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ABSTRACT

The incorporation of unnatural amino acids into recombinant proteins is an important tool for
understanding protein function, engineering robust proteins and introducing useful building blocks for
protein-based materials biosynthesis. While site-directed mutagenesis using natural amino acids allows
one to vary protein composition and protein functions, the scope of such manipulations is limited to the
twenty naturally occurring amino acids. Important chemical functionalities such as alkenes, alkynes,
ketones, halides, and azides are not present in the pool of amino acids specified by the genetic code.
Developing methods to insert amino acids containing these orthogonal groups, either site specifically or
residue specifically, can lead to new tools in protein cﬁemistry and protein engineering. In this thesis, we
will describe the incorporation of leucine analogs into recombinant proteins in vivo. Our objectives are to
investigate and relax the substrate specificity of E. coli leucyl-tRNA synthetase towards nonproteinogenic
amino acids. Our results show that manipulation of synthetase activity and specificity can provide new

opportunities for stabilization and chemoselective modification of proteins.

Substitution of leucine residues by 5,5,5-trifluoroleucine at the d-positions of the leucine zipper
peptide GCN4-pld increases the thermal stability of the coiled-coil structure. The midpoint thermal
unfolding temperature of the fluorinated peptide is elevated by 13°C at 30 uM peptide concentration. The
modified peptide is more resistant to chaotropic denaturants, and the free energy of folding of the
fluorinated peptide is 0.5 to 1.2 kcal/mol larger than that of the hydrogenated form. A similarly fluorinated
form of the DNA-binding peptide GCN4-bZip binds to target DNA sequences with affinity and specificity
identical to those of the hydrogenated form, while demonstrating enhanced thermal stability. Molecular
dynainics simulation on the fluorinated GCN4-pld peptide using the Surface Generalized Born implicit
solvation model revealed that the coiled-coil binding energy is 55% more favorable upon fluorination.
These results suggest that fluorination of hydrophobic substructures in peptides and proteins may provide
new means of increasing protein stability, enhancing protein assembly, and strengthening receptor-ligand

interactions.
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To make fluorination a general method of stabilizing protein structures, we studied in vivo
incorporation of trifluoroleucine (Tfl) and hexafluoroleucine (Hfl) in place of leucine using leucine
auxotrophic E. coli strains. The target protein is Al, which is a leucine zipper protein that has 74 residues
and eight leucines. The leucine residues are buried at the dimer interface and stabilize the protein complex.
TH supported protein synthesis efficiently and replaced up to 92% of leucines in the protein under normal
expression conditions. The yield of fluorinated protein was reduced from 40 mg/L to 20 mg/L. We were
able to tune the level of fluorination by altering the concentration of competing leucine in culture media.
Tfl-A1 adopted the identical helical secondary structure and dimeric aggregation order. Ty, of Tfl-A1 was
elevated to 67°C, a 13°C increase over Al. The concentration of urea needed to denature 50% (C,) of
protein was elevated from 2.7 M to 7 M. In contrast to Tfl incorporation, the more hydrophobic amino
acid Hfl did not support protein synthesis under similar conditions. From in vitro characterization of
leucyl-tRNA synthetase (LeuRS) substrate specificity, Hfl was shown to be activated 4100 times slower
than leucine (compared to the 240-fold rate attenuation of Tfl). The decreased rate of fRNAM
aminoacylation by Hfl resulted in insufficient amounts of HfI-tRNA™ during protein synthesis. We raised
the cellular LeuRS activity eightfold at the time of protein induction by overexpressing LeuRS under a
constitutive promoter during cell growth. Under these conditions, Hfl was effectively incorporated into Al
at ~80% substitution rate. The presence of the nearly perfluorinated side chains in the protein core
enhanced protein stability even further. T,, was increased to 76°C and AGy decreased by 3.6 kcal/mol.
More remarkably, C,, of Hfl-A1 was not observed within the urea solubility limit.

To further broaden the chemical functionality available for protein engineering, we investigated
the proofreading mechanism of leucyl-tRNA synthetase (LeuRS). The aaRSs that activate the hydrophobic
amino acids leucine, isoleucine and valine employ a proofreading mechanism that hydrolyzes noncognate
aminoacyl adenylates and misaminoacylated tRNAs. Discrimination between structurally similar amino
acids by these AARSs is believed to operate by a double-sieve principle, wherein a separate editing domain
governs hydrolysis based on the size and hydrophilicity of the amino acid side chain. Leucyl-tRNA
synthetase (LeuRS) relies on its editing function to correct misaminoacylation of tRNA™" by isoleucine
and methionine. Thr252 of E. coli LeuRS has been shown previously to be important in defining the size
of the editing cavity. Here we report the isolation and characterization of three LeuRS mutants with point

mutations at this position (T252Y, T252L, and T252F). The proofreading activity of the synthetase is
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significantly impaired when an amino acid bulkier than threonine is introduced. The misaminoacylation
rate of tRNA™ by isoleucine and valine increases with increasing size of the amino acid substituent at
position 252, and the noncognate amino acids norvaline and norleucine are inserted efficiently at leucine
sites of recombinant proteins under conditions of constitutive overexpression of the T252Y mutant in F.
coli. In addition, the unsaturated amino acids allylglycine, homoallylglycine, homopropargylglycine and 2-
butynylalanine all support protein synthesis. These results demonstrate that programmed manipulation of

the editing cavity can allow in vivo incorporation of novel protein building blocks.
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CHAPTER 1

General Features of Aminoacyl-tRNA Synthetases,
Transfer-RNAs, and Recent Progress in
Incorporation of Unnatural Amino Acids



1.1 Aminoacyl-tRNA Synthetases

General Features

The accuracy of translation of genetic information from messenger RNA (mRNA) to protein is
maintained by a class of enzymes known as aminoacyl-tRNA synthetases (aaRSs). These enzymes are
ubiquitous in all organisms in the three kingdoms of life. AARSs catalyze the ligation reactions between
amino acids and their cognate tRNA molecules with high specificity (1). The product of the reaction is an
aminoacyl-tRNA (aa-tRNA), which is recruited by the ribosomal machinery for protein synthesis. The
accuracy of the ligation reaction is thus crucial for the faithful translation of genetic information. Nature
has evolved separate aaRSs for each of the twenty naturally occurring amino acids. Each aaRS is specific
for a single amino acid substrate and a set of cognate tRNA molecules corresponding to the particular
amino acid. The modes of recognition between aaRS, amino acid and tRNA have been the subject of
intense research for the last twenty years (2-6).

AARS catalyzes the aminoacylation reaction in two steps as shown in Scheme 1.1.
Scheme 1.1

aaRS
ATP +aa == = aa-AMP + PP, (1)

aaRS
aa-AMP + tRNA =  aa-tRNA + AMP (2)

In the first step, the cognate amino acid is activated by the synthetase in the presence of adenosine 5’-
triphosphate (ATP) to form the adenylated amino acid (aa-AMP), a mixed anhydride that is highly reactive.
In the second step, tRNA binds to the synthetase and attacks the adenylate intermediate with either the 2’-
OH or 3°-OH of the terminal ribonucleotide (7).

Although the twenty aaRSs perform essentially the same reaction with different substrates, the
synthetases can be grouped into two unrelated classes, each with ten members. The existence of two
classes of synthetases was suggested from aligning primary sequences of all known aaRSs and noting
functional differences between them (8). The hypothesis has been subsequently confirmed by comparing
the tertiary structures of the enzymes (9). Schimmel et al. first noted a conserved region in both the N-

terminal sequences of isoleucyl-tRNA synthetase (1leRS) and methionyl-tRNA synthetase (MetRS, from
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here on, synthetase specific for a particular amino acid is designated by the three letter amino acid
abbreviation, followed by RS) (10). The region contains the tetrad HxGH, which is found in the N-termini
of all class I synthetases, (11). Also conserved in class I synthetases is the motif KMSKS, which is
involved in binding to the adenylate intermediate during catalysis (12). The aaRSs belonging to class I are
GIuRS, GInRS, ArgRS, ValRS, 1leRS, LeuRS, MetRS, Ty1RS, and TrpRS. Three general motifs are found
in class II synthetases, which include ProRS, SerRS, ThrRS, AspRS, AsnRS, HisRS, LysRS, PheRS,
GIyRS, and AlaRS (8, 13). Motif 1 contains the pattern +G(F/Y)xx(L/V/I)xxP$¢, where + is a charged
residue, x is any amino acid and ¢ is a hydrophobic residue. Motif 2 contains +¢dpx¢pxxxFRXE and motif 3
contains PGOGHGPPEROPOP. These motifs are more variable than the conserved sequences found in class
1 (4). GIlyRS and AlaRS do not contain the first two motifs (8). Functional differences were also noted
between the two classes. Class I enzymes aminoacylate the terminal adenosines of tRNAs at the 2°-OH
positions, while class II aaRSs aminoacylate the 3’-OH positions (14, 15), with the exception of PheRS.
Amino acids with hydrophobic side chains are charged by class 1 enzymes, while neutral amino acids are
substrates of class II enzymes. For a pair of amino acids with similar chemical functionalities, aaRS
corresponding to the smaller amino acid always belongs to class II, while that specific for the larger amino
acid is a class I enzyme (for example, LysRS belongs to I, while ArgRS belongs to II) (8).

The sizes of aaRSs vary from fewer than 350 residues (Bacillus stearothermophilus TrpRS, 325)
(16) to well over 1000 (yeast LeuRS, 1080) (17), yet these enzymes all catalyze the same aminoacylation
reaction. The aggregation states of aaRSs vary from monomers (class I, except TyrRS and TrpRS, which
are dimers) to dimers (class 1I, except AlaRS, which is a tetramer; GlyRS and PheRS are o»f3;
heterotetramers). Jasin et al. constructed amino-terminal fragments of £. coli AlaRS (875 aa) and showed
that the domain arrangement along the AlaRS primary sequence is modular (18). A fragment containing
residues 1 through 385 is competent in in vitro adenylation. Addition of 80 more residues at the C-
terminus restored the protein’s capacity to correctly aminoacylate tRNAM The 468-residue fragment was
also able to complement an 4/aS E. coli mutant (gene of AlaRS removed by homologous recombination)
(19) in vivo, despite a fivefold reduction in catalytic efficiency. The remaining portions of the synthetase

were shown to facilitate self-assembly of the enzyme from monomers to tetramer.
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While tetramerization of AlaRS was shown to be unnecessary for protein function in the previous
work, dimerization of TyrRS is critical for enzyme function (20). Carter et al. assembled heterodimeric
TyrRS complexes in which one monomer contained a point mutation that disabled amino acid activation
(first step), and the other monomer truncated in the C-terminus and was defective in aminoacylation
(second step) (20). Carter showed that tRNA™" was able to bind to the heterodimeric complex and was
aminoacylated correctly with tyrosine. However, when one subunit that was defective in both functions
was reassembled with an intact monomer, the complex was completely inactive. From these studies, the
authors concluded that a single tRNA™" binds across one TyrRS dimer and interacts with both subunits.
Using similar approaches, Bedouelle et al. identified residues on the surface of the dimer that are in direct

contact with tRNA (21, 22).

Structural Features of aaRS

The crystal structures of all of the aaRSs have been elucidated with the exception of AlaRS (23-
48). The structural features of the two classes of enzymes are distinct, suggesting different evolutionary
roots. The three-dimensional structures of ValRS (Class I) (37) and SerRS (Class 11) (33) complexed with
their cognate tRNAs are shown in Figures 1.1 and 1.2, respectively.

Class I enzymes are elongated molecules that contain large N-terminal and C-terminal domains
(43). The catalytic cores located at the N-termini adopt characteristic dinucleotide folds which consist of
five parallel B-strands (Figure 1.1, middle of the structure). This structural fingerprint, named the
Rossmann fold (49), is found in all dehydrogenases and is a common structure in other ATP utilization
enzymes, including kinases. The B-strands are interrupted by flanking o-helices, which make significant
contacts with ATP, amino acid and the acceptor stem of incoming tRNA. The histidine groups in the
conserved HXGH sequence interact with the phosphates directly or through hydrogen bonded water
molecules (28, 43). The second lysine in the KMSKS motif also directs the binding of ATP by interacting
with the a and y phosphates. Residues in both motifs help to stabilize the pentacoordinated transition state
of the phosphate group during catalysis and secure the activated amino acid in the binding pocket,
preventing hydrolysis of the reactive adenylate by water molecules (4). The large number of hydrogen

bonds between Tyr-AMP and the TyrRS active site result in a dissociation constant of 12 pM for Tyr-AMP
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(50-53). The interactions also rigidify the conformation of the aa-AMP and allow in-line attack by the 2’-
OH moiety on the terminal adenosine of the tRNA. Amino acid specificities of aaRSs are determined by
residues lining the terminal walls of the active sites. For example, in TyrRS, the side chains of an aspartic
acid and a tyrosine hydrogen bond to the phenolic -OH and serve to prevent phenylalanine from binding
(28). Similarly in yeast ArgRS, Asp351 forms two hydrogen bonds with the unique guanidinium side chain
of arginine (30). For hydrophobic amino acids, such as leucine (35) and phenylalanine (39), the binding
pockets are mostly hydrophobic. The side chains of three tryptophan residues (Trp495, 456 and 462)
tightly surround the aliphatic side chain of a bound valine-adenylate in the T. thermophilus ValRS active
site (54), excluding larger residues from entering the pocket (37). Also found in aaRSs associated with
aliphatic hydrophobic amino acids, such as leucine, valine and isoleucine, are large insertion domains that
proofread against structurally similar, incorrectly activated amino acids (35, 37, 41). The connective
peptide domains (CP1) are approximately two hundred amino acids in size and their primary sequences
interrupt the Rossmann fold of the catalytic domains. The functional significance of the CP1 domains will
be discussed in detail in section 1.3.

The C-terminal residues of class I enzymes interact with the anticodon loops of tRNAs and play
important roles in recognizing cognate tRNAs (Figﬁre 1.1) (40, 43). The structures of these domains vary
significantly between class 1 enzymes. For example, in GluRS, the C-terminus folds into a B-barrel
structure (43). The domain distorts the anticodon loop of tRNA®™ and interacts with all three nucleotides
in the anticodon loop. In contrast, the GInRS C-terminus consists entirely of a-helices (40). The helices
assemble into a bundle, driven by a large number of leucines in the core. GInRS uses a cluster of positively
charged amino acids at the tip of the helical bundle to interact with tRNA®" .

The characteristic Rossmann fold is not found in any of the Class Il aaRSs (31). Instead, class II
structures are centered around a seven-strand, anti-parallel B-sheet fold (Figure 1.2). The P-sheets are
flanked by at least four conserved a-helices. The three conserved motifs found in class 1l synthetases
contribute to different aspects of enzyme structure and function. Motif 1 is often found at the dimer
interfaces of a2 dimers (44). Motif 2 and motif 3 span three of the seven f-strands and are intimately
involved in ATP binding and catalysis. Unlike class I enzymes which fix ATP in an extended form, the

active-site residues of class II synthetases distort the conformation of ATP (55). The y—phosphate group is



6
bent back over the adenine base, exposing the a-phosphate for nucleophilic attack by the amino acid,
which is buried deeper in the active site. The adenine is always stacked against the phenyl ring of a
conserved Phe residue in the active site (44). The phosphate groups are fixed in position by invariable
arginine residues in motif 2. The transition state formed during adenylate formation is also stabilized by
conserved residues in motifs 2 and 3 (9).

The mechanisms of tRNA anticodon recognition are significantly different for enzymes in this
class as well. Based on the modes of aaRS-anticodon interactions, class II aaRS can be further divided into
two subgroups (4). Class Ia consists of ProRS, ThrRS, HisRS, GlyRS and SerRS (56-58). With the
exception of SerRS (27), aaRSs in this group have C-terminal domains that interact with two of the three
nucleotides (N35 and N36) in the anticodon loops (34). These two nucleotides determine the identities of
the tRNAs that correspond to Thr, Gly, and Pro (each of these amino acids is specified by one codon group,
in which the third nucleotide is a “wobble”). The C-termini of class Ila enzymes fold into o/ structures.
In ProRS, a proline and a phenylalanine form a hydrophobic patch where G35 and G36 are supported (34).
The wobble nucleotide N34 forms no specific contacts with residues in this domain. In contrast, class IIb
enzymes (LysRS, AsnRS and AspRS) contact the anticodon loops via N-terminal domains that adopt p-
barrel conformations (32, 59). For these amino acids, all three anticodon nucleotides constitute identity
elements in their respective tRNAs. All three bases interact with one surface of the B-barrel, which permits
a larger contact area compared to the a/p structure found in class Ila aaRSs

Because of their structural differences, class I and class II synthetases approach the acceptor stems
of tRNAs differently. Class I enzymes bind to the acceptor stem from the minor groove side, while class II
enzymes approach from the major groove side (44). A consequence of the different aaRS-tRNA
interactions is the conformation of the bound tRNA acceptor stem. In a class I aaRS-tRNA complex, the
acceptor arm does not undergo major conformation change upon docking on aaRS. The helical orientations
of the last two base pairs and the unpaired NCCA tip are not interrupted and the 3’-OH of the terminal
adenosine is juxtaposed to the a—phosphate of the bound aa-AMP intermediate. On the other hand, the
first two base-pairs in a class I tRNA are disrupted completely and the single stranded NCCA arm enters
the binding pocket in a hairpin conformation (43, 44). The bent orientation of the acceptor arm results in

an attack on the aa-AMP by the 2°-OH of the terminal adenosine (8).



AARSs of M. jannaschii

Most organisms contain twenty different aaRSs for each of the natural amino acids, with a few
striking exceptions. The recently sequenced genome of the methanogenic archaeon Methanococcus
Jjannaschii contained only 16 aaRS ORFs (60). The genes for AsnRS, GInRS, ProRS and LysRS were not
found by homology search. The lack of AsnRS and GInRS proteins were explained by the dual functions
of AspRS and GIuRS (5, 61). The abilities of AspRS to aspartylate both tRNA*? and tRNA*™", and the
abilities of GIUuRS to glutamylate both tRNA®™ and tRNA®" have been noted in other prokaryotic
organisms, such as Thermus thermophilus (62) and plant organelles (63). The misaminoacylated tRNAs
are recognized by specific amidases, which convert the noncognate carboxylic acid moieties into amides.
Translation fidelity is maintained by ribosomal accessory proteins, such as the elongation factor Tu (EF-
Tu). Binding to EF-Tu is tolerated only when the conversion of Asp-tRNA*" to Asn-tRNA*" or that of
Glu-tRNAY" to GIn-tRNA®™ is completed by the amidases (62).

A protein with lysine-dependent ATP-pyrophosphate (PP1) exchange activity was purnified from M.
Jjannaschii whole cell extracts (64). N-terminal sequencing of the protein, followed by Southern blot
hybridization led to the discovery of M. jannaschii LysS. Surprisingly, the protein encoded by this gene
shows no sequence homology to any of the known class 11 LysRSs and lacks all three of the motifs shared
by members of this class. Instead, signature sequences HxGH and KSMSK were found and the protein
shares strong sequence homology with class 1 aaRSs. Comparison of M. jannaschii LysRS with other
euryarchaeal LysRS sequences shows that a number of archaea contain class 1 LysRSs (64, 65).

Perhaps even more surprising about M. jannaschii aaRSs organization is the discovery of a
ProRS that is able to charge proline to tRNA"™ and cysteine to tRNA® in separate reactions (66, 67). The
additional cysteinylation activity of ProRS compensates for the lack of a separate CysRS in the genome of
this organism. The two aminoacylation activities are comparable and no cross-aminoacylation between
amino acids and noncognate tRNAs is observed. Analysis of the ProRS sequence showed there are no
additional active sites or tRNA binding domains. The mechanism whereby ProRS maintains specificity in
two distinct reaction is not known. The consensus view is that upon amino acid activation, accessory

proteins are recruited by ProRS to assist in the discrimination between tRNA™ and tRNA®,



Other functions of AARSs

In addition to supplying the building blocks of protein biosynthesis, several aaRSs are involved in
other cellular processes (68), including transcription regulation (69, 70), RNA splicing (71), DNA binding
(70) and tRNA proofreading (72), etc. Putney and Schimmel showed that E. coli AlaRS binds to a
palindromic sequence upstream of the A/aS gene and controls transcription of its own gene (69). The
suppression of AlaS transcription is further enhanced at elevated concentrations of alanine, possibly due to
stronger protein-DNA interaction upon binding of alanine to AlaRS. Similarly, PheRS from T.
thermophilus binds to the ORF of one of the PheRS subunits and blocks transcription (70). In a different
mode of autoregulation, ThrRS binds to its own mRNA and prevents ribosome binding and protein
translation (45). Molecular mimicry between the secondary structures of the mRNA leader region and the
anticodon loop of tRNA™ promotes the idiosyncratic protein-RNA interactions. Deletion of a ThrRS
domain that interacts with the acceptor stem of tRNA™ significantly decreased its affinity for the tRNA,
but had minimal affect on mRNA recognition (45).

AARSs of eukaryotic organisms contain nuclear localization signaling sequences that facilitate
their transport into the nuclei, where eukaryotic tRNAs are proofread and aminoacylated by aaRSs before
export to the cytoplasm (73). Wakasugi and Schimmel recently showed that the C-terminus of human
TyrRS contains a domain highly homologous to the endothelial monocyte-activating polypeptide 11 (EMAP
11). When the 169-residue polypeptide was cleaved from the rest of TyrRS, the fragment behaves as
interleukin-8 and stimulates production of TNF-a and other cytokines. The authors speculated that human
TyrRS, when secreted and cleaved, is involved in the signal transduction of cell apoptosis and macrophage

recruitment (72, 74).

1.2 AARS:tRNA Interactions

AARSs maintain translational fidelity by joining the correct amino acids with correct tRNA
molecules. Each of the twenty aaRSs has evolved to recognize only one amino acid (with the exception of
ProRS from M. jannaschii). In contrast, the degeneracy of the genetic code (more than one codon per

amino acid) requires that each synthetase must recognize a set of tRNA isoacceptors, which are different
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tRNAs containing anticodons corresponding to the same amino acid (2). Because each tRNA is processed
in an identical fashion on the ribosome regardless of its amino acid association, tRNAs species are similar
to each other in both sequences and structures. Hence, the mode in which each aaRS selects a small set of
substrates in a pool of nearly-identical tRNAs involves subtle differences in protein-RNA interactions
(75-77).

The primary sequences of tRNAs from different organisms are highly homologous. The lengths
of tRNAs vary from 76 to 93 residues depending on the sizes of the variable loops. Figure 1.3 shows the
base-pairing observed in the secondary structure of yeast tRNA™™ in a cloverleaf representation (78, 79).
Figure 1.4 shows the tertiary structure of tRNA™® determined using X-ray crystallography (80, 81). The
acceptor stem, located on the opposite end of the anticodon loop, is where an amino acid is ligated. The tip
of the stem contains four unpaired nucleotides of which the trinucleotide CCA is universally conserved.
The first unpaired base (N73) plays a critical role in establishing tRNA identity, and is thus named the
discriminator nucleotide (77). The tRNA folds into the L-shaped structure shown in Figure 1.4, stabilized
by tertiary interactions between bases in the D-loop and the T-loop, and N15-N48 (Figure 1.3) (82).
Because of their roles in stabilizing the tRNA structures, D-loop and T-loops bases are well conserved and
are usually not involved in aaRS recognition (exceptions include E. coli tRNA™ and yeast tRNAP™, see
below). The interactions between N8 and N14 induce a hairpin turn in the D-stem region of tRNA. The D-
stemn, anticodon loop and acceptor stem form the inside surface of the L-shape tRNA and interact with most
of the aaRS molecule, as suggested first by Rich and Schimmel (82). Bases in these three regions hence
play determining roles in aaRS recognition. Schulman and Pelka modified adenines and cytosines in
tRNAM using chloroacetaldehyde (83). Active tRNA fractions were separated from inactive fractions and
the locations of modified bases were compared. Modifications to the anticodon loop bases C34 and A35
inactivated tRNAM completely, while altering the D-loop bases had no major effect on MetRS recognition.
The variable loops are less well conserved among tRNAs (Figure 1.3). The length of this region is usually
6-10 bases for class I tRNAs. Class II tRNAs, which include isoacceptors of tRNAS", tRNA™ and
prokaryotic tRNA™", contain long (up to 20 bases), based-paired variable arms (Figure 1.10) (76, 84). The

unique arms of these tRNAs isoacceptors are important for aaRS recognition (33).
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Two experimental approaches have been used to study tRNA identity elements (85, 86). The first
method uses genetically modified tRNAs containing the amber suppressor anticodon CUA in their
anticodon loops. A target protein carrying a stop codon (TAG) at the N-terminus is coexpressed with the
amber suppressor tRNA gene. The identity of the amino acid specified by TAG is checked with N-terminal
sequencing, and is used to correlate with any changes made to rest of the tRNA. Normanly and Abelson
have used this method to elucidate the identity elements of E. coli tRNAS" and successfully switched a
tRNAM to tRNAS by introducing the tRNA"-specific elements (85).

This technique is limited to the study of tRNAs that do not involve anticodon loops in aaRS:tRNA
interactions, such as tRNA™ and tRNA®". Hou and Schimmel constructed libraries of tRNAA'a(CUA)
mutants and showed a single mismatched base pair on the acceptor stem (G3-U70) is the sole identity
determinant in AlaRS recognition (87). Transplanting this pair into other E. coli tRNAs, including tRNA®,
tRNA™ and tRNAY™, switched the identities of these tRNAs to that of tRNA*®. Alanines were found at
TAG-coded positions in target proteins when these hybrid tRNAs are coexpressed (87).

Recent in vitro tRNA aminoacylation studies have benefited from the runoff transcription method
developed by Uhlenbeck et al. (86, 88-90). The tRNA gene is placed under the control of a bateriophage
T7 promoter and transcribed in vitro in this method. The acceptor stem CCA trinucleotide is revealed
through restriction digestion of an engineered BstNI (5° CC/AGG) site prior to T7 polymerase transcription.
This technique allows synthesis of large quantities (milligram scale) of unmodified tRNAs. Although
tRNAs produced via these steps do not undergo base modifications as when they are transcribed in vivo,
most unmodified tRNAs show minimal loss of activity in aminoacylation when compared to the
posttranscriptionally modified tRNAs (86, 91).

Using tRNAs generated in vitro, Uhlenbeck and coworkers showed that five bases contribute to
the identity of yeast tRNA™ (Figure 1.3, bottom) (92). All three of the anticodon bases, a base in the D-
loop (G20) and the discriminating nucleotide in the acceptor stem (A73) are sufficient to render a number
of tRNAS substrates of yeast PheRS. Inserting these identity elements into E. coli tRNA™ (which is a poor
substrate of yeast PheRS), yeast tRNAM® tRNA*® and tRNA™ all resulted in hybrid tRNAs capable of
being aminoacylated by yeast PheRS (92). The aminoacylation rate for each of the engineered tRNAs is

comparable to that of unmodified yeast tRNA™. Uhlenbeck was able to show that each of the five
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elements contributes equally to the identity of yeast tRNA™, and the loss of any one of the elements can
result in a tenfold decrease in PheRS specificity. Similarly, Schulman and Pelka switched the identities of
E. coli tRNAM® and tRNAY™ by constructing hybrid tRNAs with exchanged anticodon loops (93). The
aminoacylation efficiency of tRNAY* (UAC 2 CAU) in MetRS catalyzed methionylation was comparable
to that of wild type tRNAM* (CAU).  Soll and coworkers identified the anticodon and acceptor stem
nucleotides as the major recognition elements of E. coli tRNA®™ by generating a comprehensive library of
tRNA®™ mutants using the in vitro transcription method (94).

Posttranscriptional modifications of tRNA bases do establish additional identity elements for some
tRNAs (95). One of the isoleucine isoacceptors, tRNA"™,, contains a modified cytidine base, lysidine (L34)
(Figure 1.5) {96). This processed tRNA is essential for the translation of the codon AUA, which encodes
isoleucine. The modified base prevents misaminoacylation of tRNA™, by MetRS (methionine and
isoleucine are all encoded by AUN, where N is G for methionine). Unmodified tRNA“ez‘(CAU) is efficiently
recognized and methionylated by MetRS (97). C34 is a critical identity element for tRNAM" and the

installment of a lysidine base at this position in tRNA™

serves as a negative determinant against MetRS
recognition in vivo. In another example, methylation of a single base in yeast tRNA*?P (G37 2> m'G37)
prevents ArgRS misaminoacylation of tRNA*? with arginine (98). The methylated guanine base reduces
the rate of arginylation of tRNA™? by more than 430-fold.

Both in vivo amber suppression and in vitro aminoacylation techniques have generated a large

compilation of identity elements of tRNAs from different organisms (76). In section 1.4, I will discuss the

essential features of tRNA™" isoacceptors and their interactions with LeuRS.

1.3 AARS Proofreading Mechanisms

The multiple tRNA identity elements suppress errors in tRNA selection during translation to a
frequency of 10 in vivo . DNA replication has an error frequency of 10°-10"° and is maintained by a
proofreading mechanism in which incorrectly inserted nucleotides are removed (99).  Proofreading
mechanisms have also been observed in the aminoacylation reactions catalyzed by aaRSs (100). After the
initial misactivation of a noncognate, structurally similar amino acid, the aaRS corrects the error and

prevents the release of a misaminoacylated tRNA.  Proofreading by aaRS significantly improves
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translation fidelity. The error rates of protein synthesis have been determined to be between 10° and 10™
(101, 102).

Editing activities are found in numerous aaRSs, including MetRS (103), PheRS (104), AlaRS
(105), ThrRS (106), ValRS (107), 1leRS (108), and LeuRS (109). MetRS edits against homocysteine, an
immediate metabolic precursor of methionine, through formation of a homocysteine thiolactone (103).
Proofreading decreases MetRS specificity toward homocysteine by a factor of 60. Using different rejection
pathways, PheRS and AlaRS edit for tyrosine (104) and serine (105), respectively. The most robust
proofreading machineries are present in ValRS, IleRS, and LeuRS. Each of these enzymes must strictly
discriminate among the aliphatic amino acids valine, isoleucine and leucine to maintain cell viability. More
than thirty years of biochemical and structural studies on the editing mechanisms of IleRS and ValRS have
revealed their highly sophisticated (and analogous) modes of maintaining aminoacylation fidelity. 1 will
discuss the editing mechanisms of 1leRS and ValRS in this section, and provide a description of LeuRS
proofreading in section 1.4.

Discriminating between valine and iscoleucine is an especially challenging task for ValRS and
1leRS. These two amino acids differ by one methylene unit. Pauling proposed that the misincorporation
frequencies for valine and isoleucine in proteins should be 1 out of every 5 residues, based on his
calculation that one methylene group contributes to 1 kcal/mol of hydrophobic binding energy (110). The
binding energy in substrate/protein interactions was recalculated to be 3.4 kcal/mol per methylene group
(111), which suggests that the minimal error rate of inserting a valine in isoleucine positions should be 1 in
200. However, amino acid composition analysis of cellular proteins shows that the actual misincorporation
rate of valine at isoleucine codon positions is 1/3000 (102, 112) and that of isoleucine at valine codons is
less than 1/60,000 (113). Similarly, the isosteric threonine is activated 250-fold less efficiently than valine
by ValRS, while the in vivo misincorporation rate is less than 1/45,000 (100, 114).

Scheme 1.2
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Evidence of an editing mechanism in IleRS came from the work of Baldwin and Berg in 1966
(115). The authors purified both IleRS-Val-AMP and 1leRS-lle-AMP and demonstrated that both
isoleucine and valine were activated by the synthetase. However, when tRNA"™ was added to either
complex, valine was rapidly hydrolyzed from the enzyme, whereas Ile-tRNA" was recovered as the only
aminoacylated product. A hydrolytic mechanism specific for valine must be present in 1leRS. Hopfield
theorized that an incorrectly processed intermediate has access to a rejection pathway in addition to the
main pathway (116), and he verified the proposal experimentally (112, 114).

Fersht and coworkers suggested a double-sieving mechanism is present in both ValRS and 11eRS,
and may contribute to the improved substrate selectivity (107, 113). The model, which has been verified in
both synthetases through structural studies (37, 41), states that [1eRS and ValRS each contain two sites of
amino acid discrimination. The first site (the catalytic synthetic site) serves as a coarse sieve and strictly
precludes amino acids larger than the intended substrate from binding and activation (113). However,
amino acids smaller than the cognate substrate are tolerated in this site, albeit with decreased affinities.
Misactivated amino acids are rejected by a second site (the editing site) which serves as a fine sieve. This
sieve hydrolyzes the noncognate amino acid, either as an adenylated intermediate or as a tRNA-bound
product, based on the goodness of fit of the amino acid side chain. Cognate substrate is forbidden from
binding to the second site and is released as an aa-tRNA for protein synthesis. For example, in 11eRS and
ValRS, the coarse sieves preclude the binding of leucine and isoleucine, respectively, while the fine sieves
reject valine and threonine, respectively.

Scheme 1.3 shows two possible pathways in which editing of noncognate amino acid can occur,
both are tRNA dependent (100). In the pretransfer mode, the activated amino acid adenylate is hydrolyzed
by aaRS upon tRNA binding. In the posttransfer mode, the tRNA is aminoacylated by the aaRS with the

wrong amino acid, followed by deacylation to yield the free tRNA and amino acid.

Scheme 1.3
tRNA
E+AA+ATP —=—== E-AA-AMP =—— E-AA-AMP:RNA —=——== E-AA-tRNA
Pretransfer Posttransfer
Editing Editing

E + AA + AMP +tRNA E + AA +tRNA
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Both pathways have been independently established in vitro, although their individual
contributions to the overall rate of editing have been difficult to separate. Berg showed the first evidence of
tRNA-dependent pretransfer editing of 1leRS-Val-AMP (115). The pretransfer editing activity is highly
dependent on tRNA identity and integrity (117). tRNA™ is believed to induce a conformational change in
I1eRS, which allows the translocation of the adenylate to the fine sieve. Schimmel and coworkers
stimulated hydrolysis of IleRS-Val-AMP using a DNA aptamer, which was isolated from a library of DNA
oligomers (65-mers) with randomized sequences (118, 119). Multiple rounds of selection for DNAs that
bind to immobilized 11eRS-Val-AMP, followed by elution and amplification, converged to one specific
DNA sequence. The DNA aptamer is predicted to have a tertiary structure completely different from that
of tRNA". The lack of a 2°-OH, which is aminoacylated in the posttransfer pathway, shows that acceptor
function is not necessary for pretransfer editing and the adenylated amino acid shuttles between the two
sieves via a diffusive process. Crosslinking between aptamer and 1leRS showed that parts of the DNA
interact with the CP1 domain of the synthetase (119).

Posttransfer editing was first established by Schimmel and coworkers using the misaminoacylated,
Val-tRNA"™ (108). Synthesis of Val-tRNA" was first performed with wild type 1leRS in 20% DMSO,
which induced errors in aminoacylation (108). Subsequently, isolation of editing-impaired IleRS mutants
has greatly facilitated the synthesis of misaminoacylated tRNAs for the study of posttransfer editing (120).
While IleRS slowly deacylated Ile-tRNA"™ (0.8 ™), it hydrolyzed Val-tRNA"™ with a rate constant of 10 s
(108). Fersht and coworkers detected misaminoacylated a-aminobutyric acid (abu—tRNAY*) and Thr-
tRNAY*, followed by hydrolysis of these transient species, using rapid quenching and sampling
experiments (107). However, similar experiments performed with valine and IleRS did not result in the
detection of Val-tRNA"™ (121), suggesting that posttransfer editing might not be the dominant proofreading
pathway for lleRS. Posttransfer editing is unlikely to serve as the main editing mechanism, as suggested by
critics of the model, mainly because the dissociation rate of a misaminoacylated tRNA from aaRS is
comparable to the rate of deacylation (for tRNA™, the deacylation and dissociation rates were determined
tobe 10 5™ (108) and 12.4 5™ (122), respectively). Once dissociated, the tRNA is likely to be recruited and |

protected by EF-Tu (123), preventing it from reassociating with the synthetase.
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The aminoacylation and editing sites were shown to be separate in I1eRS through site-directed
mutagenesis (124). Substitution of Gly56 in the active site of E. coli 11eRS to an alanine caused a
substantial decrease in 11eRS discrimination against valine in the adenylation reaction (kea/Km(rel), newal
deceased from 180 to ~1). The same mutation, however, had no effect on the posttransfer editing rate of
Val-tRNA™. On the other hand, certain mutations in the CP1 domain of 1leRS disrupted the ability of
11eRS to proofread in vitro, but had no effect on rates of isoleucine activation (120). In fact, the CP1
domain of IleRS has been shown to be dispensable, to a certain extent (125). IleRS mutants carrying ~50
amino-acid deletions in the CP1 domain (231-276 or 276-329, but not both) can synthesize Ile-tRNA"
efficiently in vitro. Reassembly of 1leRS fragmented at the CP1 domain restored its ability to aminoacylate
tRNA™ (126).

The CP1 domains that interrupt the Rossmann folds in IleRS, ValRS and LeuRS are considerably
larger than that of MetRS. CP1 of E. coli MetRS contains 118 amino acids, that of 1leRS contains 316
amino acids. The CP1 domains of IleRS and ValRS have been cloned and expressed as stand-alone, 6xHis
tagged proteins (127). 1leRS-CP1 deacylated Val-tRNA™ with the same rate as that of intact IleRS,
suggesting that it is entirely responsible for (at least) posttranslational proofreading. ValRS-CP! was also
shown to be equivalent to ValRS in deacylating Thr-tRNAY™.

Crystal structures of 7. thermophilus 11eRS (41, 46), Staphylococcus aureus 11leRS complexed with
tRNA™ (46), and T. thermophilus ValRS complexed with tRNAY? (37) provide convincing structural
evidence for the double-sieve model and posttransfer proofreading. Valine was bound in both the active
site and the editing site of 7t 1leRS (41), while isoleucine was bound only in the active site. Gly45 in the 7t
1leRS structure (Gly56 in Ec) is part of the active site as predicted by Schimmel (124). In the Tt ValRS
structure, the corresponding amino acid is replaced by proline, resulting in a smaller substrate binding
pocket which excludes isoleucine (37). The lleRS editing cavity is too small to accommodate Ile, but fits
the valine side chain perfectly (41). In contrast to that of IlleRS, the ValRS editing pocket recognizes
amino acid side chains based on hydrophilicity (37). An aspartate residue in the editing pocket (Asp328)
can hydrogen bond to the hydroxyl moiety of a threonyl side chain and facilitate recognition. The isosteric

side chain of valine is composed of entirely hydrocarbon units and is thus not energetically favored to enter

the hydrophilic editing site. The mode of recognizing abu by ValRS the editing pocket is not clear. An
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alternative binding groove may exist in the editing site where the linear aliphatic side chain can be
identified.

The CP1 domains in 7t and Sa IleRS were crystallized in different orientations. The Sa CP1 is
bent toward the Rossmann domain by 47° with respect to the rest of the molecule (orientation II) (46). In
this orientation, the acceptor stem of tRNA" can adopt the hairpin conformation also seen at the tRNA®™
acceptor stem in the tRNA“™-GIuRS complex (43), and can enter the catalytic active site. In the It
structures, the CP1 domain and the Rossmann domain are in nearly a linear relationship (orientation 1) (41).
The tRNA can no longer be inserted into the synthetic site in orientation I due to steric clashes at the pocket
entrance. Instead, the acceptor stem adopts a more helical conformation and inserts into a cavity in the
editing domain, which is located 30 A away from the synthetic site (Figure 1.1). In this conformation, the
KMSKS helix that covers the active site tightly in orientation II is lifted away from the active site,
revealing an opening in which the tRNA-tethered amino acid can be translocated to the editing site (37).
Steitz and coworkers proposed that in posttransfer proofreading, the tRNA" molecule is anchored to IleRS
and the acceptor stem can swing the amino acid from the active site to the editing site, facilitated by
conformation changes in both the Rossmann domain and the CP1 domain (46). This “swinging” model is
analogous to the editing of incorrectly inserted bases during DNA replication (128, 129). DNA polymerase
I swings the nucleotide from the polymerase domain to the exonuclease domain 30 A away, where
proofreading can be performed.

In the pretransfer mode, the tRNA does not interact directly with the aminoacyl adenylate (118).
Instead of acting as a covalent tether, tRNA participates in the formation of a translocation channel, as
proposed by Yokoyama and coworkers based on the 7¢ ValRS structure (37). To induce translocation (130),
the CP1 domain adopts orientation 1. The tRNA acceptor stem, along with parts of the synthetase, form a
channel that spans the active and editing sites. The adenylate diffuses to the editing site and binds in a
different orientation compared to aa-tRNA, in order to accommodate the AMP moiety (37). The
proofreading-inducing DNA aptamer studied by Schimmel and coworkers may participate in the formation
of the translocation channel and play a role similar to that of tRNA during pretransfer proofreading (119).
Although no direct structural evidence of the channel is available, this model provides the most satisfactory

explanation for the dependency of pretransfer editing on tRNA binding.
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Schimmel and coworkers proposed a “postpre-prepre” editing model based on studies using a
translocation mutant (130, 131). A key aspartate residue (D342) in Ec IleRS, which hydrogen bonds to the
a-amino group of Val-tRNA™ during posttransfer editing, was mutated. Even though this residue is not
involved in the pretransfer pathway (37), both posttransfer and pretransfer proofreading capacities of the
mutant are impaired (131). Studies using a fluorescent analog of ATP, N-methylantraniloyl dATP (132),
showed that the translocation mechanisms of both Val-tRNA™ and Val-AMP from the active site to the
editing site are severely damaged. The “postpre-prepre” model suggests that posttransfer “primes” the
synthetases for pretransfer editing (131). After translocation of Val-tRNA™ from the aminoacylation site
to the editing site, tRNA" is kept bound at the editing site. The presence of a tRNA" acceptor stem in the
editing site fixes the conformation of 1leRS and forms the translocation channel that allows aa-AMP
diffusion. All subsequently misadenylated valines are edited via the pretransfer mechanism. This model
explains the dependency of the pretransfer pathway on an intact posttransfer mechanism. The “postpre-
prepre” model also suggests that under in vivo conditions, posttransfer editing is the dominant proofreading
pathway for IleRS. Considering the two hundred-fold attenuation in the activation rate of valine compared
to that of isoleucine, the occurrence of two successive rounds of valine misactivation by the same IleRS

molecule is very rare.

1.4 Leucyl-tRNA Synthetase (LeuRS) and tRNA™

General Features

LeuRS is much less well studied compared to both 1leRS and ValRS. LeuRSs from more than 260
different organisms have been identified and sequenced, including S. cerevisiae (133) (both mitochondrial
(134) and cytosolic (17)), higher plant (135), E. coli (136), Bacillus subtilis (137), and human(138).
Alignment of LeuRS sequences from several organisms is shown in appendix 1.

LeuRS is a large, monomeric, class 1 synthetase. E. coli LeuRS contains 860 amino acids (136,
139), while yeast cytosolic LeuRS contains 1080 amino acids (17). Overexpressed Ec LeuRS has been
purified to >95% purity using two chromatographic steps (140). LeuRS has also been expressed with a

6xHis affinity tag and the fusion protein can be purified using single-step nickel affinity chromatography
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(141). The activities of tagged and wild-type synthetases are nearly identical. The K., and ke, of Ec
LeuRS in the leucine adenylation reaction are 15 uM and 3.0 s™', respectively (141).

Figure 1.6 shows the sequence alignment between T. thermophilus LeuRS, 1leRS and ValRS,
adopted from Cusack et al. (35). The primary sequences of the three enzymes aré highly similar and most
of the catalytic motifs are strictly conserved. Mutations to conserved residues in LeuRS have detrimental
effects on activity (142). LeuRS shares 22% sequence identity with IleRS, and 21% with VaIRS. The CP1
domain of LeuRS spans residues 228 to 405, comparable in size to the CP1 domains found in both IleRS
and ValRS. The location of the CP1 domain in the primary sequence of a prokaryotic LeuRS differs
slightly from that of [leRS or ValRS (35, 143). In Tt LeuRS, CP1 is inserted after a unique stretch of 50
amino acids, while in 7t 11eRS and ValRS, regions of similar sizes are inserted immediately after their CP1
domains (Figure 1.6). This domain has been associated with zinc binding in all three synthetases. Overall,
two zinc binding motifs are present in this trio of enzymes. Both zinc atoms are critical to the correct
folding of these enzymes. Mutations of residues in either zinc binding region of lleRS destroyed the ability
of the enzyme to coordinate zinc and rendered the enzymes unstable and completely inactive (143, 144).
Interestingly, in eukaryotic and archaeal LeuRSs, CP1 domains are inserted before the 50 residue zinc
binding region, similar to the orders observed in 1leRS and ValRS.

LeuRS also contains domains that are not found in ValRS and 11eRS (35). A 60-residue leucyl-
specific domain located immediately before the KMSKS signature motif is unique in the LeuRS sequence.
This domain contains predominantly B-sheets as‘seen from the crystal structure. The role of this domain is
not known. It is mostly likely involved in the specific recognition of tRNA™",

LeuRS from yeast mitochondria (134), encoded by the NAM?2 gene, has been shown to exhibit an
RNA splicing function (145, 146). LeuRS acts as an intron-specific splicing factor for mRNAs that encode
essential respiratory proteins in yeast. The mechanism by which LeuRS recognizes specific mRNA
sequences is not known. Martinis and coworkers showed that LeuRS from mycobacteria and from humans
can essentially substitute for yeast mitochondria LeuRS (147). LeuRSs from these evolutionarily distant
organisms are not involved in mRNA splicing in their original hosts, but are able to gain splicing capability

in the presence of pre-mRNAs and to complement a NAM2™ yeast strain.
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Structural features of LeuRS

The structure of Tt LeuRS has been determined to 2 A resolution and is shown in Figure 1.7 (35).
As expected from sequence alignment, LeuRS displays an overall structure nearly identical to those of
1leRS (41) and ValRS (37). The enzyme is highly elongated with three major domains. The catalytic
domain adopts the Rossmann dinucleotide fold and is situated at the center of the structure. The signature
motifs HXGH and KMSKS (in 7t LeuRS, the first lysine in KMSKS is replaced by a valine) are positioned
at the entrance to the active site. Also observed in the structure is a tightly bound, nonhydrolyzable,
sulfamoyl analog of Leu-AMP (LeuAMS). An a-helix rich domain at the C-terminus of LeuRS interacts
with the anticodon loops of tRNA™, and is similar to those present in other Class I synthetases, including
11eRS, ValRS and MetRS. Superpositioning the C, traces of the Rossmann domain and the C-terminus
domains of LeuRS and 11eRS (total of 437 amino acids) shows a RMS deviation of 2 A (35). The editing
domain of LeuRS is slightly slanted with respect to the rest of the enzyme when compared to that of 1leRS.
This domain is connected to the Rossmann domain via a pair of antiparallel B-ribbons. The connective
region between the editing and the active sites is highly flexible, a structural feature that is required for the
observed conformation change during proofreading. Superimposing 129 amino acids in the editing
domains of I1eRS and LeuRS results in a RMS deviation of 1.38 A. Absent in the IleRS, but clearly visible
in the LeuRS structure, is the leucyl-specific domain. This domain stems outward from the active site and
is positioned to interact directly with the acceptor stem of incoming tRNAs. This unique domain is also
connected to the rest of the synthetase via a flexible, B-ribbon linker. No crystal structure of LeuRS
complexed with tRNA is available at this time.

The synthetic active site of 7t LeuRS with bound LeuAMS is shown in Figure 1.8. The residues
that interact with the aliphatic, branched side chain of leucine are shown in Figure 1.9. The pocket is
formed by residues Met40, Phed1, Tyr43, Phe501, Ser504 and His545. The side chains of these residues
are all within 5 A of the isobutyryl side chain of leucine. These residues are well conserved among
different LeuRSs. Surprisingly, this pocket is not entirely hydrophobic: Ser504, along with Asp80, bind a
single water molecule in the active site (Figure 1.9). The water molecule is 3.5 A away from one of the Cj

atoms of leucine. The peculiar positioning of the water molecule may contribute to the misactivation of y-

hydroxyl-leucine (109) (see below). Phe41, Phe501 and Met40 surround the Cy and C, carbons of the side
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chain tightly, while His545 seals off the terminal wall of the binding pocket with its imidazole ring. The o-
amino moiety hydrogen bonds to Asp80 and the carbony! oxygen hydrogen bonds with the side chain of
His541. The VMKSK sequence in LeuRS interacts directly with the adenosine ring of LeuAMS and fixes

the analog tightly, as is observed in the TyrRS active site (28).

LeuRS/(RNA™ Interactions

tRNA isoacceptors of leucine and serine are class II tRNAs. Figure 1.10 compares the sequences
and proposed secondary base-pairing of E. coli tRNA™" and tRNAS”. They contain long, based paired,
variable arms that are not found in class I tRNAs. Prokaryotic tRNA™" isoacceptors also possess the long
arm and belong to the class II family (76). Specific interactions between tRNA™" and LeuRS are unknown
because the crystal structure of LeuRS complexed with tRNA™" has not been determined. Phosphate
mapping between tRNA™" from a number of species and bean cytoplasmic LeuRS with ethylnitrosourea
showed base-paired tertiary elements such as N15, N48 and the D-loops are strongly protected (148).
Recognition elements of tRNA™ isoacceptors from E. coli (149, 150), yeast (151), human (152) and the
archae Haloferax volcanii (153) have been elucidated using in vitro generated tRNAs. While the long
variable arms are well conserved in the different sets of tRNA™" isoacceptors, the identity elements of
tRNA from these four organisms differ significantly. Figure 1.10 and Figure 1.11 show conserved tRNA""
isoacceptor elements from E. coli, yeast, and H. volcanii .

The shared positive identity element among tRNA™" isoacceptors is the invariable adenine
occupying the discriminator base. The single mutation A73G in E. coli tRNALeu(CAG) reduces
aminoacylation efficiency (ke/Kp of LeuRS) by a factor of 150 (149). The same mutation in human
tRNA™" turned the tRNA into a serine acceptor in vitro (154). In contrast, guanine is conserved at the
discriminator base among all tRNA® acceptors (155). Thus, A73 in tRNA"" serves not only as an positive
identity element for LeuRS, it also protects the tRNA from being serylated by SerRS.

Leucine is encoded by six codons (CUN and UUA/G) in most organisms. Five tRNAM™
isoacceptors are present in E. coli (156-160). The codon CUU is translated via a “wobble” base pair by one
of the NAG containing tRNAs. The occurrences of each codon in E. coli have been determined: CUG:

79%; CUC: 8%; CUU: 6%; UUG: 4%; UUA: 3% and CUA: 1% (161). Because of the large number of
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leucine codons, the anticodon loop is not expected to play an important role in LeuRS recognition; a similar
situation characterizes the tRNAS" isoacceptors (6 codons) (162). The invariable, central base A35 found
in all E. coli tRNA™" isoacceptor anticodon loops can be changed without noticeable effects on LeuRS
aminoacylation (CAG > UGA substitution decreased relative V. /Kp by 25%) (149). Human LeuRS
also does not use this position as an identity element (152). In contrast, yeast LeuRS relies heavily upon
this nucleotide for tRNA™ recognition (151). The A35G mutation in yeast tRNA™" resulted in >100-fold
reduction in recognition by yeast LeuRS (151).

E. coli LeuRS also specifically recognizes its cognate tRNAs based on tertiary structures of the
tRNA, which are strongly influenced by the positions of residues G18 and G19 in the D-loop, and the
tertiary interactions between N15 and N48 (149). E. coli tRNA"" isoacceptors contain the conserved Al5-
U48 base pair and position bases G18 and G19 differently from yeast and human tRNA"* (Figure 1.11).
On the contrary, yeast and human LeuRS are less selective with respect to tRNA tertiary structures. As a
result, unilateral aminoacylation has been observed in cross-species experiments (163): E. coli LeuRS is
completely inactive towards yeast tRNA"™, while yeast LeuRS efficiently leucylates E. coli tRNAM" (with
a fourfold decrease in the aminoacylation rate). Human LeuRS is also able to aminoacylate E. coli tRNA™
(138).

The long variable arms in tRNAS isoacceptors are the principal identity elements for SerRS (162).
The loops interact specifically with a long, N-terminal coiled-coil domain in SerRS (Figure 1.2) (27). The
variable arms, however, do not play important roles in LeuRS-tRNA™" interactions in either prokaryotic or
eukaryotic systems (149, 151). Deletions of up to two base pairs in the variable arm of either £. coli or
yeast tRNA™" had minimal effect on ihe rate of aminoacylation. In vitro selection of random tRNA
sequences that are aminoacylated by E. coli LeuRS resulted in tRNAs that contained fixed identity
elements as discussed above (A15-U48, A73, etc) and large differences in the variable loops (164). In
sharp contrast to E. coli and yeast LeuRSs, LeuRS from the archae organism, H. volcanii, does use the
variable loop as an identity element (153). The cloverleaf representation of conserved bases among H.
volcanii tRNA™" isoacceptors is shown in Figure 11. The unique trinucleotide U*"*A*"2C*7C at the tip of
the variable arm, as well as the conserved nucleotides at the bases of the loop, U44 and U47H, are

absolutely critical for recognition between LeuRS and tRNA"". Mutations to any of these residues, with
g
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the exception of U*#, are especially detrimental to the aminoacylation rate (> 1000-fold attenuation in rates
have been observed for a single mutation) (153). As a result of this unique recognition element, LeuRS
from H. volcanii is completely inactive towards E. coli and yeast tRNA™".  The tertiary structural
determinants G18G19 and G15-C48 in H. volcanii tRNA" are the same as those in yeast, suggesting that
E. coli LeuRS is also unlikely to recognize and aminoacylate the archaeal tRNA"" (163). Lack of cross-
species aminoacylation between E. coli and H. volcanii would make the LeuRS/tRNA™" pairs from these

organisms mutually orthogonal.

Proofreading Mechanisms of LeuRS

While the need for IleRS to proofread against valine is essential, it is not obvious which of the
amino acids LeuRS must edit against. A large CP1 domain in the crystal structure clearly points to a
double-sieve mechanism in LeuRS (35). None of the other nineteen natural amino acids is activated
rapidly enough to pose any serious threat to LeuRS aminoacylation fidelity. Both methionine and
1soleucine have been shown to be edited by LeuRS in vitro (165), even though their adenylation rates are
significantly slower than to that of leucine (isoleucine and methionine are activated by LeuRS ~3000-fold
and ~5000-fold more slowly, respectively) (166). Several nonproteinogenic, naturally present amino acids
are activated by LeuRS in vitro (scheme 1.4) (167). Homocysteine was shown to be cyclized by LeuRS to
a thiolactone independent of tRNAM™" (109). Proofreading by LeuRS reduces its specificity toward
homocysteine by a factor of 25. Norvaline differs from leucine by one branched methylene unit, while
norleucine is a linear isomer of leucine. These amino acids are synthesized by E. coli under stress
conditions and have been suggested to be proofread by LeuRS, although no direct biochemical evidence is

available to date (168).

Scheme 1.4
/dZOH HZNW/\)COOH HZNJ\)COOH HZN/(C’I:OH HZN/éOOH HzN COOH /d?OH

Leucine Isoleucine Methionine Norleucine Norvaline Homocysteine y-OH-leucine
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Englisch et al. have demonstrated that both pre- and posttransfer editing are employed by LeuRS
in rejecting the noncognate amino acid y-OH-leucine (109). This amino acid is activated by LeuRS, likely
through displacement of the bound water molecule in the synthetic site. The ~OH group would be able to
form alternative hydrogen bonds with both Ser504 and Asp80. The authors showed that while both E. coli
and yeast LeuRS were capable of proofreading against y~OH-leucine, the dominant editing pathway of
each enzyme is different. E. coli LeuRS possesses high initial discrimination towards noncognate
substrates, and proofreads against misactivated amino acids mainly through a posttransfer mechanism. On
the other hand, yeast LeuRS was shown to discriminate among substrates poorly in the first step, but
contains a highly robust pretransfer editing mechanism.

It is reasonable to hypothesize that LeuRS proofreads using a substrate recognition mechanism
based on both size and hydrophilicity, similar to that found in the ValRS editing domain (37, 107).
Without crystal structures of a bound tRNA and a noncognate amino acid in the editing site, the molecular
basis of LeuRS proofreading still remains obscure. A limited number of mutagenesis experiments in the
CP1 domain has provided some insight into the editing activities of LeuRS.

Chen et al. constructed a mutant E. coli LeuRS in which the residues between amino acids 328 and
368 in the CP1 domain are duplicated (165, 169). The insertion mutant had 50% of the leucylation activity
compared to the wild type enzyme (K, was unchanged, k., decreased from 3.0 5™ to 1.5 ') and retained
selectivity toward methionine and isoleucine in the adenylation reaction. However, the editing function of
the mutant was significantly disrupted, as evident from the accumulation of Met-tRNA"" and Ile-tRNA
during aminoacylation assays in vitro. The authors also expressed and purified the CP1 domain separately
and found that unlike the CP! domains of 1leRS and ValRS (127), the editing domain of LeuRS cannot
function properly without being covalently attached to the rest of the enzyme.

The same authors also identified alanine 293 to be a critical residue for the proper functioning of
both synthetic and editing sites (170, 171). Bipartite assembly of LeuRS fragments generated at different
positions yielded functioning LeuRSs, with the exception of two fragments isolated by cleaving the peptide
bond between residues 292 and 293 (170). Alanine 293 is located within an a-helix in the editing domain
close to the flexible linker region, and faces the active site. Chen et al. proposed that the stability of the

helix is important for the flexibility of the active site and the substrate translation processes. LeuRS
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variants carrying mutations at the A293 position have impaired editing capacities (171). Furthermore, the
K., for ATP binding at the active site is significantly decreased (e.g., the A293D mutant has K, of 42 uM
compared to 280 uM observed for the wild type). The increased affinity for ATP can lead to decreases in
leucylation activity since ATP is an inhibitor of amino acid activation (2).

Nureki and coworkers identified an essential threonine-rich motif in the CP1 domain of [1eRS (41)
that is also present in LeuRS: T*TRDT*” in LeuRS and T**TTPWT>® in 1leRS. Mursinna et al. have
subsequently shown that T252 is intimately involved in substrate recognition during proofreading (172).
Using alanine scanning mutagenesis, the authors showed that the mutation T252A significantly impaired
the rates of leucine aminoacylation. Furthermore, this mutant was able to hydrolyze the correctly charged
Leu-tRNA™ rapidly. In the crystal structure, the threonine side chain hydrogen bonds to a water molecule
and is positioned near the surface of the editing domain (35). The T252-water complex may interact with
the side chains of the translocated substrates directly. In Chapter 4, I will discuss in detail the role of T252
during proofreading and our approach to disruption of LeuRS proofreading by mutating this residue to

bulkier amino acids.

1.5 Unnatural Amino Acid Incorporation

The incorporation of unnatural amino acids into recombinant proteins is an important tool for
understanding protein function, engineering robust proteins and introducing useful building blocks for
protein-based materials biosynthesis (173). While site-directed mutagenesis using natural amino acids
allows one to vary protein composition and protein functions, the scope of such manipulations is limited to
the twenty naturally occurring amino acids. Important chemical functionalities, such as alkenes, alkynes,
ketones, halides, and azides, are not present in the pool of amino acids specified by the genetic code.
Developing methods to insert amino acids containing these orthogonal groups, either site specifically or
residue specifically, can lead to new tools in protein chemistry and protein engineering .

Several strategies are currently employed for introducing noncanonical amino acids. Synthetic
and semisynthetic methods are capable of producing gram-scale proteins and are unlimited by the side
chain functionalities present in the amino acids. Semisynthetic protein synthesis involves the enzymatic

coupling of synthetic, short peptides (174). The power of solid phase peptide synthesis (SPPS) is severely
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restricted by the length of the protein, currently limited to under fifty residues. The native chemical
ligation technique (175) developed by Kent et al. allows the sequential coupling of peptides containing C-
terminal thioesters and is a useful strategy in circumventing the size restrictions imposed by SPPS. This
method suffers from poor yields (< 25% per coupling) and the requirement of strongly denaturing reaction
conditions (6 N HCI). Raines and coworkers recently reported improved peptide ligation routes utilizing
C-terminal thioesters and N-terminal azides (176).  The higher coupling yields and milder reaction

conditions are promising for the synthesis of large proteins containing unnatural amino acids.

Site-specific Incorporation in vitro

Site-specific incorporation of unnatural amino acids using coupled transcription/translation in
vitro has enabled the methodical insertion of a large array of amino acids at a designated position in target
protein. The method, based on work by Hecht and others (177, 178), and developed by Schultz and
Chamberlin and their respective coworkers (179, 180), uses chemically aminoacylated suppressor tRNAs.
An unnatural amino acid is first chemically appended to the acceptor stem of a tRNA generated in vitro.
The anticodon loop of the tRNA (yeast tRNA™) is modified to an amber suppressor anticodon CUA. The
engineered, aminoacylated aa—tRNAPhe(CUA) can then decode a nonsense codon UAG, and insert the
unnatural amino acid in the target protein during translation. The yeast tRNA™ is not recognized by E.
coli PheRS and is thus not deacylated or misacylated when mixed with E. coli cellular extracts. Most
amino acid analogs tested were inserted at the intended positions in the protein of interest.  Using this
method, Schultz and other have investigated 1) the contribution of individual residues to protein stability
(181); 2) the role of charged residues during enzyme catalysis (182); 3) the effects of replacing amide
linkages with ester linkages in proteins (180); and 4) methods of protein self-splicing (183). Hecht and
coworkers have used this method to induce site-specific proteolysis through an engineered allylglycine
residue (183). The technique has also been extended to the incorporation of noncanonical amino acids in
intact living cells (184). Dougherty and coworkers injected both the suppressor tRNA chemically acylated
with an unnatural amino acid, and the nicotinic acetylcholine receptor mRNA that contains the stop codon

UAG, into Xenopus laevis oocytes (185). The presence of unnatural residues in the ion channel induced
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significant changes in its function in vivo and provided insights into the roles of individual amino acids in
the channel (186, 187) and the arrangement of different receptor subunits in the membrane (188).

Competition between translation termination and amber codon suppression decreases the
efficiency of this method. Intrinsic release factors detect in-frame stop codons present in mRNAs and
terminate protein translation. In particular, release factor 1 (RF1) binds strongly to the UAG stop codon .
commonly employed for unnatural amino acid incorporation. The concentration of RF1 in whole cell
extracts thus effects the relative amounts of full-length and truncated proteins synthesized. In vitro
translation using cellular extracts with diminished amounts of RF1 increased the yield of full-length protein
fivefold, as demonstrated by Short and coworkers (189).

Four-base codons (190) and unnatural base pairs (191) have also been used to increase the
efficiency of unnatural amino acid incorporation in vitro. The four-base codon strategy relies on the
recognition between an engineered tRNA containing four bases in the anticodon loop and a complementary
four-base codon in a mRNA. Translation of the four-base codon with a tRNA appended with the unnatural
amino acids leads to full length protein (190). A frame shift occurs when the first three bases in the four-
base codon are recognized by a cognate tRNA. Frame-shift suppression can be achieved by placing a stop
codon in frame with the first three bases. Mistranslation of the four-base codon by a cognate tRNA thus
leads to a truncated protein, which can be separated from the desired, full-length protein. Streptavidins
containing a variety of unnatural amino acids at different positions have been synthesized using this
technique (190, 192, 193). Sisido and coworkers have used this method to study the site-to-site
photoinduced electron transfer in proteins using streptavidin containing L-p-nitrophenylalanine, and N-
biotinyl-L-1-pyrenylalanine (194). The same authors also investigated the tolerance of ribosome towards
unnatural amino acids containing large aromatic side chains (193). The authors showed that incorporation
efficiencies were higher for amino acids contain straight aromatic groups, such as 2-anthrylalanine than
those with expanded groups, such as 9-anthrylanaline. These authors further increased the versatility of
four-base codon translation by demonstrating the incorporation of two different amino acids independently
into a single protein: 7-nitrobenz-2-oxa-1,3-diazol-4-yl)-L-lysine and L-2-naphthylanaline were inserted

into positions 54 and 57 of streptavidin, respectively (192).
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Unnatural base-parings also facilitate anticodon-codon recognition orthogonal to those specified
by the natural bases (195). Hirao and coworks used the unnatural pair pyridin-2-one (y) and 2-amino-6-(2-

thienyl)purine (s) towards the site-specific incorporation chlorotyrosine (C1Tyr) in Ras protein (191).
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These two bases hydrogen bond through a pattern unique to those present among A-T and G-C
pairs. During transcription, yTP is preferentially recruited by the T7 polymerase to complement a
nucleotide containing s on the template DNA. Transcription of entire template was not effected by the
presence of an unnatural base. Aminoacylated tRNA containing CAs in the anticodon loop recognized the
yUG codon specifically and inserted ClTyr during in vitro translation. Full length proteins were obtained
as the only translation product, in contrast to the near equal amounts of full-length and truncated proteins
synthesized using the four-base codon strategy. The insertion of ClTyr at the yUG position was nearly
quantitative, as determined by LC-MS.

Site-specific incorporation of unnatural amino acids in vitro requires synthetic joining of amber
tRNAs with the target amino acid prior to coupled transcription/translation. Chemical synthesis of
aminoacylated tRNA is difficult to scale up and once the amino acid is incorporated, the freed suppressor
tRNA cannot be reused. Consequently, a major limitation of the in vitro method is poor yield of target
protein recovery (microgram scale). To obtain proteins in large quantities suitable for NMR analysis, X-
ray crystallography and materials applications (196), in vivo methods of incorporating nonproteinogenic

amino acid have been investigated.
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Site-specific Incorporation in vivo

To site-specifically incorporate an unnatural amino in vivo, several requirements must be satisfied
(197). First, to prevent misincorporation of the twenty-first amino acid into positions in the target protein
other than that specified by the amber codon, the analog must not be a substrate of the endogenous
translation machinery. Second, an aaRS orthogonal to all host tRNAs must be engineered to avoid
misaminoacylation. The aaRS must also activate the unnatural amino acid much more rapidly than the
natural amino acids. Third, an amber suppressor tRNA orthogonal to host aaRSs, but is able to be
aminoacylated by the orthogonal aaRS is required (198, 199). AARS/tRNA pairs from different kingdoms
of life often contain vastly different recognition elements and are therefore frequently orthogonal (92, 153).
Uhlenbeck and coworkers demonstrated that tRNA™® from yeast and E. coli are orthogonal because they
differ by three identity elements (92). Furter showed that an E. coli PheRS (ePheRS) temperature-sensitive
strain can survive at the nonpermissive temperature only when both yeast PheRS (yPheRS) and yeast
tRNA™ are introduced (200). Transformation of this strain with either yPheRS alone, or yeast tRNA™*
alone failed to complement the lethal mutation. Furter then chose an E. coli strain that is resistant to the
analog of interest, p-F-phenylalanine (fPhe) as the expression host (200). The chromosomal copy of
ePheRS contained a mutation at the active site that rejected binding of fPhe (201). Wild type yPheRS was
shown to activate fPhe efficiently in the host strain.

Equipped with an orthogonal yPheRS/tRNAPh"CUA pair, Vand a host strain resistant to the unnatural
amino acid, Furter successfully incorporated fPhe site-specifically into the target protein in vivo (200)
(Figure 1.12). Less than 7% of phenylalanine positions in the target protein were substituted with fPhe.
The incorporation rate of fPhe at positions specified by the amber codon was over 75%, as determined by
N-terminal sequencing. The incomplete substitution was because unmodified yPheRS aminoacylated
tRNA* 5 more efficiently with phenylalanine than with fPhe.

Wang and coworkers from our laboratory have subsequently optimized the above system by
reversing the specificities of yPheRS to one that preferentially activates unnatural surrogates (202).
Mutation of Thr415 at the active site of yPheRS to a smaller glycine residue decreased its specificity for
phenylalanine by 100-fold, while gained specificity towards the bulkier 2-naphthylalanine. Surprisingly, 2-

naphthylalanine was activated 9-fold faster than phenylalanine as a result of the point mutation. The
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chromosomal copy of ePheRS was unmodified and was nearly inactive towards the analog. When the
mutant yPheRS was overexpressed, quantitative incorporation of 2-naphthylalanine at amber position was
observed.

Schultz and coworkers have developed a stmilar approach towards the site specific incorporation
of O-methyl-tyrosine (203) and 2-naphthylalanine (204). A TyrRSARNA™" pair from the archaeal
organism M. jannaschii was introduced into an E. coli expression host. Mj TyrRS is completely orthogonal
to the pool of Ec tRNAs, while Ec TyrRS aminoacylates Mj tRNA™" slowly. Mutagenesis of eleven
nucleotides in Mj tRNA™" reduced its recognition by Ec TyrRS to below background levels (205). To
translate amber codons, CUA was inserted in the anticodon loop of the modified Mj tRNA™". A4/ TyrRS
was engineered to gain specificity towards the unnatural amino acid, and lose specificity towards tyrosine
simultaneously. In order to create a “blank™ background during selection, five active-site residues in Mj
TyrRS were mutated to alanine, which completely inactivated the synthetase (203). Combinatorial
mutagenesis of these five residues generated a library of mutant synthetases. A two-step selection
procedure was used to rapidly isolate mutants that regained aminoacylation activities towards only the
analog. In the first step, an amber codon was placed at a nonessential position within the chloramphenicol
acetyltransferase (CAT) gene. Cells were grown in the presence of all twenty natural amino acids and one
unnatural amino acid. Strains that contained active mutant Mj TyrRS are able to translate the amber codon,
express the full length CAT protein, and survive in chloramphenicol-supplemented culture. The second
selection step was performed in the same way, except that cells were grown in media without the unnatural
amino acid. A strain that survived the positive selection (first step), but failed to grow during the negative
selection (second step), contains a mutant TyrRS active towards only the unnatural amino acid. The
stringencies of the selection steps can be varied by changing the concentration of chloramphenicol in the
growth media. From the same library, the authors isolated TyrRS mutants that incorporated either O-
methyl-tyrosine (203) or 2-naphthylalanine (204) at the amber codon. The Aj TyrRS mutant that
incorporated O-methyl-tyrosine activated the unnatural surrogate 100-fold faster than towards tyrosine

(203).
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Residue-Specific Incorporation of Unnatural Amino Acids In vivo

While aaRSs have been evolved to strictly distinguish between natural amino acids, they do not
have the same level of discrimination towards structurally similar unnatural amino acids. When a natural
amino acid is depleted in the expression media, an unnatural analog may be activated by aaRS and be
incorporated into proteins at positions normally occupied by its natural counterpart. Cellular uptake of
nonproteinogenic building blocks as a response to the lack of natural ones is termed selective pressure
incorporation. Because natural amino acids are invariably activated more rapidly than the analogs, the
cellular concentration of the natural amino acid must be minimized to achieve high levels of incorporation.
Low levels of the natural amino acid present during protein expression can lead to the enrichment of the
amino acid in proteins. Auxotrophic strains are thus commonly used in rersidue-speciﬁc incorporation to
cut off supply of the natural amino acid during protein expression. Natural amino acid added during cell
growth are depleted via a medium shift procedure in which the cells are removed from the growth medium
and resuspended in expression medium containing only the analog of interest.

A large collection of amino acid analogs have been incorporated into recombinant proteins using
conventional E. coli hosts. A collection of the unnatural amino acids are shown in Figure 1.13. Most of
these unnatural amino acids are isosteric to one of the twenty naturally occurring amino acids. For example,
fluorinated analogs of proline (206), leucine (207), tryptophan (208, 209) and methionine (210-212) have
been inserted into target proteins using the selective pressure method. Amino acids containing fluorinated
side chains contain unique physical properties. Fluorines can be used as nonperturbing probes for protein
structure and dynamics through F NMR (213). The sensitivity of the '°F signal is superior to that of 'H
and ">C NMR due to the lack of fluorines in natural proteins. Collagen constructs containing fluoroprolines
in place of hydroxyprolines are significantly more stable, mainly due the inductive effects associated with
fluorine atoms (214, 215). In this thesis, we will also discuss the effects of fluorinated amino acids on the
stabilities of proteins (216-219).

Amino acids containing heavy atoms have also been incorporated into proteins for phase
determination in protein X-ray crystallography. Methionine analogs selenomethioine and telluromethioines

(220, 221), tryptophan analog B-selenolo[3,2-b]pyrrolyl-alanine(222, 223) have all been incorporated in a
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residue-specific manner. The electroactive amino acid 3-thienylalanine has been inserted into
phenylalanine positions in vivo (224), opening the possibilities of biosynthesizing conducting polymers.
Our laboratory and others have studied the translational properties of methionine analogs
extensively. Unnatural amino acids ethionine (225), norleucine (226), S-nitrohomocystein (227),
homoallylglycine (228), homopropargylglycine (229), homoazidoalanine (230) and others are all active
surrogates of MetRS in a methionine-depleted expression medium. The presence of unsaturated moieties in
proteins allows metathesis (231, 232) and palladium-catalyzed coupling to be performed on proteins and
biopolymers. The introduction of an azide functionality facilitates chemoselective modification of proteins
through the mild Staudinger reaction (233). Kiick et al. have improved translational activities of poor
methionine analogs such as frans-crotylglycine (234) and 2-butynyl-glycine (235) by elevating the cellular
activities of MetRS. While these analogs are not incorporated using a conventional expression host,
overexpression of MetRS during cell growth allowed these analogs to be activated during translation.
Relaxing the specificities of E. coli PheRS has allowed the incorporation of an array of analogs in
vivo. While wild-type PheRS incorporated fPhe readily (236), phenylalanine analogs with larger para
substituents are inactive during translation, possibly due to poor binding at the active site of PheRS. The
terminal wall of PheRS is sealed off by two residues, Ala294 and Thr251 (39). Mutation of Ala294 to a
glycine enlarged the binding site of the synthetase and accommodated larger phenylalanine analogs (201).
Overexpression of the mutant synthetase facilitated incorporation of p-bromo-phenylalanine (237), p-iodo-
phenylalanine and p-cyano-phenylalanine (238), etc. Mutation of both residues to glycines expanded the
binding pocket further, Amino acids such as p-acetyl-phenylalanine and 2-naphthylalaine were readily

incorporated into proteins when the A294G/T251G mutant was overexpressed (239).

This thesis describes our work on incorporating leucine analogs in vivo. Several unique features
are associated with LeuRS/leucine. First, leucine is the most abundant amino acid in cellular proteins,
occurring at a frequency of more than 9%. Second, leucine is one of the most hydrophobic amino acids,
and is frequently found in the core of protein assemblies and plays an important role in protein folding.
Third, the substrate specificities of LeuRS towards structurally similar amino acids, and the mechanism in

which it proofreads are not well understood. The thesis is divided into four chapters. In the second chapter,
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we will examined the effects of replacing leucine with trifluoroleucine, on the structure and stability of a
leucine zipper protein GCN4-pl. The fluorinated zipper was synthesized chemically in this proof-of-
concept experiment. We discovered that the thermal and chemical stabilities of fluorinated leucine zippers
were significantly more enhanced over those of the wild type protein. We propose therefore that
fluorinating protein cores may be a general method of stabilizing protein structures. Chapter 3 discusses
the results of biosynthesizing fluorinated leucine zippers. We explored LeuRS substrate specificities
toward trifluoroleucine and hexafluoroleucine. While trifluoroleucine supported protein biosynthesis under
normal cellular conditions, the more sluggish analog hexafluoroleucine required elevation of intracellular
concentration of LeuRS. Target proteins containing the fluorinated amino acids exhibited significant gain
in chemical and thermal stabilities. The incorporation of hexafluoroleucine enhanced protein stabilities
furthur.  Successful demonstration of biosynthesis of fluorinated proteins increases the scope of
fluorination to include larger, recombinant proteins. In the fourth chapter, we studied the proofreading
mechanisms of LeuRS. Our objective is to relax the substrate specificities of LeuRS by disrupting its
editing function. We generated mutant forms of LeuRS based on X-ray crystal structure and demonstrated
in vitro that these mutants were defective in editing towards isoleucine and valine. When one of the
mutants was overexpressed in vivo, previously translationally inert amino acids such as norvaline,
norleucine, allylglycine were all readily incorporated into recombinant protein in vivo. The presence of the
amino acids was verified using amino acid analysis and mass spectrometry.  Our results suggest that
disabling the synthetase’s abilities to proofread is a powerful method of enlarging the pool of amino acids

that can be used in protein engineering and biomaterials biosynthesis.



Figure 1.1: Crystal structure of 7. thermophilus ValRS complexed with tRNAY* (37). The
tRNA molecule is shown as a green line. The B-strands are shown in red and a-helices are
shown in yellow. The Rossmann domain is positioned at the center of the molecule. The
anticodon binding domain consists mainly of a-helices. The CP1 domain consists mainly of -
strands. In this representation, the acceptor stem of the tRNA extends into the editing site of the

enzyme.



Figure 1.2. The crystal structure of T. thermophilus SerRS complexed with tRNAS" (27, 31,
33). SerRS forms a dimer and one subunitis shown in cyan. The other subunit is shown in
yellow and red. B-strands are represented in red and a-helices are shown in yellow. The seven-
stranded -sheet catalytic core is labeled. The N-terminal coiled-coil is shown only for one of
the monomers. The long antiparallel helices interact with the anticodon loop and the variable

arm of tRNAS®, Only part of the tRNA molecule is visible.
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Figure 1.3. Top: general features of a tRNA. Red lines indicate predicted and observed secondary
base pairings. Blue lines represent tertiary base pairings. N8-N14 and N15-N48 are important for the
L-shaped structure seen in Figure 4. D-loop nucleotides interact with T-loop nucleotides extensively.
Conserved residues among all tRNAs are shown as letters. T: ribothymidine; w: pseudouridine.

Bottom: yeast tRNA™ studied by Holbrook et al. (80) and Sampson et al. (92).
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Figure 1.4a. The crystal structure of yeast tRNA™™ (80). The acceptor stem, D-stem, and anticodon loop
lie on one surface of the L-shaped tRNA. The yellow line indicates where most of the tRNA/aaRS
interactions are located (82). The L-shaped structure is stabilized by tertiary interactions between the D-
loop and the T-loop and N15-N48. Carbon atoms are shown in white, nitrogens in blue, phosphorus in

yellow, and oxygens in red.



Figure 1.4b. Surface model of the tRNA molecule shown in Figure 4a. The anticodon loop is shown in

light blue and the acceptor stem is shown in pink.
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Figure 1.6. Sequence alignments of 7. thermophilus LeuRS, I1eRS and ValRS. Results are adopted from

Cusack et al. (35). Secondary structures are labeled on top of the sequences (h: a-helix, b: B-sheet).

Identical residues are indicated by an asterisk, conservative mutations are indicated with a dot. The leucyl-

specific domain is shown in blue. HXxGH and KMSKS motifs are shaded in dark blue. The editing domain

(CP1) is shown in cyan. Conserved editing domain residues are shaded in red. Shown twice in pink is the

50-residue zinc binding domain. The first occurrence is at the observed location, which is before the CP1

insertion. The italicized, boxed region, is where similar sequences are found in IleRS and ValRS. Zinc

binding ligands are shaded in yellow.
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Figure 1.7a. Crystal structure of the T. thermophilus leucyl-tRNA synthetase (35). The different domains are
labeled . B-strands are shown in red and a-helices are shown in yellow. The Rossmann domain is located at

the center of the enzyme. The CP1 and leucyl-specific domains are connected to the Rossmann domain via

flexible B-ribbons.
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Figure 1.7b. The same structure as shown in Figure 7a, except the separate domains are shown in different
colors for clarity. The synthetic active site is shown in grey. The leucyl-adenylate analog LeuAMS is shown
in spacefilled representation. The C-terminal anticodon binding region is shown in pink. The leucyl-specific
domain not found in ValRS and IleRS is shown in cyan. The editing domain is shown in yellow. The first
zinc binding domain is shown in green. The editing domain inserts after the zinc binding domain in
prokaryotic LeuRS. For IleRS and ValRS, the zinc binding domain follows the editing domain in the primary

sequence.
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Figure 1.8. Active site of 7. thermophilus LeuRS (AMP binding portion). The AMP molecule is shown in

the middle. Carbons are shown in grey, oxygens in red, nitrogens in blue, and phosphorus in yellow. The
adenine ring is fixed by hydrogen bonds from the backbones of Met638 (part of VMSKS), Val577 and
other residues. The ribose ring is fixed by side chains of GIn574 and Glu543. Figure 9 shows the binding

pocket for the leucine side chain.
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Figure 1.9. Active site of T. thermophilus LeuRS (leucine side chain binding region). Four different views are
shown. Leucine is shown in green for clarity. The terminal carbon atoms of leucine are indicated with a white
dot. Carbon atoms are in grey; oxygens in red, nitrogens in blue and sulfurs in yellow. One water molecule (W)
is found in the active site, hydrogen bonded to Ser504 and Asp80 (not shown). The terminal wall of the active

site is sealed off with His545. The phenolic —OH hydrogen bonds to the a-amino moiety of the amino acid.
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Figure 1.10. Comparison of the sequences and structures of E. coli tRNA™" and tRNAS®. The conserved residues
among all the isoacceptors are shown in letters. Nonconserved bases are shown as numbers. The major
differences among the two sets of isoacceptors are 1) the discriminator nucleotide; 2) the position of the GG
dinucleotide in the D-loop; 3) tertiary structure determinants N15-N48; and 4) the length of the variable loops. In
E. coli, neither LeuRS nor SerRS relies on the anticodon loop for recognition (149). In yeast, LeuRS uses A35 as
a major identity element and the bases at N15-N48 are less important to tRNA identity compared to E. coli LeuRS
(151). Note that numbering in the D-loop is interrupted so that the rest of the bases in tRNA can be numbered

consistently as in other tRNAs.
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Figure 1.11. Conserved bases in yeast and H. volcanii tRNA™". The structure for E. coli isoacceptors is shown
in Figure 10. Yeast LeuRS uses A35 as a major identity element (151). H. volcanii LeuRS relies on conserved
nucleotides at both the tip and base of the variable loop for recognition (153). All tRNAs contain A73 at the

discriminator position. The D-loop of H. volcanii tRNA™" is more variable than those of E. coli and yeast.
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Figure 1.12. Site specific incorporation of p-F-phenylalanine in vivo. E. coli strain K10-F6A is used as the
expression strain. This strain is resistant to fPhe because a chromosomal mutation is present within the PheRS
gene. The mutation blocks binding of fPhe to host PheRS. Yeast PheRS and tRNA™,4, which are orthogonal
to the pair present in E. coli, are introduced into the host strain. The wild type yeast PheRS recognizes both Phe
and fPhe. An amber suppressor codon UAG is inserted into the target gene. Phenylalanine codons UUC are
unmodified. During translation, E. coli machinery incorporates phenylalanine at UUC positions as it normally
would. The amber codon is translated by the suppressor tRNA™¢,. Because fPhe is supplemented at elevated
concentrations compared to that of phenylalanine during protein translation, a majority (>75%) of amino acids
appended to the suppressor tRNA by yeast PheRS are fPhe. Some of the tRNAs are unavoidably aminoacylated
with phenylalanine. In a subsequent experiment, Wang and coworkers mutated the yeast PheRS so that it
preferentially activated 2-naphthylalanine over phenylalanine. As a result, the incorporation of 2-
naphthylalanine at amber codon position is nearly quantitative. Since E. coli PheRS cannot activate the bulkier

amino acid, the phenylalanine positions were not substituted. Image adopted from Ref. 200.
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Figure 1.13. Analogs of natural amino acids investigated by our laboratory. Analogs that do not require
overexpression of an aaRS mutant is shown in column 2. Analogs that require overexpression of aaRS
mutant with relaxed substrate specificities are shown in column 3. This thesis will cover the leucine
analogs shown above. Chapter three discusses the incorporation of trifluoroleucine and hexafluoroleucine.

Chapter 4 discusses the use of an editing impaired LeuRS towards the incorporation of analogs shown in

column 3.
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