EVOLUTION

Protein Expression Under Pressure

Christine Vogel

hich is more conserved across
species—the concentrations of
proteins or the concentrations of

the messenger RNAs (mRNAs) that encode
them? When examining orthologous genes,
it’s protein concentrations that are more simi-
lar to each other. This observation was first
made in worm and fly (7), and later for eight
organisms ranging from bacteria to yeast,
plant, and human (2). However, because the
measurement platforms, data sets, and cell
samples were heterogeneous in these stud-
ies, it has been difficult to separate possible
biological trends from technical artifacts.
On page 1100 of this issue, Khan et al. (3)
show that the biological trend is very real.
The authors show that protein concentrations
from identical cell types across three primate
species are under stronger evolutionary con-
straints than the respective mRNA expression
levels.
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Khan et al. subjected lymphoblastoid cell
lines from humans, chimpanzees, and rhesus
macaques (five of each) to RNA sequencing
and mass spectrometry—based proteomics
experiments. Protein and mRNA concen-
trations were quantified for ~3400 proteins
across at least three individuals from each
species, controlling strictly for variation
across replicates, ambiguous quantification,
and artifacts introduced by extremely high-
or low-abundance genes. The authors found
that the expression is more tightly controlled
for orthologous proteins compared to corre-
sponding mRNAs (see the figure).

Evolutionarily, this observation seems
obvious: Proteins are the cell’s workhorses,
and for proper cellular function, one would
expect their concentrations to be firmly set at
desired levels. Khan ef al. demonstrate that
protein concentrations diverge at a slower
rate than mRNA concentrations, suggesting
higher evolutionary constraints. These con-
straints may be larger for some protein func-
tions than for others. Due to mass spectrom-

Cellular protein concentrations are generally
under stronger evolutionary pressure than
mRNA concentrations.

etry’s bias toward high-abundance proteins, it
remains to be seen how the observation holds
true for less-abundant proteins, such as tran-
scription factors.

One hypothesis to explain the conserva-
tion of protein concentrations is inspired by
work on the chaperone heat shock protein 90
(HSP90), which supports proper folding of
protein substrates. HSP90 can act as an evo-
lutionary capacitor and enable the accumula-
tion of mutant proteins across a cell popula-
tion to provide a repository of functional vari-
ants when needed (4). This explanation can
now be extended to possible capacitor roles
in gene expression regulation. On the basis of
Khan et al’s observation, protein concentra-
tions may be assumed to vary less across a
population of cells than the respective mRNA
concentrations—i.e., protein concentrations
are buffered—and the regulation of tran-
scription and therefore mRNA abundances
are allowed to evolve more freely. Indeed,
this is what Khan et al. conclude from their
data, and it is consistent with the previously
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observed rapid divergence of tran-
scription regulation (5). Similar to
sequence variants accumulating
under HSP90 function, variants
of mRNA expression levels may
provide a repository for regulatory
adaptation if the cell population is
under selection pressure. Single-
cell studies that resolve the varia-
tion of mRNA and protein concen-
trations across individual cells will
be needed to show if this interpre-
tation holds true.

But how is the conservation of
protein concentrations achieved?
Several observations point to pos-
sible explanations, and the answer
may lie in a combination of these.
For example, mRNA concentra-
tions appear to be often regulated
in a switchlike manner, turning
transcription on or off, without
much attention to exact concen-
trations (6). Translation, in turn,
may be much more finely regu-
lated: MicroRNAs (miRNAs), for
example, have very small individ-
ual effects on protein abundances
(7, 8). Similarly, other translation
regulators, such as RNA-binding
proteins, have also small effects
on protein concentrations, as with
the RNA-binding protein human
antigen R (9). These data point to
a highly combinatorial mode of action for
these translation regulators that may counter-
balance large variations in transcript concen-
trations (10).

Furthermore, buffering of expression
divergence at the mRNA level will likely
require extensive feedback between the dif-
ferent steps of protein synthesis. Such cou-
pling has been observed in several circum-
stances (/7). To regulate protein concentra-
tions and counteract variations introduced at
the mRNA level, the cell would have to sense
the levels of transcription (how much mRNA
is present), and adjust translation and protein
degradation accordingly. Conversely, once
desired protein concentrations are achieved,
the cell may reduce translation (and transcrip-
tion) or increase protein degradation to main-
tain proteostasis. The existence of such feed-
back mechanisms could also explain the large
number of possible translation regulators that
have now been found: The human genome
encodes at least 800 miRNA genes (/2), and
possibly ~1000 RNA-binding proteins (/3).
However, in most cases, the mechanisms of
regulatory feedback between the different
processes of protein synthesis are unknown,
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Protein versus mRNA expression. Absolute concentrations of mRNA are more
divergent between chimpanzee and human than absolute protein concentra-
tions, suggesting tighter evolutionary constraints on protein abundances. Graphs
are generated from table S8 in (3). Protein concentrations were determined by
intensity-based absolute quantification (iBAQ) of mass spectrometry data; mRNA
concentrations were measured by reads per kilobase of transcript per million mapped
reads (RPKM) from RNA-sequencing data, as described in (3).

and we do not yet understand the extent to
which coupling is positive or negative—i.e.,
whether processes are working in the same or
opposite directions.

Part of the observation by Khan et al. can
be explained by simple mathematics. In their
data (but also in general), mRNA concentra-
tions vary by three to four orders of magni-
tude. In comparison, protein concentrations
cover four to six orders of magnitude, sug-
gesting an amplification step at the level of
translation: A single mRNA may be trans-
lated ten, hundreds, or thousands of times
before being degraded. Because the resulting
protein and mRNA concentrations are com-
pared at a logarithmic scale, the amplification
step alone can partly explain the observation,
even when acting randomly. Indeed, there
may be a very large variation in mammalian
translation and degradation rates (/4). While
explaining some of the observed trends, this
logic produces another intriguing question:
How would the cell decide which rate to use
for a particular mRNA species? Innovative
techniques for measuring translation and pro-
tein degradation rates will have to provide
answers (14, 15).
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PERSPECTIVES

Khan et al’s observation
points to several future anal-
yses. We still lack a basic
understanding of the fun-
damental principles of gene
expression regulation, start-
ing from simple descriptions
of the absolute concentrations
of mRNA and proteins in dif-
ferent cells, across tissues,
and conditions—it is unclear
how mRNA expression and
protein abundance are coor-
dinated in dynamic systems
responding to a stimulus. In
addition, these concentra-
tion measurements should
now be extended to esti-
mates of underlying rates of
synthesis and degradation of
mRNA and proteins. Despite
the availability of large-
scale methods for determin-
ing these rates (/4, 15), such
experiments are still rare. One
next step would involve mea-
surements of translation in
parallel to protein and mRNA
concentrations. The regula-
tion of protein synthesis is a
complex process involving
at least two levels (transcrip-
tion and translation, plus the
respective degradation), and
deconvoluting these processes from observed
protein and mRNA concentration measure-
ments is all but trivial, requiring new mod-
els, molecular tools, and computational
approaches—many of which are under way.
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