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ABSTRACT

Multivariate analysis of the amino-acid compositions of
999 chromosome-encoded proteins from Escherichia
coli showed that three main factors influence the
variability of amino-acid compasition. The first factor
was correlated with the global hydrophobicity of
proteins, and it discriminated integral membrane
proteins from the others, The second factor was
correlated with gene expressivity, showing a bias in
highly expressed genes towards amino-acids having
abundant major tRNAs. Just as highly expressed genes
have reduced codon diversity in protein coding
sequences, so do they have a reduced diversity of
amino-acid choice. This showed that translational
constraints are important enough to affect the global
amino-acid composition of proteins. The third factor
was correlated with the aromaticity of proteins,
showing that aromatic amino-acid content is highly
variable,

INTRODUCTION

This paper investigates the amino-acid usage in Escherichia coli

proteins, to describe general trends and their biological

mnplications. The method used, correspondence analysis, has also

been used to analyze codon usage by Grantham and colleagues

(1 -3, review in 4). The first factor undetlying variations in codon
usage is the genome of origin. In addition, there is a considerable

within-species codon usage variability, Among E. coli genes this

diversity is linked to gene expressivity: genes with a potentially
high expression level are biased towards the subset of codons.
that are best recognised by the most abundant tRNA species (35).

In contrast with codon usage, the interspecific variability in
amino-acid usage is low (3). The present study focuses on amino-

acid usage of proteins from a single species, E.coli, because a
large body of sequence data is available for this species.

MATERIALS AND METHODS
Data set

The data set was 999 protein sequences encoded by genes on
the E.coli chromosome, corresponding to a total of 385,404

amino-acids. As this is about 25% of the estimated total number
of chromosome-encoded proteins, the sample is large enough to
be representative. The nonoverlapping ECOSEQS6 collection (6)
was structured (7) using the entity-relationship model of ACNUC
(8 —10). The retrieval system, Query, associated with ACNUC,
allows elaborate sequence managements. The ECOSEQ6
collection contains the sequences of a single allele per locus, so
that there is no overweighting due to sequence redundancy or
DNA polymeorphism. This is not a negligible problem since, for
instance, there are 16 complete sequences of the gnd locus of
E,coli in GenBank (11) release 78. The disadvantage s that the
allele sequences in Rudd’s collection are from different strains,
leaving open the possibility of intraspecific variations affecting
results, There are not yet enough data to answer this question,
but there seems to be very little polymorphism at the amino-acid
level, about 1% for the average number of amino-acid differences
per site between two alleles (12).

Piasmid-encoded proteins are not incladed in Rudd’s collection.
This minimizes the horizontal gene transfer effect, which is more
likely for plasmid-encoded protein. The amino-acid usage of
proteins encoded by genes recently incorporated in the E.coli
genome may differ from native E.coli proteins.

Partial sequences (7 %) were discarded becanse the amino-acid
composition of a fragment could be atypical of the whole protein
composition. Poorly documented open reading frames (12%)
were discarded to help analysis of results. The Rudd
nomenclature, by which most unidentified ORFs are given a name
starting with ‘y’, ensure their easy removal. Information on the
remaining sequences is, however, highly variable. Proteins with
fewer than 100 amino-acids (5%) were exciuded to minimize
nfluence of stochastic variations in the amino-acid compositions
of small peptides. The threshold value of 100 amine-acids is
roughly the minimum size for a protein to have an enzymatic
function (13).

The N-terminal methionine was not removed. This is an
arbitrary choice because the rules that govern the removal of N-
formylmethionine are not completely understood (143, This choice
did not noticeablely alter the results, there were negligible
variations only for small proteins with a low methionine
frequency. The special case of selenocystein was not handled
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because it is too rare; there are only three known

selenopolypeptides in E.coli (15). Lastly, post-translational

modifications were not taken into account.

Multivariate analysis

The x? metric was used as a measure of the distance between
the amino-acid composition of two proteins. Correspondence
analysis can then extract orthogonal linear combinations of amino-
acid frequencies that best summarize the data. These trends are
optimal because they take into account most of the initial
variability (16, 17). The squared distance between two sequences

x and y is defined as:
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where ny; and ny; are the number of amino-acids of kind i in
sequence X and y, i, and n,_are the total number of amino-acids
in sequences x and y, n; the total number of amino-acids of kind
1 in the dataset and n. . the total number of amino-acids in the
dataset. The advantage of the x? metric over the usual Euclidian
distance used in principal component analysis of compositional
data {18}, is that information on rare amino-acids are not masked
by frequent amino acids because of the 1/n; weighting.

The correspondence analysis was computed with the program
MacMul (19, 20) on a Macintosh plus. The results were checked
by running a different program (21) on a different computer (Sun
SPARCStation 10) to ensure that there were no computational
errors, Analysis of results was facilitated by the interactive DIGIT
software (22). The absence of bias due to the low frequencies
of rare amino-acids was checked by removing them and repeanng
the analysis,

Identification of protein characters

Three scores were computed for each protein to help interpret
the results. The GRAVY score (23) is an estimate of the overall
hydrophobicity of the protein, the highest scores indicating a
hydrophobic character. The GRAVY score is a linear
combination of amino-acid relative frequencies:
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where f; is the relative frequency of amino-acid of kind i in the
protein and «; the hydropathy index of this amino-acid (23}.

The codon adaptation index (CAI) is an empirical measure of
synenymous codon usage bias (24}, which is positively correlated
with the expressivity level of genes.
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where f; is the relative frequency of codon of kind i in the
coding sequence, and w; the ratio of the frequency of codon of
kind i to the frequency of the major codon for the same amino-
acid, as estimated from examining 25 highly expressed genes
{24). Here, CAI has the advantage over other indices, such as
the Mean Number of tRNA Discrimination per elongation cycle
{3), of being almost independent of amino-acid frequencies.

GRAVY =

In(CAI =
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The AROMATICITY is the relative frequency of aromatic
amino-acids,
20
AROMATICITY = Y 8.f,.
=1
where f; is the relative frequency of amino-acid of kind i in the

protein and §; = 1 when the amino-acid is aromatic (Phe, Tyr,
Trp) and & = 0 otherwise.

RESULTS
Glbal amino-acid composition

The mean amino-acid composition of the proteins in the dataset
{Table 1) was found to be very similar (r = 0.95) to that reported
previously (25). The results are also consistent (r = (.89) with
the experimentally determined composition of the total proteins

Table 1. Average amino-acid composition (% = 5D)

AA Total IMP non IMP N C

Ala 9.7 £2.6 104 £2.3 9.6 £2.7 8.8£35 0.6
Arg 5.8%272 37413 60£22 44421 55
Asp 53 %18 25308 5715

Cys 12410 10407 12X0 14+11 1.7
. Gln 4.3 118 26112 4517 }1{].6i3.5 9.8
Glu 6.1 #23 25 +1.1 6.6 2.0

Gly 7.5£2.1 87420 73420 8128 115
His 2.3 £1.2 16110 24112 21£12 18
Ne 59+1L9 8.1*20 57£L7 50+20 54

Leu 102 2.7 13.2 £2.9 99 +25 8.1*+28 84
Lys 47423 29 £1.2 49420 6531 64
Met 2.8 212 3.9+1.3 27%11  Loxl1 29
Phe 3.8 1.6 6319 335%13 38316 35
Pro 44 +1.6 4015 44116 4.7+1.9 4.1
Ser 5 5 +1.7 6217 5517 68£27 40
Thr 5.3 +1.5 53 +14 353+15 55422 4.7
Tp 3 +1.0 26412 12409 1,108 L1
Tyr 27 413 30£13 2.7£13 3315 2.6
val 7.3£19 86+19 7.1 +1.8 7.0+22 79

TMP is the group of 114 integral ﬁtembrane proteins given in table 3. Column
N contains the results previously reported {25) and column C is the experimentally
determined total protein composition (26). Since determination of protein
composilion requires the hydrolysis ol all amide bonds, the relative amounts of
Asp:Asn and Glu:Gln cannot be estimated, and their vatues are vsually assumed
to be 1:1. Here, the ratios were found to be about 3:2, showing that the acidic
form was more abundant.
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Figure 1. Factors of the correspondence analysis ranked in decreasing order of
the fraction of total varance they accounted for,
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of E. cali (26}, although these results are not directly comparable, (Figure 1). The three first factors, which accounted for 40% of

because of inequal protein concentrations in vivo. the total variability of amino-acid composition of £, coli proteins,
On the basis of their average frequencies, amino-acids can be were then further analysed. These factors are defined in Table 2.

classified as very rare (Trp, Cys), rare (Tyr, Met, His), frequent

(Gly, Val), very frequent (Lew, Ala) and intermediary for the Table 3. List of proieins {score < —0.2) in the minor peak of F1 scores
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Factor 1 (F1)

The first, and thus most important, factor of the correspondence
analysis accounted for 17% of the total variability of amino-acid
composition of E.coli proteins. The protein F1 scores had a
bimodal distribution (Figure 2), indicating that the amino-acid
frequencies in the dataset were heterogeneous. The minor peak
(11%) contained only integral membrane proteins {Table 3).

Factor 1 was highly correlated (r = 0.90, p < 10~%) with the
GRAVY score (figure 3). Direct comparison of the GRAVY
score and the F1 score coefficients (figure 4) showed a major
difference only for Trp. Another difference is that the GRAVY
scale assigns the same value to Glu, Gln, Asp and Asn, The
coefficients for Glu, Gln, Asp were found to be quite similar
in the F1 score, but the coefficient for Asn was different.

Factor 2 (F2)

The second factor accounted for 13 % of the variability in amino-
acid compositions. Protein scores on this second factor had a
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Figure 3. Correlation of the global hydrophobicity of proteins (GRAVY score)
with the correspondence analysis factor L. Each point represents a protein, the
bottom right group is the intcgral membrane protein group.
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unimodal, nearly symmetrical distribution. The F2 scores were
correlated (r = 0.55, p < 10~%) with the CAI scores (Figure
5). The general trend was that proteins with a high CAI value
had low F2 scores. This result is highly surprising as CAI score
is almost independent of amino-acid composition of the protein:
CAI measures the codon usage bias cumulated for each amino
acid. Hence, amino acid composition correlates with the choice
of codon among synonymous sets.

A comparison of amino-acid F2 coefficients and major tRNAs

concentrations (Figure 6) showed three notable exceptions. Lys

was more enriched than expected from the relative frequency

of its major tRNA, Leu and Arg were avoided despite the relatlve

abundance of their major tRNA,

Factor 3 (F3) o

The third factor accounted for 10% of the variability in amino-
acid compositions. Protein scores on this second factor had a

unimodal, nearly symmetrical distribution. The F3 scores were |

correlated (r = 0.70, p < 10=%) with the aromaticity scores
(Figure 7). The general trend was that proteins enriched in
aromatic amino-acids had high F3 scores.

DISCUSSION

The pattern of amino-acid usage was very different from the
pattern of codon usage. Analysis of the codons in the coding
sequences of E.coli emphasises the contrast between lowly and
highly expressed genes, with the optimal codons in highly
expressed genes. But, as the table of amino-acid frequencies is
obtained directly from the table of codon frequencies by summing
columns, it seems surprising that the factors reported here have
not been described before. One reason is that the column
summing which transforms the codon frequency table into the
amino-acid frequency table is very special in that frequent codons
are summed with rare codons. As the contrast between rare and
frequent codons is very important, the amino-acid tendencies are
hidden in the least important factors of the codon multivariate
analysis.

Integral membrane proteins are known to be enriched in
hydrophobic amino-acids. Qur correspondence analysis
confirmed this and showed that this is the most important factor
underlying variations in the global amino-acid composition of
E.coli proteins.

As factor 1 clearly discriminates integral membrane proteins
from the others, computing its value for a new open reading frame
could indicate if it codes for an integral membrane protein (a
complete example of the computation is given in Table 2). For
instance, the protein CutE involved in copper transport in E. coli
has an F1 score of —0.22. This suggests that it is an integral
membrane protein, and not an intracellular protein (27). This
prediction of an integral membrane protein is expected to oceur
for 1/10% of the E. coli coding sequences. Peripheral membrane
proteins cannot be identified on the basis of their average amino-
acid frequencies because the contribution of membrane-spanning
segments o the overall amino-acid composition of the protein
is not always sufficient (28).

Factor 2 showed that there was a bias in amino-acid usage for
highly expressed genes. There is experimental evidence that the
total amount of tRNA for a particular amino-acid parallels the

total usage of that amino-acid in proteins for E.coli and.

Mycoplasma capricolum (29). Our results also show that proteins
encoded by highly expressed genes tend to use amino-acids whose

major tRNA are abundant. This bias is not negligible, since it
is the second factor accounting for variability of the amino-acid
variability of E. coli proteins. This bias was previously observed
in studies on much smaller samples of E.colf proteins (30— 32).

Table 4. Last 10% of CAI distribution
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Deb 0.E%2 required Ior disulphide Lond fermaticn .
Cadh 0_.582 lyaine decarhoxylase |cadaverine producticn at low pli)
SmoB 0.590 proceipn export protain (bransqortl
Dealr  0.588 7k nelicase (ribosome asse
EplF 0,565 rihoacmal prokeir LE
EpsE 0.563 cabescmal protein 50
Gltx 0.381 glutamyl-EAHE syothecass |translatiza)
Suchk 0,30 dikydrolipoamide succinylstansterase [glycolysis!
LodE a.578 7 .
Eus 0.579 Dhistore liks probein WLFP-2Z {s-ructure]
Frr 8 ribogme-veleasing facter [hranslakbise)
Fldn a, flavsdoxin (alrcbyon transpore]
FrdE [ [iyrarate reductase iren-suliuc subueit {1Th syslel
3lys ©,6571 glucyl-ERHA sypthetas= jtranslaticon] .
Mirm  ©.570 NASH-dependent aikribe reductase juitrate assimilatiorn)
Frdh  ¢.555 fumarate reductase (TCA Cy2le)
AceC 5588 bickin carpowylase [fabey acid synthesis)
Lamg malbkese vt maltedextrines transport
25144 Suadenosylmakhicnive sypthetase {2na zarhoa r.ue':a':_\ol_is!n]
il auter membrans morin of =ndogencas lagbdnid bacteriophage
Bgi pacupheglocoge laomerase (glyeolysis) . )
Nard pitrats reductase [(nitrate assimilaticn, indueticn by nitrata:
BL LA mannitel parmesse [hransporkt)
Fr=d Pre glucose-gpacific enzymr 1T (kranspert)
Rpsd ribosomal mrotein 55 X
RpoH SMA polymerase sicma-3ii subunit (heat shock promoebers exprzesinnl
ARt adaning phosphoribasyl-transfassue (purise salvaqe) X
Carhk carbamoyl-phosshata syhbhetase 1hrg & prrimidine syntheeisz)
SolB 1 gupercxids distwtasc redical destrustien)
GyrP oNA gyrase [CHA replicakion)
Eplo riboscmal prabeir L17
CydE cytochroma [ berminal cxidass lelecbrob Erapsport)
LS rhosphoribosy pyrophosghace synthetase (muclectide Mioeynthesis)

The codon usage of the corresponding genes is good, so that their expressivity
level is expected w be high. For instance, the genes for ribosomal proteins, major
outer membrane proteins or hasic metabolism such as glycolysis belong to this
class. Note that genes that are only mrned on under special envirommental
conditions but are abundantly expressad under those circurnstances are also present
in this class (e.g. AckA and AdhE in anaerobiosis, SubH and RpoH alier heat
shock, NarH in presence of nitrate).



The concentrations of the major tRNA for Lys, Leu and Arg
did not follow the general trend. The concentration of the major
tRNA for Lys was less than expected and the concentrations of
the major tRNAs for Arg and Leu were higher than expected.
The concentrations of the major tRNA for Leu and Arg may
appear high because their intracellular concentrations do not
correspond to their effective availability to the ribosome. For
instance, two minor leucyl-tRNAs species are the ones most

Table 5. First 10% of CAl distribution

Pret. CAL FUHCTION

151 0 Antilgen ligese [(LPS core synshasis)

1£9  transcriphisnel regulatcr
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12% pesitive regulstory protein of the tde opsron

122 Mambrane-Bound phosphatidyl glycersphozchats phosphatasze
162 Modifies the scrcificity ofF Msr3 rastrickion

154  rasiztance against methyl viclogen toxieity

157  matlyyl cytoaine restriction enzyme

197  hwpothetiesl protein

193  klocks baskericphages T4 late gene 8xpressioo

27013 Gralanyl-Dealanine carboxypeptidass in curein mertalwolisw (28P4)
204 cpanscodptien acbivakbor
202 evpe 1 fimbrias regulatery protein
207 thicphene cuydation
J2I0 redulatery zrotain
2211 citrate dependant Te3- transgport
JELe represscr of givieien iahibiltion gane JicE
JELT transeriptienal artlvarter [oc Lhe cyn cporoo
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2

237 urcporphyrinogen IIL cogyn-hetass
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7
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LELE lypothetical protein

.245  Erpa 1 fimbrias regulatery prokein

JEE UV v iy anzvee
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[2ED  rramseriprionnal regulatory pratein
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V263 transport of glycina betaine/L-procline
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254 reoulation of langth and mediatinn 2f adhesien of byps 1 fimbrian
.254  ighibition of ce2ll division

LEE&  LPS core eynthesis

L3888 pherispate iyrase |obdoeinone synthesis)

L2R7 transcripticnal activatcr for tdo opercn

L20A4 porin thermerepulatory procain

L2089 positive regulabor for gluclboel oparon

-230  alpha-keakoglutarats bEransporch

L2680 acid phosphatoss

LEA idelbald-izscpentery]l pyrophosphate ERMA transferaze

26l kransoriptienal activater

L2611 represgcr protein Eor maltoss regulon

261 cuter membrane protaaee

JEE2 jnvelved fn biobin synthesis vatihuay

V263 thiegalactopide transacekylasa
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.Z64  hypothertical pretein
kB4 LPS core aynthesia
260 Tepresser of glyoercl 31 phosphate regulon
LEEE peripheral pembrave componett of witamin 12 cranspeort system
LFEE Eepvie encerobactin transport protsein
-26%  LPZ core synkhesis sratein
LJEET cytochroma bESL
LEET? pretein of hydregenase-1l operen
.262  shikimate kinass IT
268 flagellar protein
268 L-igpaspartyl protein carboxyl methyltransfarase bype LT
L2668  regulation of acid phosphavase
285 O-f-alkylouanine-CiA-alkyltranziarasa
L28%  senaory transducer protain
2

270 ragqulatory pratein

270 ragulation of CreB

272 emtercchelin esterase

274 thymidine kinasw

274  lipsprotein

273 ragulatory protein for supsroxids strangtn respense
277 cenkrel of chemataxis

237 dlPase

278  transport of Tyr

278 APE klnase

278 rikanuslaase TTI

raqulatory protein

talp ol bydrogenase-1 operon

1%

272 DA mismabeh repalir

280 regulaccry pracein

230 enterchactin synthesis

20 contral of cell merphoclogy

AEL  biotin egeron-recresscr and Lictin holoenzyme synthakbase
Zopykimidine phetolyase

mate dehydrogenage
.282  conkrel of cocsmbinalion
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The coden usage of the correspunding genes is poor, so that their expressivity
level is cxpected to be low. For instance, many regulatory genes belong to this
class.
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bound to ribosomes during exponential growth in minimal
medium (33). The difference between the effective and measured
tRNA concentration could be atiributed to the participation of
the major lencyl-RNA species in a reaction other than translation,
such as the addition of leucine directly to the amino termini of
certain ribosomal proteins (34). This would explain why the
effective concentrations of the major tRNA for Leu and Arg could
be overestmated from their intracellular concentrations, but does
not explain the case of the major tRNA for Lys. However, The
comparison of tRNA concentrations from differents anthors (33,
36) introduces a note of caution with respect to the interpretation
of quandties of tRNA in celis.

To validate the interpretation of factor 2, the first and last 10%
of the CAI distribution were extracted {Table 4 and 5}, and the
mean major tRNA frequencies for the proteins were computed
in these two extreme classes. The distributions for the two classes
were different (figure 8), showing that proteins with high CAI
values are enriched in amino-acids carried by the most abundant
major tRNA.

Further discussion about the bias in the amino-acid composition
of proteins encoded by highly expressed genes should be taken
with care because they are based on a logical construction and
cannot be directly challenged by experiment. At first glance it
seems that it is simpler for tRNAs to adapt their concentration
to the amino-acid content of proteins than the reverse because
the mutation expense is lower; changing the tRNA concentrations
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Figure 8. Top: distibution of CAI values for the 999 protein genes of the datasct.
The dotted lines indicate the first and last 10% of the distibution. Bottom:
distribution of the mean major tRNA frequency tor the proteins of the first and
last 10% of the CAI distribution.
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requires fewer mutation events, such as gene duplication or
altered promoter efficiency, than does altering coding sequences,
where many sites must be modified. But this cannot explain why
the amino-acid compositions of the product of highly expressed
genes should be different. This requires that the amino-acid
compogition of highly expressed genes is particular for some other
reason. The simplest explanation is a straightforward adaptation
of what is visible at the codon level: highly expressed genes
reduce the diversity of codon choices to increase translation
efficiency (4). By analogy, proteins encoded by highly expressed
genes use a reduced diversity of amino-acid choices to increase
translation efficiency.

The fact that proteins encoded by highly expressed genes have
a bias of amino-acid usage is an interesting example of the
interdependence between translational constraints and overall
properties of the protein, The translational constraints seem to
be greater than expected since, in addition to selecting the codon
corresponding to the most frequent isoacceptor tRNA, they are
sufficient to modify the global amino-acid composition. The
translational constraints which were known to affect the
‘genotype’ of proteins, are sufficient to affect their ‘phenotype’.

Factor 3 showed that aromatic amino-acids represent a group
of amino-acids which frequency is highly variable among
proteins. An interpretation is that the biogynthesis of these amino-
acids is expensive for the cell, so that there is a selective pressure
to reduce the aromaticity of proteins. The fact that these amino-
acidg are rare (Table 1) is consistent with this hypothesis.
However, these amino-acids do not completly disappear, so that
there should be an inverse tendency to maintain therm in proteins.
This inverse tendency could be attributed either to a simple
mutationnal drift or more likely to a selective advantage due to
a contribution to the stabilization of the three-dimensional
structure of the protein.
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