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Letter

Hierarchy of Sequence-Dependent Features
Associated With Prokaryotic Translation

Gila Lithwick and Hanah Margalit’

Department of Molecular Genetics and Biotechnology, Faculty of Medicine, The Hebrew University, Jerusalem 91120, Israel

Protein expression in the cell is affected by various sequence-dependent features. Several such sequence-dependent
features have been individually studied, yet they have not been compared quantitatively in terms of their relative
influence on protein expression, and a hierarchy of these elements has not been determined. Here we present a
quantitative analysis examining sequence-dependent features involved in prokaryotic translation, namely, the
base-pairing potential between the mRNA Shine-Dalgarno sequence and the ribosomal RNA, codon bias, and the
identity of the stop codon. We analyzed these features both at intra- and intergenomic levels using the Escherichia coli
and Haemophilus influenzae genomes. Within each genome, we examined the relationship between each feature and
protein expression levels determined by 2D-gel analyses. At the intergenomic level, comparative genomic principles
were applied to study the relative preservation of the different sequence-dependent properties between orthologs.
From these analyses, we determined that biased codon usage is the property that is most highly associated with
protein expression and that is most conserved. The identity of the stop codon and the base-pairing potential of the
MRNA Shine-Dalgarno sequence and the rRNA seem to have less of an effect on protein expression.

Protein levels in the cell are affected by many factors that operate
at the various stages of gene expression including, primarily,
transcription and translation. Many of the recent studies have
focused on the stage of transcription and on features that affect
mRNA abundance (e.g., Spellman et al. 1998; Selinger et al. 2000;
Lee et al. 2002; Tjaden et al. 2002), while translation has been
somewhat neglected. This is for two main reasons: (1) The pres-
ent wide use of DNA microarray technology has led to the accu-
mulation of vast amounts of mRNA expression data that moti-
vate numerous studies on transcriptional regulation. In contrast,
protein expression data are still quite scarce. (2) It has conven-
tionally been held that protein levels depend, to a large extent,
on corresponding mRNA levels, and that it is therefore sufficient
to study the transcription stage comprehensively. Recent studies,
however, show that the latter statement is not necessarily true. At
least in eukaryotes, there are several studies that measured the
levels of corresponding mRNAs and proteins under the same con-
ditions and showed that the changes in protein levels cannot be
explained by the mRNA changes per se (Futcher et al. 1999; Gygi
et al. 1999; Ideker et al. 2001; Washburn et al. 2003). In prokary-
otes, as transcription and translation are tightly coupled, it has
been widely accepted that cellular protein levels depend directly
on mRNA abundance. Still, even in prokaryotes, it is not clear
whether mRNA levels alone can account for the variation in pro-
tein levels, and if they can be used as predictive indicators of
protein levels. Indeed, data on protein levels and mRNA levels in
prokaryotes start to accumulate, but there still is a lack of con-
sistent data of the two quantities measured under the same con-
ditions that will enable direct evaluation of this questioned rela-
tionship. In parallel, it is important to examine whether there are
other attributes, beyond those associated with transcription, that
show an association with protein expression and may be used as
predictive indicators of protein levels. In the present study, we
analyze features associated with translation in prokaryotes and
their relative influence on protein levels.

Translation in prokaryotes involves three major steps: ini-
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tiation, elongation, and termination. Translation efficiency,
therefore, may be influenced by each of these steps, which, in
turn, are affected by sequence-dependent features.

Initiation of translation involves the binding of the ribo-
some to the mRNA. The 3’-end of the 16S RNA component of the
ribosome binds, via base-pairing, to a short sequence upstream of
the start codon, the Shine-Dalgarno (SD) sequence (Shine and
Dalgarno 1974). The free energy gained by this interaction can be
used as a parameter that reflects the efficiency of translation ini-
tiation (Schurr et al. 1993; Osada et al. 1999). Differences in the
mRNA SD sequence binding potential to the tRNA, as indicated
by the computed free energy values, may explain differences in
protein expression. (Note that in this paper we refer to proteins
and to the genes encoding them interchangeably. When refer-
ring to highly expressed genes, we refer to the genes encoding
highly expressed proteins, whose expression was measured by
protein abundance.)

The rate of translational elongation has been suggested to be
influenced by codon bias. This conjecture is based on two find-
ings: (1) The levels of the different tRNA species in the cell have
been shown to correlate with the abundance of their correspond-
ing codons (Ikemura 1985). (2) Highly expressed genes have been
shown to have a strong bias toward the more frequent codons
(Kanaya et al. 1999; Karlin et al. 2001). Thus, highly expressed
genes are expected to use those codons that have higher levels of
corresponding tRNAs, enhancing the rate at which translation
progresses.

The codons preceding the stop codon (Mottagui-Tabar et al.
1994; Bjornsson et al. 1996), as well as the identity of the stop
codon and the base following it (Poole et al. 1995), have been
shown to influence the efficiency of translation termination. It
has been shown that inefficient stop codons lead to a lower
amount of protein (Jin et al. 2002). However, the stop codon has
been shown not to be very conserved among Escherichia coli and
Bacillus subtilis homologs (Rocha et al. 1999).

Several statistical studies have been performed to examine
the prevalence of the different sequence features in the genes
encoding highly expressed proteins, and to estimate the correla-
tion between various sequence-dependent features. Karlin and
colleagues (2001) showed for several bacteria that proteins docu-
mented as highly expressed use the most frequent codons pref-
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erentially. Rocha et al. (1999) analyzed the stop and start signals
in B. subtilis in relation to G + C content and putative secondary
structures. Two other studies have pointed out a correlation be-
tween the mRNA SD sequence and codon bias (Sakai et al. 2001;
Ma et al. 2002). However, there has not been an assessment of the
relative influence of different features on protein expression us-
ing measured protein levels in the cell.

Using genomic data and experimental data on protein levels
in both E. coli (VanBogelen et al. 1996; Blattner et al. 1997; Link
et al. 1997) and Haemophilus influenzae (Fleischmann et al. 1995;
Langen et al. 2000), we assessed the relative contribution of the
various sequence features to the determination of protein levels.
These include the features described above, namely, the binding
potential of the mRNA SD sequence and the ribosomal RNA,
codon bias, and the identity of the stop codon. First, we assessed
the relative influence of each feature on protein expression
within each genome by comparing highly and not highly ex-
pressed genes. Secondly, we assessed the relative importance of
the sequence-dependent features through a comparative genom-
ics approach. A commonly accepted principle of comparative
genomics is that sequences with a crucial function are conserved
among different, related organisms. Consequently, conserved se-
quences are implied to have an important function. Here we
apply this notion in a broader manner, to assess the relative
importance of the examined features for the determination of
protein levels. Although different organisms live under different
conditions and have different requirements, it seems a reason-
able assumption that most principles of regulation would remain
conserved in organisms that are not too diverged. In our analysis
we do not compare the sequences per se, but their quantitative
measures. Thus, by our approach the two studied organisms may
have different TRNA SD sequences and completely different
codon usages. What we test is the correlation between the quan-
titative measures representing these features in orthologous
genes.

Both the intra- and intergenomic analyses provide quanti-
tative estimates as to the relative influence that the various se-
quence features related to translation have on protein expres-
sion. We show that biased codon usage highly correlates with

Choose two genomes to study

v

Compute quantitative measures for
sequence-dependent features of interest

D\

protein levels, whereas the stop codon and the base-pairing po-
tential between the mRNA SD sequence and the rRNA seem to
have less of an effect on protein expression.

RESULTS

General Overview of the Analysis

We assess the relative influence of the different sequence features
on protein levels by performing both “intragenome” and “in-
tergenome” analyses (Fig. 1). To this end, we need to choose
genomes for which protein expression data are available, and to
represent the sequence features by quantitative measures (see
Methods section). In the intragenome analysis, we compare for
each measure of a sequence feature its distribution between
highly expressed (HE) and not highly expressed (NHE) proteins
encoded in the genome. Additionally, we compute the correla-
tion coefficient between the measure and protein expression lev-
els. The sequence feature showing a more significant distinction
between HE and NHE proteins and a higher correlation coeftfi-
cient is considered as having a greater effect on protein expres-
sion. In the intergenome analysis, we compare for each sequence
feature its values between orthologous genes in the two genomes
by computing a correlation coefficient. The property that shows
a significantly higher correlation between orthologs is consid-
ered as having a greater effect on protein levels. Consistent re-
sults in the intra- and intergenome analyses should provide fur-
ther support to our conclusions.

Data Organization

Because an important aspect of our analysis regards conserva-
tion of features that are sequence-dependent, it was necessary to
select a pair of organisms that have sufficiently diverged in their
genome sequences, to avoid conclusions based on sequence
conservation per se owing to insufficient evolutionary diver-
gence. Yet it was also necessary to ensure that the two organisms
are close enough to expect similarity in their molecular mecha-
nisms and underlying molecular principles. Two organisms that
were found to comply with these requirements were E. coli and
H. influenzae, both with fully sequenced ge-
nomes (Fleischmann et al. 1995; Tatusov et
al. 1996; Blattner et al. 1997). Both organ-
isms belong to the vy subdivision of proteo-
bacteria; yet they are also sufficiently di-
verged. Their GC content is very different
(50.7% for E. coli and 38% for H. influenzae),
and the distributions of their codon fre-
quencies (Nakamura et al. 2000) are signifi-
cantly different (P < 1e-50 by a x? test). In

Intra-genome analysis
For each quantitative measure:

* Compare distribution between .
highly and not highly expressed

Inter-genome analysis
For each quantitative measure:

Compute correlation between
orthologous proteins

addition, for both, large-scale 2D-gel analy-
ses have been carried out (e.g., VanBogelen
et al. 1996; Link et al. 1997; Langen et al.
2000), providing a set of experimentally de-

proteins

* Compute correlation between the
measure and documented protein

levels

* Integrate the results of intra- and
inter-genome analyses

* Draw conclusions on relative
influence of the sequence-dependent
features on protein expression

Figure 1 Overview of the analysis.
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termined highly expressed proteins in both
organisms. For E. coli, there were several sets
of highly expressed proteins, extracted in
different conditions (VanBogelen et al.
1996; Link et al. 1997). All these proteins
were included in the HE group and were
compared with NHE proteins. For the
correlation analysis of the features with
the expression levels, we included only the
proteins isolated from bacteria that were
grown on minimal media and harvested
during growth phase (Link et al. 1997). As
to H. influenzae, the study included various
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gels and fractions from a variety of chromatography steps per-
formed to enrich for low-abundance proteins (Langen et al.
2000). However, only levels of proteins from the primary gel were
measured in that study, and these were used in our analysis as HE
proteins. Of the 3938 genes from GenBank predicted by Gene-
MarkS (Besemer et al. 2001) in E. coli, 424
are HE, and 163 of these are from growth
phase. Of the 1683 genes from H. influenzae,
297 are HE.

The COG database (Clusters of Or-

A

This result was found to be slightly significant for E. coli
(P =6.63e-4 for the Wilcoxon rank sum test, n, = 424 proteins,
n, = 2953 proteins), and very significant for H. influenzae
(P =1.62e-13 for the Wilcoxon rank sum test, n, = 297 proteins,
n, = 1243 proteins).

thologous Groups of proteins; Tatusov et
al. 2001) was used both to filter out false
predictions from the NHE set, as well as to
find pairs of orthologs within the two or-
ganisms. This database contains groups
of orthologous proteins from 43 complete
genomes, most of which are bacterial. For
E. coli, 2953 of the NHE proteins are in
COGs. For H. influenzae, 1243 of the NHE
proteins are in COGs. Pairs of proteins from
E. coli and H. influenzae, within COGs,
which were each the best hit of the other,
were taken as orthologs. This, when inter-
sected with the GeneMarkS predictions, re-
sulted in a set of 1271 pairs of orthologs.
Out of the 1271 orthologs, 129 were HE in 2
both genomes, 153 were HE in E. coli but
NHE in H. influenzae, 141 were NHE in E.
coli but HE in H. influenzae, and 848 were
NHE in both genomes. Thus, the property
of high/low expression is highly conserved
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Analysis of Sequence-Dependent
Features

The SD Sequence Upstream of the Translation
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SD Free Energy (kcal/mol)

Initiation Site
The ribosome binding site in prokaryotes is
characterized by an mRNA sequence up-
stream of the translation initiation site that
is capable of base-pairing with the 3’-end of
the 16S rRNA (Shine and Dalgarno 1974). It
is possible that sequences that better fit the
3" 16S rRNA SD sequence will make more
efficient translation initiation sites. To ex-
amine whether there is a correlation be-
tween protein levels and the potential of
the mRNA SD sequence to bind to the 16S
rRNA, we computed the free energy gained
by the binding of these two sequences
(Schurr et al. 1993; Osada et al. 1999). The
more compatible rRNA-mRNA SD se-
quences are expected to have lower free en-
ergy values.

We first compared the SD free energy
values between HE and NHE proteins in
each of the two genomes. The HE proteins
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were those detected in the 2D-gel experi-
ments (VanBogelen et al. 1996; Link et al.
1997; Langen et al. 2000). The NHE proteins
were all other proteins in our data sets that
were also in the COG database. The SD free
energy values were found to be lower in HE
proteins compared with other proteins.

10
-1

. 7 -6 -5 -4

SD Free Energy (kcal/mol)

-1

Figure 2 Shine-Dalgarno (SD) free energy values versus protein abundance. The quantitative
measure of the SD mRNA sequence is the free energy gain upon its base-pairing with the 16S rRNA.
Scatter plots of the free energy values versus protein abundance are shown for 163 highly ex-
pressed E. coli proteins (A) and for 297 highly expressed H. influenzae proteins (B). Protein abun-
dance is shown on a log scale.
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To further investigate the influence of the mRNA-rRNA
binding on translation efficiency, the correlation between the
free energy and the protein expression levels was computed. As
shown in Figure 2, the correlation between these two properties
is very low, with r;= —0.23 for E. coli (P <0.005, n=163) and
r, = —0.13 for H. influenzae (P < 0.05, n = 297). The intergenomic
analysis showed a low correlation between the SD free energy
values of orthologous proteins (n=1271, r,=0.29, P < 0.001;
Fig. 3).

Codon Bias

Proteins that use more frequent codons have been shown to be
highly expressed (Ikemura 1985). To examine quantitatively the
relationship between codon bias and protein levels, two mea-
sures of the codon bias were used: the commonly used CAI
(Sharp and Li 1987) and the effective number of codons (Nc;
Wright 1990; see Methods section). Comparison by the Wil-
coxon rank sum test of both the CAI values and the Nc values
between HE and NHE proteins in each of the two genomes re-
vealed a significant difference (for E. coli, P < 1e-100 for CAI and
P = 3.35e-59 for N¢; and for H. influenzae, P < 1e-100 for CAI and
P =1.26e-21 for Nc). This indicates that the HE protein group has
a strongly biased use of codons.

The analysis of correlation between the protein levels and
the codon measures pointed to the same phenomenon: For CAI
values, the Spearman correlation coefficients were 0.47
(P <0.001, n=163 proteins) and 0.44 (P <0.001, n =297 pro-
teins) for E. coli and H. influenzae, respectively (Fig. 4). Likewise,
the correlation coefficients between the protein levels and Nc
values were —0.47 for E. coli and —0.39 for H. influenzae
(P < 0.001 for both).

In the intergenomic analysis, the correlation coefficients be-
tween the codon bias measures of the 1271 orthologous proteins
were found to be 0.64 (P < 0.001) for CAI and 0.42 (P < 0.001) for
Nc (Fig. 5).

Comparing the Influence of the mRNA SD Sequence and Codon Bias on
Protein Expression
Both the intra- and intergenome analyses indicate that the biased
codon usage (as measured by either CAI or Nc) has a greater
influence on protein expression than the potential of the se-
quence upstream of the translational initiation site to base-pair
with the rRNA. Below we provide a statistical assessment of this
statement for Nc (summarized in Fig. 6). The same analysis holds
for CAL

The Nc value is separated to a greater extent between HE and
NHE proteins than the SD free energy values. In addition, for
both organisms, the correlation coefficient between Nc values
and protein levels is greater than the correlation coefficient be-
tween the SD free energy values and protein levels. This result
was statistically significant only for H. influenzae (as evident by
the Wilcoxon signed rank test on absolute difference of ranks,
P =0.04). Thus, it seems that codon bias has a greater influence
on protein expression. The correlation between Nc values of
orthologs was also found to be significantly higher than the cor-
relation between the SD free energy values of orthologs
(P = 1.64e-4 for test on difference of correlation coefficients and
P =0.01 for the Wilcoxon signed rank test on absolute difference
of ranks), and therefore we can conclude that biased use of
codons in HE proteins is the more conserved property in the two
organisms.

Stop Codon
The identity of the stop codon has been shown to affect the
efficiency of translation termination (Poole et al. 1995). As done
for the mRNA SD sequence and codon bias, we attempted to
evaluate the influence of the stop codon identity on protein ex-
pression both by intra- and intergenome analyses. In the intrage-
nome analysis, we searched for preferred stop codons in HE pro-
teins. In the intergenome analysis, we examined the conserva-
tion of the stop codons among orthologs.

Because the base following the stop
codon has been shown to be important for

-1 T T T T T T T T T
efficient termination, stop codons are often
o) ] 00000 MO ©000 O WWLWWO OWO O O | regarded as four bases (Poole et al. 1995).
2 o 008 B o 8o o®O o o The stop codon UAAU has been shown to
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Figure 3 Correlation between SD free energy values of orthologs. A total of 1271 orthologs were

included in this analysis.
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tion with the categories of HE or NHE pro-
teins. Therefore, we will not compare the ®
values obtained here to the correlation co-
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associated with higher expression levels,
whereas UAG and UGA are associated with
lower expression levels. For H. influenzae,

10

Protein Expression (molecules/cell)

10

the x? value was significant only for UAA
and UGA. The & coefficient for these two
stop codons are 0.11 and -0.11, respec-
tively. Therefore, for H. influenzae, UAA is
overrepresented in HE genes, whereas UGA
is underrepresented.

The intergenome analysis indicated
that the conservation of the stop codons is
very low. We calculated the & coefficient
for each stop codon (e.g., the contingency
table for UAA is shown in Table 2, which
demonstrates how often the stop codon is
conserved and how often there is a different
stop codon in the corresponding ortholog).
We found that the only stop codon (includ-
ing UAAU) that had a significant x? test was
UAA (P =0.008), with a ® coefficient of
0.07. In this case, the ® coefficient and the
correlation coefficient comparing the or-
thologs regarding the other properties can
be compared. We find that the correlation

0.5 0.6 0.7

CAl

reflected by the ® coefficient is lower than
the correlation seen for the SD free energy
(P = 2.59e-8). Therefore, we can conclude
that in comparison to the codon bias and
the SD free energy, the stop codon is the
least conserved property associated with

0.8 0.9

10 T T T T T T

10°

Protein Expression (% of total protein)

translation.

DISCUSSION

One of the major challenges in the postge-
nomic era is to extract new knowledge re-
garding gene expression from the accumu-
lated sequence and functional data. Here we
exploited different types of data to gain in-
sight into sequence-dependent features that
affect one stage in the pathway that leads
from the gene to protein expression,
namely, translation. These data included
genomic data of coding sequences and mea-
sured levels of their protein products. From
the genomic data, we were able to compute
quantitative measures of various sequence-
dependent features that influence transla-
tion efficiency. These quantitative measures
were analyzed at two levels: First, we com-
pared the influence of the different se-

1

10'2 L 1 L 1
0.4 045 0.5 0.55 0.6

0.65

0.7

0.7

0.8

0.85

quence-dependent properties on protein
expression levels, and secondly, we com-

CAl

Figure 4 Relationship between codon bias and protein abundance. The bias in codon usage is
expressed by the CAl measure. Scatter plots of CAl versus relative protein abundance are shown for
163 highly expressed E. coli proteins (A) and for 297 highly expressed H. influenzae proteins (B).

Protein abundance is shown on a log scale.

efficients obtained for the SD free energy values and codon bias
measures.

A similar analysis of the standard three-base stop codons
(UAA, UAG, and UGA) in E. coli gave significant x> P-values (at a
significance level of 0.05). For UAG and UGA, the ® coefficients
were slightly negative. We can conclude that UAA is slightly

pared the relative conservation of these
properties between orthologs. Through
these analyses we were able to compare the
effect on translation of the mRNA SD se-
quence, the bias in codon usage, and the
identity of the stop codon. We found that
codon bias has the greatest influence on
protein expression levels and is also the most conserved feature.
The identity of the stop codon is the least conserved feature.
This hierarchy seems conceivable for several considerations.
As translation elongation consumes a large amount of energy
(Gold 1988), it seems vital that it be performed efficiently. The
finding that the SD sequence has less of a direct influence on
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A

mRNA degradation (Jin et al. 2002). There-
fore, another explanation for the weak cor-
relation between protein levels and the mR-
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35

NA-rRNA base-pairing potential is that fa-
vorable SD sequences may be involved in
both HE and NHE genes. It should be noted
that the effect of the SD sequence might be
much more complicated than just its poten-
- tial to base-pair with the rRNA. The free en-
ergy measure that was used by us actually
expresses the potential of the SD mRNA to
7 bind to the rRNA when the SD mRNA is in
an open conformation. However, there may
be differences in the folded states of the SD
mRNA of different genes and these may af-
fect its base-pairing potential with the rRNA
4 as well (de Smit and van Duin 1994). Thus,
until these different contributions can be
taken into account, we should treat our
7 conclusion of the lesser effect of the SD se-
quence with the appropriate reservations.
It is important to remark that the
Shine-Dalgarno measure is much more sen-
sitive to errors in start-site detection than

25 I I 1 1 1 1
20 25 30 35 40 45 50

E.coli Nc

codon bias. An incorrectly predicted trans-
lational start-site can lead to a completely
incorrect Shine-Dalgarno parameter, while
only slightly affecting the measure of codon
bias. To avoid such errors, we attempted to
use as accurate start-sites as possible (see
Methods). Nevertheless, the possibility that

55 60 65

0.85 T

0.75

0.7

H. influenzae CAl

0451

04r

some of the results may have been affected
by incorrect start-site predictions cannot be
completely excluded.

It has been shown that the identity of
the stop codon influences the rate of trans-
lation termination. In prokaryotes, there
4 are two codon-specific release factors that
play a role in translational termination, Re-
4 lease Factor 1 (RF1) and Release Factor 2
(RF2), which lead to the release of the syn-
thesized polypeptide chain. RF1 recognizes
both the UAG and UAA stop codons,
whereas RF2 recognizes the UGA and UAA
stop codons (for review, see Nakamura et al.
1996). It has been shown experimentally
that the identity of the nucleotide follow-
ing the stop codon influences termination
7 efficiency, and that UAAU leads to the most
efficient termination in comparison to all
4 other four-base stop signals (Poole et al.
1995). Indeed, we found a very significant

0.35 I 1 Q 1 1
0.2 0.3 0.4 05 06 0.7

E. coli CAl

Figure 5 Correlation between codon bias of orthologs. Codon bias is expressed either by Nc
values (A) or by CAl values (B). Scatter plots of the corresponding values in 1271 E. coli and H.

influenzae orthologs are shown.

protein expression looks reasonable as well. The binding of the
16S ribosomal subunit has been found not to be essential for
translation initiation (Calogero et al. 1988), and, in fact, there
exist mRNAs without SD sequences (e.g., Boni et al. 2001), and
even leaderless mRNAs (Moll et al. 2002). Furthermore, a favor-
able SD sequence combined with a weak termination signal has
been suggested to lead to ribosome queuing, which leads to

2670 Genome Research
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0.8 09 1

w overrepresentation of UAAU in highly ex-
pressed genes both in E. coli and in H. influ-
enzae. However, its association with high
expression as reflected by the & coefficient
was found to be weak, and it was not con-
served in orthologous genes. We believe
that the weak conservation of the stop
codon and its weak association with protein expression is caused
by several aspects. First, fast release of the polypeptide chain
should be a global phenomenon across all genes, as it leads to
quicker recycling of the ribosomes, which is of crucial impor-
tance to fast-growing bacteria (for review, see Nakamura et al.
1996). Second, the choice of the stop codon has been proposed to
be involved in the prevention of translational read-through
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* E. coli

Genomes chosen:

* H. influenzae

conditions. In contrast, the sequence-
dependent features are permanent features
of the genes. Therefore, when looking for a
connection between the sequence-

v

dependent features and the levels of protein

Feature Measures:

* Codon bias (Nc)

* SD base-pairing free energy

expression, we cannot extrapolate informa-
tion on a gene-specific level. Nevertheless,
as shown here, we could point out signifi-
cant general trends.

O\

The analysis presented here extends
the concept of comparative genomics. Tra-

Intra-genome analysis inter-genome analysis ditionally, studies in comparative genomics

P-value for Correlation with Corre]ation between orthologous focus on sequence comparison and on as-
ngg:::ﬁE and expression levels grg_t?'"jo 29 pects of sequence conservation. Here, we

NHE proteins Ne: r:= 0.42 compare not just the sequences per se, but

| SD [ 6.6e4 2023 also quantitative properties that are se-
wi § Nc | 3.4e-59 -0.47 quence-dependent, that is, the base-pairing
3D [ 16e-13 013 potential of the SD mRNA and 16S rRNA

e sequences and the codon bias. This enables

g Ne | 1.3e-21 039 us to assess the relative importance and the
2 conservation of these properties, beyond
= the sequences involved. There are many
other sequence-dependent features that af-

v v v fect gene expression. These include, for ex-

P(Nc) < P(SD) Ir.(NG)| > |r«(SD)] r«(NC) > r(SD) ample, the DNA features involved in tran-

Codon bias discriminates
better between HE and

Codon bias shows a higher
correlation with protein

scription and degradation signals that affect
mRNA half-life. Whereas some sequence-

Codon bias is more
conserved than the SD

dependent features have commonly used
measures, others still need to be further

studied, and their quantitative measures
need to be developed. Upon achievement of
these, a similar analysis that incorporates
these features as well should provide addi-

NHE proteins than the SD expression levels than the SD measure
measure measure
Conclusion:

Codon bias is the property more associated with protein expression

tional insight into the relative contribution
of the various features that affect gene ex-
pression.

Figure 6 Determination of hierarchy of two different properties associated with translation. The
results of the intra- and intergenome analyses for SD mRNA-16S rRNA base-pairing potential and
codon bias are shown in steps that are described in the overview (Fig. 1).

(Sharp and Bulmer 1988). Third, many genes in E. coli overlap,
and therefore the stop codon in one gene can be part of the SD
sequence or start codon of the following gene (Eyre-Walker
1996). For example, more than half of the UGA stop codons were
shown to overlap a coding sequence or the SD sequence (Eyre-
Walker 1996). Because the identity of the stop codon is influ-
enced by different factors, and efficient stop codons may be more
of a global phenomenon in the cell allowing for ribosome recy-
cling, it is logical that the identity of the stop codon plays a lesser
role in determining protein levels than the two other examined
properties.

We can examine our results for different functional catego-
ries of the proteins. Interestingly, there is one functional category
where the properties determined by all three features were found
to be more conserved than in other functional categories. These
were the proteins classified in the COG database as involved in
information storage and processing. This functional category in-
cludes proteins involved in replication, transcription, and trans-
lation. It therefore seems that proteins that are involved in these
essential molecular mechanisms tend to pursue all strategies to
achieve a higher level of protein expression.

One point that should be noted where one should be cau-
tious, is that the protein expression levels were taken from spe-
cific growth conditions, and can be expected to vary in different

METHODS

Data Sources

In this study two genomes were analyzed,
the E. coli genome and the H. influenzae ge-
nome. The sequence data were taken from GenBank (http://
www.ncbi.nlm.nih.gov). Protein levels were extracted from pub-
lished 2D-gel data (VanBogelen et al. 1996; Link et al. 1997; Lan-
gen et al. 2000). Proteins in the 2D-gel data were considered to be
HE, and proteins not in the 2D-gel data were considered to be
NHE. Although it is possible that in the NHE set there exist HE
proteins, it is likely to be dominated by true NHE proteins.
Pairs of orthologous proteins were taken from the COG da-
tabase (Tatusov et al. 2001). Proteins not in COGs were removed
from the NHE set because they may be falsely predicted open
reading frames.

Table 1. UAAU Stop Signal: Comparison Between Highly and
Not Highly Expressed Proteins

E. coli H. influenzae

UAAU®  Others UAAUP  Others®
Highly expressed® 186 238 142 155
Not highly expressed 703 2250 409 834

?Highly expressed proteins are those extracted from 2D-gel data.
®The number of UAAU stop codons.
“The number of non-UAAU stop codons.
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Table 2. Conservation of UAA Stop Codon in Orthologs

H. influenzae

E. coli UAA? OthersP
UAA? 706 171
Others® 291 103

2UAA stop codon occurrence.
PNon-UAA stop codon occurrence.

The mRNA Shine-Dalgarno (SD) Sequence

The mRNA SD sequence was evaluated by its ability to base-pair
with the corresponding sequence in the rRNA (Schurr et al.
1993). Thus, the quantitative measure for an SD sequence was
the free energy gain when such base-pairing occurs. These values
were computed using the program of Osada et al. (1999). The last
seven bases of the 16S rRNA and the 20 bases upstream of the
start codon were taken for the calculation. These 20 bases were
scanned to find the subsequence that best fits the 16S rRNA SD
sequence, that is, gets the lowest free energy value when base-
paired with the rRNA. This subsequence was determined as the
mRNA SD sequence, and the computed free energy was the quan-
titative measure of that SD sequence.

For consistency, the translational start sites in both genomes

were determined by the GeneMarkS gene predictions (Besemer et
al. 2001; http://opal.biology.gatech.edu/GeneMark/GeneMarkS/
index.html). To validate the GeneMarkS predictions, the start
sites were compared with 860 proteins whose N termini were
sequenced (EcoGenel?7, third release; Rudd 2000). Of these 852
were among the proteins in our database, and for 794 the N
termini coincided with the predicted start sites. Because proteins
can undergo processing, this is in fact likely to be an underestimate.

Codon Bias
Codon bias was evaluated by two measures:

1

. The Codon Adaptation Index (CAI; Sharp and Li 1987), which

relates the frequency of codons in a protein to their frequency
in a reference set of highly expressed proteins. This is the most
commonly used measure for codon bias. Conventionally, and
also here, ribosomal proteins have been used as a reference set
of highly expressed proteins. CAI values range between 0 and
1, and the higher the value the more biased is the codon usage
of the particular amino acid sequence toward codons that fre-
quently appear in the reference set.

. The effective number of codons (Nc¢; Wright 1990), which

measures how many different codons per amino acid are used
in a protein. For proteins that contain all 20 amino acids, this
measure ranges between 20 and 61, where a value of 20 means
that only one codon is used per amino acid, and a value of 61
means that all possible codons are used. Thus, lower Nc values
indicate a biased use of certain codons and should correspond
to high values of CAI. Nc was chosen as an additional measure
to be used for codon bias for two main reasons: Nc exhibits a
lower coefficient of variation than CAI (Comeron and Aguade
1998). Also, because we were interested in studying the influ-
ence of codon bias on protein expression, defining a measure
based on known highly expressed proteins will obviously lead
to the conclusion that this group of proteins is highly ex-
pressed.

Statistical Tests

1.

Distinction between HE and NHE proteins. The Wilcoxon
rank sum test (equivalent to the Mann-Whitney test) was used
to determine whether the values of a parameter differ in HE as
opposed to NHE proteins.

. Correlation between properties. Correlations were calculated

both between a property and expression levels, and for the
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same property in orthologous genes. The Spearman rank cor-
relation coefficient (r,) was used. However, because the data
sets are large, this is equivalent to calculating the Pearson
correlation coefficient. For data from a 2 X 2 contingency
table, the ® coefficient (Liebetrau 1983) was calculated to as-
sess the association between two properties. The ® coefficient
ranges from —1 to 1 and can be interpreted similarly to the
Pearson correlation coefficient, and they can therefore be
compared.

3. Comparison of correlation coefficients. To compare which se-
quence feature is more conserved among orthologous genes,
the correlation coefficients determined for the different fea-
tures were statistically compared using the test described in
Zar (1984). In addition, the Wilcoxon signed rank test on the
absolute differences of ranks was used to compare correla-
tions.
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