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RNA, like its close cousin DNA, is used to store information in the

cell. Unlike DNA, RNA is really good at folding up into interesting

shapes, which also makes it good at lots of other important jobs.

Some kinds of RNA, called riboswitches, can sense what is going on

inside a cell. Each riboswitch fits a specific small molecule. When

the riboswitch and small molecule interact, this changes what the

cell does. For example, if the small molecule is harmful, the cell

might start making a protein that will get rid of it. Recently, scientists

discovered some riboswitches that look very similar to each other but

recognize very di�erent small molecules. We used a technique called

X-ray crystallography to get pictures of these riboswitches, and we

saw how changing just one piece of the riboswitch changed which

small molecule it recognized. This shows us how RNA can gain new

functions as an organism evolves.
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A DAY IN THE LIFE OF A CELL

Being alive is hardwork! All living things need to take in nutrients, grow,
reproduce, and respond to an ever-changing environment. Many of
the things we think about as being part of our environments are
relatively large. We might notice a text message by hearing the phone
beep, or an apple by seeing it hanging from a tree. But what about
things that are too small to see or hear? For example, a bacterium
might need to sense whether a toxic molecule is present so it can get
rid of it, or it might need to know how much of a particular building
block it has, so it can decide how to use the energy from its food.
Themolecules inside cells are extremely small—about one nanometer
(one billionth of one meter) in size. Things this small cannot be seen
with visible light, and they do notmake any sounds. Howcan a creature
notice something so small?

Somehow, organisms need to be able to “feel” the molecules they
encounter. These molecules are crashing into each other many times
each second, at speeds of hundreds of miles per hour. Molecules do
not have much choice about what they crash into, but some pairs of
molecules stick to each other better than others do. All organisms use
this stickiness to their advantage, to help them get things done.

ANYTHING YOU CAN DO, I CAN DO BETTER

Fifty years ago, scientists thought they understood the division of
labor inside the cell. Proteins were the machines that did most
of the work. Genes, the instructions to make proteins, were made
of deoxyribonucleic acid (DNA). A close relative of DNA, called
ribonucleic acid (RNA), carried those instructions to ribosomes, theRIBONUCLEIC ACID

(RNA)

A chain of nucleotides
that includes the bases
adenine, cytosine,
guanine, and uracil.

cellular factories that make proteins. If this all seems too simple to
be true, that is because it is. It is true that DNA is used primarily to
store information, but RNA has many di�erent jobs. This di�erence
between DNA and RNA arises from a di�erence in structure (Figure
1). The two strands of DNA are almost always zipped up in one
shape—the double helix. By contrast, RNA is single-stranded and can
fold into a wide variety of shapes, depending on the sequence of its
building blocks, which are called nucleotides. This makes it much likeNUCLEOTIDE

A building block of a
nucleic acid. The most
important part is the
base, which determines
what “letter” the
nucleotide is.

proteins, which also fold into unique shapes dictated by their amino
acid sequences.

RNA’s most familiar role is as a messenger. Messenger RNA (mRNA)
is a temporary copy of a section of DNA. But other types of RNA can
control how much protein is made, modify other molecules, and help
the ends of chromosomes stay healthy. Even the ribosome, which
manufactures all proteins, is made mostly of RNA! Some sequences
of RNA fold up into a shape that allows them to stick to (or “bind”)
certain small molecules. When a piece of RNA can bind to a specific
small molecule, we call that RNA an aptamer.

APTAMER

A sequence of nucleic
acid or protein that can
bind to a
small molecule.
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Figure 1

Figure 1

(A) DNA is a long chain
of the nucleotides A, C,
G, and T. It is almost
always
double-stranded and
coiled up. Each
nucleotide has a
partner on the opposite
strand to pair with, so
there is not much room
for variety in its shape.
(B) RNA is a long chain
of the nucleotides A, C,
G, and U. It is usually
found as a single
strand, so the
nucleotides do not
have set partners on
another strand. This
leaves much more
room for variety in both
the structure and
function of RNA. For
example, the RNA in
the picture is an
enzyme, which can
speed up a chemical
reaction (Adapted from
Scott et al. [1]).

RIBOSWITCHES: APTAMERSWITH A PURPOSE

Who says an RNA must have just one function? Sometimes there is
an aptamer in the front of an mRNA molecule. When the correct
molecule binds to the aptamer, this can change whether the mRNA
makes protein or not. These are called riboswitches (because they are

RIBOSWITCH

An RNA aptamer that
changes the amount of
protein made in
response to binding a
small molecule.

on/o� “switches” made from ribonucleic acid) and they work a lot like
railroad switches (Figure 2). If there is a red signal, then the train cannot
enter the main track, but if there is a green signal, then the train can
start moving. If a riboswitch is “o�,” it can prevent the ribosome from
getting started making the protein. When the right small molecule
binds to the aptamer, it changes the shape of the RNA so that the
switch is “on” and the ribosome can start making protein.

Figure 2

Figure 2

Riboswitches work like
train switches. (A) A
railroad switch
responds to a signal by
joining the side track to
the main track,
allowing the train to
move to its destination.
(B) A riboswitch
responds to a small
molecule by changing
shape, allowing the
ribosome to bind and
start making protein.

Many microorganisms use riboswitches to sense various molecules
within their cells and turn genes related to those molecules on or o�.
There are riboswitches that sense amino acids, nucleotides, vitamins,
signaling molecules, minerals, and even fluoride. For a riboswitch to
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work properly, it needs to bind to just one kind of molecule but quickly
let go of anything else it bumps into. This means the shape of the
riboswitch must match the shape of the molecule it recognizes. How
do riboswitches get their distinct shapes?

FAMILY DIFFERENCES

Like living organisms, RNA molecules can evolve from a common
ancestor and become more diverse over evolutionary time. Scientists
recently discovered a family of riboswitches that all have almost the
same sequence and almost the same structure, yet they do di�erent
things. Some riboswitches in this family were found to bind guanidine,

GUANIDINE

A small molecule that is
toxic to cells. When
there is too much in the
cell, its proteins start to
lose their proper shape.

while other family members could not [2]. Guanidine is a small, toxic
molecule with a positive charge. Those family members that cannot
bind guanidine have almost the same sequence of nucleotides as
those that can—but not exactly the same. Scientists were surprised to
find that some of the non-guanidine-binding riboswitches can instead
bind a molecule called phosphoribosyl pyrophosphate (PRPP) [3],

PHOSPHORIBOSYL

PYROPHOSPHATE

(PRPP)

An important building
block for how cells
make nucleotides. It
looks like a nucleotide
with negative charges
where the base
should be.

while others can bind guanosine tetraphosphate (ppGpp) [4]. These

GUANOSINE

TETRAPHOSPHATE

(PPGPP)

An alarm signal for
bacteria. It looks like a
G nucleotide with more
negative charges.

two molecules perform di�erent functions in the cell, they are both
bigger than guanidine, and they have a negative charge instead of
guanidine’s positive charge. ppGpp is a bit like PRPP with a G base
from RNA or DNA added to it, but they are very similar otherwise.
This fits with the fact that their abbreviations are also similar, which
can be confusing (Figure 3A). Aptamers that bind PRPP do not bind
ppGpp, and vice versa. This is like a lock that can tell your key from
your neighbor’s by looking at the di�erence in just one pin. How does
this work on the molecular level?

Figure 3

Figure 3

Structures of the PRPP
and ppGpp
riboswitches and the
diverse molecules they
bind. (A) Guanidine is
small and positively
charged, while PRPP
and ppGpp are larger
and negatively charged.
The parts of PRPP and
ppGpp are color coded
to match their names.
ppGpp is similar to
PRPP with the “G”
added on. (B) The PRPP
and ppGpp
riboswitches are like
twins—they look
almost identical. (C) If
we zoom in to one
place—the
“S-turn”—we can see a
di�erence in the ppGpp
riboswitch that makes
room for the G of
ppGpp.
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A PICTURE ISWORTH 1,000 EXPERIMENTS

In the early days of biochemistry, it was not possible to see what
proteins or nucleic acids looked like. Instead, scientists made careful
changes to experimental systems and inferred what was going on
at the molecular level based on their results. That approach is still
important today, but we also have a rapidly improving ability to take
pictures of molecules. In a study from our lab, we used X-rays to
take pictures of an aptamer that binds PRPP [5]. This technique is
called X-ray crystallography and it allows us to see the fine details

X-RAY

CRYSTALLOGRAPHY

A method for figuring
out the shape of
nucleic acids, proteins,
and small molecules by
taking “pictures” of
them with X-rays.

of the RNA’s structure. We found that the PRPP-binding aptamer is
bigger in the place where its binds its ligand, which is bigger than
the guanidine ligand. This aptamer also uses a di�erent area of its
molecule to recognize guanidine [6]. Where guanidine binds in the
guanidine-binding aptamer, the PRPP-binding aptamer has a metal
ion (Figure 3B). This makes sense because the metal ion is also small
and positively charged, like guanidine. Although this picture told us
a lot about how the PRPP-binding aptamer interacts with its binding
partner, we really wanted to know what keeps this aptamer from
binding to ppGpp.

A SMALL STEP IN RNA SEQUENCE, A GIANT LEAP IN

SPECIFICITY

The nucleotide sequences of the PRPP- and ppGpp-binding aptamers
are extremely similar. In fact, we noticed that there was only one
consistent di�erence. In one place—the 96th nucleotide of the
PRPP-binding aptamer—there is always a guanine (G). In that same
place, the ppGpp-binding aptamer almost never has a G. And ppGpp
has an overall structure much like that of PRPP, except that it has a
guanine base…could there be a link? We changed the 96th position in
the PRPP-binding aptamer to an A, and kept all the other nucleotides
the same. We then used X-ray crystallography to take pictures of this
“mutant” aptamer to see how it works (Figures 3B,C) [5].

We saw that we could change the PRPP-binding aptamer into a ppGpp
aptamer by changing position 96 from aG to an A. In the PRPP-binding
aptamer, nucleotide 96 reaches across the structure of the molecule
to base-pair with a C. When the aptamer is mutated to have an A at
position 96, that A moves out of the way. This leaves the C free to
pair with another G—in this case, the one from the ppGpp molecule
(Figure 3C). Making this small change to the aptamer makes room for
it to bind the larger ppGppmolecule. Guanidine is really di�erent from
both PRPP and ppGpp, so it takes a lot more changes to make an RNA
that recognizes it [7].

kids.frontiersin.org May 2022 | Volume 10 | Article 686804 | 5

https://kids.frontiersin.org/
https://kids.frontiersin.org/article/10.3389/frym.2022.686804
https://kids.frontiersin.org/article/10.3389/frym.2022.686804
https://kids.frontiersin.org/article/10.3389/frym.2022.686804


Knappenberger and Hiller Riboswitch Diversity

EVOLUTION INMINIATURE

When the scientist Charles Darwin visited the Galapagos islands, he
found that there were many species of birds there that di�ered mostly
in the size and shape of their beaks. The di�erent species came about
as descendants of the same ancestor. Some had beaks with slightly
di�erent shapes, making them slightly better at eating di�erent kinds
of food. If they were better at eating the food they found in their
environment, then they were more likely to thrive and have more
babies. In the same way, we think this family of riboswitches may
have all come from the same ancestral RNA. Some of these ancestral
RNAs may have ended up attached to the front of a gene, by chance.
If an RNA adapted to respond to a molecule that made sense for
that gene, then the bacterium would be more likely to survive and
reproduce. So, the same way that Darwin’s finches look mostly similar
but have di�erent beaks, these RNAs also look the same but have
di�erences in the size and shape of their binding pockets. This shows
us that, just as organisms multiply and change in new environments,
genetic elements within organisms do the same thing. This process
has led to the existence of hundreds of riboswitches in bacteria. Each
riboswitch can “see”—and respond to—something di�erent, to help
the bacteria survive.
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Blythe is 14 years old and lives in the UK and attends an international school. She

is a Girl Scout and loves backpacking and hiking and enjoying nature. She plays

lacrosse and loves playing it with her friends. Blythe’s all time favorite hobby is

reading which she does whenever she can. She especially enjoys young adult fantasy

series. Blythe enjoys her science class at school and when she is older she wants to

be a veterinarian.
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JUAN DIEGO, AGE: 15

Hi, my name is Juan Diego, I just turned 15. I am from Ecuador but I grew up

in the United States. I have many hobbies. My favorite pass time is playing video

games because it allows me to play with my friends now that I am locked in

because of the pandemic. I enjoy animals and nature. That is why as part of a school

project, currently, I am working on a small stickers book about endangered species

of Ecuador.
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