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and the magnitude of FCT. Because active torque
is proportional to n2 and passive torque to n, the
ratio of active to passive torque increases as n
increases (Eq. 5), even while both quantities increase individually
% t%Þ
ẇ a
Fn ðdϕ=d
¼ − ðg − 1Þ
ẇ FCT
8w

ð5Þ
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Coding-Sequence Determinants of
Gene Expression in Escherichia coli
Grzegorz Kudla,1* Andrew W. Murray,2 David Tollervey,3 Joshua B. Plotkin1†
Synonymous mutations do not alter the encoded protein, but they can influence gene expression.
To investigate how, we engineered a synthetic library of 154 genes that varied randomly at synonymous
sites, but all encoded the same green fluorescent protein (GFP). When expressed in Escherichia coli,
GFP protein levels varied 250-fold across the library. GFP messenger RNA (mRNA) levels, mRNA
degradation patterns, and bacterial growth rates also varied, but codon bias did not correlate with gene
expression. Rather, the stability of mRNA folding near the ribosomal binding site explained more
than half the variation in protein levels. In our analysis, mRNA folding and associated rates of
translation initiation play a predominant role in shaping expression levels of individual genes,
whereas codon bias influences global translation efficiency and cellular fitness.
he theory of codon bias posits that preferred
codons correlate with the abundances of
iso-accepting tRNAs (1, 2) and thereby
increase translational efficiency (3) and accuracy
(4). Recent experiments have revealed other effects
of silent mutations (5–7). We synthesized a library
of green fluorescent protein (GFP) genes that varied
randomly in their codon usage, but encoded the
same amino acid sequence (8). By placing these

T

constructs in identical regulatory contexts and measuring their expression, we isolated the effects of
synonymous variation on gene expression.
The GFP gene consists of 240 codons. For
226 of these codons, we introduced random silent
mutations in the third base position, while keeping the first and second positions constant (Fig.
1A). The resulting synthetic GFP constructs differed by up to 180 silent substitutions, with an
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average of 114 substitutions between pairs of
constructs (Fig. 1B and figs. S1 and S2). The
range of third-position GC content (GC3) across
the library of constructs encompassed virtually
all (99%) of the GC3 values among endogenous
Escherichia coli genes, and the variation in the
codon adaptation index (CAI) (9) contained most
(96%) of the CAI values of E. coli genes (Fig. 1).
We expressed the GFP genes in E. coli using
a T7-promoter vector, and we quantified expression by spectrofluorometry. Fluorescence levels
varied 250-fold across the library, and they were
highly reproducible for each GFP construct (Spearman
r = 0.98 between biological replicates) (fig. S3).
Fluorescence variation was consistent across a
broad range of experimental conditions (fig. S4).
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The increase in the ratio indicates an enhanced
capability for active maneuvers and active stabilization, whereas the increase in FCT adds to passive stability. Thus, increasing wingbeat frequency
enhances both maneuverability and stability. Hummingbirds provide an interesting example; males
typically have greater wingbeat frequencies (21)
and smaller body sizes as compared to females of
the same species, potentially conferring a benefit
in maneuverability and therefore an advantage
in display flights (22) as well as greater stability
when experiencing an external perturbation. These
benefits are not without cost, because increasing
wingbeat frequency increases the inertial and profile power requirements of flapping flight.
Finally, the success of our FCT model in predicting yaw deceleration dynamics implies that
passive damping may be important to flight control in flying animals across a wide range of body
sizes. For example, if a steadily flapping animal
experiences a brief perturbation in midstroke, by
the time it is prepared to execute a corrective
wingbeat, FCT will have eroded much of the effect of the perturbation, regardless of the wingbeat
frequency employed by the animal. Thus, FCT
provides open loop stability for some aspects
of animal flight, reducing its neuromuscular and

neurosensory requirements. These are not eliminated, because FCT results in asymmetric forces
from symmetric flapping, implying that the animal’s muscles must generate asymmetric forces
and suggesting neural regulation to enforce symmetry. Furthermore, FCT does not address all the
stability problems faced by flying animals. This
study is limited to yaw dynamics in hovering or
slow-speed flight; FCT is likely to be influential
in fast forward flight, but no data are available to
test such predictions. More important, a full description of body dynamics involves many factors
beyond FCT and includes modes such as pitching
and longitudinal dynamics known to be inherently
unstable in open loop conditions (23, 24) and
subject to active control (25, 26). Finally, yaw
damping due to FCT is a feature of flapping flight
that is not found in human-made fixed-wing or
rotary-wing flyers and may lead to improvements
in the stability and maneuverability of biomimetic
micro–air vehicles.
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lated with the gene’s fluorescence intensity (r =
0.1, P = 0.2). Similarly, the number of rare codons
(sites with CAI < 0.1) in a sequence was not
significantly correlated with fluorescence (r =
–0.02, P = 0.7), and neither was the number of
pairs of consecutive rare codons (r = –0.14, P =
0.09). Although specific consecutive codon pairs
have been proposed to influence translation
(14, 15), the frequency of such rare pairs in a
gene was not significantly correlated with its fluorescence (r = 0.07, P = 0.35) (8).
Statistical analyses of which nucleotide positions influenced gene expression (fig. S6) indicated the importance of local sequence patterns,
as opposed to global codon bias. This pattern is
consistent with studies of base content (16, 17),
which suggest that mRNA structure may shape
expression levels (18–21). Therefore, for each
GFP construct, we computed the predicted minimum free energy associated with the secondary
structure of its entire mRNA or specific regions
of its mRNA. The folding energy of the entire
mRNA was not significantly correlated with fluorescence (r = 0.16, P = 0.051), but the folding
energy of the first third of the mRNA was strongly
correlated: mRNAs with stronger structure produced lower fluorescence (r = 0.60, P < 10–15).
A moving window analysis identified a region,

Fig. 1. Synthetic library of GFP genes with randomized codon usage. (A)
Degenerate oligonucleotides were mixed and assembled by polymerase chain
reaction. Fragments were then cloned, sequenced, and assembled into
complete GFP genes. Red indicates third-codon positions. Degenerate symbols
are as follows: D (A or G or T); H (A or C or T); N (A or C or G or T); R (A or G);
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from nucleotide (nt) –4 to +37 relative to start, for
which predicted folding energy explained 44%
of the variation in fluorescence levels across the
GFP library (r = 0.66, P < 10–15) (Fig. 2B). The
same folding energies explained 59% of fluorescence variation when constructs were expressed
using a bacterial promoter (r = 0.77, P < 4 × 10–16)
(fig. S7). mRNA folding also correlated with fluorescence in a separate analysis of GFP constructs differing by single mutations (8).
The strong correlation between mRNA folding and fluorescence suggests the simple mechanistic explanation that tightly folded messages
obstruct translation initiation and thereby reduce
protein synthesis (22). Predicted mRNA structures for highly expressed GFPs characteristically
contained many unpaired nucleotides near the
start codon, whereas constructs expressed at low
levels featured long hairpin loops (Fig. 2B and
fig. S8), consistent with known obstructions to
initiation (22). The region of strongest correlation
between folding energy and expression did not
overlap with the Shine-Dalgarno (SD) sequence,
which suggested that SD occlusion by secondary
structure (22, 23) did not play a major role in
inhibiting expression, probably because our constructs contained no noncoding mutations. By
contrast, the region of strongest effect overlapped

and Y (C or T). (B) Example alignment illustrating sequence diversity among
15 synthetic genes. Shaded boxes indicate first and second codon positions,
which are conserved across the library. (C and D) The distribution of GC3 and
CAI among the 154 synthetic GFP genes (C) is representative of the diversity
among the 4288 endogenous E. coli genes (D).
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An alternative plasmid with bacterial promoter reduced overall expression levels, but the correlation
between the two expression systems remained high
(r = 0.9) (fig. S4). A similar pattern of fluorescence
variation was observed in fluorescence-activated
cell sorting measurements (fig. S5). Because the
encoded protein sequence was identical for all
genes, we attributed fluorescence variation to differences in protein levels. This was confirmed by
strong correlations between fluorescence and total GFP levels in Western blots (fig. S5) and
Coomassie staining (r = 0.9, P < 10–15).
To test the theory that E. coli translation rates
and eventual protein levels depend on the concordance between codon usage and cellular tRNA
abundances (10–12), we compared codon usage
to fluorescence among the 154 synonymous GFP
variants. Notably, neither of the two most common measures of codon bias, the CAI or the frequency of optimal codons (3), was significantly
correlated with fluorescence levels (r = 0.14, P =
0.09, and r = 0.11, P = 0.16, respectively) (Fig.
2A). Moreover, some of the most highly expressed genes featured low CAI and vice versa.
Although codon adaptation near the 5′ terminus is considered particularly important for expression (12, 13), the CAI value of the first 42
bases in a GFP gene was not significantly corre-

REPORTS
significantly with the 30-nt ribosome–binding site
centered around the start codon (Fig. 2C).
In a multiple regression, mRNA folding energy near the start codon (nt –4 through +37)
explained nearly 10 times as much variation in
expression levels as any other predictor variable,
including the global GC content, CAI, the number of rare-codon sites or consecutive pairs, the
length of the longest rare-codon stretch, the num-

ber of predicted transcription termination signals,
the propensity for conformation changes into ZDNA, and the number of predicted ribonuclease
(RNase) E cleavage sites (8). RNase E cleavage
sites tended to reduce expression, as expected (24),
and explained 4.7% of fluorescence variation.
Although global GC content was not significantly correlated with fluorescence (r = –0.031,
P = 0.7), GC content near the start codon was

Fig. 3. Expression levels of alternative GFP constructs. The distribution of log2 normalized fluorescence
levels for (top) pGK8 (T7 promoter, no leader sequence), (middle) pGK14 (PBAD bacterial promoter, no
leader sequence) and (bottom) pGK16 (trp-lac bacterial promoter, 28-codon leader sequence) expression
vectors. Fluorescence varied substantially when expressed using T7 or bacterial promoter. The addition of
a 28-codon leader sequence with low secondary structure produced uniformly high expression levels.
www.sciencemag.org
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Fig. 2. The determinants of gene expression.
(A) Codon adaptation was not significantly
correlated with fluorescence among the 154
GFP constructs (r = 0.14, P = 0.09). (B)
Predicted 5′ mRNA folding energy was
strongly correlated with fluorescence (r =
0.66, P < 10–15). For each construct, folding
energy was calculated in a window spanning
positions –4 to +37 relative to translation
start; two sample structures are shown. (C)
Sliding window analysis of mRNA folding
and fluorescence. Local mRNA folding energies were calculated in a sliding window of
length 42 nt. The significance of the correlation between local folding energy and fluorescence (negative log10 P value) is plotted
as a function of window position along the
sequence. Note the overlapping locations of
the 30-nt ribosome–binding site (blue bar)
and the window of strongest correlation between folding energy and fluorescence (partially overlapping red bar, nt –4 through
nt +37).

strongly correlated. But this was likely mediated
by mRNA secondary structure; GC content was
itself correlated with folding energy, and folding
energy explained 10 times as much variation in
fluorescence as was explained by GC content (8).
GFP mRNA levels, as quantified by Northern
blotting, varied across the library, but the extent
of mRNA variation was three times smaller than
that of corresponding fluorescence variation. We
also observed 3′-truncated mRNA species that differed among GFP variants, which likely reflected
different stabilities of mRNA degradation intermediates (fig. S9). mRNA levels were highly correlated with fluorescence (r = 0.53) and also with
folding energy near the start codon (r = 0.33).
These relations are consistent with the hypothesis
that secondary structure influences both mRNA
and protein levels through occlusion of ribosome
subunit binding. Reduced ribosome binding increases mRNA exposure to nuclease digestion,
which in turn decreases stability (25).
Bacterial growth rates were strongly influenced
by the codon usage of the expressed GFP construct (8). Elevated CAI was correlated with faster
growth (r = 0.54, P < 9 × 10–13), whereas 5′
mRNA folding energy showed no significant correlation with growth (r = 0.12, P = 0.15). These
results support the hypothesis that low codon adaptation in an overexpressed gene decreases cellular
fitness (16), probably because retarded elongation
sequesters ribosomes on the GFP mRNA and
thereby hinders translation of essential mRNAs. The
growth rate data could alternatively be explained by
the hypothesis that high codon adaptation reduces
the rate of deleterious protein misfolding (6, 26, 27).
Although we do not rule out this possibility, in our
experiments CAI was not correlated with the degree
of misfolding, whether it was quantified by the ratio
of Coomassie to fluorescence or by the ratio of
mRNA to fluorescence (8).
Our findings lead to the following prediction:
Adding a stretch of codons with weak mRNA
structure to the 5′ end of a gene with originally
strong structure should increase expression, even
if the additional codons have low CAI. To test
this prediction, we fused a 28-codon tag to the 5′
terminus of 72 GFP constructs. The tagged constructs, which featured weak mRNA secondary
structure and low CAI (8), produced consistently
high expression, including those GFPs poorly expressed in nontagged form (Fig. 3). These results
suggest that endogenous E. coli genes may have
undergone selection for weak 5′ secondary structure. Consistent with this hypothesis, we found
that the predicted secondary structures for the
4294 E. coli genes are significantly weaker near
their start codons (nt –4 to +37) than immediately
downstream (nt +38 to +79; Wilcoxon P < 10–15).
Here, we have systematically quantified the
effects of synonymous nucleotide variation on
gene expression in E. coli, on the basis of unbiased sequences that control for regulatory context. The data reveal a predominant role for mRNA
structure around the ribosomal binding site in
shaping mRNA and protein levels. By contrast,
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Well-adapted codons could also confer a metabolic
advantage by reducing the load of misfolded proteins (26, 27). In either case, increasing a gene’s
codon adaptation should not increase its expression. High codon adaptation in a gene should,
however, improve cellular fitness to an extent
that depends on its expression level.
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Leucine-Rich Repeat Protein Complex
Activates Mosquito Complement in
Defense Against Plasmodium Parasites
Michael Povelones, Robert M. Waterhouse, Fotis C. Kafatos, George K. Christophides*
Leucine-rich repeat–containing proteins are central to host defense in plants and animals. We show
that in the mosquito Anopheles gambiae, two such proteins that antagonize malaria parasite
infections, LRIM1 and APL1C, circulate in the hemolymph as a high-molecular-weight complex
held together by disulfide bridges. The complex interacts with the complement C3-like protein,
TEP1, promoting its cleavage or stabilization and its subsequent localization on the surface of
midgut-invading Plasmodium berghei parasites, targeting them for destruction. LRIM1 and APL1C
are members of a protein family with orthologs in other disease vector mosquitoes and appear to
be important effectors in innate mosquito defenses against human pathogens.
nopheline mosquitoes are the vectors of
malaria that is caused by protozoan
Plasmodium parasites and claims the lives
of 1 to 3 million people annually (1). Parasites
enter female mosquitoes during blood feeding and
develop into ookinetes that on traversing the midgut
epithelium and encountering the hemolymph are
attacked by the mosquito immune system (2). A
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few survive to transform into oocysts, which generate sporozoites capable of reinfecting humans.
The Anopheles gambiae leucine-rich repeat
(LRR)–containing protein LRIM1 is a potent
Plasmodium berghei antagonist that is also involved in phagocytosis of bacteria and melanization of parasites and Sephadex beads (3–5).
Since the discovery of LRIM1, two other LRR
proteins, APL1 (6) and LRRD7 (7), have been
shown to limit Plasmodium infection. LRIM1
and APL1 (also called LRIM2) also mediate
Plasmodium lysis and melanization in Anopheles
quadriannulatus species A, contributing to the
natural refractory phenotype of these mosquitoes
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to parasites (8). The APL1 locus encompasses
three distinct yet highly similar genes, which
originate from recent duplications. Of these,
APL1C is the sole P. berghei antagonist; APL1A
and B do not influence infection intensities (9).
We used single and double gene knockdowns (KDs) to compare the quantitative effects
of LRIM1 and APL1 on P. berghei infections in
susceptible A. gambiae and obtained an increase
by a factor of ~50 in parasite infection intensities
and no significant difference between double
and single KDs (Fig. 1A). Quantitative real-time
polymerase chain reaction confirmed equal and
efficient silencing of LRIM1 and APL1 (using
primers amplifying all three APL1 genes) and no
detectable cross-silencing (fig. S1). The known
role of LRIM1 in melanization (3, 4) prompted
us to examine whether APL1 is also required in
this immune reaction. We silenced LRIM1 and
APL1 in A. gambiae L3-5 mosquitoes, which melanize virtually all invading P. berghei ookinetes
(10). Indeed, both KDs produced identical phenotypes: no melanization and an increase by a
factor of ~80 in live oocyst numbers (Fig. 1, B
and C). Thus, in both Plasmodium-susceptible and
-refractory mosquitoes, the effects of LRIM1 and
APL1 are qualitatively and quantitatively indistinguishable, suggesting that the two genes function
in a single genetic pathway that is disrupted by
silencing either gene alone.
Sequencing multiple LRIM1 and APL1C
cDNA clones from adult female mosquitoes verified their strong similarities in gene architecture.
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neither local nor global codon bias had significant effects on mRNA or protein levels. This
finding is consistent with the view that translation
initiation, not elongation, is rate-limiting for gene
expression (28), but it seems to contradict the
well-known correspondence between codon bias
and expression level for endogenous genes (11, 29).
There is a simple explanation to this apparent
contradiction, which reverses the arrow of causality between codon adaptation and gene expression. In one view, high CAI induces strong
protein expression (10–12), whereas we argue
that strong expression induces selection for high
CAI. Unlike genome-wide correlations between
CAI and expression levels [e.g. (11)], our analyses control for noncoding regulation and, thus,
can distinguish between these two alternatives.
We propose that the correspondence between
codon adaptation and expression level among
endogenous E. coli genes arises from selection to
make translation efficient at a global level, rather
than at the level of individual genes. High CAI
increases the elongation rate, but because initiation is rate-limiting in translation, elongation rate
does not significantly affect expression. On the
other hand, rapid elongation sequesters fewer
ribosomes on the message, thereby increasing the
total rate of protein synthesis and accelerating cell
growth. A similar model for codon preference has
been proposed by Andersson and Kurland (16).
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