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Synonymous variations in protein-coding sequences alter protein expression dynamics, which has important
implications for cellular physiology and evolutionary fitness, but disentangling the underlying molecular
mechanisms remains challenging.
The encoding of 20 amino acids by 61
codons enables a vast number of synonymous gene sequences to express the
same protein. A fundamental question in
molecular biology concerns how this
redundancy in the genetic code is exploited physiologically and evolutionarily.
However, despite the proximity of this
question to the heart of the central
dogma, significant uncertainty remains
concerning the answers. Two recently
published papers (Kelsic et al. 2016;
Frumkin et al. 2017) illustrate the power
of high-throughput systems biology
methods to provide insight into complex
biological questions of this kind, while
they simultaneously raise new questions
highlighting the complexity of the biological and evolutionary phenomena related
to codon usage.
Both of these papers used deep
sequencing methods to characterize
the relative growth rates or comparative
‘‘fitness’’ of E. coli cells in mixed populations expressing different genetic variants of a single protein molecule. Kelsic
et al. (2016) used multiplex automated
genome engineering (MAGE) to mutate
every codon in the chromosomal copy of
the essential infA gene, which encodes
translation initiation factor 1 (IF1). Fitness
in this experiment monitors the effect of
each genetic variation on net cellular IF1
activity, which presumably correlates
both with the functional competency and
the expression level of this abundant protein that is required for translation initiation. Their central conclusion is that variations in synonymous codon usage have
the strongest effects at the beginning,
or ‘‘head,’’ of the coding sequence,
where they act by altering mRNA folding
properties that modulate translation initiation rate. This conclusion echoes that of

several recent studies (Goodman et al.,
€l et al., 2016), but the compre2013; Boe
hensive and compelling nature of the
data they obtained from a single, technically coherent experiment illustrates
the impressive power of high-throughput
systems biology approaches. Their data
furthermore show that a stem-loop
structure upstream of the ribosomedocking site promotes greater fitness,
presumably by increasing the efficiency
of translation initiation, consistent with
previous studies (Espah Borujeni et al.,
2014) that included a putative ‘‘ribosome standby site’’ in this region of
some E. coli mRNAs. The authors
conclude that deviations from the folding
properties of the native mRNA sequence
generally tend to reduce fitness and,
presumably, the expression level of this
protein. However, the Kelsic et al. (2016)
data also show some features that are
inconsistent with trends reported in prior
literature, highlighting the mechanistic
and evolutionary complexities that can
produce seemingly idiosyncratic codonusage effects.
Frumkin et al. (2017) have re-analyzed a
library of 14,000 genes with sequence variations in the regions controlling transcription and translation initiation of a
green fluorescent protein (GFP) reporter
(Goodman et al., 2013). The sequence variations in this library occur in an 11-residue
amino acid extension appended at the N
terminus of GFP, a design intended to minimize the influence of mRNA sequence variations in the head of the coding sequence
on GFP folding and fluorescence. The
initial application of this library focused on
the influence of the sequence variations
on cellular GFP fluorescence level, and
this analysis pointed toward the same
conclusion emphasized by Kelsic et al.
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(2016), i.e., that variations in synonymous
codon usage in the head modulate translation initiation rate by changing mRNA
folding properties in this region. Frumkin
et al. (2017) extended the characterization
of this library by using deep sequencing
to evaluate the competitive fitness of cells
expressing every variant in a mixed population that was serially re-cultured in Luria
Broth (LB) every day for 12 days. They
dubbed this method, which is similar
to that employed by Kelsic et al. (2016),
‘‘FitSeq.’’ They conclude that pressure to
conserve metabolic resources is responsible for two trends observed in their
fitness dataset. The first is enrichment in
cells containing sequences that promote
translation of many protein molecules
from a single mRNA molecule, which reduces the metabolic burden associated
with transcription. The second is depletion of cells containing sequences encoding hydrophobic amino acids in the
N-terminal extension on GFP, presumably
because their inclusion increases the
metabolic burden associated with amino
acid synthesis. These conclusions highlight an additional complexity potentially
influencing the biology of synonymous
codon usage, beyond those related to
the mechanistic complexities of translation initiation and transcription/translation
coupling (Figure 1). If evolutionary optimization of mRNA sequence and codon
usage is influenced by metabolic factors, it will depend on the environmental
niches and evolutionary history of an
organism, factors that may not be
replicated or even accessible under laboratory conditions. This point is clearly
conceptually important, but some of
the results and interpretations reported
by Frumkin et al. (2017) raise significant
questions.
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Figure 1. Schematic Diagram of Mechanistic Processes Influencing Protein Expression Level
Processes promoting higher expression are labeled in green, while those that attenuate expression are labeled in red. Chromosomal DNA is shown and labeled in
gray, RNA transcripts in black, and nascent protein in navy blue. The co-transcriptional translation schematized here only occurs in prokaryotes, but all the same
molecular mechanisms likely influence protein expression in eukaryotes with the exception of those involving direct transcription-translation coupling. The ShineDalgarno and ribosome standby-site stem-loop (Espah Borujeni et al., 2014) contribute to control of translation initiation in prokaryotes, while other factors control
this process in eukaryotes.

These new high-throughput fitness
studies combined with other recent
large-scale studies employing different
€l
methods (Goodman et al., 2013; Boe
et al., 2016) create a broad consensus
that codon usage at the beginning of
the coding sequence of a protein is constrained by optimization of mRNA folding.
This observation accounts for the longstanding observation that codons that
are used infrequently elsewhere in a
given genome are often enriched at the
start of protein-coding sequences (Chen
and Inouye, 1990). However, the factors
determining codon frequency and its relationship to translation efficiency remain
controversial.
Historical biochemical and molecular
biological literature tracing back five
decades claims that infrequently used codons tend to be translated inefficiently
and reduce protein expression level
(Chen and Inouye, 1990) due to a kinetic
barrier caused by the low concentration
of the cognate tRNAs (Caskey et al.,
1968; Tuller et al., 2010; Yu et al., 2015).
In vivo studies contributing to this literature generally examined protein overexpression (Chen and Inouye, 1990), which
can create an imbalance between the
cellular tRNA pool and the codon content
of the translating mRNA pool (Caskey
et al., 1968; Tuller et al., 2010), parame-

ters that are generally closely balanced
under physiological conditions. Recent
ribosome profiling studies (Mohammad
et al., 2016) and large-scale protein€l et al., 2016)
expression studies (Boe
have raised doubts about both the generality of the underlying mechanistic model
and the premise that infrequently used
codons impede protein translation.
These doubts are reinforced by the synonymous
codon-influence
effects
observed by Kelsic et al. (2016) outside of
the head region of the gene encoding IF1,
because these show a low correlation
with codon frequency that is borderline in
statistical significance after correction for
multiple-hypothesis testing. A similarly
weak correlation was observed in a
recently published large-scale protein
€l et al., 2016),
overexpression study (Boe
which generated a new codon-influence
metric that correlates significantly with
mRNA lifetimes under physiological conditions in E. coli. This study echoed other
recent studies showing similar correlations
between codon usage and mRNA decay
rates in the yeast Saccharomyces cerevisiae (Presnyak et al., 2015) and the zebrafish Danio rerio. These parallel results linking codon usage to mRNA decay rate in
organisms from three widely separated
branches on the tree of life have opened
an important new chapter on the biology

and
biochemistry
of
synonymous
codon usage.
Notably, there are differences in the specific codon effects Kelsic et al. (2016)
observed in gene encoding IF1 and those
observed in the large-scale study that revealed the connection between codon usage and mRNA decay in E. coli, which
examined overexpression of 6,348 different
€l et al., 2016). Although synonproteins (Boe
ymous substitutions at some positions
outside the head region of IF1 produce
substantial changes in fitness, very few
individual codons show a consistent and
statistically significant influence in this
region of the gene. The infA codons that
appear to be beneficial seem biased toward having a C base in the wobble position, an effect that has not appeared in prior
codon-influence metrics. Furthermore, the
ATA codon for isoleucine and the CGG
codon for arginine, which have been
identified consistently in previous studies
as tending to reduce expression, do not
reduce fitness in their study. The apparently
idiosyncratic nature of the codon effects
observed in the impressively comprehensive study by Kelsic et al. (2016) highlights the challenges that remain relative
to understanding the physiological and
evolutionary implications of codon usage.
These challenges arise from the
confluence of many mechanistic and
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evolutionary factors that can influence variations in synonymous codon usage and
their effects on protein expression
(Figure 1). Net protein expression level
depends in a straightforward way on
the concentration of the corresponding
mRNA and the rate of translation initiation
on that mRNA. Variations in codon usage
near the translational start codon have
long been known to influence translation
initiation rate because the mRNA in that region must be accessible in a singlestranded conformation for docking of the
ribosome and formation of the ribosomal
initiation complex (IC), and both formation
of stable RNA 2 structures and the transient hydrogen-bonding propensity of the
nucleotide bases in this region can inhibit
docking and IC formation (Espah Borujeni
€l
et al., 2014; Goodman et al., 2013; Boe
et al., 2016). Modulation of alternative
mRNA 2 structures in this region is known
to be exploited for translational regulation
of protein expression (Nudler and Gottesman, 2002) and may contribute to one idiosyncrasy observed by Kelsic et al. (2016), a
somewhat beneficial effect on fitness of
base-pairing between the first four codons
in IF1 and downstream regions of its coding sequence. Previous large-scale studies
suggest that base-pairing in the first six codons generally tends to attenuate protein
€l et al., 2016), so the conexpression (Boe
trary trend observed by Kelsic et al.
(2016) may reflect an uncharacterized regulatory mechanism in which formation of
alternative mRNA 2 structures in this critical region control the initiation of IF1 translation. The mRNA sequence and 2 structures in the ribosome-docking region can
furthermore influence premature transcription termination, which in prokaryotes can
be directly modulated by the efficiency of
translation initiation (Figure 1), creating
potentially complex regulatory circuitry
(Nudler and Gottesman, 2002). These
mechanisms influencing the effective transcription rate have the potential to couple
mRNA concentration to codon usage
near the translational start codon. The
confluence of so many mechanistic factors
explains how synonymous sequence variations in this region can have idiosyncratic
effects depending on the regulatory physiology of individual genes.
As explained above, recent results from
E. coli, yeast, and zebrafish have shown
that variations in codon usage throughout
a gene can also influence mRNA decay
18 Cell Systems 4, January 25, 2017
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rate (Presnyak et al., 2015; Boe
2016), presumably via the action of endoribonucleases allosterically controlled by
the decoding process on the ribosome.
Coupling to mRNA decay represents
another mechanism by which variations in
synonymous codon usage can influence
both mRNA and protein expression levels.
These recent studies and others have
raised questions about the generality and
physiological importance of codon influence on translation elongation rate, which
can only influence protein expression level
when the elongation rate is reduced to be
comparable to or slower than the translation initiation rate (lower right in Figure 1).
The clearly demonstrated ability of mRNA
sequence variations near the translational
start codon to alter translation initiation
rate implies that synonymous codon variations in that region of the gene could
change the influence of synonymous
codon variations downstream in the gene.
Yet another confounding factor is that cotranslational folding versus aggregation of
the protein being synthesized on a ribosome may influence elongation rate, as
well as mRNA decay rate (Figure 1), while
the protein folding efficiency itself can be
influenced by the local translational elongation rate (Yu et al., 2015).
Beyond these myriad mechanistic
complexities related to transcription/
translation dynamics, the fitness dataset
generated by Frumkin et al. (2017) shows
several effects that could be attributable
to stress on cellular metabolic resources
caused by mRNA transcription and
protein expression. One noteworthy
feature in their dataset is that higher
expression of GFP generally reduces
cellular growth rate and fitness. This
observation has sobering implications
regarding the widespread use of GFP to
study the mechanism and physiology of
protein expression (e.g., Goodman et al.,
2013) because it suggests that genetic
selection and segregation in response to
the stress could influence results. While
the effects observed by Frumkin et al.
(2017) could reflect metabolic stress,
they could alternatively derive from
toxicity caused by adventitious molecular
interactions of the GFP protein itself or
from stress associated with the proteinfolding process. Although Frumkin et al.
(2017) used a variant of GFP that has
been engineered to fold more efficiently,
its folding in vivo in E. coli could still be

problematic and impaired by the hydrophobic N-terminal extensions they
observe to reduce fitness. Many studies
demonstrate that protein folding can be
coupled to translation, and there is evidence that folding problems, which can
clearly create stress, can influence translation efficiency and mRNA decay
(Figure 1). The proposal of Frumkin et al.
(2017) that hydrophobic extensions
reduce fitness because of their greater
metabolic cost suggests that their deleterious influence should be enhanced in
cells growing in minimal medium
compared to the amino-acid-rich LB medium used in their study. Additional experimentation of this kind could help discriminate metabolic effects from effects
related to the influence of protein folding
on transcriptional and translational dynamics (Figure 1).
The recently published papers by Kelsic et al. (2016) and Frumkin et al. (2017)
both illustrate the impressive power of
systems biology approaches to rapidly
characterize biological systems in greater
depth and breadth than possible using
traditional genetic and biochemical
experimentation. However, the conceptual, mechanistic, and evolutionary complexities influencing codon usage are
likely to keep both systems biologists
and traditional molecular biologists busy
for a considerable period of time before
a confident understanding is achieved of
the related principles and phenomena.
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Two recent studies in Cell and Science demonstrate the reconstruction of global mechanistic networks and
identification of regulatory principles from multi-omics data.
Today, several omics assays must be
applied to measure spatiotemporal dynamics of the global biochemical networks that govern cellular functions
(Figure 1, left). We have previously defined
trans-omics as a discipline that seeks to
reconstruct these biochemical networks
not as a group of indirect statistical correlations, but as chains of direct mechanistic
molecular interactions by using comprehensive multi-omic data measured under
identical conditions, as opposed to heterogeneous sources of data (Yugi et al.,
2016). In this preview, we discuss two
remarkable studies, one in Cell that identifies a trans-omic dynamic regulatory
mechanism underlying the enhancement
of survival rate of active T cells by L-arginine (Geiger et al., 2016) and one in
Science that reveals that the major
determinant of reaction rates of metabolic
enzymes is metabolite concentrations
that act as substrates for the enzyme
(Hackett et al., 2016). These papers highlight the emergence of trans-omics as an
approach to extracting global principles
of cellular systems.
Many early trans-omics studies were
centered on metabolism: for example,
work on Escherichia coli (Ishii et al.,
2007) that identified a global mechanism
for maintaining metabolite concentrations

in response to genetic and environmental
perturbations by integrating metabolome,
proteome, transcriptome, and metabolic
flux. A second early trans-omic study
on Bacillus subtilis revealed the global
response in the metabolic and transcriptional regulatory network to carbon diauxic shift by using metabolome, proteome, transcriptome, metabolic flux, and
ChIP-chip data (Buescher et al., 2012).
We applied similar strategies in a
mammalian cell line to reconstruct the
global signal flow of the acute insulin action in mammalian cells from phosphoproteome and metabolome data (Yugi
et al., 2014).
Trans-omics is distinguished from other
strategies that study local parts of the
global biochemical network, which are
often selected according to subjective
biases of researchers. Although omic measurements have partly succeeded in
excluding the subjective bias in selecting
molecules, they often show only statistical correlations between molecules in
single or mult-omic layer(s), not networks
of mechanistic molecular interactions
across multi-omic layers. In contrast, the
trans-omics approach attempts to infer
chains of direct mechanistic molecular
interactions from comprehensive multilayered data.

In a recent Cell paper, Geiger et al.
(2016) studied activation of naive T cells
by L-arginine via a trans-omics approach.
The authors integrated proteomics, metabolomics, and limited proteolysis mass
spectrometry (LiP-MS) (Feng et al., 2014)
to discover that L-arginine binds to at
least three transcription factors of human
primary naive T cells, thereby enhancing
cell survival rate (Figure 1, right). First,
they found that metabolites and related
protein abundances around L-arginine in
the metabolic pathway are significantly
changed in activated T cells. Supplementing CD4+ and CD8+ T cells with
L-arginine, but not downstream metabolites, enhanced the cell survival rate. This
observation implied specific regulatory
roles inherent in L-arginine, but not in the
other downstream metabolites. To find
proteins that bind with L-arginine, the authors used limited proteolysis mass spectrometry to identify 20 candidate proteins
that experienced structural changes
when L-arginine was added. The authors
knocked out the 20 candidate proteins
by using the CRISPR/Cas9 system, and
discovered that knocking out each of
three the transcription factors BAZ1B,
PSIP1, and TSN diminishes the L-arginine-dependent enhancement of survival rate.
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