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from careful regulation of the minus end.
The extent of the treadmilling, the cre-
ation of microtubule bundles through tread-
milling motility, and the absence of other
observed mechanisms for polymer reposi-
tioning together suggest that treadmilling mo-
tility makes an important contribution to the
organization of the cortical array.
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Selective Charging of tRNA
Isoacceptors Explains Patterns of
Codon Usage

Johan Elf," Daniel Nilsson,? Tanel Tenson,® Mans Ehrenberg'*

We modeled how the charged levels of different transfer RNAs (tRNAs) that
carry the same amino acid (isoacceptors) respond when this amino acid be-
comes growth-limiting. The charged levels will approach zero for some isoac-
ceptors (such as tRNAL") and remain high for others (such as tRNALY), as
determined by the concentrations of isoacceptors and how often their codons
occur in protein synthesis. The theory accounts for (synonymous) codons for
the same amino acid that are used in ribosome-mediated transcriptional at-
tenuation, the choices of synonymous codons in trans-translating transfer-
messenger RNA, and the overrepresentation of rare codons in messenger RNAs

for amino acid biosynthetic enzymes.

There are 61 sense codons in the genetic code for
only 20 amino acids (/). One amino acid is
therefore often encoded by several synonymous
codons. These can be read by one transfer RNA
(tRNA) or by several isoaccepting tRNAs with
sometimes overlapping codon specificity (2).
When there are several synonymous codons for
an amino acid, these do not occur with equal
probability in genes (3) or in ribosome-bound
messenger RNAs (mRNAs) (4); there is a dis-
tinct codon bias, which can vary from species to
species. The concentration of a tRNA isoaccep-
tor is often positively correlated to the frequency
of the synonymous codon that it reads (4, 5). In
highly expressed genes, one codon in each syn-
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onymous set of codons tends to dominate in
frequency, and this codon is often read by the
most abundant tRNA isoacceptor (6). It has been
shown that such an arrangement will lead to
more rapid protein synthesis and to a lower level
of amino acid substitution errors than when the
frequencies of synonymous codons and concen-
trations of tRNA isoacceptors are more evenly
distributed (7). It is therefore likely that codon
bias and tRNA isoacceptor concentrations have
coevolved, and that the selection pressure for this
coevolution is more pronounced for genes with
high expression levels than with low expression
levels (7, 8). Such observations have been used
to define a codon adaptation index (CAI), which
is now commonly used to identify highly ex-
pressed genes from genome sequence data (9).
Until now, codon usage patterns have been in-
terpreted in the context of tRNAs that are always
fully charged with their amino acids. However,
in many cases, cells are subjected to amino acid
starvation, such as when living conditions are
harsh or when the environment suddenly deteri-
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orates. We investigated whether the same rules
for codon adaptation apply when the amino acid
supply is scarce as when it is abundant. We
suggest that codon adaptation under amino acid
limitation must fulfill very different demands,
and we identify two main principles that have
shaped codon usage under such conditions: (i)
When codon reading is part of a control loop that
regulates synthesis of the missing amino acid,
the translation rate of the selected codon should
be as sensitive as possible to starvation. (ii)
When, in contrast, de novo synthesis of a protein
or a peptide is essential during amino acid star-
vation, translation of its mRNA should be fast.
This means that the rate of codon translation
should be as insensitive as possible to amino acid
deficiency and also should remain relatively high
under amino acid starvation.

We show that when there are several tRNA
isoacceptors that read synonymous codons, the
rate of translation of some of these codons will be
very sensitive to amino acid starvation, whereas
the reading of others can be very insensitive. We
describe a simple rule of supply and demand that
determines whether a codon is sensitive or insen-
sitive to amino acid supply, and this rule is used
to predict the choice of codons in transcriptional
attenuation for the control of amino acid produc-
tion in bacteria, the anomalously high frequency
of some rare codons in amino acid synthet-
ic operons, and the choice of synonymous
codons in the open reading frame of transfer-
messenger RNA (tmRNA). Our findings moti-
vate the construction of a starvation CAI
(sCAl) that can be used to identify genes that
must be expressed under starvation conditions.

The mechanism behind selective charg-
ing of tRNA isoacceptors during amino acid
starvation. The rate of translation of a partic-
ular codon in the cell is determined by the level
of the charged tRNA isoacceptor (aminoacyl-
tRNA) that reads it after entering the mRNA-
programmed ribosome in a ternary complex
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with an elongation factor (EF-Tu in eubacteria
or eEFla in eukaryotes) and guanosine triphos-
phate. This is also formally true when the cells
are starved for that amino acid, but in this case,
the rate of codon reading is only determined
by the rates of supply and demand for charged
tRNAs, to which the concentration of ternary
complexes passively adjusts.

The basic principle can be illustrated (Fig. 1)
by a case with two different tRNA isoacceptors
(red and blue bars) that read two different
codons (red and blue squares) for the same
amino acid. The tRNAs are charged with amino
acid (green) by their common aminoacyl-tRNA
synthetase (yellow) with, as assumed here, iden-
tical kinetic parameters. The total concentrations
of isoacceptors are ¢, and t, (total numbers of
red or blue bars); their charged concentrations
(number of bars with solid green circles) are
a,t, and a,t,, where o is the fraction of tRNA
isoacceptor i that is charged; and the concentra-
tions of their uncharged forms (number of bars
without circles) are (1 — a,)f, and (1 — a,)t,,
respectively. The rate of charging of each tRNA
isoacceptor is proportional to the concentration
of its free form, and the constant of proportion-
ality is assumed to be the same for both isoac-
ceptors. The steady-state flow into ribosomes
from each tRNA isoacceptor pool is equal to the
average rate of protein synthesis multiplied by
its codon frequency (f, or f;). Because the
steady-state flow of supply must equal the
steady-state flow of consumption for each
charged isoacceptor, the ratio between their
rates of charging and consumption must be
equal to the ratio between the frequencies
of their respective codons on translating
ribosomes. That is, for the supply of the
charged tRNAs to meet the demand in pro-

tein synthesis, the following relation must
hold

(1_0‘1)11211
(I —a)ty f
a = 1_%(1_041):1_‘1(1_0“)

To see what this means, we first chose indices
so that tRNA isoacceptor 1 has the smallest ratio
between total tRNA concentration and codon
frequency (¢,/f, < t,/f, and ¢ < 1, where g =
(t,/f)/(t,/f;). When amino acid starvation gets
more and more severe, the charged level of
tRNA isoacceptor 1 will approach zero, and the
charged level of isoacceptor 2 will approach 1 —
g. This implies that the isoacceptor with the
smallest ratio between total tRNA concentration
and codon frequency will totally lose its charg-
ing, whereas the charged level of the other
isoacceptor may end up at any value between 0
and 100%. The reason for this unexpected
behavior is that the rates of supply (propor-
tional to uncharged tRNAs) and demand
(proportional to codon frequencies) are al-
ways matched at a lower charging level for
isoacceptor 1 than for isoacceptor 2. In the
special case in which the rate of amino acid
supply approaches zero, this means that the
charged level of isoacceptor 1 can disap-
pear, whereas isoacceptor 2 can remain al-
most fully charged. Accordingly, a codon of
the type read by isoacceptor 1 should be
chosen when the rate of codon reading is
used for regulatory purposes to sense amino
acid limitation, whereas a codon of the type
read by isoacceptor 2 should be used in
genes that must be efficiently expressed
when the amino acid is in limited supply.
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Fig. 1. Principle of selec-
tive charging of tRNA
isoacceptors during ami-
no acid limitation. (A)
The number of red and
blue squares (codons)
and the total number of
red and blue bars (isoac-
ceptor tRNAs) are the
same; codon usage is
balanced to isoacceptor

mRNA
aa-tRNA

tRNA

concentrations (g = 1),
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h=h
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and ., is always equal to
. (B) The total num-
bers of bars are equal,
but the number of red
squares is two times as
large as the number of
blue squares (g = 0.5).
(C) The numbers of red
and blue squares are
equal, but the number of
red bars is half the num-

mRNA
aa-tRNA

ber of blue bars (g =

0.5). (D) There are four red and three blue bars, and there are twice as many red squares as there are blue

squares [qg =

(4 X 1)/(3 X 2) = 2/3]. When q is smaller than 1, the proportionality between supply rates and

consumption rates is maintained with a larger fraction of charged isoacceptor 2 than of isoacceptor 1 (e, >
;). When amino acid starvation becomes increasingly severe, o, approaches zero and o, approaches 1—g.
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Selective charging of tRNA isoacceptors
and codon usage in Escherichia coli. The total
tRNA concentrations and the codon usage fre-
quencies have been estimated for Escherichia
coli cells growing in different media (4, 5), and
the codon specificities of different isoacceptors
have been characterized (2). We used these data
(Fig. 2 and Table 1) to predict how the charging
levels of individual isoacceptors that are cognate

Table 1. Sensitivity of the codon translation rate
compared with the rate of amino acid supply. The
table displays the relative change in codon translation
rate normalized to the relative change in the supply
of its cognate amino acid (sensitivity amplification)
(see SOM text). Codon usage in translation (4) is also
shown. Regulatory codons used by E. coli in attenu-
ation of transcription are in bold. The growth condi-
tion for determination of codon usage frequencies
and tRNA concentrations are the same as described
in Fig. 2.

Amino s Codon
acid Codon  Sensitivity usage
(x1073)

Threonine ACG 2.4 7.5
ACA 57 3.5

ACU 6.6 13.9

ACC 20.9 26.5

Leucine UuG 0.59 6.3
UUA 3.0 6.1

CUG 5.5 60.1

Ccuc 24.8 6.2

CuUuU 24.8 5.7

CUA 26.9 2.2

Serine AGU 3.4 4.0
AGC 3.4 12.0

UCG 4.4 6.1

UCA 7.5 3.9

ucu 7.9 13.1

ucc 35.5 11.2

Arginine AGG 0.0 0.1
AGA 0.5 1.1

CGG 13 1.8

CGA 18.0 1.3

CGU 18.0 31.1

CGC 18.0 223

Alanine GCG 1.9 30.3
GCA 1.9 22.1

GCU 2.0 28.9

GCC 21.5 19.8

Valine GUU 7.7 31.3
GUA 10 15.9

GUG 10 21.4

GUC 19.2 11.3

Glycine GGG 03 4.8
GGA 0.6 2.7

GGC 12.5 35.6

GGU 12.5 38.3

Proline CCC 2.1 3.3
CCu 3.7 5.0

CCG 13.3 29.5

CCA 320 6.5

Isoleucine AUA 2.0 0.9
AUU 15.2 21.4

AUC 15.2 36.7

Glutamine CAG 14.4 29.2
CAA 32.2 10.2
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to the same amino acid vary when the rate of
supply of this amino acid approaches zero. Be-
cause tRNA isoacceptors in many cases have
overlapping codon specificities (2), the steady-
state theory that links the degree of amino acid
limitation to the charged isoacceptor levels is
more complex [see supporting online material
(SOM) text] than the simple example above, but
the principle remains unaltered. We assumed the
kinetic parameters for charging of tRNAs and
codon reading by ternary complexes (/0) to be
the same in each family of isoacceptors. We also
neglected the fractions of tRNA molecules that
are in a complex with aminoacyl-tRNA syn-
thetases or ribosomes, a simplification that leads
to the exact result when synthetases are kineti-
cally neutral to their respective isoacceptors, and
the distances between identical codons on mR-
NAs are statistically unbiased (SOM text). The
outcome of this steady-state analysis is shown in
Fig. 2. In 8 of the 10 cases in which different
isoacceptors read different codons, at least one
isoacceptor remained at a high charging level all
the way to the limit of zero rate of supply of its
cognate amino acid. The two exceptions are Gln
and Val, for each of which the charging levels of
two isoacceptors decreased uniformly toward
zero as the supply of amino acid dwindled. In
most cases, it is the charging level of major
tRNAs reading abundant codons that approaches

zero when the amino acid supply decreases, but
there are notable exceptions. For instance, the
minor tRNAL®" and tRNAJ™ read not only their
own rare codons but also an abundant codon
together with a major tRNA. When the rate of
supply of one of these amino acids approaches
zero, the charging level of both a major and a
minor tRNA will decrease to very low values.

These predictions are consistent with early
and until now unexplained experimental data
demonstrating that E. coli cells subjected to se-
vere amino acid starvation have high residual
charging levels for several tRNA isoacceptor
families (//—13). Our explanation for these find-
ings is that the total rate of protein synthesis in
the cell slows down to match the limited rate of
supply of the starved amino acid by very slow
translation of some of its synonymous codons.
Other codons in the synonymous set, in contrast,
continue to be read rapidly by isoacceptors with
relatively high charging levels. Our predictions
of residual charging levels, summed over all
isoacceptors in each family with more than one
member, are Gln 0%, Val 0%, Tyr 0%, Ile 3%,
Ser 10%, Thr 12%, Pro 17%, Ala 18%, Leu
24%, Arg 25%, and Gly 26% (Fig. 2).

Several testable predictions can be made from
our theory. For instance, when cells are starved
for an amino acid, the missense error rates at
codons read by isoacceptors for which the charg-

ing levels go to very low levels will increase
drastically in wild-type cells and increase even
more in rel4 mutants lacking the stringent re-
sponse (14, 15). The reld effect is predicted
because the stringent response reduces the de-
mand for a limiting amino acid in protein syn-
thesis, thereby allowing the charging levels of its
isoacceptors to increase (/4). In contrast, the
missense error rates at codons read by isoaccep-
tors with high residual charging levels are expect-
ed to increase little when amino acid limitation
rises and are not expected to depend on whether
the genetic background is wild type or relA.
Sorensen (/6) measured individual charg-
ing levels for the major isoacceptors tRNAS',
tRNAT™, and tRNAY in E. coli strains starved
for Arg, Thr, or Leu, respectively. He found that
each charging level was very low for wild-type
bacteria and even lower for reld bacteria, in
agreement with the predictions in Fig. 1, where
the charging levels of these particular isoaccep-
tors go to very low values when the supply rates
of their cognate amino acids approach zero.
There is a narrow selection of regulatory syn-
onymous codons in the leaders of mRNAs for
those amino acid biosynthetic operons that are
controlled by ribosome-mediated attenuation of
transcription (17, 18). However, the principle
underlying this selection of codons remains un-
clear. These regulatory codons encode amino

1 1 1 1
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0.8 — — 0.8 0.8 0.8
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0.6 / L o T 0.6 ';| 0.6
== /|
— Thri (AGC,ACL), 1095 -
N 1 E Rl & R T
— Lew2 (cucicuL), o — Thrd (ACAACU,ACG), 916 | - — At (AGA AGG), 867
0.2 Leud (UUG), 1913 0.2 - 0.2 Args (AGG), 420
— Leus5 (UUA,UUG), 10371 2
0 0 — 0
0 0.2 0.4 0.6 0.8 1 ] 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
1 1 1
Valine Glutamine Proline Alanine
0.8 | |— vall (GUA,GUG,GUU), 3840 0.8} [ Gin1 (CAACAG), 764 0.8} [— Pro1(CCG), 500 0.8 | |— Mal (GCU,GCA.GCG), 3250
Val2A,B (GUC,GUU), 1265 | Pro2 (CCC,CCU), 720 Ala2 (GCC,GCU), 617
— Pro3 (CCA,CCU,CCG), 561
0.6 i 06 0.6
H
0.4 {04 0.4 II
0.2 J 0.2 0.2
0 — 0 o —— 0
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
1 1 , 1 1
Isoleucine Glycine V) Histidine Phenylalanine
08 08 08 08
0.6 0.6 0.6 0.6
0.4 0.4 —ayicaea) s 0.4 0.4
_ a2 (AUA), 174 02| [=SH(66CGaL). 435 j i i
1] 0 = 0 0
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Fig. 2. Predicted tRNA isoacceptor charged levels (o) at varying rates of
supply of amino acids. The x axis represents the total rate of protein
synthesis during starvation for one amino acid normalized to the maxi-
mal rate. The value O corresponds to zero rate of supply and the value 1
corresponds to a saturating supply rate. The y axis represents the

[Gly2] are from (5).

percentages of charging of individual isoacceptors as functions of the
amino acid supply rate. The numbers in the legends are the total number
of the different isoacceptor tRNA molecules in an E. coli cell grown in
acetate at 0.4 doubling per hour (4). The ratios [Ile1]/[Ile2] and [Gly1]/

13 JUNE 2003 VOL 300 SCIENCE www.sciencemag.org

Downloaded from www.sciencemag.org on August 17, 2012


http://www.sciencemag.org/

acids that are synthesized by the enzymes ex-
pressed from the controlled operon. When ribo-
somes are slow in translating such regulatory
codons, such as when there is a deficient supply
of their cognate amino acid, this signals to the
RNA polymerase to continue transcription from
the leader sequence into the structural genes of
the operon. When, in contrast, there is a sufficient
amino acid supply, allowing the ribosomes to
translate the regulatory codons quickly, the ex-
pression of the coding sequences of the operon is
prevented by the formation of a stem loop struc-
ture in the leader of the mRNA, which signals
termination of transcription.

In E. coli, transcriptional attenuation is used
to regulate expression from the leu, thr, ilvG-
MEDA4, ilvBN, trp, and his operons, as well as the
pheA gene (17). In the first four of these leader
sequences, there are several isoacceptors for each
synthesized amino acid. It has been suggested
(17) that rare codons read by minor isoacceptors
would be optimal as regulatory codons. Howev-
er, this cannot be true in general, because it is
only in the case of the leu and ilvGMEDA oper-
ons that a rare codon (CUA encoding Leu) is
used in E. coli leader sequences.

For attenuation mechanisms to work well, the
rates of translation of regulatory codons, and
therefore the charging levels of the tRNAs that
read them, must be sensitive to the rates of supply
of their cognate amino acids. Accordingly, we
suggest that the regulatory codon in a set of
synonymous triplets should be the one for which
the response in translation rate is most sensitive
[highest sensitivity amplification (/9)] to varia-
tion in the rate of supply of its cognate amino
acid. Sensitivity amplification parameters were
calculated (SOM text) from the data in Fig. 2 and
are shown in Table 1. From the table, we predict-
ed that the leu attenuator should have CUA,; the
thr attenuator ACC; and the ilvGMEDA and il-
vBN attenuators should have CUA for Leu,
AUU or AUC for Ile, and GUC for Val as
regulatory codons. These predictions score

extremely well (Table 1) when compared to
sequence data (/7) showing that the /eu at-
tenuator uses four rare CUA codons and the
thr attenuator uses eight major ACC codons.
Furthermore, the ilvGMEDA and ilvBN at-
tenuators use GUC or GUG for Val, the
ilvGMEDA uses AUU or AUC for Ile, and
ilvBN uses CUA and CUC for Leu.

The attenuator-controlled his and pheAd
operons are also interesting in this context. In
these cases, a single tRNA isoacceptor reads
both codons that encode the amino acid
(UUU or UUC for Phe and CAC or CAU for
His). Because we predicted that the sensitiv-
ity in these cases would be the same for the
two codons, the evolutionary choice of regu-
latory codon should be neutral (Fig. 2). This
is confirmed by sequence data, showing that
the attenuator leader for phed uses three
UUU codons interchangeably with four UUC
codons, and the leader for the Ais operon uses
three CAC and four CAU codons.

The present analysis suggests that rare
codons, read by minor tRNAs that retain high
charging levels during starvation for their
cognate amino acids (Fig. 2), can be the most
rapidly translated codons during amino acid
limitation. This means that these codons,
which are read comparatively slowly under
conditions of balanced growth, may become
the most rapidly translated and the least error-
prone in situations of starvation.

When bacterial cells are subjected to down-
shifts from a medium containing all amino acids
to a medium lacking one or several of them, rapid
production of the enzymes that synthesize these
amino acids must be accomplished in their ab-
sence. It is then expected that codons read by
tRNA isoacceptors that retain high charging lev-
els during starvation for their cognate amino acid
should be overrepresented in mRNAs for the
enzymes that synthesize it. At the same time, rare
codons read by tRNAs that lose their charging at
the onset of amino acid starvation should be

Table 2. Codon usage for Leu, Thr, Arg, and lle in genes for their respective biosynthetic enzymes. The codons
are ordered in groups depending on their predicted sensitivity to starvation (Table 1) as follows: insensitive
(sensitivity = 3), intermediate (3 < sensitivity = 10), and sensitive (10 < sensitivity). The number of
occurrences of the codons in the genes (28) is reported, together with the 95% confidence interval (see SOM
text) for what is expected from codon usage in proteins (Table 1). The insensitive codons are used significantly
more than the level expected in the average protein and the sensitive codons are used less.

Genes Codon groups Occu(:;ences Expected

leuABCD Insensitive (UUG,UUA) 28 8-24

Intermediate (CUG) 87 73-92

Sensitive (CUC,CUU,CUA) 4 12-27

arglFEHB Insensitive 14 0-7
(AGG,AGA,CGG)

Sensitive (CGA,CGU,CGC) 62 69-76

ilvBN, ilvGMEDA Insensitive (AUA) 8 0-5

Sensitive (AUU,AUC) 142 145-150

thrBC Insensitive (ACG) 9 1-8

Intermediate (ACA,ACU) 9 6-16

Sensitive (ACC) 14 11-22
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underrepresented. These predictions were tested
for the amino acid biosynthetic arg, thr, leu, and
ilv genes, for which expression is upregulated
more than 30 times when their respective amino
acids become rate-limiting for protein synthesis
(20). We observed (Table 2) that the usage of
insensitive codons, read by tRNAs that are pre-
dicted to retain high charging levels under amino
acid starvation, was significantly higher than the
average usage (4) in protein synthesis at the low
growth rate of 0.4 doubling per hour. The infre-
quent UUG and UUA codons for Leu, the rare
ACG codon for Thr, the rare CGG codon for
Arg, and the rare AUA codon for Ile are over-
represented by a factor of at least 2. At the same
time, the rare Leu codon CUA, read by a minor
tRNA that loses its charge when the Leu supply
becomes rate-limiting (Fig. 2), is absent in the
leuA, leuB, leuC, and leuD genes, although an
unbiased estimate would predict the presence of
three such codons.

Another case in which rapid translation of
codons that are cognate to a limiting amino acid
is essential concerns tmRNA, known to rescue
ribosomes stalled at starved codons or at the end
of truncated mRNAs (21, 22). During trans-trans-
lation, tmRNA adds a dekapeptide to the C
terminus of nascent proteins on stalled ribo-
somes, which tags the peptide chains for
subsequent degradation by Clp and other
proteases. The recent finding that the bacte-
rial protein RelE truncates mRNA codon-
specifically in the ribosomal A site suggested
that RelE and tmRNA are part of a bacterial
stress response that leads to rapid adaptation
after nutritional downshifts (23). Two of the
amino acids in the dekapeptide encoded by
tmRNA have several codons and isoaccep-
tors; there are four Ala residues, encoded by
three GCU and one GCA, and a single Leu
residue encoded by UUA. All these codons
are read by tRNA isoacceptors that we pre-
dict will have high charging levels during
starvation for their cognate amino acids (Fig.
1). This suggests that these choices of codons
have evolved to ensure rapid trans-transla-
tion during amino acid limitation, possibly as
a way to optimize a RelE-dependent mecha-
nism for fast recovery after the onset of
amino acid starvation (23).

Selective charging of tRNA isoacceptors
modulated by overexpression. There is one
experimental result obtained for £. coli cells lack-
ing the stringent response (rel4) that superficially
contradicts one of our predictions. Barak et al.
(24) designed a B-galactosidase assay to detect
frame shifting resulting from inefficient reading
of A-site codons. They compared the frame-
shifting propensity with either AUA or AUC in
the ribosomal A site as a function of increasingly
severe inhibition of the rate of charging of both
tRNA", reading AUC, and tRNA!®, reading
AUA. They found that the relative increase in
frame shifting was much higher for AUA than for
AUC codons, in contrast to our expectation that
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Fig. 3. Effect of overexpression of a 1
reporter gene with unusual Ile codon
usage. The predicted charging levels

for tRNA!® (Ile1) and tRNAL® (Ile2) are 0.8}

shown for the varying Ile supply and

for two different expression levels of g
the reporter construct (1250 or 2500 ‘& 0.6t
mRNA copies per bacterial cell). The E..
overexpressed mRNA has one AUU g
and one AUA codon. At about 2200 & 04}
mRNA copies per cell, the model pre- Z
dicts a shift in which one of the charg- ~
ing levels goes to zero. 0.2¢

the charged level of tRNAL® is little and the
charged level of tRNA" is substantially reduced
by strong Ile starvation (Fig. 2). However, it must
be taken into account that in the AUA experiment
the reporter gene had one AUU and one AUA
codon in the nonshifted (+1) frame. According-
ly, overexpression of this construct changed the
codon usage for Ile considerably, given that the
rare AUA codon is normally used 50 times less
frequently than other Ile codons. In fact, our
theory predicts, in this case, weak frame shifting
at AUA codons when the mRNA is expressed
from low—copy-number plasmids and strong
frame shifting when the same mRNA is ex-
pressed from high—copy-number plasmids, as
found by Barak ez al. (24). The expected change
in the charging level pattern when the plasmid
copy number is increased is illustrated in Fig. 3.
For 1250 mRNAs per cell (low—copy-number
plasmid), the charged level of tRNAJ* stays high
and the charged level of tRNA® dwindles, but
for 2500 mRNAs per cell (high—copy-number
plasmid), the charged level of tRNA!" stays high
and the charged level of tRNAJ® approaches
zero, as the charging efficiency of isoleucyl-
tRNA synthetase decreases.

The predictions of the theory (Fig. 2) rely on
the assumptions of kinetic equivalence [identical
k. /K., values, where k_/ K is the effective
association rate constant for the binding of a
tRNA isoacceptor to its cognate synthetase (see
SOM text)] of the tRNA species within each
family of isoacceptors as they are charged by
their aminoacyl-tRNA synthetase and, if there is
overlap in codon reading by isoacceptors, when
they interact with mRNA-programmed ribo-
somes. These kinetic features are largely un-
known, and future results that challenge the as-
sumption of kinetic equivalence will have a direct
impact on the predicted charging levels. Further-
more, there may be some future changes in the
way that synonymous codons are assigned to
individual isoacceptors (2), and this could influ-
ence some of the curves in Fig. 2.

Application of the theory also depends on
experimental estimates of tRNA isoacceptor
concentrations and the frequencies by which
codons occur on translating ribosomes. Two

overexp. 1250 mANA copies/cell
lle2(ALA)
lliel (AU, ALIC)

overexp. 2500 mANA copies/call
lle2{AUA)
= = lie1{AUU.AUC)

0.2 0.4 0.6 0.8 1
Ribosome saturation

groups (4, 5) have measured isoacceptor con-
centrations under similar conditions, and in
some cases there are clear differences between
their results, giving an indication of the preci-
sion of these estimates. From this, we foresee
that adjustments of the numbers that enter the
theory will be necessary, and these are likely to
affect some of the results in Fig. 2.

A starvation codon adaptation index.
This theory, in spite of these assumptions and
the uncertainty of the experimental data, has
thrown light on codon usage in cases where
no predictions could be made before. Its basic
feature, that charging levels of isoacceptors
will respond very differently to amino acid
limitation, is robust to changes in parameter
values and adds a dynamic aspect to the
genetic code. That is, codons that are trans-
lated slowly under some conditions will be
read most rapidly in other circumstances. In
fact, the expectation that the reading of cer-
tain codons can occur with a high rate when
there is virtually no supply of their cognate
amino acids suggests that the prediction of
genes for which expression is essential during
amino acid limitation could be based on a
suitably defined sCAI, in analogy with the
CALI that has been successfully used to pre-
dict highly expressed genes (9).

Our theory has been tested and dis-
cussed in relation to experimental data
from E. coli. However, aminoacylation of
several tRNAs by the same enzyme and
their deacylation in stoichiomertic propor-
tions during protein synthesis is a kinetic
motif common to all kingdoms (25). Uneven
charging of isoacceptors in response to amino
acid limitation is therefore expected to be
widespread, and its effects on codon bias in
organisms other than E. coli constitute an
interesting field of future research.
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