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ABSTRACT The high precision and fidelity of the
genetic message transmission are ensured by numer-
ous proofreading steps, from DNA replication and
transcription to protein translation. The key event for
translational fidelity is the proper codon assignment
for 20 canonical amino acids. An experimental codon
reassignment is possible for noncanonical amino ac-
ids in vivo using artificially constructed expression
hosts under efficient selective pressure. However,
such amino acids may interfere with the cellular me-
tabolism and thus do not belong to the ‘first’ or ‘re-
stricted’ part of the universal code, but rather to a
second or ‘relaxed’ part, which is limited mainly by
the downstream proofreading in the natural transla-
tional machinery. Correspondingly, not all possible
o-amino acids can be introduced into proteins. The
aim of this study is to discuss biological and evolu-
tionary constraints on possible candidates for this
second coding level of the universal code. Engineer-
ing of such a ‘second’ code is expected to have great
academic as well as practical impact, ranging from
protein folding studies to biomedicine.—Budisa, N.,
Minks, C., Alefelder, S., Wenger, W., Dong, F., Mo-
roder, L., Huber, R. Toward the experimental codon
reassignment in vivo: protein building with an ex-
panded amino acid repertoire. FASEB J. 13, 41-51
(1999)
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TERMINOLOGY

The term ‘genetic code’ refers to the correspon-
dence between nucleotide sequence and amino acid
sequence (Fig. 1). The universality of the genetic
code stems from the nearly identical (‘canonical’) as-
signment of amino acids to triplet codons in all living
organisms, thus affirming their common origin (1).
In general, these amino acids must allow the folding
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of polypeptide chains into specific, compact, and bal-
anced conformations able to carry out sophisticated
chemical operations in vivo (2).

Most of the functional requirements of proteins
can be fulfilled with the standard set of 20 a-amino
acids. Additional functional diversity is achieved via
posttranslational modifications or cotranslational in-
corporation of amino acids into proteins that do not
belong to the standard set. Such o-amino acids [e.g.,
selenocysteine (3) or lanthionine (4), etc.] are also
natural, proteinogenic, or common, and even ‘ca-
nonical’ in the context of their appearance.

For example, amino acids like selenocysteine
(SeCys) or formyl-methionine (fMet), which are de-
ciphered in special cases in a context-dependent
manner (as result of local redefinition of codon
meaning), are defined as ‘special canonical amino
acids’ (Scheme 1). Furthermore, selenocysteine is in-
corporated as a response to the UGA codon in a few
Escherichia coli proteins by a particular mechanism
that keeps an internal UGA codon separated from
the terminal UGA stop codons (3). Moreover, there
are other special examples where context-dependent
deciphering of genetic code also works for canonical
amino acids, such as nonsense suppression phenom-
ena (5, 6). In the artificial laboratory conditions of in
vivo protein expression, it should be possible to ex-
tend the number of amino acids encoded by the uni-
versal code. A new amino acids coded in this nonca-
nonical manner also belong to the universal code.

Because of the lack of a broad consensus about the
nomenclature of o-amino acid outside of the canon-
ical 20, we propose the term ‘noncanonical amino
acids’ (Scheme 1) for those o-amino acids that can
be successfully integrated translationally into pro-
teins in a residue-specific manner, and the term ‘spe-
cial noncanonical amino acids’ for those whose pos-
sible translational introduction into proteins in vivo
is context dependent. Other terms, including isos-
tere, analog, or homologue, can be conveniently
used for both noncanonical (e.g., seleno-methionine
as isosteric analog of methionine) and canonical
amino acids (e.g., cysteine as isosteric analog of ser-
ine, and vice versa). Naturally occurring o-amino ac-
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ids that arise from posttranslational modifications or
from secondary metabolism are named ‘special bio-
genic amino acids’ (Scheme 1). These amino acids
were identified as intermediates of metabolic path-
ways or as products of the metabolism or detoxifica-
tion of foreign compounds.

AIM OF THIS STUDY

The precise transmission of the nucleotide genetic
messages into proteins is partially fulfilled by strin-
gent stereochemical substrate requirements of the
translational machinery. Much effort in recent years

SCHEME 1. Proposed nomenclature

has been devoted to the expansion of a pool of amino
acids that can be utilized by the translational machin-
ery for an efficient protein biosynthesis in vivo. For
academic as well as practical purposes, it is useful to
define factors that permit as well as limit a simple,
practical, and efficient codon reassignment in the
framework of the existing universal genetic code.
The possibilities and prospects of such reassignment
are discussed here in the context of the most recent
research performed under in vivo conditions for pro-
tein expression with an expanded amino acid reper-
toire. It is expected that the expression of protein
mutants with noncanonical amino acids should allow
delineation of the evolutionary balance between sta-
bility and recycling as well as stability and function-
ality of expressed proteins.

0-Amino acids*

Corresponding processes

Noncanonical
Special noncanonical®*

Canonical
Special canonical
Special biogenic

—Vital for cellular viability
—Abundant in nature

—Toxic effects on cellular viability
—Appears in smaller amounts

—Translational codon-dependent incorporation
—Translational codon + context-dependent incorporation
—Posttranslational modifications

—Metabolic precursors and intermediates

—In vivo effects and natural abundance

* A virtually countless number of o-amino acids can be or are prepared in the laboratory. On the other hand, only a tiny portion of them
can be in vivo cotranslationally introduced into proteins, whereas most can be built into peptides by peptide synthesis protocols. Although total
chemical synthesis of proteins may be an interesting direction for future research, it is beyond the scope of this study, which is concerned mainly

with in vivo protein synthesis.

** Sjte-directed introduction of special noncanonical amino acids (for review, see refs 6, 7) occurs in the

context of high suppression of specific stop codons and in the presence of chemically acylated (charged) tRNAs. Current attempts to transfer

this in vitro method to in vivo conditions are described in ref 31.
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FIDELITY AND EDITING IN THE
TRANSLATION FROM AMINOACYLATION TO
RIBOSOME BIOSYNTHESIS

The accuracy of the translational process depends
on the precision of two successive independent rec-
ognition events, that of ) amino acids with tRNAs,
and 2) charged tRNAs with ribosome-linked m-
RNAs. The initial step in protein synthesis is cova-
lent linkage of defined amino acids to cognate
tRNAs. This process is mediated by aminoacyl-tRNA
synthetases, enzymes that act as ‘interpreters’ of the
genetic code through the aminoacylation reaction,
where tRNAs are charged with the ‘correct’ amino
acids. The charged tRNAs act as shuttles for the
delivery of the amino acids to the ribosome. On the
ribosome, the genetic code is decoded by RNA-
RNA base pairing interactions between the tRNA
anticodon nucleotide triplet and the complemen-
tary mRNA codon (7).

The important feature of the process of protein
translation is a very low rate of misincorporation at
the amino acids level. The overall error rate in pro-
tein synthesis is less than 3 X 107" (8) whereas the
frequency of errors in the aminoacylation reaction
are probably even lower than this (9). Such accuracy
is achieved by a precise assignment of specific codons
to specific amino acids. The question of how this ac-
curacy is achieved has been the subject of extensive
research in recent years.

At the level of the aminoacylation reaction, the er-
ror frequency is composed of two factors, including
the relative efficiency of the enzyme for different
amino acids as substrates and the relative concentra-
tion of competing substrates in the cytosol (10). Sev-
eral aminoacyl-tRNA synthetases achieve their high
fidelity by an editing or proofreading mechanism
(11). Although ribosomes exhibit a broad substrate
specificity, proofreading also occurs at this level of
protein biosynthesis; often noncognate complexes,
such as D-amino acid-charged tRNAs, are efficiently
hydrolysed prior to chain elongation (5).

Finally, protein folding is an integral part of this
process (Fig. 1). It has been hypothesized that the
amino acid sequence determines the 3-dimensional
protein structure by means of a stereochemical
code (12), whereby a set of specific rules discrimi-
nates between native conformation and other
conceivable chain folds (13). Although it is not ex-
cluded that folding might occur posttranslation-
ally, there is a growing body of evidence that ribo-
somes themselves may mediate folding of the
nascent proteins during their synthesis. According
to this scenario, protein folding of nascent domains
is completed before hydrolysis of the peptidyl-
tRNA, which occurs during codon-directed termi-
nation and release of the protein from the ribo-
some (14).

ENGINEERING A ‘SECOND’ GENETIC CODE

In conclusion, editing is especially restrictive to-
ward: 1) metabolic precursors and intermediates,
e.g., homocysteine as precursor of methionine in its
biosynthesis (Fig. 2), 2) similar compounds relatively
abundant in cytoplasm, e.g., leucine and valine,
which differ for only one —CH,— group, 3) amino
acids that sterically and chemically differ significantly
from canonical counterparts, and 4) amino acids that
act as inhibitors of protein translation, e.g., selena-
proline, which can be activated and charged on
tRNA™ but inhibits chain elongation on the ribo-
some (15, 16).

‘RESTRICTED’ VS. ‘RELAXED’ GENETIC
CODE

The enzymes of the proofreading machinery have
not evolved to exclude or to ‘edit’ the specific fea-
tures of some sterically or chemically similar nonca-
nonical amino acids and allow for their efficient in-
troduction into proteins during biosynthesis. Thus, a
rather large number of noncanonical amino acids
that resemble canonical counterparts by shape, size,

L
f448

Figure 2. The canonical amino acid methionine and some
methionine-like noncanonical amino acids. The translational
cellular machinery regularly recognizes methionine (B) as
natural substrate. In addition, residue-specific replacement is
possible for selenomethionine (C), telluromethionine (D),
norleucine (F), and ethionine (G). Homocysteine (A) is the
metabolic precursor of methionine and therefore efficiently
edited during translation. For other methionine-like, nonca-
nonical amino acids, bioincorporation is not possible even un-
der conditions of strong selective pressure. Methoxinine, with
oxygen at the d-position (F), although sterically similar to me-
thionine, differs greatly in its physico-chemical properties (it
is more hydrophilic than methionine; Pauling electronegativ-
ity for oxygen is 3.44, for sulfur it is 2.58) and therefore it is
not introduced into proteins. The ethionine-like mercury con-
taining amino acid methyl-mercury-homocysteine (H) is
highly poisonous for living cells and to the translational ma-
chinery per se due to the complex chemical reactivity of mer-

cury.

43



and chemical properties have been incorporated suc-
cessfully ¢n vivo into proteins. For example, we have
recently reported the bioincorporation of the methi-
onine-like noncanonical amino acids ethionine, nor-
leucine, seleno-, and telluromethionine into human
recombinant annexin V (Fig. 2).

A target of the editing activity of the methionyl-
tRNA synthetase is the methionine metabolic pre-
cursor homocysteine. Consequently, methionine-
like amino acids smaller in size than methionine per
se are edited, whereas norleucine is on the border
of such size based exclusion (11). In the absence of
an efficient selective pressure, methionine is pref-
erentially activated and incorporated into living
cells (17); in the én vitro aminoacylation reaction,
methionine is also preferably activated by meth-
ionyl-tRNA synthetase (11). Although some of these
methionine-related noncanonical amino acids are
incorporated into proteins (Fig. 2), their actual
presence would be highly toxic for all cells; for ex-
ample, norleucine inhibits cell growth and its incor-
poration into cellular proteins would be lethal for
the living cells, thus imposing stringent evolutionary
barriers. Although norleucine is abundant in car-
bonaceous Murchison meteorites and apparently
represents a product of abiotic synthesis in greater
amounts than most of the canonical amino acids
(18), its toxicity for present living cells excludes this
amino acid from the universal code. The ‘restricted’
part of the universal code encodes only for those
amino acids that are optimally integrated into the
metabolic chemistry of the living cells and allow
their reproduction, growth, and differentiation. On
the other hand, most of the noncanonical amino
acids in this context are ‘xeno-compounds’. These
amino acids can be integrated into proteins under
in vivo conditions only in the presence of a mecha-
nism for efficient elimination of toxic effects for the
cellular metabolism. This can be achieved by using
artificially constructed hosts with highly sophisti-
cated and fully controllable recombinant protein ex-
pression systems. Correspondingly, these noncanon-
ical amino acids belong to the relaxed or second
part of the universal code.

Among the methionine-like noncanonical amino
acids, we find a limited set of amino acids for which
bioincorporation is possible (Fig. 2). Their common
feature in translation is not only that they escape the
editing mechanisms, but they also permit effective
protein folding such that stability and functionality
are retained. In this context, we have recently studied
folding parameters of methionine-containing (wild-
type form) and methionine-substituted annexin V
protein variants (19). Methionine translational inte-
gration was found to generate a protein structure
that is characterized by a higher cooperative behavior
as judged from the slopes of unfolding curves in com-
parison with the protein variants that contain other
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similar, but physicochemically different, noncanoni-
cal amino acids (19).

It has been postulated that protein sequences that
have been optimized through evolution by using the
canonical amino acids as building blocks become
functionally inferior once they contain noncanonical
amino acids (20). However, a priori it cannot be ex-
cluded that noncanonical amino acids might lead to
improved stability or functional properties of pro-
teins. Recently, we discovered that residue-specific re-
placement of all phenylalanines with orthofluoro-
phenylalanines in human recombinant annexin V
results in higher stability and folding cooperativity
(C. Minks, R. Huber, L. Moroder, and N. Budisa, un-
published results). Similarly, replacement of the ac-
tive-site histidine with 3-triazolyl-alanine in porcine
pancreatic phospholipase yielded an enzyme active
at more acidic pH values (21). These examples con-
firm that improved stabilities and cooperativities as
well as enzymatic activities can be obtained by inte-
gration of noncanonical amino acids into individual
proteins. However, cellular lethality of such amino
acids (as discussed above), when integrated into
other cellular proteins, prohibits their usage in the
restricted part of the universal code. We postulate
that the universality of the code is not limited to its
restricted (‘first’) part, but consists also of a relaxed
or second part, which can be experimentally assessed.

TRIPLET CODING EXPANSION:
ENGINEERING A SECOND CODE

Evolutionary selection pressure has directed transla-
tion toward producing optimally folded and func-
tional proteins. This is achieved by folding patterns
that generate ‘active sites’ via precise 3-dimensional
arrangement of functional groups (2). One of the
most important biological constraints for such pro-
tein production is the proper codon assignment op-
timized during evolution. On the other hand, this
highly restricted codon assignment can be bypassed
under artificial conditions. After exclusion of toxic
effects caused by bioincorporation of various nonca-
nonical amino acids, it might be possible to disclose
the rules or determinants that allow for an experi-
mental extension of the coding properties of partic-
ular triplets. Such determinants must be closely re-
lated to general principles that govern properly
balanced protein stabilities and functionalities. How-
ever, other factors should not be neglected, such as
the uniqueness and specificity of the folded struc-
ture, its marginal stability, the packing of a protein
interior, and integration of standard 20 amino acids
into processes other than protein building (meta-
bolic precursors, intermediates, etc.) (20, 22).

As discussed, some limits for possible candidates
for this additional coding level (second or relaxed
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TABLE 1. Examples of codon assignment under natural conditions (canonical amino acids) and reassignment (non-canonical amino acids)
under strong selective pressure produced in the artificially designed expression systems in vivo"

Amino acids assigned

Codons Canonical Noncanonical Reference
AUG Methionine Selenomethionine, telluromethionine, ethionine, 17, 45
norleucine
UGG Tryptophan 4-Fluorotryptophan, 5-fluorotryptophan, 6-fluorotryptophan, 36, 39, 50
7-azatryptophan, 5-hydroxytryptophan
UuY Phenylalanine oFluorophenylalanine, pfluorophenylalanine, m- 34, 35, Minks et al.,
¢ fluorophenylalanine, thienylalanine unpublished results
UAU Tyrosine m-Fluorotyrosine 38, Minks et al.,
¢ unpublished results
U Proline Thioproline 16
Cc§
G
UGd Cysteine Selenocysteine 49

“Expansion of the coding properties (relaxed or second code) for each triplet or family of triplets is possible only for those amino acids
that can be introduced into stable and functional proteins in a residue-specific manner. Position of selenocysteine is unique. It is a special
canonical amino acid [response to UGA codon (25)]; since its in vivo efficient residue-specific bioincorporation is possible (response to cysteine
UGU and UGG codons) (50), it is also a noncanonical amino acid. Successful introductions are referenced according to the criteria described

in this study.

code) must exist, and it might be possible to define
them experimentally. The study of such limitations
would provide a pool of noncanonical amino acids
that are translationally integrated in a residue-spe-
cific manner. Methionine and methionine-like non-
canonical amino acids (Fig. 2) represent one exam-
ple of new codon reassignments. The AUG codon at
the level of the first code assigns methionine as ca-
nonical amino acid, whereas at the level of the second
code it assigns for the sterically similar, but physico-
chemically different residues such as selenomethio-
nine, telluromethionine, norleucine, and ethionine
as noncanonical amino acids (Table 1). In addition
to AUG, it should be possible to define such a list for
each codon or codon families. Furthermore, context-
dependent incorporations in vivo should result in a
list of special noncanonical amino acids.

POSSIBLE EXPERIMENTAL CRITERIA

The question remains as to which experimental cri-
teria might be used for adding a particular a-amino
acid to the list of noncanonical amino acids or the
special noncanonical amino acids at the level of the
second code. We propose three simple but strict ex-
perimental requirements for such codon expansion:
1) noncanonical amino acid should be directly incor-
porated into various target proteins in vivo and the
resulting protein variants isolated; 2) bioincorpora-
tion must be confirmed by at least two different an-
alytical techniques, e.g., amino acid analysis and mass
spectrometry (Fig. 3), and 3) the protein mutants
should be structurally and functionally analyzed to

ENGINEERING A ‘SECOND’ GENETIC CODE

assess whether the variants are stably folded and
whether activity of the protein has been altered.

CODON REASSIGNMENT IN THE LIVING
CELLS

A codon assignment in living cells relies on the high
selectivity of aminoacyl-tRNA synthetases in their rec-
ognition of both the amino acid and the related
tRNA. The classical dogma is that there is one ami-
noacyl-tRNA synthetase in the cell for each canonical
amino acid (Fig. 1). However, at least two well-doc-
umented examples demonstrate how nature can de-
velop a new or alternative pathway for the incorpo-
ration of new amino acids into proteins without
creating a new aminoacyl-tRNA synthetase.

In gram-positive eubacteria and organelles of eu-
karyotes that lack glutaminyl-tRNA synthetase, the
glutamine-charged tRNA is generated cotranslation-
ally. tRNA“" is charged (‘mischarged’) with glutamic
acid by glutamyl-tRNA synthetase and then tRNA-
bound glutamic acid is converted to tRNA-bound glu-
tamine by the specific enzyme tRNA“"-aminotrans-
ferase (23). A second and more complicated example
is represented by the special canonical amino acid
selenocysteine. It seems reasonable to expect that se-
lenocysteine incorporation might result from a post-
translational modification of cysteine rather than its
incorporation into the growing polypeptide chain
from a charged tRNA during chain elongation (24).
But the mechanism for selenocysteine introduction
in E. coli proteins is cotranslational and requires the
presence of a UGA stop codon as well as an adjacent,
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Figure 3. Analytical proof for the in vivo translational introduction of methionine-like noncanonical amino acids norleucine
(Nle), ethionine (Eth) selenomethionine (SeMet), and telluromethionine (TeMet) into human recombinant annexin V. A)
Amino acid analysis. Portions of the amino acid composition chromatograms for native and analog-containing human recom-
binant annexin V. About 5 ug of protein sample was hydrolyzed by the trifluoroacetic acid/hydrochloric acid vapour phase
method (47). Absorbance peaks of ninhydrine derivatives of the amino acids are marked by a one-letter code (L, leucine; V,
valine; Y, tyrosine, and F, phenylalanine). @) Native annexin V; b) SeMet introduction leads to nearly complete disappearance
of the native methionine peak because SeMet is hydrolyzed under the standard reaction conditions; the same holds true for
TeMet-containing protein; ¢) Nle-containing annexin V; d) Eth-annexin V; note that Eth appears in the chromatogram as a
shoulder of the isoleucine peak. B) Electrospray ionization mass spectrometric (ESI-MS) analysis (48). Deconvoluted spectra
from five separate measurements are superimposed at the same mass scale. Observed average masses are within the error range
+3.8 Da and correlate well with the expected masses, with the exception of Eth (deficit: 8-12 Da). See refs 17, 37 for more

experimental details.

specific mRNA hairpin structure. Furthermore, a spe-
cific tRNA containing the UCA anticodon requires
acylation with serine by seryl-tRNA-synthetase, fol-
lowed by enzymatic conversion into selenocysteine-
tRNA, which decodes the UGA codon. Finally, the
presence of a special elongation factor Se/B that rec-
ognizes both mRNA hairpin and selenocysteine-
tRNA at the ribosome is required (25).

The question arises as to why the selenocysteine
context-dependent integration into proteins occurs
cotranslationally. The most rational explanation re-
lies on the significant chemical differences between
cysteine and its isosteric selenocysteine. At physio-
logical pH 7, the cysteine thiol function is not de-
protonated, whereas selenocysteine exists almost ex-
clusively as the selenide ion (26). Since the redox
potential of selenocysteine incorporated into model
peptides (—382 mV) is much more reducing than
that of related cysteine-peptides (—180 mV) (27), its
circulating form in the cells would mainly be seleno-
cystine. In the crystal structure of the selenocysteine-
enzyme gluthatione peroxidase, the selenocysteine
is located in a flat depression caged with aromatic
and hydrophobic amino acids that sequester the res-
idue from the bulk solvent (28). Therefore, the com-
plex chemistry of selenium that requires protection
form the bulk solvent, i.e., water exclusion, repre-
sents the most probable cause for the cotransla-
tional selenocysteine bioincorporation that occurs
even in evolutionary advanced cells. In other words,
an efficient system has evolved that allows seleno-
cysteine protection during its translational integra-
tion into proteins.
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Generally, the most straightforward codon reas-
signment in nature among different organisms oc-
curs evolutionary from one canonical amino acid to
another. An example is the case of vertebrate mito-
chondria, which read AUA as methionine, whereas
in the vertebrate cytosol this codon is assigned to iso-
leucine. An exceptional and unique example is the
UGA codon that reads for stop, selenocysteine, tryp-
tophan, and cysteine (18). Such diversity in the as-
signment of certain codons in the universal code sug-
gests the possibility of experimental accommodation
of additional amino acids into proteins (24).

EXPERIMENTAL CODON REASSIGNMENT BY
ELIMINATION OF THE AMINOACYLATION
PROOFREADING STEP

The ribosome translates mRNA messages into pro-
teins with very low levels of errors due to misincor-
porations. At the same time, the translational ma-
chinery has rather broad substrate specificity, since it
accommodates all types of canonical amino acids.
The same holds true for many a-amino acids outside
the set of the canonical 20. Thus, a promising ap-
proach for introduction of noncanonical amino acids
is to avoid or bypass the aminoacylation step from the
translation process.

In this way, much effort has been devoted in recent
years to develop new and efficient methods of site-
directed incorporation of various amino acids by re-
cruiting the amber terminator codon UAG (6). The
main advantage of this method is that the proofread-
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ing step during the amino acid activation is efficiently
bypassed. However, the proofreading during riboso-
mal translation #n vitro is again a serious limitation.
Nevertheless, a variety of amino acids have been suc-
cessfully incorporated into proteins by this proce-
dure, making this in vitro suppression method (5) an
excellent tool for probing ribosomal editing toler-
ance.

Many special noncanonical amino acids have inter-
esting functions within proteins, acting as cages, sen-
sors, or improved nucleophiles, electron donors, or
acceptors. They have certainly proved useful for
many academic and applicative purposes. Thus,
transfer of this strictly ¢n vitro procedure to an in vivo
translational expression in artificially constructed
host systems is desirable. However, the specific pre-
requisites for the context-dependent selenocysteine
bioincorporation in the living cells, as discussed
above, illustrate the challenges this approach will
face. Thus, any attempt to tackle this problem should
consider the translational process as the place where
two worlds interact in a tuned and optimized way-
namely, the protein and RNA world, where even sub-
tle deviations could easily result in dangerous or fatal
effects. One example of such an induced lethality is
tRNA synthetase-induced cell death (29). Despite the
anticipated difficulties, generation and optimization
of such a system even for a single special noncanon-
ical amino acid would be a substantial achievement
(30, 31).

RELAXATION OF SUBSTRATE SPECIFICITIES
OF AMINOACYL-tRNA SYNTHETASES

Another promising approach for exploiting the
broad ribosome substrate specificity would be to
change or relax the substrate specificity of the ami-
noacyl-tRNA synthetases. The first report in this di-
rection demonstrated that it is possible to introduce
amino acids like para-chloro-phenylalanine and para-
bromo-phenylalanine into a recombinant luciferase
that contains 29 phenylalanine codons (32). Both in
vitro and in vivo incorporation of these amino acids
does not affect the efficiency of translation of the full-
length protein, but does result in more than 99%
reduced protein activity. Even addition of various
chaperones did not help to recover the activity. The
lesson is obvious: even if it is possible to force the
translation machinery to accommodate such amino
acids, one cannot force proteins to fold correctly with
such bulky atoms mainly within the hydrophobic
core. This observation clearly shows the importance
of the naturally occurring, efficient proofreading sys-
tems that prevent incorporation of similar com-
pounds such as brominated or iodinated aromatic
amino acids.

ENGINEERING A ‘SECOND’ GENETIC CODE

We recently tried to replace 12 mainly core-located
tyrosine residues with meta-fluoro- and meta-chloro-
tyrosine in various proteins by applying the strong
selective pressure procedure, without attempts to re-
lax the substrate specificity of tyrosyl-tRNA synthe-
tase. Whereas the fluorinated amino acid could be
easily introduced, bioincorporation of the chloro-
compound occurs only to very low levels, as shown in
Fig. 4. This clearly indicates that activation, loading
on ribosomes, chain elongation, and even protein
folding with meta-chloro-tyrosine take place to some
extent in the presence of the natural substrate tyro-
sine. Its further gradual depletion obviously then
leads to the cessation of the chain elongation process
(C. Minks, R. Huber, L. Moroder, and N. Budisa, un-
published results). Although unknown factors may
intervene with incorporation of this chlorinated
amino acid at the level of ribosomal synthesis, per-
haps the major deterrent to successful incorporation
is the bulkiness and the difficult accommodation of
this residue in the folded protein. On the other hand,
sterical bulkiness cannot be regarded as the sole
stumbling block to successful translational integra-
tion of various noncanonical amino acids (see Fig. 2).

This data suggest that all proofreading steps in such
translational process have been optimized to allow for
proper folding of the target protein; thus, residues in-
troducing bulkiness like bromo and iodo substitutions
in aromatic amino acids are recognized by the protein
translation machinery and, consequently, even chain
elongation is prevented from occurring (Fig. 4). There-
fore, posttranslational modifications achieved by simple
enzymatic reactions at surface-exposed residues are the
best choice in this context. In fact, in vivo posttransla-
tional halogenation is particularly well documented for
iodination of tyrosine residues by thyroglobulin in wide
variety of organisms, from tunicates to mammals (33).
These amino acids cannot be listed as noncanonical
amino acids, but rather as special biogenic amino acids
(Scheme 1) generated post festum of the translational
process as integral part of the protein functionality.

The consequences and lessons from such consid-
erations are far-reaching. Even if substrate recogni-
tion of aminoacyl-tRNA synthetases and ribosomes is
not necessarily strict in discriminating canonical
from noncanonical amino acids, a firm boundary ap-
parently exists between ‘allowable’ and nonpermis-
sive amino acids at a structural level. The reasons are
obvious, since the translational processes in living
cells consist of the activation of amino acids, proof-
reading during the activation step, synthesis on ri-
bosome, and proofreading during synthesis; these
steps are mutually interdependent and intrinsically
coupled with the proper folding of the resulting pro-
tein (Fig. 1). This might be the key determinant re-
sponsible for realization of the genetic message writ-
ten in the DNA sequence in terms of sufficient and
balanced protein stability and functionality. Similar
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Figure 4. Electrospray ionisation mass spectrometric (ESI-MS) analyses of meta-fluoro- and meta-chloro-tyrosine introduction into
human recombinant annexin V, which contains 12 codons for tyrosine. A) Small peak corresponds to the tyrosine-containing
wt protein form (35809.5 Da); a dominant peak reveals the mass (36021.5 Da) nearly identical to the expected mass (additional
12 F atoms). B) Attempt for meta-chloro-tyrosine bioincorporation under the same experimental conditions. Note that wt peak
intensity corresponds approximately to the intensity of the wt peak in panel 4, indicating very low amounts of the protein, often
below background expression (for experimental details, see Minks et al., unpublished results). It is proposed that regular and
reproducible multiple charging of the protein in vacuum in the context of the ESI method is possible because it retains its intact
3-dimensional fold (48). Taking this into account, it is possible to distinguish the five protein species in panel B: wt (35811.0
Da) as well as species with 1-4 chloro atoms (35847.2-35951.0 Da). Note also that the intensity of signal decreases with the
increase of number of the chlorine atoms introduced, gradually leading to the decay of the structure. Standard deviation of the
measurements did not exceed *£5.5 Da. Such behavior is reproducible for other proteins as well, for example, recombinant

azurin (for experimental details, see Minks et al., unpublished results).

considerations can be found in a recent review of
Richards (22), where it was suggested that the ‘“‘mo-
lecular packing, the efficient filling of the space, may
be the most generally applicable factor that leads to
the unique structures of most globular proteins.”

IN VIVO EXPERIMENTAL CODON
REASSIGNMENT UNDER EFFICIENT
SELECTIVE PRESSURE

Noncanonical amino acids that escape the natural ed-
iting mechanisms during translation are good candi-
dates for efficient bioincorporation, since their integra-
tion will most probably result in sufficiently stable
proteins. Protein building with an expanded amino
acid repertoire relies on in vivo canonical amino acid
codon reassignment to amino acids outside the canon-
ical 20. Such assignment leads to residue-specific or co-
don-dependent replacements. In the laboratory, this
can be achieved by incorporation under simple and
efficient selective pressure in combination with a highly
sophisticated and controllable protein expression tech-
nology. A particular auxotrophic host is exploited that
is capable of efficient exclusion of possible toxic met-
abolic and physiological effects (16,17, 21, 34-38). The
commonly used procedure (selective pressure incor-
poration) is as follows: the metabolic pathway that sup-
plies the cell with the particular canonical amino acid
is switched off. The defined minimal media contain the
noncanonical counterpart that is taken up by the cell
into the cytoplasm, and there incorporation is forced
despite possible physiological toxicity by a strong ex-
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pression system that uses the whole cellular machinery
to mainly express the target protein (37). Some ex-
amples are given in Table 1.

Although no systematic work in this direction has
been performed, there are examples that confirm
the simplicity of this ¢n vivo approach. Experiments
have been described aimed at generating suitable
auxotrophic host cells, which are not only tolerant of
canonical amino acids, but have even demonstrated
better growth as shown for different fluorinated
amino acids (38, 39). Phenotypic suppression that
causes mischarging with the antibiotic amino acid
azaleucine (whose structure mimics leucine) was also
described (40). It was proposed that ‘‘microbial
strains with a clear-cut requirement for an additional
amino acid should be instrumental for widening the
genetic code experimentally.”

Recently, a high level of lysine for arginine misincor-
porations in recombinant eukaryotic gene expression
due to the codon usage was demonstrated (41). In fact,
codon usage as a measure of relative amounts of tRNA
isoacceptors in two species often varies greatly for cer-
tain amino acids. For example, the arginine codon
AGA corresponds to tRNA accounting for on average
50% of the total t(RNA*® available in the yeast cell,
whereas this codon is the rarest among other arginine
codons in E. coli, where it accounts for less than 4% of
the total cellular tRNA*® population (42). Such con-
strained codon usage can also act as efficient selective
pressure. Indeed, it was demonstrated that, by proper
media manipulations and the use of a strong expres-
sion system, it is possible to achieve a high level of basic
amino acid lysine replacement with the similar amino
acid arginine (42).
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Figure 5. Examples for applications of
noncanonical amino acid introduction into

Intrinsic Fluorescence (a.u.)

proteins. A) C*representation of tellurome-
thionine containing amino-terminal domain
of tailspike protein shown by difference Fou-
rier map and contoured at 6 6. There are two
trimmers (one methionine residue per mon-
omer) in the asymmetric unit of the unit cell,
where the difference density map indicates
successful replacement of the canonical me-
thionine with the noncanonical tellurome-
thionine. The isomorphous presence of the
metallic tellurium atom is heavy enough and
scatters X-rays to a level that can be especially
useful for the phase determination of the

T T T

Wavelength (nm)

o protein structure by protein X-ray crystallog-
raphy (see ref 37 for more details). B) Fluo-

rescence emission spectra of native (green),
5-hydroxy-tryptophan-containing (red), and

7-aza-tryptophan-containing (blue) human recombinant annexin V. All protein samples (2 uM) were excited at 280 nm in
phosphate-buffered saline. Noncanonical amino acid-containing proteins have special spectral characteristics that distinguish
them from the native ones. In general, proteins with 5-hydroxy-tryptophan exhibit a red shift of about 13 nm and a shoulder at
310 nm in the absorption spectrum. 7-Aza-tryptophan-containing proteins have an emission shoulder between 350 and 360 nm
and reveal tyrosine contributions to the protein fluorescence emission spectrum at about 307 nm. For more details, see ref 36.

In all these cases, codon reassignment occurs by
obeying a simple ‘similar replaces similar’ rule. In
fact, an amino acid replacement model for code evo-
lution, where chemically similar canonical amino ac-
ids are often coded by similar codons (1), further
supports this prospect. For example, similar triplets
(AUA, AUG) encode the canonical amino acids me-
thionine and isoleucine, and indeed these two amino
acids are comparably hydrophobic and replace one
another in the phylogenic comparisons (43). Itis easy
to imagine that reassignment of one isoleucine co-
don to methionine might have occurred during evo-
lution under certain conditions of strong selective
pressure. In this way, the disruption of protein struc-
ture caused by codon meaning changes (codon cap-
ture) is minimized by such modest alterations in the
amino acid side chain character. At the same time,
the thioether moiety introduced into proteins allows
for their further functional diversification (44).

PRACTICAL APPLICATIONS

By the 1950’s, an interest was shown in the incorpo-
ration of noncanonical amino acids into proteins (45,
46). These were expected to serve as useful tools for
studying mechanisms of protein synthesis and metab-
olism. However, only with the advent of recombinant
DNA technology it was possible to take significant
steps in the direction of an expanded amino acid rep-
ertoire. Therefore, this field is flourishing again, and
practical implications of different approaches are in-
valuable and are extensively discussed elsewhere (5,
24). Two examples of some possibly useful practical
applications for bioincorporation of noncanonical
amino acids into proteins are given in Fig. 54, B.

ENGINEERING A ‘SECOND’ GENETIC CODE

POSSIBLE LESSONS FOR PROTEIN
FOLDING: ATOMIC MUTATIONS

The current wide use of site-directed mutagenesis
techniques for protein folding studies, although pro-
viding many useful insights, is limited because in that
it is often difficult to unambiguously interpret the
observed changes, since several sets of interactions
are usually affected. The basic philosophy of our al-
ternative proposal is very simple: the subtle replace-
ment of ‘natural’ by ‘nonnatural’ should shed more
light on the structural problem studied. Initial studies
based on the replacement of Met by its noncanonical
isosteres norleucine, selenomethionine, and telluro-
methionine resulted in a series of exchanges:
—CHs— »—S— = —Se— = —Te—, i.e., in atomic mu-
tations. These alterations allowed us to study the fold-
ing process as well as correlations between folding
and physical-chemical characteristics of such atomic
mutations (19). In addition, although such subtle ex-
changes result in crystallographically isomorphous
protein structures (37), their thermodynamic behav-
ior is different (16, 19). These results indicate that
this new approach may represent a fine tool with
which to study nonbonded interactions that are far
below the resolution of conventional X-ray crystallo-
graphic and nuclear magnetic resonance protein
analyses. Moreover, a hidden world of such interac-
tions might easily emerge, revealing relationships re-
sponsible for the highly specific internal architecture
and, thus, for the existence of a unique equilibrium
structure of proteins.

THE BEST OF ALL POSSIBLE CODES?

Our living world is based on only one universal code,
which is very conserved, rigid, stubborn, restricted,
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and resistant even to subtle changes. At the same
time, de novo code engineering based on a new set
of chemicals seems to be sheer fantasy. Thus, this
code is probably the best of all codes accessible to
our manipulations. The evolution based on it
brought us here to continue and possibly speed up
this process. Hard work is in front of us.

Sarah Teter, Richard Engh, Saulius Grazulis, and Karl-Peter

Hopfner are greatly acknowledged for many invaluable sug-
gestions, discussions and critical reading of this manuscript.
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