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TURNING RNA INTO DNA: THE DISCOVERY THAT
REVOLUTIONIZED BIOLOGY AND BIOTECHNOLOGY

David Baltimore *

Division of Biology, California Institute of Technology (Calte ch), Pasadena, CA, United States

Viruses are unigue biological systems. They are parasites that use
the cells of other organisms, called hosts, to multiply, often causing
KRISH disease to the host. One of the most interesting features of viruses
U is that some of them contain RNA as their genetic material—all
other known organisms use DNA. In the beginning of my career |
worked on RNA viruses, trying to understand their basic behaviors
and processes. When | focused on RNA viruses that are known
MOHAMMAD to cause cancer, | discovered that they can make DNA from their
AGE: 12 RNA genomes, in a process called reverse transcription. That was
a great discovery that changed the prevailing way of thinking and
had profound implications in the elds of biology, medicine, and
biotechnology. In this article, | will tell you about viruses, walk you
through the discovery of reverse transcription, and describe some
major implications of our ndings in terms of improving or even
saving many human lives.

YOUNG REVIEWERS:

MEHRANEH

AGE: 15

Professor David Baltimore won the Nobel Prize in Physiology
or Medicine in 1975, jointly with Prof. Renato Dulbecco and
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A tiny particle that
infects living cells and
uses the cells'
machinery to make
more viruses. Viruses
can infect all life forms.

The variety of viruses.
Viruses come in many
di erent shapes. Every
animal and bacterium
has its own set of
viruses (Image adapted
from ).

Prof. Howard M. Temin, for their discoveries concerning the
interaction between tumor viruses and the genetic material
of the cell.

are tiny particles that infect cells and sometimes cause
disease. Viruses exist in uncountable numbers, and every liv ing animal
and even every bacterium has its own set of viruses. More than
a million dierent viruses have been identied! You are proba bly
familiar with some viruses, such as the in uenza viruses that cau se
u; SARS-CoV-2, which causes COVID-19; or varicella-zoster vi rus,
which causes chickenpox. Maybe you have heard of the human
immunode ciency virus (HIV), which causes AIDS, or the Ebola vi rus.
Viruses vary dramatically in their structures ( ), in how many
species they can infect (whether they infect only a

), and how dangerous they are to the organisms they

infect, which are called the hosts.
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Human Bacteriophage
immunodeficiency
virus (HIV)

Influenza virus Adenovirus Tobacco Ebola virus
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Viruses multiply by penetrating a host cell and inserting their ge netic
material, which the host then treats as its own. This way, viruses
“enslave” the host cell, tricking it into producing many copies  of the
virus. Viruses multiply extremely quickly—in as little as 20-30 min in
bacteria and a few hours in mammals, including humans. They sp read
by moving from one host to another. For example, some viruses ca n
move between humans through sneezing or when someone touches

a surface that was previously touched by an infected person. We ca n
defend ourselves from some viruses using , and viruses that
infect only humans are easier to handle.

As you might know, DNA is the molecule that carries the genetic
information in living systems. DNA has a relative called RNA, whic h
serves as a moveable copy of the information in DNA and enables the
production of proteins (To learn more about DNA, RNA, and protein s,
see this about protein degradation and this
about RNA splicing.). All organisms in the
animal kingdom have DNA as their genetic material. Viruses are un ique
in that some of them, called RNA viruses, use RNA as their genetic
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MESSENGER RNA
(MRNA)

A type of RNA that
carries the instructions
for making proteins and
moves from the
nucleus to the protein
factory of the

cell (ribosome).

ENZYMES

Proteins that control
the speed of chemical
reactions in living cells.

RNA TUMOR
VIRUSES

RNA viruses that cause
tumor by integrating
their genome into the
host genome.

material (It is believed that viruses are remnants of an earlier world,
in which RNA was used as the genetic information. To read more
about this early RNA world, read this article.). DNA and RNA viruses
have various ways of using their genetic material to make a specic
type of RNA called messenger RNA (mRNA) [1], which is used to
make proteins. | created a classi cation system for viruses, cal led the
Baltimore Classi cation , which classi es viruses based on the way they
make mRNA. Within this classi cation, there are two types of DNA
viruses that use only DNA to make mRNA (groups |, 1), three types
of RNA viruses that use only RNA to make mRNA (groups I, 1V, V),
and two groups of viruses that use both DNA and RNA to make mRNA
(groups VI, VII) [1, 2].

STUDYING RNA VIRUSES

When | started my scienti ¢ career in the 1960s, | wanted to work
on the fundamental chemistry of life. It seemed to me that viruses

o er the best opportunity to do that because they are the simplest
organisms in the world. We could study viruses and understand thei r
operation in detail—all the way down to the molecular level.

In the 1960s, we knew very little about how RNA viruses replicate.
At rst, | worked on a polio-like RNA virus that grows in mice
(group IV according to the Baltimore Classi cation, quite similar  to
SARS-CoV-2), trying to understand how this virus multiplies and ho w
it a ects the life of its host. | deciphered the replication mechani  sm
of this polio-like virus and then extended the ndings to other RNA
viruses. In this process, | discovered several important prote ins called
enzymes that make DNA and RNA [3, 4].

Around 1970, | became interested in whether there were other,
undiscovered ways that RNA viruses replicate themselves. | was
particularly interested in RNA viruses that cause cancer, calle d RNA
tumor viruses . When | started to study these viruses, | had no idea that
a great surprise was awaiting me.

REVERSE TRANSCRIPTION

Inthe 1960s, a colleague of mine named Howard Temin suggestedtha t
RNA tumor viruses could copy their RNA into DNA. Nobody had clear
evidence that this was true and many people did not believe it, sinc e
the prevailing belief (called the “central dogma”) was that RNA was
made from DNA (in a process called transcription), and not the othe r
way around (Figure 2). Nonetheless, there was nothing impossible
about copying RNA into DNA, because RNA and DNA are very similar
molecules that are reproduced using similar mechanisms. In 1 970, |
decided to check the hypothesis that RNA might be copied “back” into
DNA. To do that, | opened up RNA tumor viruses and added radioactive
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DNA precursors (Box 1). These are building blocks that allow us to
detect the presence of any DNA made in a sample, because that DNA
becomes radioactive. Within several days of experiments, | cou Id show
that the sample of RNA tumor viruses could make DNA [ 4].

Figure 2

A change in dogma. (A) Central Dogma of Molecular Biology (1950s)
Prior to the discovery A )
of reverse transcription, 4 & Pm;"
it was believed that R U\ ——» ~N\- ——% (4%
RNA could be made 2

Repliéation Transcription Translation
from DNA through the

process of 1

transcription, but
scientists generally did Updated Dogm=RtEe

not believe that DNA B Reverse Transcription

could be made from _III

RNA. (B) My discovery DNA RNA Protein
in 1970 showed that ( ‘ ) ™ _9 4
DNA can be made from \M \/\U (‘%
RNA, by a process Replication Transcription Translation

called reverse Figure 2
transcription. This
nding changed one of
the most basic ideas
(dogma) in molecular

biology. DNA Box 1 | Finding DNA within RNA tumor viruses.

replication, the process The process by which | used radioactive precursors to discover DNAw ent as follows:
of making two identical | bought ready-made nucleotides (the building blocks of DNA—A, T, C, and G), that
DNA molecules from were labeled with radioactive hydrogen. | put the virus and the label ed nucleotides
an original DNA in a test tube and used a detergent to break up the fatty membrane that covers
molecule. the virus. The labeled nucleotides then contacted the RNA of the virus and the

reverse transcriptase enzyme that copies RNA into DNA. | added some magnesium,

which is necessary for the enzyme, and placed it in a 37 C bath. The enzyme built
radioactive DNA from the labeled nucleotides. | used a strainer to  separate the long
DNA molecules from the remnants of the labeled nucleotides an  d, using a radiation
detector, | found that the DNA molecules were radioactive! Topr  ove that the molecule

was indeed DNA, | used an enzyme called DNase that breaks DNA ap art. When |
added DNase to the reaction products and ltered it again using a st rainer, | got no
radioactive signal. That proved that the material | measured in the or iginal reaction

REVERSE was de nitely DNA.

TRANSCRIPTASE

An enzyme that
performs My ndings meant that RNA tumor viruses could make DNA out of

reverse transcription. their RNA genomes, because there was no other possible source
of DNA in the experiment. | also showed that, if we eliminated the
RNA from the samples, no DNA was found in them. This was a huge
discovery of what is now called reverse transcription —a discovery
for which | won, together with Renato Dulbecco and Howard Temin,

a Nobel Prize in Physiology or Medicine in 1975—only 5 years a fter

The process by which my experiments.
DNA is copied from

RNA—the “reverse” of

normal transcription, in

}NhichDRNIXA is copied A NEW ENZYME THAT CONVERTS RNA TO DNA
rom :

REVERSE
TRANSCRIPTION

When | discovered reverse transcription, it was known that RNA and
DNA are copied by enzymes, so | knew that there was an enzyme
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The structure of reverse
transcriptase. Reverse
transcriptase has a
hand-like structure
with “ngers” and a
moveable “thumb” that
can open and close. In
its central area, it has
an active site where
RNA is made into DNA
[Adapted from [ 6]].

Viruses that make DNA
by copying their RNA
genome using

reverse transcription.

in the virus particles. At that time, we did not know which enzyme
converts RNA to DNA, nor did we understand the process used by that
enzyme. My colleagues and | worked for 10 more years to discover the
enzyme involved in reverse transcription and to decipher the com  plex
mechanism by which it copied RNA into DNA. To do so, we developed

a novel system, in which we could add known RNA molecules and
examine what was made from them. This system allowed us to
look at chemical reactions that no one had ever seen before. We
found the enzyme that copies RNA to DNA and called it reverse
transcriptase [5]. Several years after we found this enzyme, scientists
from other research groups gured out its structure using an imag  ing
method called X-ray crystallography (To learn more about the hi  story
of X-ray crystallography, see this ). Those
scientists found that reverse transcriptase has a hand-like struc ture
with “ngers,” a moveable “thumb” that can open and close, and a
central area called the active site, where DNA is made from RNA

( ).

Active Site

"Fingers"

Our discovery of reverse transcription and reverse transcripta se had
major implications—both for our understanding of basic molecu lar
processes in cells and for treatment of diseases. First, our dis covery
paved the way to understanding a type of viruses called

Retroviruses are RNA viruses that use reverse transcription to cr eate
viral DNA from viral RNA. This viral DNA is then integrated (inserte d)
into the host cell's DNA (using another viral enzyme called integr ase),
making it part of the host cell's genetic material ( ). After the viral
DNA is integrated into the host's DNA, the host produces viral proteins
that assemble to form new virus particles.

HIV, which causes AIDS, is one well-known and very problematic
retrovirus (To learn more about HIV and AIDS, see
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Figure 4

Life cycle of a
retrovirus. (1) A
retrovirus enters the
host cell and sheds its
outer envelope. (2) The
retrovirus uses reverse
transcription to create
viral DNA from its RNA
genome. The viral DNA
is then integrated into
the host cell's genome,
becoming part of the
host's DNA. (3) After
integration, the host
transcribes the viral
DNA into mRNA and
then translates the viral
mRNA to produce viral
proteins that are then
assembled into new
virus particles. (4) The
new viruses go on to
infect other cells
(Image adapted from
David Baltimore).

Figure 4

this Nobel Collection article. ). HIV was detected in 1983, about 2 years
after AIDS became a global pandemic. HIV was detected based on
its reverse transcriptase, and drugs were developed to treat AIDS.
Had we not discovered reverse transcriptase in 1970, some 10 yea rs
before the emergence of AIDS, it would probably not have been
possible to nd the virus, and we would have spent a long time
trying to understand why AIDS occurs. The relatively rapid discove ry
of HIV saved and improved the lives of many people who would
have been less fortunate if AIDS had emerged before the discovery
of reverse transcription.

Our discovery also played a key role in cancer treatment. Prior to  our
discovery, the way that RNA viruses cause cancer was a puzzle. In
cancer, cells change from growing in a controlled way to growingou  t
of control, sometimes into large masses called tumors in the body' s
tissues or as rapidly growing cells in the blood, as in the case of

leukemia. Since RNA is generally an unstable molecule, it did not make
sense that RNA could cause a permanent change in a cell's behav ior.
DNA, however, is a very stable molecule, and RNA tumor viruses were

found to perform reverse transcription, copying their RNA into DNA
and basically turning themselves into genes of the cells they infe ct.
The viruses then bring new genes into the cell and these genes make
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BIOTECHNOLOGY

An industrial eld that
uses biological
processes to
develop products.

proteins. The viral proteins can override the host genes and for ce
the cell to grow and divide continuously, making the infected cell a
cancerous cell.

The connection between cancer and genes, which we discovered by
studying RNA tumor viruses, turned out to be a very important proce  ss
in the development of cancer. Our discovery provided one poss ibility
of what goes wrong in cancerous cells, and it turned out to be truefo  r
multiple kinds of cancers, not only those caused by viruses. Ou r idea
that cancer could be a genetic problem expanded the eld of cance r
research and triggered the discovery of life-saving drugs, in cluding a
“miracle drug” called Gleevec that blocks certain protein that si gnal
cells to grow. The development of these drugs was based on the
understanding that a speci ¢ gene caused a speci c type of cance .
When we can inhibit the activity of a speci c protein that is produce d
from that gene, we can inhibit the cancer.

USE IN BIOTECHNOLOGY AND GENE THERAPY

Our discovery also helped to advance biotechnology , which often
involves creating desired proteins for various applications, including
drugs. One of the rst things we asked after we discovered reverse
transcriptase was: can it copy any RNA, or can it only copy viral RNA? It
turned out that reverse transcriptase can copy any RNA into DNA, if we
give it a little piece of DNA that is complementary to the RNA we want
to copy, as a “starter.” So, this meant that we could turn any mRNA—the
template for making a protein—into DNA, e ectively making it into

a gene. Once the mRNA was in the form of a gene, we could put
that gene into cells (like bacteria) that could make lots of mMRNA an d
then proteins from that gene. This ability to turn any mRNA into DNA
and then make many copies of a desired protein was revolutionary
for the biotechnology industry and led to the development of many
new drugs.

Retroviruses are commonly used in gene therapy, as a tool for cur ing
genetic diseases [7]. One very successful example of retroviral gene
therapy is for the treatment of bubble baby disease, o cially called
severe combined immunode ciency (SCID). These babies have no
functioning immune system, so any infection is lethal for them. In  the
past, these babies had to live in plastic bubbles that separated them
from the outside environment so they would not get sick. Nowadays,
novel retroviral gene therapies that replace the babies' damage d genes
with functioning genes can restore their immune systems and allow
them to live normal lives.

| was not originally focused on studying diseases and trying to cu re
people. I was initially interested only in the basic science. | was ¢ urious
about viruses and wanted to understand them and how they a ected
their hosts. But the way it turned out, the new knowledge | helped
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Figure 5

Recommendations for
young minds. |
encourage all of you
who are interested in a
career in science to be
independent and nd
your own way.

uncover had, and still has, great implications for biotechnolo gy and
certain areas of medicine. This is one example of a recurringth eme in
science: life-improving and even lifesaving applications o ften spring
from new scienti ¢ knowledge.

RECOMMENDATIONS FOR YOUNG MINDS

When | work with students, | encourage them to be as independent
as possible—to think independently about problems and solution s
and to work on those problems in labs that support them in their
quest to be independent. It is often di cult for young students to
work independently, but they must do this because science is base d
on the work and knowledge of individual scientists. Nowadays, we
are very focused on cooperation and collaborative work, and that

is very important. But ultimately, it is the imagination, knowledge
and hard work of individual scientists that lead to discoveries li ke
reverse transcriptase and so many others that are made every day. So,
| encourage my students and | encourage you to choose a career path
that gives you independence as early as possible, and that allo ws you
to nd your own way in science ( Figure 5). That means you do not
just mimic the ways that your supervisors and advisors do scienc e,
but instead you nd your unique way of doing things. To conduct a
successful study, you need an in-depth understanding of the topic
you are focusing on, such as a particular organism or disease. When
you rst start out in biology, where things are complicated andre  quire
many di erent skills—you need to have in-depth understanding a nd
focus only on one or two de ned problems, because that will allow
you to deepen your knowledge. Later in your career, you mightcho  ose

Figure 5
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to take a broader look at what is going in other elds of biology and
other areas in science but, in the earliest stages of your career, focus
and depth are very important.

My greatest enjoyment as a scientist comes from discovering ne w
things through trying to solve biological problems. | think thatis  the
most rewarding life a person can possibly live, and | encourag e people
to move in that direction, if their minds work that way. Many people

do not want to spend their time solving problems and that is ne.
The most important thing is to gure out what gives you pleasure an  d
then go into it full-time. It is not easy being a scientist, nor is it  easy
doing anything else with full commitment and enormous depth. But,
once you get into that depth, it gives you rewards that you may never
achieve any other way.
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YOUNG REVIEWERS

KRISH, AGE: 13

Krish is a 7th Grader and has a passion toward scienti c research and scientic
phenomenona. Krish is very active in scienti ¢ discussions and h e enjoys talking
about scienti ¢ discoveries with his classmates, friends, cousi ns, teachers, and
parents. Krish loves playing soccer and he is a professional swi mmer.

MEHRANEH, AGE: 15
Hi my name is Mehraneh. | like reading, baking and drawing. | also lo ve traveling. |
want to be a lawyer someday.

MOHAMMAD, AGE: 12
Hi my name is Mohammad. | like legos, building and playing sports. | want to be an
engineer someday.
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