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Posttranscriptional processes often involve specific signals in mRNAs.
Because mRNAs of integral membrane proteins across evolution
are usually translated at distinct locations, we searched for uni-
versally conserved specific features in this group of mRNAs. Our
analysis revealed that codons of very hydrophobic amino acids,
highly represented in integral membrane proteins, are composed
of 50% uracils (U). As expected from such a strong U bias, the
calculated U profiles of mRNAs closely resemble the hydrophobic-
ity profiles of their encoded proteins and may designate genes
encoding integral membrane proteins, even in the absence of
information on ORFs. We also show that, unexpectedly, the U-
richness phenomenon is not merely a consequence of the codon
composition of very hydrophobic amino acids, because counterin-
tuitively, the relatively hydrophilic serine and tyrosine, also en-
coded by U-rich codons, are overrepresented in integral membrane
proteins. Interestingly, although the U-richness phenomenon is
conserved, there is an evolutionary trend that minimizes usage of
U-rich codons. Taken together, the results suggest that U-richness
is an evolutionarily ancient feature of mRNAs encoding integral
membrane proteins, which might serve as a physiologically rele-
vant distinctive signature to this group of mRNAs.

evolution � hydrophobicity scale � mRNA targeting � U-rich mRNA

I n addition to protein-coding information, mRNAs some-
times harbor signals required for posttranscriptional regu-

latory pathways, such as processing, translation, degradation,
and localization (1, 2). For selective targeting, mRNAs use
various protein-interaction determinants (structural, sequence
specific, or nonspecific) (3), mostly in untranslated regions,
although unique exceptions have been described (e.g., ref. 4).
mRNAs of integral membrane proteins across evolution are
usually translated at distinct locations, and our studies in
Escherichia coli have suggested a step through which these
mRNAs might be selectively targeted to membrane-bound
ribosomes (5–7). Therefore, we investigated the possibility that
mRNAs encoding integral membrane proteins have species-
independent characteristic features, which might provide an
evolutionarily conserved means for their selective recognition
and targeting to the membrane. As a basis for our analysis, we
reasoned that because prokaryotes express polycistronic tran-
scripts, sometimes encoding a mixture of membrane and
cytosolic proteins, targeting signals might be located inside
ORFs in addition to untranslated regions.

Results and Discussion
Analysis of the Genetic Code in mRNAs Encoding Integral Membrane
Proteins. A unique property of integral membrane proteins is that
they have stretches containing very hydrophobic amino acid
residues (�20). Therefore, we analyzed the nucleotide compo-
sition of very hydrophobic codons [according to the Goldman,
Engelman, Steitz (GES) scale] (8), in the context of the entire
genetic code. Since the first description of the nearly universal
genetic code (for a review see ref. 9), various explanations of its
organization and the assignment of the 64 triplets have been

offered (10, 11). It was soon realized that chemically similar
amino acids are often encoded by relatively similar codons (12,
13) and that very hydrophobic amino acids are encoded by
codons having uracil (U) in the second position (14). Our
analysis revealed that, in addition to their second position,
codons of very hydrophobic amino acids have a remarkably high
U content in general (Fig. 1). Specifically, 50% of the combined
numbers of nucleotides in these codons are Us. In contrast, the
U content in codons of all other groups of amino acids is �22%,
and the total U content in all of the 61-aa coding triplets is
24.6%, suggesting a strong U bias in mRNAs encoding integral
membrane proteins. Next, we investigated whether the proposed
U bias is an inherent requirement for mRNAs encoding integral
membrane proteins or merely a trivial consequence of the high
U content in codons of very hydrophobic amino acids. As shown
in Fig. 2A, there are 2 relatively hydrophilic amino acids, serine
and tyrosine, both encoded by U-rich codons (33% and 50%
U, respectively). On the basis of the chemical nature of serine
and tyrosine, we predicted that both of them should be more
abundant in soluble proteins. In contrast, analysis of their
usage in multipass membrane and cytoplasmic proteins from
various organisms (supporting information Tables S1 and S2)
revealed higher content of serine and tyrosine in the mem-
brane protein group (�20% more) (Fig. 2B). These results
strongly suggest that integral membrane protein transcripts
might have been programmed or had evolved to contain high
contents of U.

Analysis of the Distribution of U in Membrane Protein mRNAs.
Traditionally, integral membrane proteins are analyzed for
their hydrophobicity profiles (15), using algorithms that help
identify their transmembrane helices. We wondered whether
our discovery of the high U content of very hydrophobic
codons might be helpful in identifying integral membrane
proteins through the analysis of U profiles of genes. Initially,
we compared the hydrophobicity profiles of several integral
membrane proteins with the U profiles of their mRNAs. Fig. 3
shows several examples in which both curves are strikingly
similar. MalF is a complex integral membrane protein with 8
transmembrane helices and a large external hydrophilic domain
(Fig. 3A, Top) (16). The calculated Kyte-Doolittle-based hydro-
phobicity profile of MalF (Fig. 3A, Middle) supports the pro-
posed secondary structure model. Remarkably, the calculated U
profile of the malF mRNA also supports this model, and the 2
profiles are very similar. Notably, although similar, there are
subtle differences that might indicate the importance of features
other than the identified relationship between the protein hy-
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drophobicity and U content and distribution in the gene, as
shown above for serine and tyrosine. In contrast to the similarity
observed with the U profile, the profiles of the other nucleotides
adenine (A), cytosine (C), and guanine (G) are completely
different from that of the hydrophobicity profile (Fig. 3A,
Bottom). Next, we analyzed other proteins from different species
and found that in all cases, the hydrophobicity profiles and the

U profiles closely resemble each other (Fig. 3B), suggesting that
U profiles might be used to identify cDNAs encoding integral
membrane proteins in various organisms, even in the absence of
information about ORFs. Our analysis is qualitative, but it would
be interesting to test whether U profiles can improve current
membrane-protein topology prediction methods (17). For ex-
ample, serine and tyrosine, which are more abundant in mem-
brane proteins, might reduce the prediction power of hydropho-
bicity-based algorithms. In contrast, the contribution of serine
and tyrosine should be readily observed in the U profiles of genes
because of the high U content of their codons (Fig. 2 A).

Large-Scale Comparison of Hydrophobicity and U Richness. To obtain
a preliminary large-scale view of the U-richness phenomenon,
we selected annotated Swiss-Prot entries for hundreds of
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Fig. 1. Distribution of nucleotides in groups of codons encoding chemically
similar amino acids. Amino acids were classified according to their hydropho-
bicity values by using the GES scale (8). The frequency of each nucleotide was
calculated by dividing its occurrence by the sum of nucleotides in each group
of codons.
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Fig. 2. U usage, hydrophobicity, and amino acid usage in membrane pro-
teins. (A) U usage in codons of each amino acid and the hydrophobicity of each
amino acid according to the GES scale. (B) Usage of each amino acid in
multipass membrane proteins (mem) divided by its usage in cytoplasmic
proteins (cyto) selected from 11 organisms (see Tables S1 and S2). Error bars
indicate SD (among the various species, Table S2).
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Fig. 3. Comparison between hydrophobicity profiles and U profiles. (A) Top:
Topology model of MalF (16). Middle: Hydrophobicity profile of MalF is shown
in gray, and U profile of MalF mRNA is shown in black. Bottom: Distribution of
A (black), C (gray), and G (dashed) in the MalF mRNA is shown using the same
scale as in Middle. (B) Superposition of the hydrophobicity plots (gray) and U
profiles (black) of the indicated integral membrane proteins and their respec-
tive mRNAs. The Kyte-Doolittle hydrophobicity plots (window of 19 residues)
and the U plots (window of 55 nucleotides) were calculated using DNA
Strider 1.4f6.
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multipass membrane proteins and cytoplasmic ones from E.
coli, Methanococcus Jannaschii, Arabidopsis thaliana, and Mus
musculus. Each entry was analyzed for its hydrophobicity and
U-richness, using rather arbitrary parameters for the hydro-
phobicity (window of 20 residues, value of 1.5 according to the
Kyte-Doolitle scale) and U-richness (window of 60 nucleo-
tides, value of 40% U) (see Methods). The summation of the
obtained scores clearly shows that multipass membrane pro-
teins have significantly higher values than cytoplasmic proteins
in all of the test organisms (Fig. 4). Obviously, the values
represent qualitative indications, and quantitative distinction
between cytoplasmic and multipass membrane proteins re-
quires optimization of both parameters (windows and values)
and calibration according to the GC content of each organism.
Nevertheless, even the nonrefined analysis shows clearly that
the U-richness values follow the hydrophobicity values, with E.
coli having the highest ratios between multipass membrane
proteins and cytoplasmic proteins. Interestingly, the differ-
ences between multipass membrane proteins and cytoplasmic
proteins seem to decrease through evolution, both regarding
the hydrophobicity and U-richness, in a manner that fits the
phylogenetic tree of life according to Carl Woese (18). One
possible contribution to this tendency would be that membrane
proteins have acquired more soluble domains through evolu-
tion (19, 20), thus reducing the overall proteins’ hydrophobic-
ities and the U-richness of their encoding mRNAs. This
development complicates examining possible (predicted) ef-

fects of the genome GC content on the U bias. Nevertheless,
we examined the situation in the extremely high GC genomes
of the ancient Gram-positive bacteria Mycobacterium leprae
(57.8%) and Streptomyces Coelicolor (72.1%). In these cases
the distinction between mRNAs encoding multipass mem-
brane proteins and cytoplasmic proteins is achieved by using
lower U content limits (see Methods).

Evolution of U-Richness in Membrane Protein mRNAs. Another pos-
sible contribution to the decreased U-richness in membrane
proteins of higher eukaryotes could be the reduced use of
U-rich codons, even in the case of hydrophobic amino acids. To
address this issue, we examined whether the membrane protein
mRNAs’ codon-usage preferences differ from those of mR-
NAs encoding cytoplasmic proteins (Fig. S1). Here we focused
on the usage of U-rich codons of the 3 most hydrophobic amino
acids: phenylalanine (Phe), isoleucine (Ile), and leucine (Leu).
Fig. 5 shows that the genes of E. coli membrane proteins use
relatively high U-rich codons for these 3 hydrophobic residues
compared with cytoplasmic proteins. However, this preference
decreases through evolution, given that with M. musculus a
clear bias is observed for relatively U-poor codons in multipass
membrane protein genes compared with cytoplasmic ones.
Noteworthy is the fact that there is a lower limit to the usage
of U-poor codons for these hydrophobic amino acids, which
are inherently U-rich (the minimal U content is 67% in Phe
and 33% in Ile or Leu). It would be interesting to perform a
similar analysis only with gene segments encoding transmem-
brane helices, but this requires a database that is currently
unavailable. Nonetheless, our observations suggest that the
U-richness phenomenon in membrane proteins’ genes was
determined early in evolution. Because U-rich mRNAs are
probably less structured and consequently less stable (21), a
possible evolutionary driving force for minimizing U-richness
late in evolution would be a tendency to increase the stability
of mRNAs encoding membrane proteins.

Concluding Remarks. Taken together, our results suggest that the
U-richness phenomenon represents an ancient predisposed
requirement for mRNAs encoding integral membrane pro-
teins. Why U? This question raises ancient evolutionary con-
siderations. It is believed that DNA uses a thymine instead of
U to allow discrimination against Us obtained by cytosine
deamination, damage that is efficiently repaired by base
excision (22). However, such damage could be repaired by
alternative mismatch recognition pathways (23). In any case,
our findings offer an additional explanation for the difference
between DNA and mRNA if Us indeed serve as specific
recognition determinants that are reserved for mRNA. Nota-
bly in this regard, there are examples of nucleic acids binding
proteins that do (24) or do not discriminate between single-
strand RNA and DNA (25).

In addition to the proposed early and late evolutionary
implications, which we find challenging to examine experimen-
tally, we speculate that the unique primary structures of mRNAs
encoding integral membrane proteins might be distinctly recog-
nized by presently unknown cellular factors involved in their
stabilization and targeting to membranes. Whether this phe-
nomenon is restricted to ORFs is currently unknown. Our studies
do not rule out the possibility that a similar U-richness signature
might also exist in untranslated regions of mRNAs, and exper-
iments in that direction are currently in progress. In addition,
searches for cellular components that specifically bind model
U-rich mRNAs and attempts to identify differences between the
cellular locations of newly transcribed U-rich vs. U-poor mRNAs
are currently underway.
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Fig. 4. Overall hydrophobicity and U-richness in multipass membrane pro-
teins vs. cytoplasmic proteins. (A) Average hydrophobicity of multipass mem-
brane vs. cytoplasmic proteins in the indicated organisms. (B) Average U-
richness in multipass membrane vs. cytoplasmic proteins of the indicated
organisms. mem, membrane; cyto, cytoplasmic.
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Methods
Nucleotide Distribution. The number of either U, A, G, or C used in an indicated
group of codons (whether it is a single amino acid or a group of amino acids)
was divided by the overall number of nucleotides in the same group of codons.

Datasets. Annotated Swiss-Prot (ftp://ftp.uniprot.org/pub/databases/
uniprot/) entries from several organisms, classified as ‘‘multipass’’ membrane
proteins or cytoplasmic proteins, were selected for further analysis. All of the
datasets are available as Excel files upon request. The datasets include (specie/
cytoplasmic proteins/multipass membrane proteins) E. coli/503/660, M. Jann-
aschii/116/114, A. thaliana/445/604, M. musculus/980/1438, Mycobacterium
leprae/163/71, Streptomyces Coelicolor/207/55, Archaeoglobus fulgidus/99/
29, Bacillus subtilis/325/382, Caenorhabditis elegans/251/382, Saccharomyces
cerevisiae/535/456, and Homo sapiens/1028/1914.

Analysis of Amino Acid Usage. For calculating average amino acid usage,
annotated entries from 11 organisms (see above) were selected. Amino acid
usage of each annotated Swiss-Prot entry was calculated. An average amino
acid usage was computed for each group of proteins from each organism, and
the ratio of usage in multipass membrane/cytoplasmic proteins was calculated
(Table S1). The obtained values were averaged, yielding a ratio of amino acid
usage in multipass membrane proteins/cytoplasmic proteins for all of the
entries in the 11 test organisms (Table S2).

Large-Scale Hydrophobicity Analysis. The Kyte-Doolitle hydrophobicity scale
(15) was used, and each protein sequence in the Swiss-Prot datasets was

scanned using a sliding 20-aa-long window. Every entry received a number
indicating how many windows achieved an averaged hydrophobicity value
of 1.5. The hydrophobicity values in each group of proteins were averaged
and then divided by the summed protein lengths in the group. Finally, a
ratio between the averaged hydrophobicity in the multipass membrane
protein group and the cytoplasmic protein group of each organism was
calculated.

Large-Scale U-Richness Analysis. The corresponding Swiss-Prot entry genes
were scanned using a 60-bp-long sliding window. Every entry received a
number (a U-richness value) indicating how many windows contained at least
24 Us. The U-richness values in each group were averaged and then divided by
the summed gene lengths in the group. Finally, a ratio between the averaged
U-richness of the multipass membrane protein group and the cytoplasmic
protein group of each organism was calculated. For the high GC genomes the
limit of 24 Us per 60-bp-long window was reduced to 16 for S. Coelicolor and
21 for M. leprae.

Codon Usage Analysis. Codon usage for Ile, Leu, and Phe was calculated for the
combined Swiss-Prot entry genes in each group of proteins, and the ratio
between usage in multipass membrane proteins and cytoplasmic proteins was
calculated for each organism (Table S3).
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