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Expanding the genetic lexicon:
incorporating non-standard
amino acids into proteins by

ribosome-based synthesis

Only 20 amino acids are normally incorporated into proteins synthesized in living

celis, and this has limited the structural range of proteins that can be prepared. New

methods that allow the incorporation of amina acids that are not normally encoded

by natural genes are being developed: these include reassigning functions within

the existing genetic code, and expanding the genetic code by constructing

additional, nonnatural codons. Used in conjunction with recent major advances in

understanding protein structure~function relationships, these approaches should

extend the range of de novo protein designs that are possibie.

Proteins are synthesized in living organisms by a two-
step process. Farst, a messenger RINA (mRNA) is syn-
thesized when RNA polymerase copies the DNA in
2 gene, a process known as transcription. The mRNA
is translated by a ribosome, a complex containing both
protein and RNA that binds to the message-and con-
verts triplet ‘words’ in the RNA language, written
using the four nucleic acid “letters’, adenine (A), unacil
(U), guanine (G) or cytosine (C), into one of the 20
natural ‘proteinogenic’ amino acids in a polypeptide
chain. Transfer RNA (tRNA) serves as an adaptor in
this process. One end of the folded tRNA structure
holds the amino acid, while the other presents three
bases that are complementary to the triplet codon (the

S. A. Benner is ai the Lahoratory for Organic Chemistry. ETH,
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‘anticodon’) to the mRNA. The ribosome then cata-
lyses the synthesis of a peptide bond between the
amnino acid held by the tRNA molecule and the grow-
ing polypeptide chain.

With three-letter words, and only four letters to
build them from, only 64 words (4%) are possible in
the genetic lexicon. This limits the number of types
of amino acid that can be built into proteins by riba-
some-based translation. In contemporary living
organisms, this limitation is more severe than might
be obvious at first glance. The genetic code is de-
generate, meaning that most individual amino acids
are encoded by more than one triplet codon. For
example, six codons (UCA, UCG, UCU, UCC,
AGC and AGU) all encode serine. In addition, three
codons (UGA, UAA and UAG) encode ‘stop’. When
oo e el R T )
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all 64 of the possible codons are used up encoding 20
natural, or ‘proteinogenic’, amino acids. These 20 are
only a small fraction of the thousands of amino acids
that are conceivable, and proteins synthesized by ribo-
some-based translation of an mRINA can have only a
limited number of structures.

Reconstruction of the genomes of ancient organ-
isms shows that this limitation dates back at least
1.5 X 109 years to the point when the three primary
kingdoms of life (archaebacteria, eubacteria and the
eukaryotes) first diverged!. Indeed, much of contemn-
porary biochemistry reflects the fact that only limited
functionality can be encoded by a contemporary
genome. For example, the absence of amino acids
having side chains with appropriate redox potentials,
or bearing an aldehyde group, or able w0 form good
carbon anions with ‘Umpolung’ potential (a reversal
of the normal patterns of nucleophilicity and electro-
philicity within a molecule), creates a need for
nicotinarmde and flavin, pyridoxal, and thiamine
cofactors, respectively. Alternatively, the presence of
such cofactors in an RNA world emerging before
ribosome-based synthests of proteins may explain why
the genetic code did not develop to include amino
acids bearing such functionalities!.

The need for more amino acids

The limited coding potential also places constraints
on the mechanistic enzymologist. With the develop-
ment of techniques for performng site-directed
mutagenesis in enzymes?, and the first synthetic genes
designed to facilitate mutagenesis experiments’,
protein engineering became a promising tool for
obtatning mechanistic insights into how enzymes
work. Yet, early in this work, it became clear that
the 20 proteinogenic amino acids simply do not
have a sufficient range of funcdonality to address
many of the most interesting mechamistic problems?.
Many mechanistic questions begged for the substi-
tution (for example) of tyrosine by fluorotyrosine, or
other natural amino acids by other non-standard
amino acids. Unfortunately, this substitudon was not
possible with the ribosome-based translation system
in contemporary organisins.

The limintion has proven especially severe to
those who wish to design de nowe proteins thae fold
in solution and catalyse reactions*. A specific recent
case is the design of a polypeptide that has catalytic
activity as an oxaloacetate decarboxylase36. The
design called for a polypepude carrying an amino
group with a low pK, on a side chain. This was
effected either by placing the terminal amine at
the amino-terminal end of an o helix, or by plac-
ing the €-amino group of a lysine in a positively
charged environment, which would reduce its
pK, accordingly. While both of these goals were
achieved by using just the 20 standard amino acids,
they could have been achieved far more easily just
by including a non-standard amino acid bearing
an amino group with a lower pK, {for example,

reviews

Getting more amino acids
Solid-phase synthesis

Solid-phase synthesis is, of course, one possible
approach for preparing polypeptides containing any
amino acid, including non-standard ones. However,
the products of peptide synthesis have proven, in gen-
eral, to be difficult to isolate in pure form when the
polypeptide is longer than ~50 amino acids. While
progress continues to be made, and longer polypep-
tides of sufficient purity can now be obtained in some
laboratories’, even these peptides are short by bio-
logical standards.

Rearranging the genetic code

In the 1970s, Hecht and his research group®® began
to implement a strategy for incorporating amino acids
other than the standard ones into a protein using ribo-
some-based translation. In their strategy. one of the
three ‘stop’ codons was recruited to plav a coding role.
A suppressor tRNA molecule, which bears a triplet
anticodon complementary to the stop codon, was
then recruited to act as an adaptor between the stop
codon and a non-standard amino acid. Hecht then
developed the chermustry for attaching a non-standard
amino acid to the 3'-end of the suppressor tRINA.

In its design, this strategy was similar to thar used by
Miller et al.'%in very early ‘site-directed mutagenesis’
experiments, where standard amino acids wete incor-
porated by suppression of stop signals built into an
mRNA by mutation. In addition, it 1s analogous to
the incorporation of selenocysteine (the twenty-first
proteinogenic amino acid) into polypeptides at a UGA
codon!!12, which occurs naturally in some organisms.
Finally, it may be a model for the process by which
codon signification drifts naturally over long periods
of evolutionary time!2.

This approach was first put into practice in elegant
work by Schultz and his group at Berkeley (CA,
USA)!+15, and by Chamberlin and co-workers at the
University of California (Irvine)'%!". Schultz and co-
workers have been particularly active in showing the
scope and value of the new technology. They have
incorporated isotopically labeled'™, and confor-
mationally restricted amino acids into proteins!®, and
used non-standard amino acids 1o study structure,
stability®, and mechanism?! in enzymes. Brunner and
his group at the ETH (Ziirich, Switzerland) have used
the technology to incorporate photeactive labeling
groups into polypeptides??. The value, as a research
tool, of incorporating non-standard amino acids into
proteins by using ribosome-based translation has thus
been thoroughly demonstrated.

The strategy does have limitations, however. Only
two (at most) additional amino acids can be incor-
porated independently into proteins by this strategy:
at least one of the three stop codons must be retained
as a stop signal. Yet, some of the more interesting hor-
izons involve incorpotating two or more different non-
standard amino acids built a protein {for example, a
fluorescence-energy donor and a fluorescence-energy
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Figure 1
Tweive bases can farm six independently replicating base pairs
within the Watson-Crick geometry. Al unnatural base pairs shown
have been synthesized in our faboratory (S. Benner, unpublished).

etliciency of suppression of nonsense codons is not
normally particularly high. Natural translation systems
include release factors, i.e. proteins that bind to stop
codons and encourage the disassociation of the ribo-
some from the message?2¥; termination mediated by
release factors competes with readthrough mediated
by a suppressor tRNA, making efficient suppression
of a nonsense codon difficult. Finally, when compared
with the amounts of protein that can be produced in
living cells, only small amounts of proteins can be pre-
pared using in vitro translation systems. The problems
that must be solved to use the Hecht—Schultz—
Chamberlin strategy within living cells are herculean,
although not necessarily insurmountable?. It would
be necessary first to eliminate the triplet as a stop sig-
nal in all of the endogenous genes — removal of the
release factor would, otherwise, almost certainly be
lethal,

Expanding the genetic code
In Zirich, we approached the same problem from a
different perspective. We began by analysing the struc-
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the base pairs is joined by a different hydrogen-bond-
ing pattern, each should be independently replicable
in the presence of all of the others.

Additional nucleoside bases that are independently
replicable imply additional rriplet codons (Fig. 2); 216
{6%) and 512 (8%) wriplet codons are possible with six
and eight independently pairing nucleoside bases,
respectively. A full 1728 (12% triplet codons are poss-
ible 1f all 12 bases are available in the genetic alphabet.
While some of these codons may be synonymous (due
to wobble pairing) in natural translation systems, the
inclusion of non-standard bases should certainly per-
mit the design of additional codons that might be rec-
ognized by tRINA with the complementary non-stan-
dard bases in the anticodon loop, but not by standard
tRINAs or release factors,

At the time of writing, nucleosides bearing all of the
non-standard bases have been prepared (unpublished).
For most of the nucleotides, the physical propertes,
especially those relevant to base pairing, complemen-
tarity and suitability for incorporation into an infor-
mation-storage molecule, have been examined in
detail. Enzyme-catalysed template—directed synthesis
of oligonucleatides containing the non-standard bases
has also been explored.

The value of additional base pairs for expanding the
genetic lexicon was also appreciated by Bain and
Chamberlin at the University of California (Irvine),

1
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- been set up to develop technology using the non-stan-

dard base pairs to encode non-standard amino acids in
ribosome-based translation. The iso-C-is0-G base
pair (Fig. 1} was chosen for the new codon-anticodon
pair; the 65th codon was (iso-C)AG wath the corre-
sponding anticedon CU(iso-G) (Fig. 2). For’compari-
son, the UAG codon, signifying ‘stop’ in the standard
genetic code, was used as both reference and control
in these experiments?®. The non-standard amino acid
chosen was iodotyrosine, in parallel with work done
previously at Irvine.

To incorporate a non-standard amino acid by using
a rion-standard triplet codon containing a non-stan-
dard base pair, a tRINA containing a non-standard base
in the anticodon loop (Fig. 3) was first prepared. This
was then charged with 1odotyrosine tollowing chem-
istry similar to that developed by Hecht, Schultz, Bain
and Chamberlin*#%14+21.2% Next, a mRINA contain-
ing the new non-standard {i50~C)AG codon was pre-
pared (Fig. 4). These components were then used suc-
cessfully in an in vitro translation system?®. When
presented with a message containing the non-standard
{(1s0~C)AG codon and a charged, non-standard, tRNA
containing the non-standard anticodon CU(iso-G),
ribosomes incorporated iodotyrosine with high (90%)
ethictency (Table 1}. This was considerably higher than
the efficiency (~63%) with which the stop codon
(UAG) was translated by a charged suppressor tRINA
containing the CUA anticodon. As nearly every detail
of the two systems was the same, the difference in yield
could only be anmibuted to the difference in the first
base of the codon.

This was the first time that an enzymic process had
been observed where the non-standard base pair was
accepted as readily as standard bases. With polym-
erases, non-standard bases are generally transcribed
with lower efficiency than standard bases. In those
instances where the effect has been studied in detail,
the polymerase is able to sense incorporation of an
unnatural base up to five bases beyond the site of
incorporatuon®.

There were further unexpected results. When the
mRINA containing the UAG stop codon was incu-
bated in the absence of charged suppressor tRINA,
translation of the message was terminated, as ex-
pected. The polypeptide fell off the ribosome, and
the mR NA disassociated. However, when a mRINA
containing the non-standard (iso-C)AG codon was
incubated without the charged non-standard (RINA,
a new set of hydrophilic peptide products was iso-
lated (Fig. 4; Table 1; Ref. 29). These proved to be
the products of a frameshift mutation, where a
ribosome skips over the non-standard iso-C in the
mRNA and continues translating triplet codons in
a new reading frame. This result underscores the
fact that a2 nonsense codon (a codon that lacks a
tRINA molecule to translate it) and a stop codon are
functionally different. To stop translation and cause
the ribosome to release the mRNA, a nonsense
codon must evidently be recognized by release fac-
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Figure 3
A truncated form of non-hypermodified tRNA derived from tRNA g”m-dCA missing the
last two bases, prepared by chemical synthesis, and charged with iodotyrosine at
the 3-end; N is either adenosine (the anticodon for the stop codon UAG) or 2'-deoxy-
isoguanosine (the anticodon for the nor-standard codon isaC-AG).

12 3 & 5 & 7 8 9 10 11 12 13 14 15 1§ 17 18
AUG G A UAU UUG GOC CUU UU UAG GGA CUC URC CUA GOG CUG LUC UAA UGA
{) Met Gly Leu Tyr Leu Gly Leu Phe fnd
f')MecGlyLa;TereuGlyieumen'yrGlyteuTy:LsJGlyLaAPreaﬁ
() Met Gly Leu Tyr Leu Gly Leu Phe  Arg Asp Cys Thr Ed

b
1 2 3 4 5 & 7 8 9 10 11 12 13 14 1I5 16 17 18
A G50 IR TR UG GOC LY U iCA0 GG OUC 1BC (LA QX CUG WG [RA G
(i} Met Gly Leu Tyr Leu Gly Ley Phe B
@ et Gly Leu Tyt Leu Gly Leu Phe iTyr Gly Leu Tyr Leu Gly Leu Phe 8d
(W) Mot Gly Lea Tyr Leu Gly Leu Pfhe  Arg Asp Oys Thr Bxf

Figure 4
The mRNA molecules used to compare () rearranging and (b) expanding the genehc
code with the 65th codon (Fig. 2) as alternative strategies for incorporating non-stan-
dard amino acids into translated peptides. Shown are the transiation products
{i, octamer), and (i, hexadecamer) in the absence or presence, respectively, of sup-
pression; and (i, dodecamer) following a frameshift and successful termination at
the next stop codon. iTyr is 1-34odotyrosine. From Ref. 29.

the nonsense codon, a frameshift mutation, not
termination, follows.

These observations suggest that an expanded genetic
lexicon could be implemented in an in wivo cell-
culture systemn, as the non-standard codons will escape
recognition by release factors. The efficiency of trans-
lation should be high. Far this, however, further
research must be done to identfy the polymerases
needed to replicate and transcribe, in a stable manner,
duplex DNA containing non-standard base pairs.
Furthermore, enzymes that phosphorylate non-
standard nucleosides and charge tRINA molecules
with non-standard amino acids must be obtained.

The next step: practical production systems

-So where are the horizons? At present, the tech-
nology fot incorporating non-standard amino acids
into polypeptides by ribosome-based translation of
codons formed from non-standard amino acids is
expensive ~ far 100 expensive to be considered for the
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Table 1. Translation of the UAG {'stop’) and isoCAG (‘non-standard’) codons with different tRNA molecules®

Full-
Amino length Termination Frameshift
acid products products products
mRNA tRNA® ‘charge™ {%) {%) {%)
1 UAG None - 4 9% 0
2 UAG CUA None? 4 9% 0
3 UAG CUiG None 3 97 0
4 UAG CUA lodotyrosine 67 33 0
5 UAG CUIG fodotyrosine 9 91 0
6 iCAG None - 3 25 71
7 iCAG CUA None 4 17 80
8 iICAG CuiG Nore 4 14 81
9 iCAG CUA lodotyrosine 3 24 73
10 iCAG CUIG lodotyrosine 9] 3 1

*From Ref, 29.

the stop codon UAG.

®The codon fwritten 5' to 3'} at the position designated in Fig. 2. Column 3 shows the anticodon (written 5 to 3 in the tRNA.
“The amino acid ‘charge’ is the amino acid carried at the 3-end of the tRNA molecule. When none is present, no amino acid can be
incorporated into the growing polypeptide chain. Note that readthrough is more efficient with the non-standard codon isoCAG than with

4The symbol () signifies that no tRNA was present; (None) signifies that the tRNA present was not charged with 2n amine acid.

it is clear that this approach comes at a critical time in
the development of our understanding of protein
structure. It is now possible to predict the secondary
structure of proteins starting from sequence data
alone?™*. Structural predictions are being made and
published for protein families before experimental
structures become available-%; comparison of several
of the predicted structures with subsequently deter-
mined crystal structures has proven the predictions to
be remackably accurared78,

In addition, the de novo design of polypeptides has
progressed substantially over the past few years. In sev-
eral cases, the conformation of designed pepades has
been explored in solution by multidimensional nuclear
magnetic resonance®~**=2 and in the solid state by crys-
tallography**. Small designed peptides, with remarkable
catalytic power, have been known for over a decade®*.
Recently, however, the details of the catalytic mech-
anism have been elucidated in some details. With the
tools now emerging to manage the conformation
and design of proteins formed from the 20 natural
proteinogenic amino acids, technology that allows
access to the synthesis of proteins containing a greater
variety of building blocks is likely to find wide use.
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Design of protein structures:
_helix bundles and beyond

Chris Sander

The design of proteins or peptides with novel functions can be achieved either by

modifying existing molecules or by inventing entirely new structures and sequences

that are unknown in nature. Combinatoriakdesign strategies have led to the first

de novo proteins, but these still lack some of the desired attributes. The most

promising practical strategies for developing proteins with useful biological or

chemical function combine theoretical design with experimental screening or

selection systems.

Nature has evolved highlv intricate and useful proteins
over many millions of years, gradually optimizing pro-
tein function in response to selective pressure. When
will humans be able to sidestep evolution and design
novel proteins with desired structures and functions?
Will the new proteins be redesigns of natural proteins,
or de novo imventions with sequences not found in
nature? The answers are not yet avatlable, but the first
steps towards them have been taken.
Re-engineering work has proven that the protein
engineer has considerable latitude in modifying
existing frameworks, not just in replacing surface-
or active-site residues, but also in rearranging loop
regions and replacing residues in the protein’s interior.
The rules of de nove design are already partially under-
stood for simple structures, such as four-helix bundles,
and the first stable proteins have been designed de now.

Simple functions, such as metal-binding sites, have

been introduced into some designed proteins. while
existing proteins have been functionally optimized by
more intricate modification of the protein using, for
instance, in vitre selection systems.

To illustrate the current capabilities and difficulties
of structurally oriented protein design, this article
discusses what has been achieved with a particularly
simple class of protein fold — bundles of four a helices.
These achievements include redesigning the topology
of loop connections, redesigning the packing of the
hydrophobic core, as well as creating de nove designs,
i.e. proteins whose amino acid sequence is newly
invented and not seen in nature.

A simple architecture: a-helix bundles

The architecture of the most commonly occurring
type of four-helix bundle is particularly simple: each
of the four helices is oriented antiparalle] to its two
nearest neighbors and parallel to its diagonal, more dis-
eint. neivhbor. Residues on the interior hehix-faces



