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Probing Protein Structure and Function with an Expanded Genetic Code 

Virginia W. Cornish, David Mendel, and Peter G. Schultz" 

A general biosynthetic method has been 
developed which makes it possible to 
site-specifically incorporate unnatural 
amino acids with novel properties into 
proteins. In this approach the codon en- 
coding the amino acid of interest is re- 
placed with the "blank" nonsense codon 
UAG by oligonucleotide-directed muta- 
genesis. A suppressor tRNA that recog- 
nizes this codon is generated by run-off 
transcription and then chemically amino- 
acylated with the desired unnatural 
amino acid. Addition of the mutage- 

nized gene and the aminoacylated sup- 
pressor tRNA to an in vitro extract ca- 
pable of supporting protein biosynthesis 
generates a mutant protein containing 
the unnatural amino acid at  the specified 
position. This methodology has recently 
been used to study the stability, specific- 
ity, and catalytic properties of a number 
of proteins. In these studies amino acids 
and analogues possessing altered hydro- 
gen-bonding, electronic. and steric prop- 
erties and unique backbone conforma- 
tions have all been site-specifically in- 

corporated into proteins. In addition, 
photoactivatable amino acids, isotopi- 
cally labeled amino acids, and amino 
acids bearing biophysical probes have 
been inserted site-specifically . This 
chemistry increases our ability to carry 
out detailed physical organic studies 
on this important class of macromolec- 
ules. 
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1. Introduction 

Proteins are a t  the crossroads of virtually every biological 
process, including signal transduction, catalysis, gene regula- 
tion, and the immune response. Yet we still understand little 
about the mechanisms whereby these biopolymers, composed of 
twenty simple building blocks, carry out their remarkable range 
of functions. One important tool for probing the forces that 
govern protein structure and folding, biomolecular recognition, 
and catalysis is site-directed mutagenesis. This method makes it 
possible to substitute a specific amino acid in a protein with any 
of the other nineteen common amino acids.['*21 However, in 
contrast to studies of small molecules for which analogues with 
virtually any structural changes can be synthesized, changes in 
protein structure a t  a given site are limited to the common 
amino acids. Ideally, one would like to tailor the steric or elec- 
tronic properties of an amino acid in a protein to address a 
specific structure-function question. Desired changes might 
include modifying the acidity, nucleophilicity, hydrogen-bond- 
ing, or hydrophobic properties of an amino acid side chain; 
altering or restricting the protein backbone conformation; or 
introducing biophysical probes such as spin labels or isotopic 
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labels at a specific position within a protein. The possibility of 
substituting such unnatural amino acids, beyond those specified 
by the genetic code, would greatly expand our ability to manip- 
ulate and study protein structure and function and may allow 
for the generation of new proteins with novel properties. 

A number of methods can be used to incorporate unnatural 
amino acids into proteins. Solid-phase peptide synthesis, partic- 
ularly recent advances in the segment synthesis-condensation 
approach,13] has allowed for the synthesis of small proteins 
( I  12 kDa) containing novel amino acids in milligram quanti- 
ties.L4- ' ' I  Protein semisynthesis, in which a synthetic peptide is 
ligated to a protein fragment to produce a full-length protein, 
has been used to incorporate unnatural amino acids into 
proteins."', 13] This approach is complicated by the need to 
cleave the protein specifically at the peptide ligation site and by 
difficulties in coupling the protein and peptide termini selective- 
ly. Chemical modification also has been used to introduce a 
variety of unnatural side chains into proteins including cofac- 
tors, spin labels, and o l i g o n u c l e ~ t i d e s , ~ ~ ~ - ~ ~ ~  In this method, 
however, substitutions are largely restricted to simple deriva- 
tives of reactive amino acid side chains (e.g. lysine, cysteine, 
tyrosine) on the protein surface. Alternatively, biosynthetic 
methods that employ chemically modified aminoacyl-tRNAs 
have been used to  incorporate a number of biophysical probes 
into proteins synthesized in vitro.[2'' 2'] This approach is limit- 
ed, though, because mutations are restricted to derivatives of the 
natural amino acids and the modified amino acid is substituted 
at multiple sites. Furthermore, both the modified and natural 
amino acids are incorporated at  the site of interest because of 
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difficulties in removing endogenous aminoacyl-tRNA from the 
in vitro extract. 

Recently, a biosynthetic approach has been developed which 
for the first time makes possible the site-specific incorporation 
of a large variety of unnatural amino acids into  protein^.[^^-^'] 
In this article we describe the methodology as well as its current 
scope and limitations. In addition, applications are described in 
which the substitution of unnatural amino acids with novel elec- 
tronic, steric, and biophysical properties into proteins has pro- 
vided new insights into the mechanisms of enzymatic catalysis, 
protein stability, and biomolecular recognition. 

2. The Methodology 

2.1. Design Considerations 

The ability to incorporate unnatural amino acids site-specifi- 
cally into proteins depends on the following observations: 1) 
Although three stop codons (UAA, UAG, and UGA) exist, 
only one is required for the termination of protein synthesis 
(Scheme I ) ,  leaving two “blanks” in the genetic code 
(Scheme 2 ) . r 2 6 3 2 7 1  2) Suppressor tRNAs, tRNAs that insert one 
of the common amino acids in response to a stop codon, func- 
tion efficiently in vivo and in vitro.[”] 3) Anticodon-codon 
recognition is independent of the amino acid at the acceptor 
stem of the tRNA (the adaptor h y p o t h e ~ i s ) . [ ~ ~ * ~ ~ ]  4) The trans- 
lational machinery shows relatively broad substrate specifici- 
ty.[31, 321 In light of these facts, the following strategy was devel- 
oped (Scheme 3). The codon for the amino acid of interest is 
replaced with the stop codon UAG through standard oligonu- 
cleotide-directed m~tagenes is . [~~]  A suppressor tRNA that rec- 
ognizes this codon is chemically acylated with the desired unnat- 
ural amino acid. Addition of the mutagenized gene or mRNA 
and the aminoacylated suppressor tRNA to an in vitro extract 
capable of supporting protein biosynthesis generates a mutant 
protein containing the unnatural amino acid at the desired posi- 
t i~n . [ ’~*  241 The development of this methodology requires the 

generation of the requisite suppressor tRNA, a general method 
for acylating the tRNA with unnatural amino acids, and the 
synthesis of sufficient protein in vitro for meaningful mechanis- 
tic or structural studies. 

2.2. The Suppressor tRNA 

The facile incorporation of an unnatural amino acid into a 
protein requires a tRNA that is recognized by the protein 
biosynthetic machinery sufficiently well to suppress a stop 
codon with high efficiency. This suppressor tRNA, however, 
cannot be a substrate for any of the aminoacyl-tRNA syn- 
thetases 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 aminoacyla- 
tion with one of the common twenty amino acids. This recogni- 
tion would result in either low suppression efficiencies or incor- 
poration of a common amino acid, as well as the desired 
unnatural amino acid, in response to the stop codon. 

We initially chose to construct an amber suppressor tRNA (a 
tRNA that recognizes the stop codon UAG) derived from yeast 
phenylalanyl-tRNA in which residues 34 to 37 have been re- 
placed by 5’-CUAA-3’[341 (in accord with Yarus’ rule) .C3’ - 371 

This suppressor tRNA is known to function efficiently in vit- 
r0[341 and is likely to be a poor substrate for the E. coli amino- 
acyl-tRNA s y n t h e t a s e ~ . ~ ~ ~ ]  Alternatively, a suppressor tRNA 
derived from E. coli tRNAG’y[391 has been used to suppress 
UAG codons in short peptides in a rabbit reticulocyte transla- 
tion Both suppressor tRNAs can be readily prepared 
in relatively large quantities by run-off transcription 
(Scheme 4) .140.411 Even though these tRNAs are produced in 
vitro and likely do not contain modified bases,[421 both incorpo- 
rate unnatural amino acids efficiently and exhibit little read- 
through (incorporation of any amino acid other than the desired 
unnatural amino acid in response to the UAG codon) at optimal 
Mg’ + concentrations. 
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Scheme 1 .  Schematic representation of protein biosynthesis: a) binding of the 
aminoacyl-tRNA to the ribosomal complex; b) peptide bond formation; c) dissoci- 
ation of the dedcylated tRNA; d) ribosome translocation. 

2.3. Aminoacylation of the tRNA 

With the suppressor tRNA in hand, a general method for 
acylation of the tRNA with any unnatural amino acid had to be 
developed. Enzymatic aminoacylation of the tRNA with 
aminoacyl-tRNA synthetases is not general because of the high 
specificity of these  enzyme^.[^^*^^] Direct chemical acylation is 
probably not practical owing to the large number of reactive 
sites in the tRNA. Consequently, a modification of a two-step 

UAU 
UAC ) Tyr 
:it] TERM UGA TERM 

UGG Trp 

$:] Phe 

$$) Leu UCG 

Scheme 2.  The genetic code, TERM = termination codon 
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Scheme 3 .  Method for the site-specific incorpora- 
tion of unnatural amino acids. aa = amino acid. Suppressor ~RNA<* 
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Scheme 4. Preparation of tRNAFEA by run-off transcription. The heavy line repre- 
sents the DNA sequence coding tRNA;;:. A) 1. T7 RNA polymerase, NTPs; 2.  
enzyme extraction, precipitation with EtOH. One thousand copies of tRNA are 
obtained per copy of DNA, in other words, roughly 1 mg tRNA per 30 pg digested 
template DNA. 
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method originally developed by Hecht et al.[4s1 was used in 
which the dinucleotide pCpA is chemically acylated with a N“- 
protected amino acid and then enzymatically ligated to a trun- 
cated tRNA (tRNA-CA missing the terminal dinucleotide pCpA 
at the 3’-acceptor stem) (Scheme 5 )  .[461 The truncated suppres- 
sor tRNA can be generated directly by run-off transcription of 
a FokI linearized plasmid encoding the tRNA gene.1411 

9 0’ NH2 __ 
-0-P=O I (“NJ 

OH OH 

Scheme 5. Strategy for thechemical aminoacylation of tRNAFF’,. R = amino acid 
side cham. 

Acylation of the dinucleotide is complicated by side reactions 
including diacylation and acylation of the exocyclic amino 
groups of the bases which result in low yields of the desired 
product. Moreover, the aminoacyl tRNA linkage itself is rela- 
tively unstable in the pH range (7-8) required for efficient T4 
RNA ligase f ~ n c t i o n . [ ~ ’ . ~ ~ I  We found that the cyanomethyl es- 
ter of an amino acid reacts selectively with the 2’,3’-hydroxyl 
groups of the ribose to give the monoacylated product, obviat- 
ing the need to protect the dinucleotide prior to aminoacylation 
(Scheme 6).[491 In addition, deoxycytidine was substituted for 
cytidine in the dinucleotide, significantly simplifying the synthesis 
and eliminating another 2’-OH group without affecting biologi- 

0 XHN 
I o=p-o- 

nBu4N‘OAc- 

Scheme 6. Simplified acylation of pdCpA using an amino acid cyanomethyl ester. 
R = amino acid side chain. X = protecting group. 

cal activity. The a-amino group of the amino acid and any 
reactive side chains are protected as the nitroveratryloxy 
(NVOC) carbamate, ester, or ether[”. prior to acylation of 
the dinucleotide. These protecting groups can be removed pho- 
tochemically from the intact aminoacyl-tRNA (after ligation) in 
high yield under mildly acidic conditions which prevent deacyla- 
tion of the aminoa~yl-tRNA.[~~I For light-sensitive amino acids 
the biphenylisopropyloxycarbonyl (BPOC) group can be used; 
the BPOC group is cleaved with mild acid from the aminoacyl- 
pdCpA prior to ligation to tRNA-CA.[2S,491 This aminoacyla- 
tion protocol is relatively straightforward, proceeds in high yield 
(both the aminoacylation and ligation reactions), and is applica- 
ble to amino acids with a wide variety of side  chain^.[^^*^^] 
Nevertheless, the generation of a nonspecific “aminoacyl tRNA 
synthetase”, either a lipase, mutagenized synthetase, or a cata- 
lytic antibody, could significantly simplify this step.[”- s41 

2.4. In Vitro Protein Synthesis 

Proteins are synthesized in vitro because no general method- 
ology exists for introducing large quantities of the aminoacylat- 
ed suppressor tRNA into intact, dividing cells.[5 51 We currently 
use an E. coli in vitro transcription/translation protein synthesis 
system.[s6, s 7 s  241 This system consists of an E. coli S-30 extract 
which contains all of the proteins and RNAs required for tran- 
scription and translation. Nucleotide triphosphates, bacterial 
tRNAs, phosphoenolpyruvate, pyrophosphatase, a variety of 
salts (Mg’ + and Ca2+ concentration can significantly affect 
protein yields) and cofactors, and the DNA encoding the gene 
of interest are added to this S-30 extract to reconstitute protein 
synthesis in vitro. 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 scales ranging from 30 pL 
to 5 mL. The requisite S-30 can be prepared reasonably on a 2 L 
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. 
A major limitation of in vitro protein synthesis remains the 
relatively small quantities of protein that can be obtained. Re- 
gardless of whether the protein is synthesized from plasmid 
DNA using an E. coli transcription/translation system or from 
mRNA using a rabbit reticulocyte translation system, protein 
yields greater than 100 pgmL-’ generally have not been 
a c h i e ~ e d . 1 ~ ~ ~  Many factors are known to affect protein expres- 
sion levels in vivo, such as the strength of the RNA polymerase 
promoter, the particular ribosome-binding site, codon usage, 
and mRNA stability and secondary structure.158. 591 Unfortu- 
nately, 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 protein expression in vitro. 

2.5. Scope of the Methodology 

The relatively broad substrate specificity of the elongation 
factors and peptidyl transferase suggested that a wide variety of 
amino acids could be incorporated into  protein^.^^^*^^] This is in 
fact the c a s e o v e r  seventy amino acids have been incorporated 
at more than twenty sites in a variety of proteins by using the 
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above methodology (Scheme 7) .  Conformationally restricted 
amino acids (e.g. 2,4-methanoproline (not shown), cyclo- 
propylglycine, 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, "caged" 
amino acids, sc-hydroxy acids, and amino acids with unusual 
steric properties (e.g. tert-butylglycine) have all been incorpo- 
rated into proteins. Suppression efficiencies can vary widely 
depending on the nature of the amino acid, ranging from 100% 
for substitution of L-norleucine for Gln28 in 434 to 
10 YO for incorporation of a-methyl-L-leucine in T4 lysozyme.[6L] 
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.[61, In general, large hydrophobic 
amino acids such as p-benzoyl-L-phenylalanine are inserted 
with higher efficiency than small amino acids such as alanine 
and glycine. or charged amino acids such as homogluta- 
mate or ornithine. This correlation is in agreement with re- 
ports that large, hydrophobic amino acids such as Trp and 

Phe bind more tightly to the E. coli elongation factor EF- 
Tu than d o  other natural amino acids such as Ala, Glu, and 

The stereochemistry of an amino acid also affects suppression 
efficiency. Although L-amino acids and some a,a-disubstituted 
amino acids such as a-aminoisobutyric acid (AIB) and cyclo- 
pentylglycine can be incorporated into proteins, D-amino acids 
d o  not seem to be accommodated by the translational machin- 
ery.[611 These stereochemical requirements are in agreement, for 
the most part, with previous studies on the affinity of a variety 
of unnatural aminoacyl-tRNAs for E. coli EF-TU and the ribo- 
s0me.1~~1 Interestingly, previous experiments, in which the abil- 
ity of an aminoacyl-tRNA or aminoacyl-CpA to bind to the 
E. coli ribosomal A-site and participate in peptide elongation 
was studied, suggested that achiral amino acids like AIB could 
not be used as substrates by the E.  coli protein biosynthetic 
machinery.[64 - 6 6 1  

A variety of backbone mutations are accomodated by the 
translational machinery.r671 N-Methyl-L-phenylalanine (rabbit 
reticulocyte), N-methylglycine (E. coli) and N-methyl+-alanine 

Lys.[63] 
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Scheme 7 Examples of amino acids and analogues that have been successfully incorporated into proteins 
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(E .  coli) are site-specifically incorporated into proteins, whereas 
N-ethyl-L-alanine is not.[681 Pipecolinic acid, the six-membered 
version of proline, is accepted by the E. coli system, whereas the 
ring-contracted proline analogues aziridine-2-carboxylic acid 
and azetidine-2-carboxylic acid are not. (This may stem from 
chemical instability rather than from discrimination by the 
biosynthesis machinery.) However, Tirrell and others[69. 701 

have reported the successful biosynthetic incorporation of 
~-azetidine-2-carboxylic acid into polypeptides. Other types of 
backbone replacements for a-amino acids that have been exam- 
ined include 8- and y-amino acids such as p-alanine, y-aminobu- 
tyric acid, and longer variants[711 as well as dipeptides and 
dipeptide  mimetic^.['^^ To date, attempts to incorporate these 
amino acids using either E. coli or rabbit reticulocyte lysate 
systems have proven unsuccessful. 

The precise structure of an amino acid also influences its 
suppression efficiency dramatically. For example, even though 
the spin-labeled amino acids 1 and 2 both contain the l-oxyl- 
2,2,5,5-tetramethylpyrrolidine group (Scheme S), only 1 could 

n 

a protein at a time. Efforts to improve protein yields will require 
improvements in in vitro protein synthesis. Higher protein 
yields may be achieved by using in vitro systems derived from 
other sourcesL551 or alternative approaches such as continuous 
flow in vitro systems.[751 Alternatively, since the E. coli tran- 
scription/translation system is active at 37 "C for about only one 
hour, protein expression levels may be increased by using other 
lysates such as lysed spheroplasts, capable of supporting protein 
synthesis for longer periods of time.[76, 771 

Suppression efficiencies may be improved by 1) altering nu- 
cleotides in the tRNA molecule involved in tRNA recognition 
by the elongation factors, the ribosome, or the aminoacyl- 
tRNA synthetases; 2) utilizing suppressor tRNAs from differ- 
ent species (here tRNA must be "engineered" to eliminate 
recognition by the corresponding aminoacyl-tRNA synthetase); 
3) deleting release factor-1 (E. coli), which competes with the 
suppressor tRNA for recognition of the UAG codon, from the 
in vitro extract;[78] or 4) modifying the specificity of elongation 
factor EF-Tu. One would also like to be able to produce proteins 
containing several unnatural amino acids. A single unnatural 
amino acid can be incorporated at more than one position in a 
protein simply by introducing several UAG codons in the cod- 
ing sequence.[791 Preliminary efforts to insert different amino 
acids into the same protein have focused on using the other 
nonsense codons,[80] infrequently occurring codons,["I or a 
65th codon composed of nonstandard nucleotides.[82] 

1 3 

3. Applications 

2 4 

Scheme 8. Structure of biophysical probes tested for incorporation into T4L 

be incorporated in vitro.[621 In addition, suppression efficiencies 
may vary with the nature of the in vitro protein synthesis system 
(prokaryotic vs. eukaryotic) . While ~-4'-(3-trifluoromethyl-3H- 
diazirin-3-y1)phenylalanine was incorporated poorly ( < 10 % 
efficiency) when an E. coli in vitro transcription/translational 
system was used,[731 the same amino acid was inserted with 
higher effciency (> 40 %) in a rabbit reticulocyte in vitro ex- 
tract.[741 Finally, in contrast to in vivo r e s ~ l t s , [ ~ ~ - ~ ' ]  there ap- 
pears to be little correlation between the codons adjacent to the 
UAG codon and suppression effciencies.[621 As more unnatural 
amino acids are substituted into proteins, this methodology 
should provide additional insights into the specificity of the 
translational machinery and the factors governing in vitro sup- 
pression efficiency. 

2.6. Future Work 

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 amino acid into 

In this section, several applications of the methodology are 
discussed to illustrate both the scope of the methodology and 
the kinds of questions that can be addressed when unnatural 
amino acids can be incorporated into proteins. These examples 
include the site-specific incorporation of biophysical probes into 
proteins, the construction of photocaged proteins, and studies 
of protein stability, enzyme mechanism, and signal transduc- 
tion. 

3.1. Biophysical Probes 

Several amino acids that can serve as biophysical probes have 
been incorporated into proteins through unnatural amino acid 
mutagenesis (Scheme 8). A novel spin-labeled amino acid 1, an 
unnatural fluorescent amino acid 3, and an effcient cross-link- 
ing agent 4 were all introduced site-specifically at several exter- 
nal and internal positions in T4 lysozyme (T4L) with reasonable 
efficiency.1621 By taking advantage of recent loop-gap resonator 
technology, the ESR spectrum of approximately 10 pL of a 1 p~ 
solution of purified T4L containing the spin-labeled amino acid 
1 was measured. Replacement of one of the tryptophans in T4L 
by 7-azatryptophan (3) resulted in a red shift in the fluorescent 
emission maxima. In addition, amino acids that form active 
nitrene, carbene, and ketyl radicals have been successfully incor- 
porated into ras p21 and T4L at specific positions.[623831 Pho- 
toaffinity probes can in principle be used to identify key compo- 
nents involved in complex biochemical processes, for example 
signal transduction and gene activation. 
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With considerably more effort, a sufficient quantity of puri- 
fied T4L specifically labeled at site Ala82 with ["CIAla was 
produced. The proton resonances of the labeled residue were 
observed selectively, in both the native and denatured states, by 
using ' 3C-decoupled 'H NMR spectroscopy (Fig. Finally, 
enough staphylococcal nuclease (SNase) containing the un- 

I I 
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4.0 3.0 2.0 1.0 0 . 0  - 1 . 0  

i l  

I I 
4 . # 0  3 : o  2. '0 / .'o o.'o - 1  .'o 

- 6  
Fig. 1. 'I) l3f-Decoupled ' H N M R  spectrum of the T4L variant Ala82- 
['3C]Ala: b) "C-decoupled 'H NMR spectrum of the denatured form of the same 
sample. 
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natural amino acid homoglutamate at position Glu43 was ob- 
tained for determination of the mutant protein's structure by 
X-ray crystallography to a resolution of 2.4 The ability to 
incorporate probes capable of detecting local structure and dy- 
namics into proteins site-specifically should allow for more pre- 
cise studies of protein folding and stability, conformational 
changes in proteins, and the interaction of proteins with other 
proteins, small molecules, and membranes. For example, it 
should be possible to carry out site-specific spectroscopy on 
both the folded and unfolded states of proteins, compare denat- 
uration curves for various regions of a protein, and probe local 
structural changes that occur during protein translocation. 

\ 
011 

Scheme 9. Photoactivated self-splicing of Vent polymerase using a caged serine 
analogue. The mechanism of the protein self-splicing mechanism is not known. 

ing caged polymerase did not undergo the self-splicing reaction, 
allowing the full-length protein to be isolated. Photolysis of the 
unspliced protein resulted in loss of the nitrobenzyl protecting 
group and subsequent protein splicing. This result demonstrates 
unequivocally that protein splicing occurs at the posttransla- 
tional level. The ability to construct caged proteins of this sort 
should make possible a broad range of time-resolved experi- 
ments relevant to catalytic mechanism, biomolecular recogni- 
tion, and protein folding. 

3.2. "Caged" Proteins 
3.3. Protein Stability 

Low molecular weight "caged" substances, inactive precursor 
molecules that can be rapidly activated by photolysis, are useful 
tools for biochemical studies.[86. Mutagenesis with unnatural 
amino acids provides a unique approach to the construction of 
photocaged proteins. For example, the unnatural amino acid 
ovtho-/I-nitrobenzylaspartate was substituted for the active-site 
residue Asp20 in T4L.[881 Since Asp20 is essential for catalytic 
activity, the resulting protein was inactive. Removal of the pro- 
tecting group by photolysis of the intact, modified protein re- 
stored full catalytic activity. 

In a second example, a serine residue thought to be involved 
in the self-splicing reaction of the protein Vent DNA polymerase 
was replaced by 0-nitrobenzylserine (Scheme 9) .[891 The result- 

Mutagenesis with unnatural amino acids has been used to 
make defined mutations in proteins in the hope of gaining a 
more precise picture of the forces governing protein stabili- 
ty.19'3 911 An outstanding issue in the literature on protein stabil- 
ity and folding is the role of hydrogen bonding. Although hy- 
drogen bonds are clearly important in determining the 
secondary and tertiary structure of  protein^,'^^,^^' the magni- 
tude of their contribution to protein stability has been difficult 
to assess.L94s 951 Stabilization values for hydrogen bond forma- 
tion determined from studies with mutants, in which one mem- 
ber of a hydrogen-bonded pair is deleted, vary considerably 
depending upon the nature and local environment of the hydro- 
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gen bond.[90-961 Moreover, a concern in all such studies with 
mutants is the possibility of introducing additional destabilizing 
interactions by leaving an unpaired hydrogen bond donor or 
acceptor and/or altering local solvation and packing interac- 
tions (e.g. a Glu-Phe versus a Glu-Tyr pair). 

In an effort to determine the degree to which side-chain hy- 
drogen bonding stabilizes the folded state of proteins while min- 
imizing the steric and electronic perturbations associated with 
deleting one member of a hydrogen-bonded pair, Tyr27 in 
staphylococcal nuclease (SNase) was replaced with a number of 
isosteric, fluorinated tyrosine analogues, including 2-fluoro- 
tyrosine (5), 3-fluorotyrosine (6) ,  and tetrafluorotyrosine (7) as 
well as 2,3,5,6-tetrafluorophenylalanine (8) and phenylalanine 
(9) (Scheme 10) .1971 These mutants were designed to examine 

1 .ooo 

0.100 

0.010 

K~~~ ( x 1 ~ 3 )  

0.001 
2 4 6 8 10  12  1 4  

PK, - 
Fig. 2. The relation between the pK, of the residue a t  position 27 (Tyr 10 and Tyr 
analogues 5-7) and the stability (KaDp) of the SNase. =lo ,  A = 5, = 6, o =7. 

5 
F 

6 

F 

HO 

F 
7 

F 
8 

9 10 

Scheme 10. Structures of the amino acids with altered hydrogen-bonding proper- 
ties substituted for Tyr27 in SNase. 

the effect of increasing the strength of the Tyr27-Glu 10 hydro- 
gen bond on protein stability. Denaturation studies of the corre- 
sponding mutants revealed a unique free energy correlation be- 
tween stability constant K,,, (a = 0.38) and the pK, of the 
hydroxyl group in the tyrosine analogue in position 27 (Fig. 2). 
Indeed, substitution of Tyr (pK, ca. 10) with tetrafluoro-L-ty- 
rosine (pK, ca. 5)  increased the stability of SNase by 
2.3 kcal mol- This experiment provides strong evidence that 
side-chain intramolecular hydrogen bonds can preferentially 
stabilize the folded state of a protein relative to the unfolded 
state in water. In addition this study effectively extends the use 
of substituent effects in physical organic chemistry from small 
molecules to proteins. 

A series of mutations were also made in T4L to examine the 
role of backbone hydrogen bonding in determining protein sta- 
bility.r681 The surface amino acid Ala82 in T4L was replaced 
with its hydroxy isostere lactic acid (Fig. 1 1).  Ala 82 is at a break 
between two helices with the NH group and side chain exposed 
to water. The Ala82 -+ lactate mutation effectively substitutes a 
good hydrogen-bond acceptor, the amide carbonyl group, with 

a considerably weaker hydrogen-bond acceptor, the ester car- 
bony1 Because both esters and amides exist mainly in 
the trans the destabilization caused by this 
substitution (decrease in the melting temperature T, by 3.7 "C 
(1 .O kcal mol- ')) provides evidence that backbone amide hy- 
drogen-bonding interactions do in fact help to stabilize proteins. 

Scheme 11.  Substitution of Ala 82 in T4L with lactic acid. 

In an examination of the importance of packing interactions 
in the core of a p r ~ t e i n , [ ' ~ ~ - ' ~ ~ ~  replacements were made for 
Leu133 which lies along the edge of the largest cavity in the 
interior of T4L (Fig. 3).['041 Previous attempts to stabilize T4L 
by increasing the packing density of the hydrophobic core by 
means of a Leu 133 --t Phe or Ala 129 -+ Val mutation had 
been unsuccessful, as both mutations disrupt neighboring 
residues.[1041 However, incorporation of the unnatural amino 
acid (S,S)-2-amino-4-methylhexanoic acid (11) and (S)-2- 
amino-3-cyclopentylpropanoic acid (12), both of which were 
designed to fill the cavity with minimal strain, stabilizes T4L, 
increasing the protein's melting temperature by 1.9 "C 
(0.6 kcalmol-') and 4.3 "C (1.24 kcalmol-I), 
This result demonstrates that amino acids that increase the bulk 
of buried hydrophobic residues without concomitant introduc- 
tion of strain can increase protein stability significantly. As 
there is little difference in surface area between 12 and 11 
(Asurface area = 0.9 A*), the difference in stability between the 
two mutants likely reflects the fact that the cyclic amino acid 12 
loses less conformational entropy upon folding than does the 
acyclic amino acid 11. Consequently, side-chain conformational 
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Fig. 3. Graphic representation of the van der Waals surfaces (yellow) of the side 
chains of Leu 133 in T4L 

entropy, as well as packing interactions, plays an important role 
in determining protein stability. 

In a second example, substitution of norvaline (13) and 0- 
methylserine (14) (Scheme 12) for Leu133 allowed for a mea- 
surement of the effect of modifying side-chain hydrophobicity 
in the absence of changes in packing interactions or side-chain 
entropy.['051 In this case it was found that the difference in the 
stabilities of the two mutant enzymes relative to that of wild- 
type T4L corresponds to the difference in the partitioning ratios 
of the respective N-acetyl amide derivatives in octanol-water. 
This correlation provides further evidence that these partition- 
ing ratios give an accurate measure of solvation effects. 

0 0 

11 12 

0 0 

13 14 

Scheme 12. Structures of the amino acids substituted for Leu I 1  3 in T4L 

In another experiment, systematic removal of methyl and 
methylene groups from the Leu 133 side chain was found to lead 
to a stepwise decrease in protein stability.r1051 However, the 
change was nonlinear; AAG became increasingly large with de- 
creasing side-chain surface area. This trend is reflected accurate- 
ly in the semiquantitative estimates of the AAG values and re- 
sults from the net effect of changes in the hydrophobic, entropic, 
packing, and cavity energy terms. 

The effects of incorporating 1-branched amino acids were 
examined by comparing the stabilities of mutant proteins con- 
taining the series of branched and linear amino acids 15-20 
(Scheme 13), a t  two surface-exposed sites in the middle of two 

0 0 0 

17 15 16 

18 19 20 

Scheme 13. 8-Branched and linear amino acids incorporated at sites 44 and 68 
in T4L. 

a-helices in T4L.[1061 The natural &branched amino acids 
valine. isoleucine, and threonine are thought to destabilize a-he- 
lices. In known protein structures these amino acids occur infre- 
quently in a-helices relative to amino acids such as leucine, and 
they destabilize 2-helical peptides and protein a-heli~es.[ '~'- ' 31 

For example, when a series of linear and branched amino acids 
were incorporated into an a-helical peptide. the fi-branched 
amino acids were found to be destabilizing relative to the linear 
and ?-branched amino acids." 14] Substitution of [err-butyl- 
glycine (20) for n-butylglycine (19) or alanine (15) destabilizes 
the peptide by 0.9 kcal mol - ' ; however, the same substitution 
either destabilizes T4L by 0.7 kcalmol- (AT,", = 2.6 'C) (site 
44) or stabilizes the protein by 0.3 kcalmol-' (AT,,  =1.0 C) 
(site 68). This difference illustrates the difficulty in delineating 
simple rules as to which factors stabilize or destabilize proteins 
given the influence of context effects. In addition. the stabilities 
and simulated structures of the trrt-butylglycine mutants have 
provided insight into the effects of \j-branched side chains on 
cc-helix stability in proteins. 

The results described underscore the difficulty in interpreting 
mutagenesis data when more than one property of an amino 
acid is altered a t  once. The ability to precisely alter the structure 
of an amino acid should allow us to  better dissect the individual 
contributions of hydrophobicity, packing, entropy, and cavity 
formation on protein stability. We are currently extending these 
studies to hydrogen bonding, and n-n and n-ion interactions 
in protein interiors. 

3.4. Enzyme Mechanisms 

Mutagenesis with unnatural amino acids also is being used to 
probe the catalytic mechanisms of the enzymes staphylococcal 
nuclease, aspartate aminotransferase, methionine aminopepti- 
dase, and ribonucleotide reductase. The enzyme staphylococcal 
nuclease (SNase) accelerates the hydrolysis of phosphodiester 
bonds in nucleic acids some 10'6-fold over the rate of the uncat- 
alyzed reaction. This enzyme has been the subject of many struc- 
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tural, mechanistic, and mutagenesis studies aimed at under- 
standing how enzymes can achieve such extraordinary rate en- 
hancements.["5-1191 B ased on these studies it has been suggest- 
ed that general base catalysis contributes significantly to the 
catalytic efficiency of this enzyme. Specifically, it is thought that 
Glu43 in SNase acts as a general base to activate a water mole- 
cule for attack on the phosphodiester backbone of DNA. Glu43 
is known to be important for catalysis, because replacement by 
the natural amino acids Asp and Gln results in a significant loss 
in activity.['"] 

Surprisingly, substitution of Glu43 with either homogluta- 
mate 23 or the nitro analogue (S)-4-nitro-2-aminobutyric acid 
(22), which is both isoelectronic and isosteric to glutamate but 
a much poorer base, yielded mutant enzymes with kinetic con- 
stants similar to those of wild-type SNase under normal assay 
conditions (Table The pH dependence of the catalytic 

Table 1. Catalytic effciences of wild-type staphylococcal nuclease and mu- 
tants Glu43 -+ (S)-4-nitro-2-aminobutyric acid and Glu43 -+ homoglutamate. 
VmaX = maximum reaction rate (measured based on the absorption at 260 nm, 
A,, , ) ,  KM = Michdelis constant. 

Amino acid VmaX (pg - ' min - ') K,(DNA)(pgmL- ') K,(Ca2')(pM) 

be acting as a base, but rather may play a structural role, serving 
as a bidendate hydrogen-bond acceptor to fix the conformation 
of the neighboring loop. Independent studies by Gerlt et al., in 
which the loop adjacent to Glu43 was deleted from SNase, have 
led to the same conclusion.['21] 

3.5. Cellular Signal Transduction 

Mutagenesis with unnatural amino acids has been used to 
probe the role of rus p21 in cellular signal transduction path- 
ways. Mammalian proteins encoded by the rus genes are 
thought to function as regulators of various signal transduction 
processes involved in cell growth and differentiation.["'- l Z s l  

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 (Fig. 5). Point mutations that result in a decrease in 

-o+;H NHz 6.750.7 8 + 3  

21 

0 

2658  

320+ 30 

470+40 

22 

- o ~ c o z c '  5.2k0.2 1 0 i 2  290 + 30 
0 NH2 

23 

efficiencies of these mutants (the pH profiles of the mutants with 
nitroglutamate 22 and homoglutamate 23 suggest that the ni- 
tronate anion is not formed) and the crystal structure of the 
homoglutamate43 mutant (Fig. 4) suggest that Glu43 may not 

Fig. 5 .  Model of m s  p21 with bound GTP [138]. 

the intrinsic GTPase activity of rus p21 or of the GTPase activ- 
ity stimulated by GTPase activating protein (GAP) are associat- 
ed with approximately 30% of human  cancer^.[^^^^ 126-1291  In 
order to better understand the molecular basis by which muta- 
tions in rus p21 lead to switch inactivation, we have substituted 
residues in loop L4 (the switch11 region), loop L2 (the switch1 
region), and loop L1 (the phosphate binding loop) with a series 
of unnatural amino a ~ i d s . [ ' ~ ~ - ' ~ ' ~  

Mutations at Gln 61 are among the most common that lead to 
impaired intrinsic GTPase activity. This residue lies in loop L4 
of ras p21, a region that undergoes conformational change upon 
GTP/GDP e ~ c h a n g e . [ ' ~ ~ - ' ~ ~ ~  0 n the basis of biochemical stud- 
ies and the three-dimensional X-ray crystal structures of the - -  
GTP-, Gpp(CH,)p-, and Gpp(NH)p-bound forms of rus p21, it 
has been proposed that Gln61 is critical for y-phosphate binding 

Fig. 4. Comparison of the positions of the side chains of Glu43 and homogluta- 
mate43 as determined by X-ray crystallography for the apo wild-type and homo- 
glutamate43 mutant proteins, respectively (stereoplot). 
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and -I4'] Specifically, it has been proposed that the 
y-carboxamide of Gln61 either polarizes a water molecule (175) 
for attack on the y-phosphate or stabilizes the incipient pentaco- 
ordinate transition state. In order to  test these mechanistic hy- 
potheses, we replaced Gln61 with the isoelectronic, isosteric 
nitro analogue 24 and with homoglutamine 27 (Scheme 14).['3fll 

24 25 26 

%Me H 
27 28 2') 

Scheme 14. Structures of some unnatural amino acids used to probe the switch 
function of r u  p21 

Whereas seventeen natural mutants a t  position 61 have reduced 
GTPase activity and are not activated by GAP, both unnatural 
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  Gly 12 ofras p21 also result in impaired intrinsic 
GTPase activity and are commonly associated with oncogenic 
a~t ivat ion.["~.  14'1 Gly 12 occurs in a highly conserved type11 
p-turn, [Gly 1 I-X-X-X-Gly-Lys-(Ser or Thr)], a phosphate-bind- 
ing loop found in many nucleotide-binding proteins.['43. 1441 

Mutation of Gly 12 to any common amino acid other than pro- 
line results in diminished GTPase To more fully 
understand the role of Gly12 mutants in switch function, we 
inserted a number of unnatural amino acids and analogues at 
this site, including lactic acid (25, Lac), pipecolic acid (26, Pip), 
and N-methylglycine (28, MeGly) (Scheme 14).[13f11 The protein 
containing pipecolic acid (26) at  position 12, which was expected 
to have a much more negative torsion angle q5 than Gly12, 
displayed GTPase activity similar to that of wild-type ras. The 
N-methylglycine (28) mutant also had comparable activity (Nu-  
methyl substitution also decreases (p values). Whereas the Ala 12 
mutant had reduced GTPase activity, the variant with isosteric 
lactic acid (25). 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 conformations 
are active suggests that a conformational change in loop L1 may 
relieve unfavorable side-chain interactions at  position 12 in the 
transition state. However, even though the Pro 12, Pip 12, 
Lac 12, and MeGly12 variants had intrinsic GTPase activity 
similar to that of wild-type ras p21, they were not activated by 
GAP. Moreover, the Gly 13 -P Thr, Gly 13 -P allothreonine, and 
Gly 13 -+ Ser proteins, which have intrinsic GTPase activity 
two to three times that of wild-type ras p21 (attributable to  the 
8-hydroxyl group), were not activated by GAP and were 
not transforming in a germinal vesicle breakdown assay with 

Xenopus 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 onocogenic activation. The unusual back- 
bone structures of the Gly12 and Gly 13 mutants may prevent 
switch function. 

In a third mutagenesis experiment the role of Pro34 in 
loop L2 function was probed. The most significant difference 
between the GTP- and GDP-bound forms of ras p21 is in this 
region (residues 32-40).[133-14f11 It has been proposed that 
Pro 34, which is conserved in ras p21 and close to the active site, 
may play a role in controlling the conformation of loop L2, 
perhaps through a cis-trans isomerization of the Pro 34 amide 
bond.['371 In order to  examine the structural and mechanistic 
role of this residue more precisely, Pro34 was replaced with 
2,4-methanoproline (29) (Scheme 14), which is strongly biased 
toward the trans configuration by virtue of the C, substitu- 
t i ~ n . [ ' ~ ' ~  The fact that this mutant has intrinsic and GAP-acti- 
vated GTPase activity comparable to that of the wild-type 
protein strongly suggests that the cis-trans isomerization of 
Pro 34 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. 

4. Conclusion 

The ability to incorporate unnatural amino acids into 
proteins site-specifically makes possible detailed physical stud- 
ies on this important class of organic compounds. Mutations 
can be made to probe the precise nature of the contribution of 
an individual amino acid to protein structure or function, often 
without dramatic losses in activity. This methodology should 
provide new insights into and perhaps challenge assumptions 
about the nature of protein structure and function. In addition, 
it may be possible to generate mutant proteins with novel func- 
tions. The remaining goals are increasing the quantities of 
protein obtainable and finding ways to bypass the specificity of 
the protein biosynthetic machinery so that more diverse amino 
acid structures can be incorporated to further add to the power 
of this approach. 
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