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In these cases, it is the speed of ligand binding
and the speed of action of RNA polymerase that
determine what metabolite concentration will
regulate gene expression. This can be an advan-
tage for riboswitches in their evolutionary com-
petition with protein factors. Cells can change the
concentration set point for a metabolite by mu-
tating the aptamer or protein receptor to strength-
en or weaken binding. With kinetically driven
riboswitches, cells can tune the set point by or-
ders of magnitude just by accruing mutations that
alter the speed of riboswitch folding, or that alter
the speed with which RNA polymerase com-
pletes riboswitch synthesis.

Riboswitch Discovery
GrowingDNA sequence databases and improving
bioinformatics tools are rapidly expanding the
number of discovered riboswitch classes in
bacteria (12, 29, 30), and similar efforts in
eukaryotes might also begin to uncover more
riboswitches in these organisms. Currently, few
eukaryotic riboswitches have been discovered,
and in the evolutionary race for dominance,
perhaps proteins have put more distance between
themselves and their ancient RNA counterparts in
this branch of the evolutionary tree. Given that
eukaryotes appear to express many noncoding

RNAs, researchers will need to keep open the
possibility that riboswitches might also control the
production and actions of these RNAs as well. As
is the case with bacteria, if a protein factor cannot
be found for a signaling compound, perhaps a
complex sensor made of RNA is in action.
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PERSPECTIVE

Evolution of Eukaryotic
Transcription Circuits
Brian B. Tuch,1,2 Hao Li,1 Alexander D. Johnson1,2*

The gradual modification of transcription circuits over evolutionary time scales is an important
source of the diversity of life. Over the past decade, studies in animals have shown how seemingly
small molecular changes in gene regulation can have large effects on morphology and physiology
and how selective pressures can act on these changes. More recently, genome-wide studies,
particularly those in single-cell yeasts, have uncovered evidence of extensive transcriptional
rewiring, indicating that even closely related organisms regulate their genes using markedly
different circuitries.

Transcription of each gene in a eukaryotic
organism is controlled by a collection of
cis-regulatory sequences that are typically

positioned in proximity to the coding sequence.
The collection of cis-regulatory sequences asso-
ciated with each gene specifies the time and place
in the organism that the gene is to be transcribed.
This information is read by sequence-specific
DNA binding proteins [herein called transcrip-

tion regulators (TRs)], which recognize these
sequences and which themselves are typically
expressed or active only at particular times and
places in the life of the organism. It is the com-
bination of active TRs present at a particular
location and time that selects, through interac-
tions with cis-regulatory sequences, those genes
to be transcribed. Of course, there are many addi-
tional steps in transcription and in gene regu-
lation; nevertheless, the cis-regulatory sequences
and the TRs that recognize them form a critical
layer of gene regulation.

Several properties of transcription regulation
are especially important for considering its role in
evolution (1–4). cis-regulatory sequences are

short (generally 5 to 10 nucleotides), degenerate
(similar sequences confer equivalent TR bind-
ing), and their positions, relative to the gene
whose transcription they control, can be variable.
Different cis-regulatory sequences are often found
close to one another, and TRs often bind coop-
eratively to these adjacent sites. This cooperative
binding is a form of combinatorial control—the
use of multiple, rather than single, TRs to control
expression of a gene. cis-regulatory sequences
often cluster into modules, each module acting
independently to direct expression of the gene to a
particular part of the organism at a specified time.

TRs are also modular and, in the laborato-
ry, bits and pieces from different TRs can be
recombined to produce novel types of regulation.
Mutations can alter their DNA-binding specific-
ity, their partner proteins, and their influence
(activating or repressing) on transcription. Be-
cause many of the crucial protein-protein inter-
actions made by TRs are relatively weak and
nonspecific, even small changes to them can
have large effects on gene regulation.

These properties make it easy to understand
how new patterns of gene expression could arise
through simple mutations. During the past
decade, studies of single genes in animals have
revealed many striking cases in which changes in
cis-regulatory sequences likely underlie new
morphological or physiological features (5, 6).
These include the evolution of lactase persistence
in humans (7), bone structures in fish (8), and
trichomes (9) and pigmentation (10) in flies.
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