Chapter 1

Introduction



Role of Aminoacyl-tRNA Synthetases (AARS) in Cellular Protein Synthesis

Cellular protein synthesis is directed by the genetic code and takes place
in two major steps. The first step, transcription, is the synthesis of messenger
RNA (mRNA) from DNA. This is followed by translation, the synthesis of protein
from amino acids as directed by the mRNA. Transcription is in some ways
similar to DNA replication: chemical structures and polymer properties of RNA
and DNA are similar enough that the ability of complementary sequences to form
duplexes through base pairing exists for both DNA and RNA molecules, as well
as DNA-RNA hybrids. Hence, DNA is an intrinsic template for RNA
polymerization, as it is for its own replication. However, such sequence
complementarity does not exist between amino acids that have diverse chemical
structures and their polymerization template, the mRNA in the translation step.
Therefore a translator is required in order to match every specific code on the
mMRNA (codon) to its corresponding amino acid.

Transfer RNA (tRNA) molecules act as adapters between amino acids and
the codons on the mRNA in translation. Two recognition events characterize this
process: codon recognition by tRNA and amino acid—tRNA matching. The
recognition of a codon on the mRNA by the complementary anticodon on the
tRNA is straightforward due to base pairing. The process of matching the correct
amino acid with the correct tRNA is more difficult and is overseen by a class of
enzymes called aminoacyl-tRNA synthetases (AARS). These enzymes catalyze
the reaction that attaches an amino acid to the 3’-end of its corresponding tRNA
molecule. Aminoacyl-tRNA synthesis takes place in two steps:

AARS + aa + ATP < AARSeaa-AMP + PP;, (1.1)
AARS+aa-AMP + tRNA* <« aa-tRNA** + AARS + AMP, (1.2)

where aa is an amino acid, and AARS and tRNA* are the corresponding
aminoacyl-tRNA synthetase and tRNA, respectively. In the first step, the acid
group on the amino acid is activated by forming a mixed anhydride with the
a-phosphate on ATP, resulting in a pyrophosphate leaving group. In the second
step, AMP is displaced by a nucleophilic attack from the 2’- or 3’-hydroxyl of the
tRNA to give aminoacyl-tRNA [1]. These steps are catalyzed by the



corresponding AARS enzyme. To ensure the fidelity of information transfer from
the nucleus to functional cellular proteins, the AARS has to be able to recognize
with high accuracy the cognate amino acid out of all the small molecules in the
cell, as well as the correct tRNA molecules from the 20 classes present. Upon
binding, AARSs make extensive contacts with the tRNA molecules over a large
surface area (2,470 to 5,650 A%) [2, 3]. Such large areas of interaction enable
AARSs to distinguish the sequence specific features on the tRNAs [4] and
ensure correct recognition. Hence, the error rates in tRNA recognition are
usually less than 1 in 10° [5]. Amino acids, however, are small molecules and
have much fewer features that distinguish one from another. Particularly AARSs
that aminoacylate tRNAs with lle, Thr, and Ala need to discriminate against
amino acids that have one fewer methyl group, Val, Ser, and Gly, respectively.
Pauling [6] calculated that the binding-energy difference between lle and Val for
the isoleucyl-tRNA synthetase (lleRS) could not result in an error rate better than
1 in 5 for the misactivation of Val, based on the contribution of the extra methyl
group on lle. However, in reality, this rate is only 1 in 3000 for lleRS [7] and
around 1 in 10* to 10° for AARSs in general [8]. This observed high specificity of
the AARSSs for their cognate amino acid is ensured by additional proofreading or
editing activities that hydrolyse the product when noncognate amino acids are
activated or charged onto tRNAs.

Recognition of the cognate amino acid by the AARS is critical for the
fidelity of the translation process. Theoretical models show that, rather than
ribosomal errors, tRNA charging by the AARSs plays a key role in controlling the
long-term stability of the cell. Error-prone ribosomes are more likely to produce
inactive protein products [9], whereas mistakes in tRNA charging can lead to an
increase in error rates by producing “mutant” AARSs in the next generation
protein synthesis. A high AARS error rate was predicted to cause an “error
catastrophe” [10]. It was recently shown that the viability of cells containing
different error-prone valyl-tRNA synthetases (ValRS) is decreased in proportion
to ValRS error rates when competitor (a-aminobutyrate) concentrations were

increased [11].



Incorporation of Noncanonical Amino Acids into Proteins

The lethality caused by errors from AARS is in part due to the absence of
a control mechanism that checks for correct amino acid-tRNA pairing at the
ribosome level. The lack of error correction allows amino acids on misacylated
tRNAs to be incorporated into proteins. At the same time, this also makes it
possible to bypass the recognition and charging steps altogether by chemically
charging the tRNAs with the amino acid of choice in vifro and providing them
directly to the translational machinery. The preparation of chemically
misacylated tRNAs was first described in 1984 [12]. In 1989, Schultz and
Chamberlin groups independently combined this technique with cell-free
translation methods, and successfully incorporated noncanonical amino acids
into proteins at amber codon (UAG) sites [13, 14].

The 20 natural amino acids represent a very limited set of structures and
functionalities present in organic chemistry. The introduction of noncanonical
amino acids expands this set to compounds with diverse electronic and
molecular structures. By specifying the exact chemical structure on the amino
acid side chain, rather than mutating whole residues, perturbations can be
applied to individual atoms in a protein, allowing us to probe protein structure and
function more accurately. The ability to introduce noncanonical amino acids also
allows unique chemical functionalities and reactions, such as light triggered
cross-linking, to be applied to proteins. Due to the enormous potential of
noncanonical amino acids, methods for their incorporation drew considerable
attention. Since 1989 more than a hundred noncanonical amino acids have been
incorporated into proteins using amber suppression and other similar methods
[15]. Noncanonical amino acids incorporated this way include structural probes
and fluorescent, isotopic and spin labels [16-18]. Successful incorporation was
reported both in vitro [19] and in vivo, through microinjection of misacylated tRNA
into Xenopus oocytes [20]. In oocytes, mutations to noncanonical amino acids
were introduced into the nicotinic acetylcholine receptor (nAChR). Receptors
that exhibit constitutive activity at acidic pH were discovered through the



incorporation of modified tyrosines [21]. Effects of backbone hydrogen bonding
was probed by mutating the amide linkage on the protein backbone to an ester
through hydroxyacid incorporation [22]. Recently, cis-frans isomerization at a
proline residue in NAChR was modulated by the incorporation of proline analogs
with varying preferences for the cis-conformer [23]. Despite many successes,
the above methods present one major limitation: the yield of engineered protein
is intrinsically limited by the amount of chemically aminoacylated tRNA, synthesis
of which is laborious. Thus, the yield of expressed protein is usually low at
around one milligram or less per reaction [24]. The low protein yield is especially
a problem if the engineered protein is to be used in biomaterial applications,

where material is required in bulk.

Residue-specific Incorporation

Unlike chemical polymerization, the synthesis of proteins is directed
precisely by the genetic code. This control over sequence and size translates
into a precise control over the properties of the polymer synthesized. Genetic
engineering allows us to modify the genetic code, and therefore, engineer novel
protein-based materials using cellular protein synthesis machinery [25, 26].
Tirrell and co-workers have utilized these ideas to prepare artificial proteins that
have controllable crystallization properties [27], form liquid crystal phases and
ordered films [28, 29], reversible hydrogels [30], and matrix proteins for potential
use in vascular reconstruction [31-33]. The utilization of noncanonical amino
acids with novel side chains has the potential to provide properties to the
peptides not possible with the natural set, and expanding the utility of their
applications.  When changes in bulk properties are desired, site-specific
incorporation is not necessary for this case. However, in vitro translation with
good efficiency is required in order to get a high protein yield.

Multisite (residue-specific) incorporation of amino-acid analogs in
auxotrophic cell strains was observed as early as the 1950s [34, 35] and to a
large extent suits the needs described above [36]. This method relies on the
construction of a cell strain that is unable to synthesize a particular amino acid,



and the ability of the corresponding AARS to activate its structural analogs. First,
auxotrophs to a certain amino acid are grown in media containing 20 natural
amino acids. At the onset of the stationary growth phase, this amino acid is
depleted and is replaced by one of its structural analogs through a media shift.
Upon induction of protein synthesis, the analog taken up by the cell is charged by
the cellular AARS onto the corresponding tRNAs, replacing the depleted amino
acid. This way, the analog is incorporated into all proteins synthesized by the
cell in place of the natural amino acid. Through this strategy, noncanonical
amino acids that carry alkene [37], alkyne [38], azido [39], fluoro [40-42] and
ketone [43] functionalities on their side chains have so far been incorporated into
recombinant proteins in E. coli for protein engineering applications.

In the last decade, amino acids that carry noncanonical side chains have
become useful protein engineering tools. Introduction of selenomethionine and
other amino acids carrying heavy atoms into proteins greatly simplifies
determination of x-ray crystal structures through multiwavelength anomalous
diffraction [44, 45]. Fluorinated amino acids have been used as "*F-NMR probes
in proteins [46]. The hyperhydrophobicity of fluorocarbons have led to the
construction of proteins with fluorous cores [40, 47-54]. These proteins exhibit
large gains in thermostability compared with their non-fluorinated counterparts.
The tryptophan analog 4-amino-tryptophan was used to modify the chromophore
of the enhanced cyan fluorescent protein (ECFP) [55]. The resulting protein
exhibited a redshift not achieved by laboratory evolution or screening.

The value and versatility of noncanonical amino acids have significantly
increased through their use as bioorthogonal reactive handles for conjugation
[56, 57], detection [58, 59] and selective isolation [60] of proteins. Upon
incorporation into proteins, aryl halides allow palladium-catalyzed Heck and
Sonogashira couplings [61, 62], and the acetyl group can be reacted selectively
with hydrazides [43]. Among the reactive groups introduced into proteins, azides
are perhaps the most significant [63]. Azides can be ligated under physiological
conditions to ester-functionalized triaryl phosphines through the Staudinger
ligation or to terminal alkynes through Cu(l)-catalyzed [3+2] azide-alkyne



cycloaddition, both in bioorthogonal fashion. Recently a strain-promoted version
of the azide-alkyne cycloaddition that does not require the Cu(l) catalyst was
reported [64], which allows this chemistry to be applied to live cells. The utility of
the introduction of bioorthogonally reactive amino acids into proteins was
demonstrated through their application to the study of proteomic changes in cells
in response to stimuli [58-60]. Proteins synthesized following a stimulus were
metabolically labeled with azide- or alkyne-bearing methionine analogs. Through
the use of affinity tags for separation and identification, or fluorescent tags for
visualization, the newly synthesized proteins were studied. Photoreactive aryl
azides, such as p-azidophenylalanine were incorporated into proteins, and used
in the construction of ligand-bearing [56] or lithographically patterned surfaces
[57].

Modification of AARS Activities

The most prominent limitation for the in vivo incorporation of noncanonical
amino acids is its reliance on the host’s native AARSs to charge the amino acid
of interest on to tRNAs. This requirement limits the set of noncanonical amino
acids that could be incorporated to only those that are similar in size, shape and
electrostatic structure to the natural amino acids they replace. Therefore, the
diversity in structural and chemical functionality of analogs obtained using
chemical misacylation-based techniques is limited. In cases where the
associated AARS shows low activity for the desired analog, it has been possible
to increase the overall activity by engineering E. coli hosts that overexpress the
AARS of choice to achieve incorporation [65]. It is also possible that the analog
of choice is activated or charged, but then is hydrolyzed through
editing/proofreading. Disrupting the editing activity of the AARSs resulted in
successful activation of amino acid analogs in valyl- [66] and leucyl-tRNA
synthetases [67]. However, many noncanonical amino acids differ significantly
from their natural counterparts in structure and are not substrates for natural
AARSs. For these molecules, it is necessary to engineer AARS activity
specifically. Point mutations at the active sites of certain AARSs, such as



phenylalanyl- [68] and tyrosyl-tRNA synthetase [69], are known to relax the
binding specificity of AARS and allow the incorporation of amino acid analogs
that are normally not incorporated. Enlarging the amino acid binding pocket of
the E. coli phenylalanyl-tRNA synthetase (PheRS) by the A294G mutation made
the introduction of various para-substituted phenylalanine analogs into proteins
[61, 62, 70], as well as the photoreactive amino acid benzofuranyl-alanine [71]
possible. An additional mutation (T251G) identified in the PheRS binding pocket
by a computational protein design algorithm allowed the introduction of p-acetyl-
phenylalanine into proteins [43]. Carrying this mutation over to the yeast
homolog of this enzyme (T415G) enabled the site-specific incorporation of a
series of tryptophan analogs in E. coli through the use of this enzyme with a
mutant yeast phenylalanine amber suppressor tRNA [72]. A single mutation
(C443G) in the proline binding pocket of E. coli prolyl-tRNA synthetase (ProRS)
also permitted the incorporation of a series of proline surrogates, including
2S-pipecolic acid, which is a proline analog with a six-membered ring [73].
Schultz and co-workers have employed directed evolution in order to
identify mutations on AARSSs that lead to specific activity toward a noncanonical
amino acid of interest. Their studies focused on the modification of tyrosyl-tRNA
synthetase from the archaebacterium Methanococcus jannaschii (Mj-TyrRS), for
its use with its associated tRNA™" as a 215! AARS-tRNA pair in E. coli in their
site-specific in vivo incorporation studies [74]. In order to set a clear background
for their screen, five residues thought to be in the active site were mutated to
alanines. Using oligonucleotide-encoded DNA shuffling, a library of Mj-TyrRS
mutants was created on these five positions, which was then screened in two
steps. Positive selection for active Mj-TyrRS mutants was carried out in the first
step, where Mj-TyrRS activity is required for cells to survive in antibiotic
supplemented media. In the second step, negative selection is applied against
the Mj-TyrRS mutants that retain their activity toward tyrosine. Here, a lethal
gene is introduced into the cells, which are then grown in media that contains
tyrosine but not its unnatural analog. Cells containing any Mj-TyrRS that is active

toward tyrosine express the lethal gene and die. After several cycles of



mutagenesis and a two-step selection, the cells surviving the final positive
selection are analyzed. This method has produced Mj-TyrRS mutants that
exhibit high specificities to tyrosine analogs, and allowed the in vivo site-specific
incorporation of a wide variety of nhoncanonical amino acids [75-78], including a
glucose-modified serine [79]. Application of this methodology to a E. coli
tRNA-*"-leucyl-tRNA synthetase (LeuRS) pair enabled identification of LeuRS
variants with diverse activities [80-83] and achieved site-specific incorporation of
fluorescent and photocaged amino acids in yeast, among others.

In order to enable the incorporation of translationally silent methionine
(Met) analogs into proteins, several screening strategies were developed for
methionyl-tRNA synthetase (MetRS) libraries in the Tirrell group. Following their
demonstration of the display of unnatural amino acids in E. coli cell surface [84],
Link and co-workers showed that the display of unnatural amino acids on the cell
surface could be used as a reporter for the cellular AARS activity toward an
unnatural substrate [85]. Four residues in the E. coli MetRS were randomized
and the MetRS library was screened for the incorporation of an azide-bearing
amino acid (azidonorleucine, Anl) into the surface-accessible Met positions on
E. coli outer-membrane protein C (OmpC). Only the clones carrying MetRS
variants active toward Anl can display azide groups on the cell surface and
exhibit fluorescence upon labeling with a fluorescent probe. These cells can be
enriched on a fluorescence-activated cell sorter (FACS). Analysis of the
enriched clones revealed that a single mutation to glycine (L13G) was sufficient
to relax the specificity of MetRS to allow azidonorleucine incorporation. The
above methodology requires bioorthogonal derivatization of reactive side chains
presented on the cell surface. Yoo and Tirrell reported a more generally
applicable strategy that takes advantage of a green fluorescent protein (GFP)
variant, which was engineered to permit the incorporation of methionine analogs
without any loss of fluorescence [86]. A five-position saturation-mutagenesis
library was expressed in cells overproducing this GFP variant in the presence of
6,6,6-trifluoronorleucine (Tfn). Cells exhibiting the highest yields of GFP were
isolated by FACS. The enriched population was also subjected to negative
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selection, where GFP production was induced in the presence of 19 amino acids
(-Met) and cells with low fluorescence were retained. After multiple rounds of
selection, the L13S-Y260L-H301L mutant of MetRS was enriched, and
quantitative replacement of Met with Tfn was demonstrated through the use of

this mutant.

Computational Protein Design and Its Application to AARSs

The success of redirecting AARS activity to noncanonical amino acids
through mutations in the binding pocket suggests that changing the binding
specificity alone may be sufficient for new AARS activities. Not surprisingly,
computational methods utilized for the identification of new AARS activities have
focused on optimizing the binding interactions of the new substrate with the
binding pocket. Fidelity of phenylalanyl- [87], methionyl- [88], and seryl-tRNA
synthetases [89] to binding their natural substrates has been reliably
demonstrated through computational methods. The relationship between
enzymatic activities of AARSs toward unnatural ligands, and the corresponding
computational binding energies was investigated in several studies. Wang et al.
reported a good correlation between the translational activities of a set of
phenylalanine analogues in E. coli and the binding energies of these analogs
calculated based on a phenylalanyl-tRNA synthetase crystal structure from
T. thermophilus (Tt-PheRS) [90]. In a similar study, Datta et al. showed that
binding energies computed between E. coli MetRS and a series of methionine
analogs agree with experimental free energies calculated based on kinetic
parameters of activation [88]. In each case, the authors presented well-behaved
scoring functions that can predict AARS binding, and therefore, the likelihood of
incorporation, which suggests the possibility of computationally designing AARS
binding sites for each analog of interest.

One such example has been presented by Datta et al. [43], who used a
previously established design algorithm (ORBIT) [91, 92], which utilizes an
empirical force field, a pairwise-decomposable description of energies and

optimization methods based on the dead-end elimination theorem. Eleven
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binding site residues were scanned to identify two mutations on the Tt-PheRS
structure that should assist p-acetyl-phenylalanine binding. Corresponding
mutations on the E. coli PheRS were then shown to allow the incorporation of
this analog into proteins in E. coli. A different strategy was employed by Zhang
et al. [93, 94], who focused on using a full molecular mechanics force field and a
scoring function based on binding energies. Unlike ORBIT, this method relies on
keeping the combinatorial complexity of the problem low by focusing on the few
residues around the ligand. The success of Schultz and co-workers in selecting
high fidelity enzymes from libraries of 5-fold mutants verifies this approach. In
this method, named “clash-opportunity progressive design” (COP), first the
mutations that relieve clashes and then those that improve binding were
identified. These mutations were carried out combinatorially, and from this set,
the mutants that prefer binding to the analog over any natural amino acids were
identified. COP was successful in identifying two key mutations that allow the
binding of O-methyl-tyrosine to Mj-TyrRS, previously discovered by Wang et al.
[75]. Even though binding specificity of analogs to AARS is a necessary but not
sufficient condition for their activation, the results above show that computational
methods may be an alternative to library screening in altering AARS activity.

Discovery of MetRS Mutants Active Toward Azidonorleucine

Although attempts were made to design AARS binding sites, mutational
data to verify the computational procedures have been a limiting factor in these
studies. Thus, the experimental screens developed for the E. coli MetRS system
[85, 86] and the encouraging results from computational studies of unnatural
AARS activities [88, 93] together present a unique opportunity to evaluate the
effectiveness of computational procedures. In this thesis, we take advantage of
the methods developed in previous work to a explore a MetRS library both
experimentally and computationally.

The work presented here has two main goals: identification of a variety of
MetRS mutants that allow the efficient incorporation of azidonorleucine (Anl) into

proteins, and evaluation of computational methods using the experimentally
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acquired data. In Chapter 2, we build on the work by Link et al. [85] and identify
a wide variety of MetRS mutants that enable Anl incorporation through screens of
a three-position MetRS saturation mutagenesis library. In Chapter 3, we show a
good agreement between computational binding energies and results from in
vitro activation kinetics experiments. We also report the results from an in silico
screen of a MetRS saturation mutagenesis library and identify where the
computational model succeeds and fails by comparing the in vivo and in silico
results. In Chapter 4, we discuss the implications of our results to future efforts
in engineering new MetRS activities.
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