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ABSTRACT

A biosynthetic method has been developed that makes possible the
site-specific incorporation of a large number of amino acids and ana-
logues within proteins. In this approach, an amber suppressor tRNA
chemically aminoacylated with the desired amino acid incorporates this
amino acid site specifically into a protein in response to an amber codon
introduced at the corresponding position in the protein’s DNA se-
quence. Using this method, precise changes within a protein can be

1056-8700/95/0610-0435$05.00 435



Annu. Rev. Biophys. Biomal. Struct. 1995.24:435-462. Downloaded from www.annualreviews.org
Access provided by Columbia University on 08/12/22. For personal use only

436 MENDEL, CORNISH & SCHULTZ

made to address detailed structure-function questions. A series of fluor-
inated tyrosine analogues and linear, branched, and cyclic hydrophobic
amino acids have been used to determine the impact of hydrogen bond-
ing and hydrophobic packing, respectively, on protein stability. Gluta-
mate analogues and conformationally restricted amino acids have been
used to probe the mechanisms of staphylococcal nuclease and ras. In
addition, this technique has been used to construct photocaged proteins
and proteins containing photoaffinity labels, spin labels, and isotopic
labels at specific positions in the protein sequence suitable for biophysi-
cal studies.

INTRODUCTION

Although proteins are involved in virtually every biological process,
relatively little is understood about the detailed mechanisms by which
these biopolymers, composed of 20 simple building blocks, carry out
their remarkable functions. One important tool for probing the forces
that govern protein structure and folding, biomolecular recognition,
and catalysis is site-directed mutagenesis, in which a specific amino
acid in a protein can be replaced with any of the other 19 common
amino acids (57, 112). In contrast to small molecule synthesis where
myriad changes in structure can be made, changes in protein structure
are limited to the 20 natural amino acids. For example, few isostructural
(e.g. Thr — Val) or isofunctional (e.g. Glu — Asp) substitutions can
be made, makingit difficult to dissect out the effects of a given mutation
in terms of the specific steric or electronic features of a given amino
acid. Ideally, the investigator would tailor replacements to address the
particular structure-function question at hand. Such replacements
would modify the size, acidity, nucleophilicity, or hydrogen-bonding
or hydrophobic properties of an amino acid side chain or would modify
the protein backbone itself. Alternatively, analogues could be intro-
duced that have altogether new properties, beyond those specified by
the genetic code. These novel molecules include spin labels, affinity
labels, and redox-active or metal-chelating amino acids. The ability to
substitute such unnatural amino acids into proteins would greatly ex-
pand the scope of physical organic studies on proteins.

Several methods can be used to incorporate unnatural amino acids
into proteins. Solid-phase synthesis, particularly recent advances in the
segment synthesis-condensation approach, has allowed for the synthe-
sis of small proteins containing novel amino acids in milligram quan-
tities (24, 44, 48, 76, 99). Protein semisynthesis, in which a synthetic
peptide is ligated to a protein fragment to produce a full-length protein,
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has also been used to incorporate unnatural amino acids into proteins
(12, 82). In addition, chemical modification has been used to introduce
a variety of unnatural side chains, including cofactors, spin labels, and
oligonucleotides, into proteins (19, 49, 50, 77, 88, 89). Alternatively, .
biosynthetic methods that employ chemically modified aminoacyl-
tRNAs have been used to incorporate several biophysical probes into
proteins synthesized in vitro (11, 59). In general, these approaches are
limited by difficulties in achieving site-specific incorporation of the
amino acids, by the requirement that the amino acids be simple deriva-
tives of the common 20 amino acids, or by problems inherent in the
synthesis of large proteins or peptide fragments. However, recent de-
velopments in the stepwise enzymatic condensation of peptides to gen-
erate modified proteins show considerable promise (45).

Recently, a biosynthetic approach was developed that allows for the
relatively facile site-specific incorporation of unnaturalamino acids into
proteins (Figure 1) (3, 27, 79). This method takes advantage of the fact
that the genetic code contains three stop codons (23). Because only
one stop codon is needed for translation termination, the other two
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Figure 1 Method for the site-specific incorporation of unnatural amino acids.
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can in principle be used to encode nonproteiogenic amino acids. A
suppressor tRNA is prepared that recognizes the stop codon UAG
(UAG is suppressed in vivo with relatively high efficiency) and that
is chemically aminoacylated with the desired unnatural amino acid.
Conventional site-directed mutagenesis (96) is used to introduce the
stop codon UAG at the site of interest in the protein gene. When the
acylated suppressor tRNA and the mutant gene are combined in an
in vitro transcription-translation system, the unnatural amino acid is
incorporated in response to the UAG codon to give a protein containing
that amino acid at the specified position. Early experiments using [>*H]-
Phe and later experiments with a-hydroxy acids demonstrated that only
the desired amino acid is incorporated at the position specified by the
UAG codon and that this amino acid is not incorporated at any other
site in the protein (28, 79). More recent work has shown that the Esche-
richia coli protein biosynthetic machinery (the in vitro transcription-
translation system) can tolerate a broad range of amino acids (27). a,a-
Disubstituted amino acids, amino acids in which the side chain is a
large reporter group, and even analogues in which the backbone is
modified, such as lactic acid, have all been incorporated using this
methodology. In vitro protein synthesis is inefficient relative to in vivo
synthesis; however, this method, though labor intensive, can yield
hundreds-of-microgram to single-milligram quantities of purified pro-
tein containing an unnatural amino acid. We have produced several
such proteins in quantities sufficient for their characterization using
circular dichroism (CD), nuclear magnetic resonance (NMR) spectrom-
etry, and three-dimensional X-ray crystallography (28, 30, 47, 69).

METHODOLOGY

The biosynthetic site-specific incorporation of an unnatural amino acid
or amino acid analogue into a protein requires generation of the requi-
site suppressor tRNA, a general method for acylating the tRNA with
unnatural amino acids or amino acid analogues, and the demonstration
that sufficient protein can be synthesized in vitro to carry out meaning-
ful mechanistic or structural studies. The suppressor tRNA must be
recognized by the protein biosynthetic machinery sufficiently well to
suppress a stop codon with high efficiency and at the same time cannot
be a substrate for any of the aminoacyl-tRNA synthetases present in
the in vitro protein-synthesis extract. If the suppressor tRNA were
recognized by any of the aminoacyl-tRNA synthetases, the tRNA could
be subject to proofreading (deacylation of the noncognate amino acid)
and/or aminoacylation with one of the common 20 amino acids. Such
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recognition would result in either low suppression efficiencies or in the
incorporation of a common amino acid, as well as the desired unnatural
amino acid, in response to the stop codon.

Using the above criteria, we constructed an amber suppressor tRNA
derived from yeast phenylalanine-tRNA (tRNAcya), in which residues
34-37 in the anticodon loop were replaced by 5'-CUAA-3’, for use in
an E. coli in vitro protein transcription-translation system (2, 9, 10, 60,
74). Alternatively, a suppressor tRNA derived from E. coli tRNASY
(92) has been used to suppress UAG codons in short peptides in a rabbit
reticulocyte translation system (3). Runoff transcription can readily
generate both suppressor tRNAs in relatively large quantities (75, 80).
Even though these tRNAs are produced in vitro and may not be modi-
fied biochemically (40), both incorporate unnatural amino acids effi-
ciently and exhibit little read-through (incorporation of any amino acid
other than the desired unnatural one in response to the UAG codon)
at optimal Mg>* concentrations.

Given the high specificity of the aminoacyl-tRNA synthetases for
their cognate amino acids (35, 97), an alternative method for acylation
of the tRNA had to be developed to ensure that a wide range of unnatu-
ral amino acids could be incorporated using this methodology (Figure
2). A modification of the two-step method originally developed by
Hecht (42) was used in which the dinucleotide pCpA is first chemically
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Figure 2 Strategy for the chemical aminoacylation of tRNARA.
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acylated with an Na-protected amino acid and then enzymatically li-
gated to a truncated tRNA (tRNA"C4) missing the terminal dinucleotide
pCpA at the 3'-acceptor stem (94). We found that the cyanomethyl ester
of an Na-protected amino acid reacts selectively at the 2',3" hydroxyl
functions of the ribose to give the desired monoacylated product, obvi-
ating the need to protect and deprotect the dinucleotide (Figure 2) (93).
In addition, cytidine was replaced with deoxycytidine in the dinucleo-
tide; this replacement significantly simplified the synthesis and elimi-
nated another reactive 2’-OH group without affecting biological activ-
ity. Prior to acylation of the dinucleotide, the a-amino group of the
amino acid and any reactive side chain functions are protected as their
nitroveratryloxy (NVOC) carbamate, ester, or ether derivatives (1, 85).
These protecting groups can be removed photochemically from the in-
tact aminoacyl-tRNA (after ligation) in high yield under mildly acidic
conditions; acid pH prevents deacylation of the aminoacyl-tRNA be-
cause aminoacyl-tRNAs hydrolyze rapidly at neutral pH (93). For light-
sensitive amino acids, the biphenylisopropyloxycarbonyl (BPOC) pro-
tecting group can be used instead of the NVOC group. The BPOC group
is cleaved with mild acid from the aminoacyl-pdCpA prior to ligation
to tRNACA (3, 93). This aminoacylation protocol is relatively straight-
forward, proceeds in high yield (both the aminoacylation and ligation
reactions), and applies to amino acids with various side chains (27,
37). Nevertheless, the generation of a nonspecific aminoacyl tRNA
synthetase—either a lipase, mutagenized synthetase, or a catalytic anti-
body—could significantly simply this step (13, 53, 54).

Mutagenesis with the chemically acylated suppressor tRNA is cur-
rently carried out in vitro because no general methodology exists for
introducing large quantities of the aminoacylated suppressor tRNA into
intact, dividing cells (38). An E. coli in vitro transcription-translation
protein synthesis system is being used in our laboratory, consisting of
an E. coli S-30 extract containing all of the proteins and RNAs required
for transcription and translation, nucleotide triphosphates, phospho-
enolpyruvate, pyrophosphatase, a variety of salts (Mg?* and Ca?* con-
centration can significantly affect protein yields) and cofactors, and the
DNA encoding the gene of interest. Typically, the gene of interest is
placed under a strong T7 or bacterial RNA polymerase promoter. The
in vitro reaction can be carried out on a 5-ml scale. The requisite S-30
can be prepared fairly easily on a 2-liter scale; the suppressor tRNA,
on a 30-mg scale; the aminoacyl-pdCpA, on a 0.2-mmol scale; and the
plasmid, on a 12-mg scale (27). In vitro protein synthesis remains lim-
ited by the relatively small quantities of protein that can be obtained.
In general, protein yields greater than 100 wg ml~' have not been
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achieved with either plasmid DNA using an E. coli transcription-trans-
lation system or with mRNA using a rabbit reticulocyte translation
system (27). Unfortunately, in vitro protein yields do not necessarily
correlate with those obtained in vivo, and we have found no simple
and general rules for ensuring high levels of protein expression in vitro.

In order for this methodology to be useful, the protein biosynthetic
machinery must be capable of incorporating a wide variety of amino
acids into proteins (14, 41). In fact, approximately 70 different amino
acids and analogues have been tested thus far with the E. coli system,
and a large majority (>50) of these are accepted with reasonable effi-
ciency by that system (Figure 3) (27). The structural and electronic
requirements of the rabbit reticulocyte in vitro system are less well
defined than the E. coli protein-synthesis apparatus (just over 10 nonna-
tive amino acids and analogues have been tested) (5), but the available
data suggest rather broad similarities. Conformationally restricted
amino acids (e.g. methanoproline, cyclopropylglycine, and a-methyl-
L-leucine), amino acids with spin labels and photoaffinity labels as side
chains, amino acids with altered pK, values and hydrogen-bonding
properties, photocaged amino acids, a-hydroxy acids, and amino acids
with unusual steric properties (e.g. t-butylglycine) have all been incor-
porated into proteins (Figure 3). Suppression efficiencies can vary
widely depending on the nature of the amino acid, ranging from 100%
for substitution of L-norleucine for GIn28 in 434 repressor (104) to 14%
for incorporation of a-methyl-L-leucine in T4 lysozyme (68). Although
the suppression efficiency of a given amino acid cannot be predicted
a priori, several trends emerge when the identities of the amino acids
tested are correlated with their suppression efficiencies (20, 68). In
general, large hydrophobic amino acids such as p-benzoyl-L-phenylala-
nine are inserted with higher efficiency than are small amino acids such
as alanine and glycine, or charged amino acids such as homoglutamate
or ornithine. This correlation is in agreement with reports that large,
hydrophobic amino acids such as Trp and Phe bind more tightly to E.
coli elongation factor-Tu (EF-Tu) than do other natural amino acids
such as Ala, Glu, and Lys (64).

The stereochemistry of an amino acid also affects suppression effi-
ciency. L-amino acids and some a,e-disubstituted amino acids such as
a-aminoisobutyric acid (AIB) and cyclopropyl through cyclohexylgly
cine can be incorporated into proteins (68). Neither the E. coli nor
the rabbit reticulocyte in vitro protein-synthesis system seems able to
accommodate p-amino acids or a-methyl-p-amino acids (5, 68). These
stereochemical requirements are in agreement, for the most part, with
previous studies on the affinity of a variety of unnatural aminoacyl-
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Figure 3 Examples of natural and unnatural amino acids successfully incorporated into
proteins via in vitro suppression.



Annu. Rev. Biophys. Biomal. Struct. 1995.24:435-462. Downloaded from www.annualreviews.org
Access provided by Columbia University on 08/12/22. For personal use only

EXPANDED GENETIC CODE 443

tRNAs for E. coli EF-Tu and the ribosome (14). Interestingly, previous
experiments that examined the ability of an aminoacyl-tRNA or
aminoacyl-CA to bind to the E. coli ribosomal A-site and participate
in peptide elongation suggested that achiral amino acids such as AIB
could not be used as substrates by the E. coli protein-biosynthetic ma-
chinery (91).

Both the E. coli and the rabbit reticulocyte protein biosynthetic ma-
chinery also incorporate a-hydroxy acids such as lactic, glycolic, and
phenyllactic acid as well as mercapto acids (14, 22, 31). The resulting
ester linkages, while similar in structure, are much easier to hydrolyze
than amide linkages. A novel feature of mutants containing a-hydroxy
acids is their clean and rapid hydrolysis under the SDS-PAGE condi-
tions (17, 28). For example, T4 lysozyme (T4L) containing an Ala82
— Lac replacement retained wild-type enzymatic activity, and a band
at the expected 18.7 kDa was observed when SDS-PAGE was carried
out in a neutral pH buffer system. When the standard pH 8.8~9.0 buffer
was used, a band at ~8 kDa was observed, which is consistent with
hydrolysis at position 82. If any of the 20 natural amino acids had been
inserted in response to the UAG signal at position 82 in this mutant,
an amide linkage would have been formed that is stable to the alkaline
conditions of conventional SDS-PAGE. The fact that no 18.7-kDa band
was observed even when the gel was heavily overloaded reinforces the
fact that heterogenous incorporation of natural amino acids does not
occur.

The translational machinery accommodates various other backbone
mutations. N-methyl-L-phenylalanine (rabbit reticulocyte), N-methyl-
glycine (E. coli), and N-methyl-L-alanine (E. coli) are site-specifically
incorporated into proteins, whereas N-ethyl-L-alanine is not (28). The
E. coli system accepts pipecolinic acid, the six-membered version of
proline, but will not incorporate the ring-contracted proline analogues
aziridine-2-carboxylic acid and azetidine-2-carboxylic acid (this exclu-
sion may stem from chemical instability rather than from discrimination
by the biosynthesis machincry). However, other investigators (36; DA
Tirrell & TJ Deming, personal communication) have reported the suc-
cessful biosynthetic incorporation of L-azetidine-2-carboxylic acid into
polypeptides. Other types of backbone replacements for a-amino acids
that have been examined include 8- and y-amino acids such as $-ala-
nine, y-aminobutyric acid, and longer variants (D Mendel, JA Ellman
& PG Schultz, unpublished results) as well as dipeptides and dipeptide
mimetics (5). To date, attempts to incorporate these amino acids using
either E. coli or rabbit reticulocyte lysate systems have proven unsuc-
cessful.
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The precise structure of an amino acid also influences its suppression
efficiency dramatically. For example, even though the spin labels in
Figure 10 (analogues 24 and 25, see Figure 10, below) both contain the
1-oxyl-2,2,5,5-tetramethylpyrroline N-oxide group, only analogue 24
could be incorporated in vitro (Figure 10, below) (20). In addition,
suppression efficiencies may vary with the nature of the in vitro protein-
synthesis system (prokaryotic vs eukaryotic). Both systems prohibit
p-amino acid integration into peptide chains, and both systems readily
accept a-hydroxy acids and N-methylamino acids. However, signifi-
cant differences exist between the two systems for specific amino acids:
L-2-amino-3,3-dimethylbutanoic acid is efficiently incorporated in the
E. coli system but functions poorly in a rabbit reticulocyte system (5,
68). The situation is reversed for 2-amino-4-phosphonobutyric acid, a
nonhydrolyzable phosphoserine analogue that is well tolerated in the
rabbit reticulocyte system but that failed completely when tested with
the E. coli extract (5; JA Ellman & PG Schultz, unpublished results).
Finally, in contrast to in vivo results (9, 74), there appears to be little
correlation between the codons adjacent to the UAG codon and
suppression efficiencies (20). As the range of unnatural amino acids
that are substituted into proteins expands, this methodology should
provide additional insights into the specificity of the translational ma-
chinery and the factors governing in vitro suppression efficiency.

Future work will focus on broadening the scope of the methodology
by increasing protein yields, by minimizing the effect of the amino acid
identity on suppression efficiency, and by developing ways to introduce
more than one unnatural amino acid into a protein at a time. Efforts
to improve protein yields will require improvements in in vitro protein
synthesis. Higher protein yields may be achieved using in vitro systems
derived from other sources (38) or alternative approaches, such as con-
tinuous flow in vitro systems (103). Alternatively, because the E. coli
transcription-translation system is active at 37°C for only ~1 hour,
protein expression levels may be increased by using other lysates, such
as lysed spheroplasts, capable of supporting protein synthesis for longer
periods (61, 78).

Suppression efficiencies may be improved by (a) altering nucleotides
in the tRNA molecule involved in tRNA recognition by the elongation
factors, the ribosome, or the aminoacyl-tRNA synthetases; (b) utilizing
suppressor tRNAs from different species; (c) deleting release factor-1
(E. coli), which competes with the suppressor tRNA for recognition of
the UAG codon, from the in vitro extract (55); or (d) modifying the
specificity of EF-Tu. The production of proteins containing several
unnatural amino acids is another goal. A single unnatural amino acid
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can be incorporated at more than one position in a protein simply by
introducing several UAG codons in the coding sequence (VW Cornish
& PG Schultz, unpublished results). Preliminary efforts to insert differ-
ent unnatural amino acids into the same protein have focused on using
the other nonsense codons (D Mendel & PG Schultz, unpublished re-
sults), infrequently occurring codons (in the latter approach the tRNA
must be engineered to eliminate recognition by the corresponding
aminoacyl-tRNA synthetase) (18), or a sixty-fifth codon composed of
nonstandard nucleotides (4).

Finally, in an exciting recent development in the field, the stop co-
don-suppression methodology has been extended to the incorporation
of unnatural amino acids into intact eukaryotic cells (81). A Xenopus
laevis oocyte was coinjected with two mutant RNA species: (a) mRNA
that was synthesized in vitro from a mutated cDNA clone and that
contained the stop codon UAG at the residue of interest and (b) a
suppressor tRNA that had been synthetically acylated with a series
of unnatural amino acids. During translation by the oocyte’s protein
synthetic machinery, the unnatural amino acids were specifically incor-
porated at position 198 in the binding site of the nicotinic acetylcholine
receptor a-subunit. Subtle changes in the structures of the amino acids
resulted in readily detectable changes in the function of this ligand-
gated ion channel as determined by electrophysiological analysis. This
work suggests that unnatural amino acid mutagenesis may be applied
to many questions concerning the structural and functional aspects of
ion channels, receptors, and transporters.

APPLICATIONS

This section discusses several applications of the methodology in order
to illustrate its scope as well as questions that can be addressed when
unnatural amino acids are incorporated into proteins. These examples
include studies of protein stability, enzyme mechanism, and signal
transduction; the construction of photocaged proteins; and the site-
specific incorporation of biophysical probes into proteins.

Protein Stability

Site-directed mutagenesis has contributed significantly to our under-
standing of the factors that determine the stability of proteins. How-
ever, because few structurally and electronically conservative changes
can be made using the 20 natural amino acids, it is difficult to break
down the energetic effects of a given mutation in terms of the contribu-
tions from van der Waals interactions, conformational entropy, hydro-
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gen bonds, and other forces. The use of unnatural amino acids should
allow us to make more defined mutations in proteins, thereby gaining
a more precise picture of the forces that govern protein stability.

An outstanding issue in the protein stability and folding literature is
the role of hydrogen bonding. Although hydrogen bonds clearly play
an important role in determining the secondary and tertiary structure
of proteins (86, 87), the magnitude of their contribution to protein stabil-
ity has been difficult to assess (46, 95). Values of hydrogen-bond stabili-
zation determined from mutational studies, in which one member of a
hydrogen-bonded pair is deleted, vary considerably depending upon
the nature and local environment of the hydrogen bond (25, 32). For
example, two nondisruptive hydrogen-bond deletions (Tyr78 — Phe
and Ser91 — Ala) in barnase each account for 1.4-1.9 kcal mol ! in
protein stabilization (33). On the other hand, deletion of a hydrogen
bond in the active site of barnase had no effect on protein stability (67).
As pointed out above, a concern in all such mutational studies is the
possibility of introducing additional destabilizing interactions by leav-
ing unfilled hydrogen-bond donors or acceptors and/or altering local
solvation and packing interactions.

In an effort to determine the degree to which side-chain hydrogen
bonding stabilizes the folded state of proteins while minimizing the
steric and electronic perturbations associated with deleting one member
of a hydrogen-bonded pair, Tyr27 in staphylococcal nuclease was sub-
stituted with each of several isosteric, fluorinated tyrosine analogues,
including 2-fluorotyrosine (analogue 1), 3-fluorotyrosine (analogue 2),
and tetrafluorotyrosine (analogue 3), as well as 2,3,5,6-tetrafluorophe-
nylalanine (analogue 4) and phenylalanine (analogue 5) (Figure 4a)
(105). These mutants were designed in order to examine the effect of
increasing the strength of the Tyr27-Glu10 hydrogen bond on protein
stability. Denaturation studies of the corresponding mutants revealed
a unique free-energy correlation between AAGy,0 (@ = 0.35) and the
pK. of the Tyr27 hydroxyl group (Figure 4b). Indeed, substitution of
Tyr (pKa. = 10) with tetrafluoro-L-tyrosine (pK, = 5) increased the
stability of staphylococcal nuclease (SNase) by 2.3 kcal mol . This
experiment provides strong evidence that side-chain intramolecular hy-
drogen bonds can preferentially stabilize the folded state of a protein
relative to the unfolded state in water.

The role of backbone hydrogen bonds in determining the stability of
the folded state of a protein was also examined (25). The surface amino
acid Ala82 in T4L was replaced with the isostere lactic acid (Figure
4c) (28). Ala82 resides at a break between two helices where its NH
group and side chain are exposed to water. The Ala82 — lactate muta-
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tion effectively replaces a good hydrogen-bond acceptor, the amide
carbonyl group, with a considerably weaker hydrogen-bond acceptor,
the ester carbonyl group (51). Because both esters and amides usually
adopt the trans conformation (110), the 3.7°C (1.0 kcal mol ~!) decrease
in melting temperature (stability) caused by this substitution again likely
reflects the stabilization energy associated with variations in hydrogen-
bond strength.

Site-directed mutagenesis studies have also contributed much to our
understanding of the role the hydrophobic effect plays in protein stabili-
zation (25, 66). However, the limited substitutions that can be made
with the common amino acids quite often lead to changes in factors
other than hydrophobicity. For example, in T4 lysozyme (T4L), a rela-
tively large cavity extends beyond the side chains of Leul33 and Ala129
into the core of the enzyme (52). In an attempt to increase hydrophobic-
core packing density and, as a consequence, thermal stability, proteins
containing the mutations Leul33 — Phe and Alal29 — Val were con-
structed (52). In both cases, the mutant enzymes were less thermally
stable than the wild-type enzyme because of unfavorable packing inter-
actions that increased local strain energy. In contrast, mutagenesis with
nonproteiogenic amino acids successfully extended the aliphatic side
chain of Leul33 into the T4 lysozyme core without increasing strain
energy, thereby affording mutants significantly more stable than wild-
type (69). Specifically, when Leul33 was replaced with S,S-2-amino-
4-methylhexanoic acid (analogue 7) and S-2-amino-3-cyclopentylpropa-
noic acid (analogue 8) (Figure 5), the mutant T4Ls melted at tempera-
tures 1.9°C (0.6 kcal mol~! more stable) and 4.3°C (1.2 kcal mol !
more stable) higher, respectively, than wild-type. Interestingly, the sur-
face areas of these two amino acids differ by only ~1 A2, demonstrating
that burial of hydrophobic surface area was not the sole factor contrib-

[0} (0] [0}
/NOH WOH \/\‘/‘kOH
NH, NH, NH,
7 8 9
0 o] o]
/YKOH \HJ\OH ~N O/Ykoﬂ
NH, NH, NH,
10 11 12

Figure 5 Structure of amino acids substituted for Leul33 in T4L.
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uting to increased stability. Relative to the unfolded state, the cyclic
variant loses less conformational entropy during folding than does the
open chain variant, thus leading to a more stably folded protein.

A complement to experiments aimed at increasing packing density
involved systematic pruning of the Leul33 side chain to determine the
effect of enlarging the cavity within T4L. Substitution of S-2-aminopen-
tanoic acid (analogue 9), S-2-aminobutyric acid (analogue 10), or ala-
nine (analogue 11) for Leul33 (Figure 5) resulted in a nonlinear relation-
ship between hydrophobic side-chain length and enzyme stability, in
which the enzyme became increasingly unstable with removal of each
methylene unit from its core (69). Semiquantitative estimates of AAG
values agreed well with the experimental values and suggest that sta-
bilization results not only from hydrophobic effects, but also from en-
tropic-, packing-, and cavity-energy terms.

Mutagenesis with nonproteiogenic amino acids has also been used
to examine the effects of side-chain solvation on protein stability. We
found that T4L containing S-2-aminopentanoic acid-133 (analogue 9)
was more stable than the O-methylserine-133 (analogue 12) mutant by
1.7 kcal mol ~ ! (Figure 5) (69). This stabilization can be ascribed almost
totally to the less polar nature of norvaline compared with O-methylser-
ine because such isostructural replacements are unlikely to have signifi-
cantly different packing interactions or side-chain conformational en-
tropies. Similarly, the difference in the octanol-water partitioning ratios
obtained with the N-acetyl amide derivatives of S-2-aminopentanoic
acid and O-methylserine favored S-2-aminopentanoic acid in octanol
by 1.8 kcal mol ' and provided further evidence that octanol-water
partitioning values accurately reflect solvation effects on protein stabil-
ity (69).

The effect of B-branched amino acids on protein stability was exam-
ined by comparing mutant proteins containing alanine (analogue 11), L-
2-aminobutanoic acid (analogue 10), L-2-aminopentanoic acid (analogue
9), valine (analogue 13), L-2-aminohexanoic acid (analogue 14), and L-2-
amino-3,3-dimethylbutanoic acid (analogue 15) at two surface-exposed
sites in the middle of two a-helices in T4L (Figure 6) (21). The natural
B-branched amino acids valine, isoleucine, and threonine are thought
to destabilize a-helices. These amino acids occur infrequently relative
to amino acids such as leucine in a-helices in known protein structures,
and they destabilize a-helical peptides and protein a-helices (7, 100).
For example, when a series of linear and branched amino acids were
incorporated into an a-helical peptide, the 8-branched amino acids were
destabilizing relative to the linear and y-branched amino acids (65).
Substitution of L-2-amino-3,3-dimethylbutanoic acid for L-2-aminohex-



Annu. Rev. Biophys. Biomal. Struct. 1995.24:435-462. Downloaded from www.annualreviews.org
Access provided by Columbia University on 08/12/22. For personal use only

450  MENDEL, CORNISH & SCHULTZ

o 0 0
\HJ\OH /\HJ\OI 1 \/ﬁ)kon

NH, NH, NH,
11 10 9
0 [#] (}
MOH /\/\chm ><HJ\OH
NH, NH, N,
13 14 15

Figure 6 Examples of molecules designed to probe the effects of B-substitution on helix
stability in a protein.

anoic acid or alanine destabilizes the peptide by 0.9 kcal mol~!. The
same substitution, however, either destabilizes T4L by 0.69 kcal mol ~!
(2.5°C) at site Ser44 or stabilizes the protein by 0.27 kcal mol ! (1.0°C)
at site Asn68. This difference illustrates the difficulty of delineating
simple rules as to which factors stabilize or destabilize proteins given
the influence of context effects. In addition, the stabilities and simu-
lated structures of the L-2-amino-3,3-dimethylbutanoic acid mutants
have provided insight into the effects of 8-branched side chains on a-
helix stability in proteins (69). These results underscore the difficulty
in interpreting mutagenesis data when more than one property of an
amino acid is being altered at once. The ability to precisely alter the
structure of an amino acid should allow us to better dissect the individ-
ual contributions of hydrophobicity, packing, entropy, and cavity for-
mation on protein stability. We are currently extending these studies
to hydrogen-bonding, 7-7, and #r-ion interactions in protein interiors.

Enzyme Mechanism

Unnatural amino acid mutagenesis also is being used to probe the cata-
lytic mechanisms of several enzymes including staphylococcal
nuclease, aspartate aminotransferase, methionine aminopeptidase,
and ribonucleotide reductase. The enzyme staphylococcal nuclease
(SNase) accelerates the hydrolysis of phosphodiester bonds in nucleic
acids some 10'6-fold over the uncatalyzed rate. This enzyme has been
the subject of many structural, mechanistic, and mutagenesis studies
aimed at understanding how enzymes can achieve such extraordinary
rate enhancements (63, 108, 109). Based on these studies, it has been
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suggested that general base catalysis contributes significantly to the
catalytic efficiency of this enzyme. Specifically, Glu43 in SNase is
thought to act as a general base to activate a water molecule for attack
on the phosphodiester backbone of DNA. Glu43 is known to be impor-
tant for catalysis because replacement by the natural amino acids Asp
and GIn results in a significant loss in activity (43).

Surprisingly, substitution of Glu43 with either homoglutamate (ana-
logue 18) or the nitro analogue S-4-nitro-2-aminobutyric acid (analogue
17), which is both isoelectronic and isosteric to glutamate (analogue 16)
but a much poorer base, yielded mutant enzymes with kinetic constants
markedly similar to those of wild-type SNase under normal assay condi-
tions (Figure 7) (47). The catalytic efficiencies of these mutants, cou-
pled with their pH behavior and the crystal structure of the HGlu43
mutant, suggest that Glu43 may not be acting as a base but rather may
play a structural role, serving as a bidentate hydrogen-bond acceptor
to fix the conformation of the neighboring loop. Independent studies
by Gerlt, in which the loop adjacent to Glu43 was deleted from SNase,
have led to the same conclusion (39). Homoglutamate replacements
would be of interest in other proteins as well. Conventional mutagenesis
on triose phosphate isomerase (TIM) revealed that the Glul65 — Asp
mutation dramatically decreases the catalytic efficiency of TIM (56).

Amino Acid Vmax (Azgomin pgy  KyPMA (ug/mL)

KMC22+ (1M)

o
'OM ot 67407 813 320430
NH,
16

i
N CO,H
o \/\( ? 30405 2%6+8 470440
NH,
17

, -0 COH
M 52%02 102 290+ 30
o NH,

| 18
|

Figure 7 Catalytic efficiencies of wild-type SNase and the mutant enzymes Glu43 —
S-2-amino-4-nitrobutanoic acid and Glu43 — homoglutamate.
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It would be of interest to ask how the Glul65 — HGlu replacement
would affect the catalytic power of TIM.

As with staphylococcal nuclease, we also asked how varying the pK,
of active site residues affected T4L activity. y-Fluoroglutamic (FGlu)
acid has a pK, about 2-3 units lower than glutamic acid. Not only did
the Glul1 — FGlu T4L retain a high degree of enzyme activity, but also
the pH optimum for cell wall hydrolysis was not significantly shifted (D
Mendel, JA Ellman & PG Schultz, unpublished results). These results
suggest that Glull is active in the fully deprotonated state in wild-
type T4L, possibly providing electrostatic stabilization to the transition
state. The glutamate esters -methylglutamate and 8-methyl-vy-fluoro-
glutamate were also substituted for Glull in T4L, but both yielded
inactive enzyme (D Mendel, JA Ellman & PG Schultz, unpublished
results).

Signal Transduction

Unnatural amino acid mutagenesis has been used to probe the role of
ras p21 in cellular signal-transduction pathways. Mammalian proteins
encoded by the ras genes are thought to function as regulators of var-
ious signal-transduction processes involved in cell growth and differen-
tiation (6, 8, 102). The chemical basis for signal regulation involves
cycling of the protein between the inactive guanosine diphosphate
(GDP)-bound state and the active guanosine triphosphate
(GTP)-bound state. Point mutations that result in a decrease in the
intrinsic GTPase activity of ras or of the GTPase-activating protein
(GAP)-stimulated GTPase activity are associated with approximately
30% of human cancers (8, 107). In order to better understand the molec-
ular basis by which mutations inras lead to switch inactivation, we have
substituted a series of unnatural amino acids (Figure 8) for residues in

o) o
[
+
o OH OH
NH, OH N~ “coH
17 19 20
o) o)
CO,H
H,N
OH OH
N
(o] NH, NHMe H
21 22 23

Figure 8 Structures of some unnatural amino acids used to probe the switch function
of ras.



Annu. Rev. Biophys. Biomal. Struct. 1995.24:435-462. Downloaded from www.annualreviews.org
Access provided by Columbia University on 08/12/22. For personal use only

EXPANDED GENETIC CODE 453

loop L4 (the switch II region), loop L2 (the switch I region), and loop
L1 (the phosphate-binding loop) (15-17).

Mutations at Gln61 commonly lead to impaired intrinsic GTPase ac-
tivity. This residue lies in loop L4 of ras, a region that undergoes confor-
mational change upon GTP-GDP exchange. Biochemical studies and
the elucidation of the three-dimensional X-ray crystal structures of the
GTP-, Gpp(CH,)p-, and Gpp(NH)p-bound forms of ras have led to the
proposal that GIn61 is critical for y-phosphate binding and catalysis (58,
73, 83, 90). Specifically, it has been proposed that the y-carboxamide of
GIn61 either polarizes water molecule 175 for attack on the y-phosphate
or stabilizes the incipient pentacoordinate transition state. To test these
mechanistic hypotheses, we replaced GIn61 with the isoelectronic, iso-
steric nitro analogue (analogue 17) and with homoglutamine (analogue
21) (Figure 8) (17). Whereas 17 natural mutants at position 61 have
reduced GTPase activity and are not activated by GAP, both Glu —
analogue 17 and Glu — analogue 21 mutants had GTPase activity similar
to that of the wild-type protein and were activated by GAP. The fact
that these mutants retained activity suggests that residue 61 plays some
other role in catalysis, perhaps serving to distort the bound GTP toward
the transition-state geometry.

Mutations at Gly12 of ras also result in impaired intrinsic GTPase
activity and are commonly associated with oncogenic activation (8,
101). Gly12 occurs in a highly conserved type II 8-turn, a phosphate-
binding loop found in many nucleotide-binding proteins (34, 111). Muta-
tion of Glyl2 to any common amino acid other than proline results in
diminished GTPase activity (101). To more fully understand the role of
Gly12 in switch function, severalresidues with backbone modifications
were inserted at this site, including lactic acid (Lac) (analogue 19),
pipecolic acid (Pip) (analogue 20), and N-methylglycine (MeGly) (ana-
logue 22) (Figure 8) (17). The pipecolic acid mutant, which was ex-
pected to have a much more negative ¢ value than Glyl2, retained
GTPase activity similar to that of wild-type ras. The N-methylglycine
mutant also had wild-type GTPase activity (Ne methyl substitution also
decreases ¢ values). Whereas the Alal2 mutant had reduced GTPase
activity, the isosteric lactic acid mutant, in which the backbone amide
linkage is replaced by an ester linkage, had normal GTPase activity.
The fact that only mutants that can adopt unusual backbone conforma-
tions are active suggests that a specific conformation of the loop L1
backbone may be required to avoid unfavorable side-chain interactions
in the transition state for GTP hydrolysis. However, even though the
Prol2, Pipl2, Lacl2, and MeGly12 mutants had intrinsic GTPase activ-
ity similar to that of wild-type ras, they were not activated by GAP.
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Moreover, the Gly13 — Thr, Gly13 — allo Thr, and Gly13 — Ser mu-
tants, which have intrinsic GTPase activity two to three times that of
wild-type ras (attributable to the B-hydroxyl group), were not activated
by GAP and were not transforming in a germinal vesicle breakdown
assay with X. laevis oocytes. One interpretation of these results is that
loop L1 can adopt two or more conformations in solution and that its
positioning by one or more effector proteins modulates GTPase activity
and oncogenic activation. The unusual backbone structures of the
Gly12 and Gly13 mutants may prevent switch function.

The role of Pro34 in loop L2 function was also probed by substituting
amino acids containing novel backbone structures for Pro34. The most
significant difference between the GTP- and GDP-bound forms of ras
is in the region encompassing residues 32—-40 (58, 73, 84, 90). It has
been proposed that Pro34, which is conserved in ras and is close to
the active site, may play a role in controlling the conformation of loop
L2, perhaps via a cis-trans isomerization of the Pro34 amide bond (84).
To examine the structural and mechanistic role of this residue more
precisely, Pro34 was replaced with 2,4-methanoproline (analogue 23)
(Figure 8), which is strongly biased toward the trans configuration by
virtue of the Ca substitution (15). The fact that this mutant has wild-
typeintrinsic and GAP-activated GTPase activity strongly suggests that
a cis-trans isomerization of Pro34 does not play a key role in signal
transduction. Similar substitutions may be useful in probing the role of
backbone isomerization in protein-folding pathways.

Novel Functional Substitutions

Unnatural amino acid mutagenesis also allows the substitution of amino
acids possessing novel spectroscopic properties including fluorescent,
photoactivatable, or EPR- or NMR-active amino acid replacements.

PHOTOACTIVERESIDUES Photoactivatable, or caged molecules, possess
inactivating protecting groups that can be rapidly removed (<1 ms) to
generate the active form of an agonist, substrate, or inhibitor. Caged
molecules provide a noninvasive method for controlling a variety of
biochemical and cellular processes, including intracellular second-mes-
senger concentrations (85, 98). In the past, such studies have usually
used low-molecular-weight caged compounds. Unnatural amino acid
mutagenesis simplifies the construction of caged macromolecules bear-
ing one or more blocked side-chain groups (71). For example, active-
site residue Asp20, which is essential for catalytic activity in T4 lyso-
zyme, when masked as the B-nitrobenzyl ester (NBAsp) in T4L yielded
an enzyme that could be photoactivated. Although the nitrobenzyl ester
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was incorporated with much better efficiency than native aspartic acid,
enzymes containing the ester were completely inactive. Photolysis at
350 nm rapidly converted the ester to its parent acid, resulting in full
enzymatic activity. In a second example, a serine residue thought to
be involved in the self-splicing reaction of the protein vent DNA poly-
merase was replaced by O-nitrobenzylserine (Figure 9) (18a). The re-
sulting caged polymerase did not undergo the self-splicing reaction,
allowing the full-length protein to be isolated. Photolysis of the un-
spliced protein resulted in loss of the nitrobenzyl protecting group and
subsequent protein splicing. This result demonstrates unequivocally
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Figure 9 Photactivated self-splicing of vent polymerase using a caged serine analogue.



Annu. Rev. Biophys. Biomal. Struct. 1995.24:435-462. Downloaded from www.annualreviews.org
Access provided by Columbia University on 08/12/22. For personal use only

456 MENDEL, CORNISH & SCHULTZ

that protein splicing occurs at the posttranslational level. The ability
to construct caged proteins of this sort should make possible a broad
range of time-resolved experiments relevant to catalytic mechanism,
biomolecular recognition, and protein folding.

Beyond simply masking native side chains, photoactivatable side
chains can be used to cross-link proteins with unknown target mole-
cules. Thus far, amino acids that form nitrene, carbene, and ketyl radi-
cal active species have been successfully incorporated into p21ras and
T4L at specific positions (20; JA Ellman, DR Benson & PG Schultz,
unpublished results). Photoaffinity probes can in principle be used to
identify key components involved in complex biochemical processes,
e.g. signal transduction or gene activation.

REPORTER GROUPS Biophysical probes have been incorporated into
proteins using unnatural amino acid mutagenesis. For example, spin
labels and fluorescent amino acids have been site-specifically incorpo-
rated into T4L (Figure 10) (20). Taking advantage of recent loop-gap
resonator technology, we (20) measured the ESR spectrum of approxi-
mately 10 ul of a 1 uM solution of purified T4L containing a spin-
labeled amino acid (analogue 24) at position 44. Linewidth analysis of
the ESR spectrum revealed that the label was immobilized, consistent
with it being protein-bound. Replacement of one of the tryptophans in
T4L by 7-azatryptophan (analogue 26) resulted in a red shift in T4L’s
fluorescent emission maxima. The red shift, however, was not as large
as seen in model systems in which water was the solvent, not a protein.

Unnatural amino acid mutagenesis has been employed to site-specifi-
cally insert isotopically enriched amino acids into proteins for NMR

Figure 10 Structure of some biophysical probes tested for incorporation in T4L.
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studies. A sufficient quantity of purified T4L specifically labeled at site
Ala82 with ['3C]Ala was produced to observe the proton resonances
of the selectively labeled protein, in both the native and denatured
states, using '3*C-filtered NMR (Figure 11) (30). The ability to site-spe-
cifically incorporate probes capable of detecting local structure and
dynamics into proteins should allow for more precise studies of protein
folding and stability; conformational changes in proteins; and the inter-
action of proteins with other proteins, small molecules, and mem-
branes. For example, it should be possible to carry out spectroscopy on
both the folded and unfolded states of proteins, compare denaturation
curves for various regions of a protein, or probe local structural changes
that occur during protein translocation.

CONCLUSION

The ability to incorporate unnatural amino acids into proteins site-spe-
cifically makes it possible to carry out detailed physical organic studies
on this important class of molecules. Mutations can be made to probe
the precise nature of an individual amino acid’s contribution to protein
structure or function, often without dramatic losses in activity. This
methodology should provide new insights into and perhaps challenge
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assumptions about the nature of protein structure and function. In addi-
tion, it may be possible to generate mutant proteins with novel func-
tions. What remains is to increase the protein quantities obtainable
and to find ways to bypass the specificity of the protein-biosynthetic
machinery so that more diverse amino acid structures can be incorpo-
rated to add to the power of this approach.
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