that time, they didn’t understand the signifi cance 
of the cluster of repeats. Over time, other investigators discovered similar clus-
ters in other bacteria, referring to these sequences with the acronym CRISPRs. 
Researchers eventually learned that a family of enzymes was also associated 
with the CRISPR sequences. These enzymes were dubbed CRISPR-associated 
(Cas) proteins and were numbered (Cas1, Cas2, etc.).

In 2005, a research team from France was the fi rst to propose that CRISPR 
sequences and the Cas enzymes played a role in the acquired immunity of bac-
teria by protecting them from viral infections.18 Knowing how the CRISPR-Cas 
system imparts bacteria with acquired immunity is key to understanding how 
CRISPR-Cas9 gene editing works.

Figure 1.5: Endogenous DNA Repair Mechanisms Exploited in Gene Editing
Enzymes called nucleases precisely target specifi c regions of the genome, cutting both 
strands of the DNA double helix at the desired genome location. These cuts trigger highly 
effi  cient DNA repair processes that lead to either (1) the insertion or deletion of variable 
lengths of DNA at the cut sites or (2) a correction to the mutation or the addition of DNA 
to the genome, if an additional piece of donor DNA containing the desired sequence is 
available.
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Endogenous DNA Repair Mechanisms Exploited in Gene Editing 
Enzymes called nucleases precisely target speci!c regions of the genome, cutting both strands of the DNA double 
helix at the desired genome location. "ese cuts trigger highly e#cient DNA repair processes that lead to either 
(1) the insertion or deletion of variable lengths of DNA at the cut sites or (2) a correction to the mutation or the 
addition of DNA to the genome, if an additional piece of donor DNA containing the desired sequence is available. 

Type II CRISPR-Cas System in Bacteria 
"e CRISPR-Cas system in bacteria consists of two steps: immunization and immunity. Biomedical researchers are 
looking to co-opt this process to carry out gene editing in human beings. 
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CRISPR Structure
The CRISPR sequences in bacterial genomes are demarcated by a special nucle-
otide sequence, labeled the leader sequence.19 Immediately downstream from 
the leader sequence lies a series of two alternating sequence elements (called a 
palindrome and a spacer, respectively) that repeat, over and over. Palindromes 
consist of the same nucleotide sequences in both directions. For example, 
AAGCTTCCGGGGCCTTCGAA is a palindromic sequence. Spacer elements 
consisting of variable nucleotide sequences separate each of the palindromes. 

Molecular biologists had a breakthrough in understanding the role CRIS-
PR sequences played in bacterial-acquired immunity when they discovered 
why the spacer elements consisted of variable nucleotide sequences. As it turns 
out, spacer sequences originate from foreign genetic material (such as viral 
DNA and RNA or plasmid DNA) that has been taken up by the cell. A series 
of genes that encode the Cas enzymes lies upstream from the leader sequence. 
Usually, there are six “core” enzymes encoded by the Cas genes, labeled Cas1 
to Cas6. Molecular biologists have discovered other enzymes with unknown 
function that are part of the Cas gene series and presumably of the CRISPR-
Cas bacterial immune system.

The CRISPR-Cas Mechanism
Researchers have discovered three types of CRISPR-Cas immunity mechanisms 
in bacteria and archaea. The most extensively studied is the type II mechanism. 
Biologists have much to learn about this (and other) mechanism(s); neverthe-
less, they have pieced together the key features of CRISPR-Cas acquired immu-
nity.20 The fi rst stage of the process, called the immunization step, begins when 
a piece of foreign genetic material (DNA or RNA—whether plasmid or viral) 
enters a bacterial cell. One of the members of the Cas enzyme family targets the 
foreign DNA, cleaving it into fragments. Another member of the Cas enzyme 
cooperative incorporates the fragmented DNA into the CRISPR array imme-
diately adjacent and downstream from the leader sequence.

During the second step, called the immunity stage, the CRISPR DNA is 
transcribed into a special type of RNA called pre-CRISPR RNA (pre-crRNA). 
In turn, this special transcript is broken down by a member of the Cas enzyme 
cohort into small crRNAs that include a copy of one of the spacer sequences 
and a portion of the adjacent palindromic sequences. The crRNA molecules 
pair with another RNA molecule transcribed from the CRISPR region of the 
bacterial genome. This RNA is called the transactivating crRNA (tracrRNA). 
Another Cas enzyme (Cas9 for type II mechanisms) recognizes and binds the 

crRNA-tracrRNA duplex, which then allows this enzyme to specifi cally target 
foreign DNA from viruses or plasmids, provided that the viral DNA contains 
a special sequence called the protospacer adjacent motif (or PAM). The break-
down of the viral and plasmid DNA protects the bacterial cell.

Gene Editing with CRISPR-Cas9
A breakthrough. In 2012, biochemists Jennifer Doudna and Emmanuelle

Figure 1.6: Type II CRISPR-Cas System in Bacteria
The CRISPR-Cas system in bacteria consists of two steps: immunization and immunity. Bio-
medical researchers are looking to co-opt this process to carry out gene editing in human 
beings.
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DNA Structure 
DNA consists of two aligned molecular strands that twist around each other to form a double helix. "e molecular 
strands are built by linking together four di$erent molecules called nucleotides, abbreviated A, G, C, and T. 

Nucleotide Structure 
"e molecules used to build DNA consist of a phosphate group attached to a !ve-carbon sugar called deoxyribose. 
Also attached to deoxyribose is one of four di$erent nucleobases, adenine (A), guanine (G), cytosine (C), and 
thymine (T). 
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coupled polynucleotide chains twist around each other to form the well-known 
DNA double helix.  

The cell’s machinery forms polynucleotide chains by linking together four 
different subunit molecules called nucleotides. The four nucleotides used to 
build DNA chains are adenosine, guanosine, cytidine, and thymidine—fa-
mously abbreviated A, G, C, and T, respectively.

Nucleotide subunits that form the DNA strands are complex molecules, 
consisting of both a phosphate moiety and a nucleobase (either adenine, gua-
nine, cytosine, or thymine) joined to a 5-carbon sugar (deoxyribose).

The backbone of the DNA strand is formed by repeatedly linking the phos-
phate group of one nucleotide to the deoxyribose unit of another nucleotide. 

the assault carrier Samuel Sawyer into action, gunning for the Iron Man armor 
empowered by Stark’s ghost. In an attempt to stop the attacks, the Iron Man 
armor boards the Samuel Sawyer and unwittingly provides the Beautiful Gar-
bage insurgents access to the computers onboard the S.H.I.E.L.D assault vessel. 
Mechanized mayhem results.

One of the cape-killing weapons Stark developed for the Samuel Sawyer 
is the Gungnir hypersonic air-to-air missile. During a fl ashback, Stark’s con-
sciousness upload relives the sales pitch Stark makes to a roomful of congress-
men and Pentagon offi cials about the Gungnir missiles. Stark points out to the 
delegation that the key to the missile’s effectiveness is speed. Stark explains that 
the missile’s kinetic energy equals one-half times the mass times the velocity 
squared (KE = 1/2mv2). In other words, because the missile can travel at Mach 
8, it doesn’t have 4 times the power of one traveling at Mach 2. It has 16 times 
the energy: hypervelocity.

Learning the Basics
For Tony Stark to sell the Gungnir missiles that are part of his Iron Man armor, 
he needed to make sure the congressmen and Pentagon higher-ups understood 
some basic physics. And the same is true if we are to appreciate the power of 
gene editing techniques to treat genetic disorders and their potential to en-
hance human beings. We need to understand some of the basic principles of 
molecular biology.

What follows is a brief overview of some of the key concepts from molecu-
lar biology that form the foundation for gene therapy and gene editing. We 
hope that this background information suffi ces for lay readers. For those who 
are more ambitious and want to dig deeper, most college-level textbooks on 
molecular biology or molecular genetics will do.

The starting point for any primer on molecular biology begins with the 
structure and function of DNA—the molecule of inheritance.

DNA’s Structure 
DNA consists of chain-like molecules known as polynucleotides. Two poly-
nucleotide chains align in an antiparallel fashion to form a DNA molecule. 
The two strands are arranged parallel to one another with the starting point of 
one strand (the 5ƍ�end) in the polynucleotide duplex located next to the ending 
point of the other strand (the 3ƍ end) and vice versa. 

The paired polynucleotide chains resemble a ladder, with the side groups 
that extend from the backbone interacting with each other to form rungs. The 

Figure A.1: DNA Structure
DNA consists of two aligned molecular strands that twist around each other to form a double 
helix. The molecular strands are built by linking together four diff erent molecules called nucleo-
tides, abbreviated A, G, C, and T.
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cytoskeleton. Structural proteins also associate with the cell membrane in a 
variety of ways. 

Proteins called enzymes catalyze chemical reactions. Enzymes are perhaps 
one of the most important types of protein. These biomolecules speed up the 
rate of chemical transformations by bringing together the molecules so they 
can react more readily. Other proteins harvest chemical energy, serve in the 
cell’s defense systems, and store and transport molecules—and that’s only a 
few of their roles.

(Biochemists call this bond a 5ƍ–3ƍ phosphodiester linkage.) The nucleobases 
extend as side chains from the backbone of the DNA molecule and serve as in-
teraction points when the two DNA strands align and twist to form the double 
helix.

Proteins
DNA stores the information necessary to make all the proteins used by the cell. 
These “workhorse” molecules of life take part in essentially every cellular and 
extracellular structure and activity. Some proteins help form structures inside 
the cell and in the cell’s surrounding matrix. They are dissolved in the cytosol 
and the lumen of organelles or they aggregate to form larger structures like the 

Figure A.2: Nucleotide Structure
The molecules used to build DNA consist of a phosphate group attached to a fi ve-carbon sugar 
called deoxyribose. Also attached to deoxyribose is one of four diff erent nucleobases, adenine 
(A), guanine (G), cytosine (C), and thymine (T).

Figure A.3: DNA Backbone Structure
The backbone of each DNA strand is formed by repeatedly linking the phosphate group of one 
nucleotide to the deoxyribose sugar of another.
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DNA Backbone Structure 
"e backbone of each DNA strand is formed by repeatedly linking the phosphate group of one nucleotide to the 
deoxyribose sugar of another. 
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Protein Structure 
Four levels of protein structure exist. "e primary structure refers to the sequence of amino acids that make up the 
protein. "e secondary structure corresponds to the three-dimensional conformation of the protein backbone. "e 
two most common secondary structures are the alpha-helix and beta-pleated sheet. "e tertiary structure de!nes the 
three-dimensional arrangement of the protein atoms in space. Quaternary structure refers to the way that proteins 
interact with other proteins to form complexes. 
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Proteins are made up of one or more polypeptides. These chain-like mol-
ecules fold into precise three-dimensional structures. The architecture deter-
mines the way the polypeptides interact with each other and, consequently, 
determines the polypeptides’ form when the cellular machinery links smaller 
subunit molecules called amino acids together in a head-to-tail fashion like 
beads on a string. Each amino acid possesses a specifi c set of chemical and 
physical properties. Cells employ 20 different amino acids, which (in principle) 
can link up in any possible order to form a polypeptide.

Each amino acid sequence imparts a unique chemical and physical pro-
fi le along the polypeptide’s chain. This profi le determines how the polypep-
tide chain folds and, therefore, how it interacts with other polypeptide chains 
to form a functional protein. The amino acid sequence ultimately determines 
a polypeptide’s function because a specifi c sequence will fold into a specifi c 
structure, and structure dictates function (see fi gure A.4).

Because proteins are such large and complex molecules, biochemists cat-
egorize protein structure into four different levels: the primary, secondary, ter-
tiary, and quaternary structures (see fi gure A.4). A protein’s primary structure 
is the linear sequence of amino acids that make up each of its polypeptide 
chains. The secondary structure refers to short-range three-dimensional ar-
rangements of the polypeptide chain’s backbone arising from the interactions 
between chemical groups that make up its backbone. Three of the most com-
mon secondary structures are the random coil, alpha (a) helix, and beta (b) 
pleated sheet (see fi gure A.4). Tertiary structure describes the overall shape of 
the entire polypeptide chain and the location of each of its atoms in three-di-
mensional space. The structure and spatial orientation of the chemical groups 
that extend from the polypeptide backbone are also part of the tertiary struc-
ture. Quaternary structure arises when several individual polypeptide chains 
interact to form a functional protein structure.

Enzymes have special regions on their surfaces called active sites. These lo-
cations can be either pockets or crevices. Chemical reactants bind to active sites 
and the binding of these molecules is highly specifi c. Once bound, the reactants 
are held in the just-right orientation in space so that the reaction between them 
readily takes place. By facilitating the interactions between chemical reactants, 
enzymes speed up the rate of chemical reactions. Other proteins like receptors 
have binding sites on their surfaces as well. These regions are similar to active 
sites.

Figure A.4: Protein Structure
Four levels of protein structure exist. The primary structure refers to the sequence of amino acids 
that make up the protein. The secondary structure corresponds to the three-dimensional con-
formation of the protein backbone. Two most common secondary structures are the alpha-helix 
and beta-pleated sheet. The tertiary structure defi nes the three-dimensional arrangement of the 
protein atoms in space. Quaternary structure refers to the way that proteins interact with other 
proteins to form complexes.
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Gene Structure 
In general terms, a gene consists of two regions: a protein-coding region and a regulatory region. 

!e Central Dogma of Molecular Biology 
"is concept describes how the cell’s machinery makes use of the instructions harbored in DNA to make proteins. 
"e DNA sequence that encodes the amino acid sequence of proteins (gene) is copied by the cell’s machinery to 
generate a molecule of messenger RNA. "is molecule exits the nucleus, making its way to ribosomes. Ribosomes 
read the information encoded in messenger RNA and then build protein chains by adding one amino acid at a time. 
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the ribosome. In this sense, the promoter functions as a volume control knob 
of sorts.

The operator also binds proteins. Two different types of proteins—activa-
tors and repressors—bind to the operator. As the names imply, activators turn 
the gene on (or activate it) when they bind, and repressors turn the gene off (or 
repress it) when they bind. In this way, the operator functions as a type of on/
off switch for gene expression.

Genes
The sequence of nucleotides in DNA strands specifying the production of 
a distinct polypeptide chain is known as a gene. Gene structure is complex, 
broadly consisting of two regions: the protein-coding region and the regula-
tory region (see fi gure A.5). 

The protein-coding region contains information needed by the cell’s bio-
chemical machinery to produce the polypeptide chain encoded by that gene. 
The regulatory region, on the other hand, consists of “on/off switches” and 
“volume control knobs” that control or regulate gene expression. Hence, the 
regulatory region ultimately dictates the production of the polypeptide chain.

Gene expression plays a central role in coordinating life’s biochemical pro-
cesses. Some genes are “turned on” or expressed nearly all the time. Biochem-
ists refer to these genes as “housekeeping genes” because they specify proteins 
that are needed virtually all the time to maintain normal cellular operations. 
Other genes are expressed intermittently, directing the production of proteins 
only when necessary—either at certain points in the cell cycle or in response to 
specifi c environmental effects.

There are two key sites within the regulatory region of a gene: the pro-
moter and operator. The promoter serves as the binding site for a massive pro-
tein complex called RNA polymerase. This enzyme initiates gene expression 
by producing a messenger RNA (mRNA) molecule that contains a copy of the 
information found in the protein-coding region of the gene. The mRNA mol-
ecule eventually makes its way to a subcellular particle, or ribosome, in the 
cytoplasm. Once there, mRNA directs protein production (see fi gure A.6).

The strength of RNA polymerase binding at the promoter controls the 
amount of mRNA produced, and hence the amount of protein generated at 

Figure A.5: Gene Structure
In general terms, a gene consists of two regions: a protein-coding region and a regulatory region.

Figure A.6: The Central Dogma of Molecular Biology
This concept describes how the cell’s machinery makes use of the instructions harbored in DNA 
to make proteins. The DNA sequence that encodes the amino acid sequence of proteins (gene) is 
copied by the cell’s machinery to generate a molecule of messenger RNA. This molecule exits the 
nucleus, making its way to ribosomes. Ribosomes read the information encoded in messenger 
RNA and then build protein chains by adding one amino acid at a time. 
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to make proteins. The DNA sequence that encodes the amino acid sequence of proteins (gene) is 
copied by the cell’s machinery to generate a molecule of messenger RNA. This molecule exits the 
nucleus, making its way to ribosomes. Ribosomes read the information encoded in messenger 
RNA and then build protein chains by adding one amino acid at a time. 
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Semi-Conservative DNA Replication 
DNA replication occurs in a semi-conservative, template-directed manner. Each strand of the DNA molecule serves 
as a template to assemble its complementary strand. "e resulting two daughter DNA molecules contain one newly 
made strand and one from the original parent DNA double helix. 

!e DNA Replication Bubble 
"e DNA replication bubble is the site of daughter-strand synthesis. DNA replication proceeds in both directions 
after the DNA double helix unwinds, with the growth of the daughter chain occurring at the two replication forks. 
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daughter molecules. It is a semiconservative process because, after replication, 
each daughter DNA molecule contains one newly formed DNA strand and one 
strand from the parent molecule (see fi gure A.7).

serve as a form of “punctuation” for the cell’s information system. (For ex-
ample, UGA is a stop codon.)

Some coding triplets (start codons) play a dual role in the genetic code. 
These codons not only encode amino acids, but also “tell” the cell where a poly-
peptide begins. For example, the codon GUG not only encodes the amino acid 
valine, it also specifi es the beginning of a polypeptide chain. Start codons func-
tion as a sort of “capitalization” for the information system of the cell.

Mutations
From time to time, physical and chemical events damage DNA’s structure. 
Though the cell possesses machinery that can fi x this damage, sometimes the 
repair is ineffective, or errors occur in the process. When this failure happens, 
the nucleotide sequence of DNA becomes permanently altered. These changes 
in DNA sequences (mutations) can also result from errors that occur when the 
cell’s machinery replicates DNA just prior to cell division.

Biochemists have identifi ed numerous types of mutations. Substitutions 
refer to mutations that replace one nucleotide in the DNA sequence with an-
other. Insertions refer to mutations that add nucleotides to the DNA sequence. 
Deletions describe nucleotide losses from a DNA sequence.

Mutations that occur in genes are seldom benefi cial. They alter informa-
tion and cause the structure of the protein specifi ed by that gene to become 
distorted. Because of the structure-altering effect of mutations, many are 
harmful or deleterious. Biomedical scientists seek to use gene editing to repair 
the damage caused by mutations to single genes.

DNA Replication
DNA replication—the production of two identical “daughter” DNA molecules 
from a “parent” DNA molecule—is possible because a special relationship ex-
ists between the nucleotide sequences of the two DNA strands. These sequences 
are considered complementary. When the DNA strands align, the A side chains 
of one strand always pair with T side chains from the other strand. Likewise, 
the G side chains from one DNA strand always pair with C side chains from 
the other strand. Biochemists refer to these relationships as base-pairing rules. 

As a result of this base pairing, if biochemists know the sequence of one 
DNA strand, they can readily determine the sequence of the other. Base pairing 
plays a critical role in DNA replication.

To illustrate, the nucleotide sequences of the parent DNA molecule func-
tion as a template directing the assembly of the DNA strands of the two

Figure A.7: Semi-Conservative DNA Replication
DNA replication occurs in a semi-conservative, template-directed manner. Each strand of the 
DNA molecule serves as a template to assemble its complementary strand. The resulting two 
daughter DNA molecules contain one newly made strand and one from the original parent DNA 
double helix.
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directions from the origin during the course of replication. Once the individu-
al strands of the DNA double helix unwind and are exposed within the replica-
tion bubble, they are available to direct the production of the daughter strand. 
The site where the double helix continuously unwinds is the replication fork. 
Because DNA replication proceeds in both directions away from the origin, 
each bubble contains two replication forks.

DNA replication can proceed only in a single direction, from the top of 
the DNA strand to the bottom. Because the strands that form the DNA double 
helix align in an antiparallel fashion with the top of one strand juxtaposed to 
the bottom of the other, only one strand at each replication fork has the proper 
orientation (bottom-to-top) to direct the assembly of a new strand in the top-
to-bottom direction. For this leading strand, DNA replication proceeds rapidly 
and continuously in the direction of the advancing replication fork (see fi gure 
A.8).

Also, DNA replication can’t proceed along the strand with the top-to-bot-
tom orientation until the replication bubble expands enough to expose a size-
able stretch of DNA. When this happens, DNA replication moves away from 
the advancing replication fork. It can proceed only a short distance along the 
top-to-bottom oriented strand before the replication process must stop and 
wait for more of the parent DNA strand to unwind. After a suffi cient length 
of the parent DNA template is exposed the second time, DNA replication can 
proceed again, but only briefl y before it has to stop and wait for more DNA.

The process of discontinuous DNA replication takes place repeatedly until 
the entire strand is replicated. Each time DNA replication starts and stops, a 
small fragment of DNA is produced. These pieces of DNA (that eventually 
comprise the daughter strand) are called Okazaki fragments, after the bio-
chemist who discovered them. The discontinuously produced strand is the 
lagging strand because DNA replication for this strand lags behind the more 
rapidly, continuously produced leading strand (see fi gure A.8).

One additional point: the leading strand at one replication fork is the lag-
ging strand at the other replication fork because the replication forks at the two 
ends of the replication bubble advance in opposite directions.

An ensemble of proteins is needed to carry out DNA replication (see fi gure 
A.9). Once the origin recognition complex (which consists of several different 
proteins) identifi es the replication origin, a protein called helicase unwinds the 
DNA double helix to form the replication fork. The process of helix unwinding 
introduces torsional stress in the DNA helix downstream from the replication 
fork. Another protein, gyrase, relieves the stress preventing the DNA molecule 

Conceptually, template-directed, semiconservative DNA replication en-
tails the separation of the parent DNA double helix into two single strands. Ac-
cording to the base-pairing rules, each strand serves as a template for the cell’s 
machinery to follow as it forms a new DNA strand with a nucleotide sequence 
complementary to the parent strand. Because each strand of the parent DNA 
molecule directs the production of a new DNA strand, two daughter molecules 
result. Each possesses an original strand from the parent molecule and a newly 
formed DNA strand produced by a template-directed synthetic process.

DNA replication begins at specifi c sites along the DNA double helix. Typi-
cally, prokaryotic cells have only a single origin of replication. More complex 
eukaryotic cells have multiple origins.

The DNA double helix unwinds locally at the origin of replication to 
produce a replication bubble (see fi gure A.8). The bubble expands in both

Figure A.8: The DNA Replication Bubble
The DNA replication bubble is the site of daughter-strand synthesis. DNA replication proceeds 
in both directions a! er the DNA double helix unwinds, with the growth of the daughter chain 
occurring at the two replication forks.
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!e Proteins of DNA Replication 
An ensemble of proteins works collaboratively to carry out DNA replication, including: (1) helicase, which 
unwinds the double helix; (2) primase, which lays down the RNA primer; and (3) DNA polymerase, which adds 
deoxyribonucleotides to the growing daughter strands. 
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from supercoiling like a cord attached to a telephone receiver after the phone 
is hung up.

Single-strand binding proteins bind to the DNA strands exposed by the 
unwinding process. This association keeps the fragile DNA strands from break-
ing apart.

Once the replication fork is established and stabilized, DNA replication 
can begin. Before the newly formed daughter strands can be produced, a small 
RNA primer must be made. The protein that synthesizes new DNA by reading 
the parent DNA template strand—DNA polymerase—can’t start from scratch. 
It must be primed. A massive protein complex, the primosome, which consists 
of over 15 different proteins, produces the RNA primer needed by DNA poly-
merase.

Once primed, DNA polymerase will continuously produce DNA along 
the leading strand. However, for the lagging strand, DNA polymerase can only 
generate DNA in spurts to produce Okazaki fragments. Each time DNA poly-
merase generates an Okazaki fragment, the primosome complex must produce 
a new RNA primer.

Figure A.9: The Proteins of DNA Replication
An ensemble of proteins works collaboratively to carry out DNA replication, including: (1) he-
licase, which unwinds the double helix; (2) primase, which lays down the RNA primer; and (3) 
DNA polymerase, which adds deoxyribonucleotides to the growing daughter strands.

To bring this elegant process to a close, after DNA replication is completed, 
the RNA primers are removed from the continuous DNA of the leading strand 
and the Okazaki fragments that make up the lagging strand. A protein called a 
3ƍ–5ƍ exonuclease removes the RNA primers. A different DNA polymerase fi lls 
in the gaps created by the removal of the RNA primers. Finally, a ligase pro-
tein connects all the Okazaki fragments together to form a continuous piece of 
DNA out of the lagging strand. 

And these are the basic principles that undergird gene editing.
 


