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Chapter 3

Computational Modeling and Design of
Methionyl-tRNA Synthetase Mutants

for Activity Toward Azidonorleucine
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Introduction

Aminoacyl-tRNA synthetases (AARS) with altered substrate specificities
have enabled the introduction of many noncanonical amino acids that are
translationally inactive the wild-type enzymes into proteins [1-3]. The use of
combinatorial selection and evolution techniques for the optimization of amino
acid binding pockets for new substrates has especially been successful in
engineering new AARS activities. Schultz and coworkers have developed an
effective strategy for identifying AARS variants selective for a non-natural
substrate and applied this to tyrosyl- [4, 5], and leucyl-tRNA synthetases [6, 7] to
achieve site-specific incorporation. Tirrell and coworkers have reported two
complementary screening strategies for the discovery of methionyl-tRNA
synthetase (MetRS) mutants for the global replacement of methionine (Met). [8,
9] By screening a saturation mutagenesis library, Link et al. have discovered a
series of E. coli MetRS mutants that allow the incorporation of azidonorleucine
(Anl) [8, 10]. (Figure 3.1.a; Table 3.1) Further optimization of this screening
strategy has revealed a diverse set of MetRS mutants that enable efficient
incorporation of Anl in vivo. (See Chapter 2.)

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- [11], methionyl- [12],
and seryl-tRNA synthetases [13] to binding their natural substrates was
demonstrated computationally, and in vivo activities of phenylalanyl- [14] and
methionyl-tRNA synthetases [12] toward noncanonical amino acids were
correctly predicted by computed binding energies for the non-natural substrates.
Mutations in a M. jannaschii tyrosyl-tRNA synthetase variant selected for
O-methyl-tyrosine activity were correctly identified in the immediate vicinity of the
ligand through the comparative evaluation of binding interactions for the natural
and non-natural substrates [15]. A computationally designed variant of E. coli
phenylalanyl-tRNA synthetase was reported to enable the in vivo incorporation of
p-acetylphenylalanine into proteins [16].

Although attempts were made to design AARS binding sites, mutational
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data to verify the computational procedures has been the limiting factor in these
studies. Therefore, the wealth of mutational data available for E. coli MetRS
provides a unique opportunity for verifying the accuracy of our computational
capabilities, and designing new mutants for Anl incorporation. Multiple high-
resolution x-ray crystal structures are available for this enzyme [17-19]
(Figure 3.1.b) and for a mutant MetRS complexed with Anl [20]. (Figure 3.1.c) In
this report, we demonstrate a good correlation between computed binding
energies and in vitro activation data for a series of MetRS mutants. We also
compare the results from a saturation-mutagenesis library screen performed in
silico with the results obtained with the same library in vivo. Modeling and design
of the MetRS binding site were initiated in 2005, before the discovery of the
MetRS mutants discussed in Chapter 2. This work was revisited in 2008 after
additional mutation data became available. Initial studies focused on data
reported by Link et al. [8, 10] Validation of the computational protocol was
followed by the computational design of three positions (L13, P257 and Y260) in
the MetRS binding pocket. In the text, this part of the work will be referred to as
the “2005 StupY” and the accompanying design study as the “LPY design.”
Following the availability of new data from screens of a saturation-mutagenesis
library on positions L13, Y260, and H301 for Anl incorporation, we showed that
our binding predictions for Anl agree with new data. We later carried out the
design of the MetRS binding site at residues L13, Y260 and H301. This second
part of this study will be referred to in the text as the “2008 StuDY,” and the
design work as the “LYH design.” The triple mutants of MetRS discussed in the
2008 STuDY are named based on the mutations they carry at positions L13, Y260
and H301, so that the MetRS variant bearing the L13N-Y260L-H301L mutations
is referred to as the “NLL” mutant.

Materials and Methods
Simulation parameters
All minimizations in the 2005 STtuby were carried out using MPSIM [21]

through conjugate gradient minimization. Non-bond interactions were calculated
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using the cell-multipole method [22]. Minimizations were assumed to have
converged when a 0.5 kcal/mol/A RMS-force was reached. Coulombic forces
were calculated using a dielectric constant of ¢ = 2.5 for the interior of the protein,
and minimizations were carried out under solvent-generalized Born (SGB)
continuum solvation. The forces on the protein were described by the DREIDING
force field [23] and CHARMMZ22 charges [24] were used for the protein atoms.
The charges on the native ligand, as well as its analogs, were obtained from the
Mulliken charges based on the molecular orbitals calculated by quantum
mechanics (QM). All QM calculations were run using JAGUAR 4.0 (Schrodinger)
at the Hartree-Fock level with a 6-31G** basis set. The charges were obtained
after the geometry of the ligand was optimized with forces calculated under
Poisson-Boltzmann (PB) continuum solvation [25].

Simulations in the 2008 STuDY were carried out as was described for the
2005 StuDY above, with few differences. For the 2008 STuDY, a more recent
version of the DREIDING force field, with newly parameterized hydrogen-bond
terms, was employed [26]. This force field uses new hydrogen bond equilibrium
distances and well depths that were fit to reproduce QM geometries and energies
obtained at the X3LYP [27] level with the aug-cc-pVTZ-(-f) basis set.
Minimizations were carried out without a solvation potential, and coordinates
were assumed to have converged when a 0.2 kcal/mol/A RMS-force was
reached. Charges on the native ligand, or ligand analogs were obtained from
Mulliken charges revealed by QM calculations using B3LYP with the 6-31G**
basis set, determined after geometry optimization under PB solvation. All QM
calculations were carried out using JAGUAR 7.0 (Schrodinger).

Calculations for the modeling and design of AARS for noncanonical amino
acids, and the analysis of the results were accomplished with the aid of a series
PERL and PYTHON scripts. A list of the software written for and used in this study
is provided in Appendix D.

Structure preparation

The crystal structures of the free E. coli MetRS at 2.03 A resolution, and



82

the methionine-bound enzyme at 1.85 A resolution were obtained from PDB
database, using the PDB IDs 1QQT [18] and 1F4L [17], respectively. In the 2005
STUDY, BIOGRAF (Molecular Simulations) was used to add hydrogen atoms to the
structures.  Annealing dynamics were performed on the supplemented
hydrogens in order to optimize their coordinates. This was followed by an all-
atom minimization of the structures under SGB solvation. In the resulting ligand-
bound structure, the residues that have atoms within 10 A of the native ligand,
methionine, were identified to be in the “binding region.” We focused exclusively
on this region of the enzyme in the remainder of this study. Crystal structures
were also optimized in the absence of any heteroatoms (crystal waters and ions)
through the same procedure described above. Minimized structures in the
absence and presence of heteroatoms showed minimal differences in their
coordinates (less than 0.2 A RMSD over all atoms, as well as over side chain
atoms within 6 A of the ligand). Therefore, the structure without any solvent
molecules was used in modeling. Application of mutations and determination of
binding energies were performed starting with this minimized structure of the
enzyme. (s0 in Figure 3.2)

In addition to the two aforementioned crystal structures of the E. coli
MetRS [17, 18], two new MetRS structures were used in the 2008 STuDY:
Crystal structures of the SLL mutant of E. coli MetRS (L13S-Y260L-H301L) were
obtained from Y. Mechulam [20] in free and Anl-bound form at 1.7 and 1.5 A
resolution, respectively. Hydrogen atoms were added and rotamer orientations
in the crystal structure were corrected using WHAT IF [28] prior to any
minimization. Structures were minimized in vacuum without any constraints on
the protein or the heteroatoms. Residues in the final ligand-bound structure that
are within 10 A of the Anl ligand were marked as the “binding region,” and, as
before, this structure was used as the base model (s0; Figure 3.2) for any

subsequent calculations.

Preparation of the Anl-MetRS complexes

Before the availability of an Anl-bound crystal structure of MetRS, the
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conformation of Anl inside the MetRS binding site was generated based on the
coordinates of the enzyme-bound Met structure by mutating, adding or deleting
the appropriate atoms on the Met side chain. This way, both the native ligand
and the analog share the same coordinates for the ligand backbone and the
same general binding mode. This is done to ensure that the catalytic portion of
the enzyme is not affected by changes on the ligand side chain. Enzyme-analog
complexes were prepared by replacing the native ligand in the binding site of
minimized enzyme with the new ligand.

Due to the close structural similarity between Met and Anl, both are
expected to bind the enzyme in similar orientations overall. However, the three
extra heavy atoms on the azide group need to be placed carefully to optimize
packing and hydrogen-bonding interactions, and getting accurate binding
energies. Different conformations of the enzyme-bound Anl are explored using
rotamer libraries. Anl rotamers are prepared inside the MetRS binding pocket.
To allow rotamers to take advantage of available space in the binding site after
any mutations, positions without a wild-type identity are mutated to glycine prior
to rotamer generation.

Rotamers were generated using MoOLECULEGL [29] in the 2005 STtuDY.
This program grows the ligand in the binding site from a specified anchor
(Ca atom of the ligand) to generate a diverse set of rotamers, and reduces the
diversity based on a diversity cutoff. In this study 10 rotamers were generated at
0.3 A RMSD diversity to represent different Anl conformations. The rotamer
generation procedure was modified in the 2008 STubpy. Anl conformations were
sampled exhaustively using BIOGRAF (Molecular Simulations) inside the MetRS
binding site carrying the L13G, Y260G, H301G mutations. Trans and gauche
dihedrals were allowed for C-C bonds, whereas the C-N3; bond was sampled at
every 30 degrees. Rotamers were ranked by energy using MPSIM and the best
20 rotamers were used.

Mutations were introduced into MetRS using MODULASIM-SCREAM [30] in
the 2005 StuDY, and by ScREAM [26] in the 2008 STtuDY. Rotamer libraries at
1.0 A and 0.2 A RMSD diversity were used for the placement of 20 natural
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amino-acid rotamers in these studies, respectively. When placing side chains
using SCREAM, the flat-bottom van der Waals (VdW) potential it employs was
disabled to allow accurate placements while using a very high-resolution rotamer
library. Mutations were applied to MetRS after the Anl rotamer was placed into
the binding site. The energy of the ligand was analyzed for all Anl rotamers,
either after minimization, or immediately, and the best ligand-enzyme complex

was selected.

Binding-energy calculations

Several minimization steps were carried out for each enzyme-ligand
complex (s2) before the binding energies were calculated as outlined in
Figure 3.2. In the first step, the potential energy of the ligand side chain is
optimized with the positions of the ligand backbone and the binding region fixed
during minimization, to produce s3. This step serves to resolve any large
clashes between the ligand and the binding pocket and is performed to prevent
the ligand from flipping out of the binding site in the subsequent steps. Next, the
binding region and the ligand side chain atoms on s3 are minimized, keeping the
positions of the ligand backbone and the residues on the enzyme that recognize
the ligand backbone fixed. This step allows reorganization in the binding pocket
while keeping the interactions of the ligand backbone with the enzyme intact to
ensure that the reaction center for the adenylation reaction is not perturbed. The
ligand binding energy is calculated on the resulting structure, s4. This binding
energy represents the binding energy of the ligand in a conformation that allows
its activation by the MetRS.

The strength of binding for each ligand was evaluated based on the
vertical binding energies (VBEs) calculated according to the equation:

AAHbinding = AHcomplex - (AHenzyme + AHligand) . (31)
The complex structure, s4, was used to calculate AHcompex. FoOr determining
AHenzyme @nd AHigand, $4 was spilt into its components, and the energy of the

components were determined to calculate the direct vertical binding-energy
(dVBE). Alternatively, the components (s5) were minimized for 10 steps and the
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resulting structures (s6) were used to calculate the relaxed vertical binding
energy (rVBE). Any strain imposed on the enzyme or the ligand in the ligand-
bound conformation is reflected in the rVBEs calculated. In the 2005 STuDY,
where comparisons were made across different ligands, complexes evaluated
based on rVBE. In the 2008 STtuDY, binding energies for only the non-natural
analog was determined. To avoid the uncertainty of a ligand reference state,
only “two-point” dVBEs that omit AHigana from the binding-energy expression
were calculated.

When the construction of the ligand-enzyme complex requires mutations
in the binding site, mutations were applied to the s2 structure separately in the
presence of each ligand rotamer to obtain a binding site compatible with the
ligand orientation. In the 2005 StuDY, the best rotamer for the ligand was
selected by the rVBEs calculated on s4 and s6. In the 2008 STuDY, non-bond
interactions of the ligand side chain with the binding region was determined for
each ligand rotamer inside the s4 structure. The structure showing the best
interactions with the ligand rotamer was selected for binding-energy analysis.

For a given structure, AH was calculated as:

AH = AHbonding + AHnon-bond + AHsolvation . (32)

The AHbonding @and AHnon-bond terms are calculated based on the DREIDING force
field. The AHponging IS made up of terms describing bond stretching and bending,
torsions, as well as an inversion term. The non-bond component, AHnon-bond,
which is also referred to as “interaction energy”, was calculated as the sum of the
Van der Waals (E,gv; VAW), Coulomb (Ec.u), and hydrogen bonding (Ep;

H-bond) components:
AHnon-bond = AEvaw + AEcou + AEpy . (3.3)

The interaction energy terms between two groups of atoms, such as the residue

K and ligand L, are calculated as:
12 6
B —2(ﬁ) l : (3.4)
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Ecoul (K’L) = E qjqj s (35)
i€K,jEL 4””11;‘
12 10
Ep(KL= Y Dyl rH_B) —6(rH—B) cos*0 (3.6)
i€K,jEL rij rij

where each value is calculated as a sum over all atoms i on K and j on L, using
the interatomic distance, rj, partial charges oniand j, g; and g, and in the case of
hydrogen bonds, the donor-hydrogen-acceptor angle, 6. Other parameters used
are Dy (the geometric mean of equilibrium well depth for i and j), ro (the geometric
mean of the VAW radii for i and j), ¢ (the dielectric constant), Dy (the equilibrium
hydrogen-bond well depth), and rys (the equilibrium hydrogen-bond distance).
Different solvation methods were employed for the calculation of the
solvation component of binding energies. In the 2005 STuDY, all minimizations
were carried out under solvent generalized Born (SGB) solvation [31], whereas
the binding energies were determined using either analytical-volume generalized
Born (AVGB) [32], or SGB solvation. Solvation was not applied during
minimizations in the 2008 StubY, but PB solvation calculated using DELPHI 4.1

[33] was included in the binding energies.

Design of MetRS binding sites for Anl

The sites in the MetRS binding site were selected based on the positions
randomized in the library screening experiments of Link et al. [8] From the four
positions (L13, P257, Y260 and H301) randomized three positions were selected
for the in silico library in both the 2005 Stupy (L13, P257 and Y260), and the
2008 Stupy (L13, Y260 and H301). These computational “saturation
mutagenesis” libraries were called LPY- and LYH-designs, respectively.
Computational design through the randomization of three positions in the binding
site requires a maximum of 20° = 8000 mutants to be evaluated. This number is
feasible for both a computational and an experimental study.

Both design studies employed the methods described above in sequence:

Starting from a fully minimized enzyme structure ligand rotamers were inserted
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into the binding site. Side chains for the selected positions were placed in the
presence of the ligand rotamer. First the ligand side chain, then the whole
binding region was minimized. Using ligand interaction of binding energies the
best ensemble of conformations for the binding site residues and ligand was
identified and binding energies were analyzed. All calculations were run on
Beowolf clusters featuring 2.2 GHz to 3.06 GHz Intel Xeon processors with 1 GB
memory installed per processor. The calculations were run using the s1
structure as the base structure. The 2005 STuDY was initialized using the fully
minimized wild-type MetRS structure [17] after removing all solvent from the
model. The 2008 StubYy was started from a fully minimized model of the
MetRS-SLL [20]. From the 1161 water molecules resolved in this structure, only
the 92 water molecules that interact best (stronger than -10 kcal) with the
enzyme were included in the design calculation. During dVBE calculation these

water molecules were assumed to be part of the enzyme.

Identification of low-fluorescence clones through library screening

The materials used and experimental procedures employed in this study
were described previously in Chapter 2, and are explained only briefly here. A
three-position saturation mutagenesis library designated LYH.1.0 was created by
randomizing the L13, Y260 and H301 positions in the metS gene, which codes
for MetRS, on the pAJL-20 plasmid [8]. In addition to constitutively expressing
MetRS, the pAJL-20 plasmid also codes for an E. coli OmpC variant which
carries surface-exposed mutations to methionine . The expression of OmpC was
induced in the absence of Met and presence of Anl in the methionine-auxotrophic
expression of host, M15MA [34]. Surface-exposed azide-groups were covalently
linked to biotin through strain-catalyzed [3+2] azide-alkyne cycloaddition. The
biotin-labeled cells were bound to fluorescently labeled avidin and analyzed on a
fluorescence-activated cell sorter (FACS).

The LYH.1.0 library was screened after the expression of OmpC in the
presence of 1.0 mM Anl to reveal the population LYH.1.1a. This population was

grown and induced to express OmpC at 1 mM Anl for 30 min. After biotin
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conjugation and fluorescent labeling of these cells, their analysis was carried out
using flow cytometry. In order to isolate clones that display low fluorescent
labeling levels, the gate on the fluorescence channel was set on the low-
fluorescence shoulder of the labeled population. Cells between 31 and 37
fluorescence units comprising 2.1% of the total population was sorted. Clones
from this population, designated LYH.6.2, was analyzed on FACS individually,
and the identity of the MetRS mutants carried by these clones were determined

through sequencing.

Characterization of the activities of MetRS variants toward Anl

The response of the cell-surface labeling of the LYH.6.2 population to the
amount of Anl present in the expression medium was also determined. Extent of
cell-surface labeling was determined after the LYH.6.2 population was induced to
express OmpC in the presence of 0.3, 1.0 and 3.0 mM Anl, in the absence of
Met. FACS histograms were obtained for each culture, and the median
fluorescence of the fluorescent part of the population was determined. Resulting
data was fit to the Hill equation using KaleidaGraph (v3.6, Synergy Software)
after setting the minimum response to 1.60 fluorescence units. The EC50 values
were obtained from the resulting least squares fit.

Tests for expression of protein in the presence of Anl were carried out
using the medium-shift procedure described in Chapter 2. Using QuikChange
site-directed mutagenesis, MetRS variants were cloned into the plasmid pAJL-61
(see Table 3.2 for primer sequences), which was used to test the incorporation of
Anl into the N-terminally 6xHis-tagged dihydrofolate reductase (DHFR) [8].
Protein expression was induced for 3.5 hours in synthetic media containing
2.0 mM Anl, but no Met, using M15MA as the host. DHFR expression was
determined by SDS-PAGE analysis of whole cell lysates.

In vitro activation kinetics for three mutants identified from the population
LYH.6.2 was measured, as was described in Chapter 2. Variants of the pMTY21
plasmid [9] carrying the 6xHis-tagged MetRS mutants AQL, SNL and GVL were
constructed using PCR with the MRS_BamHI and MRS_Sall-r primers and a
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subsequent ligation. MetRS variants were expressed and purified, and their
concentrations were determined. Amino acid activation assays were carried out
as described previously [35, 36], Radiolabeled sodium 32P-pyrophosphate was
purchased from Perkin-Elmer Life Sciences. Enzymes were added to reactions
at 6 to 8 uM concentration. Anl concentrations tested ranged from 2.0 to 64 mM.
All data was fit to a Michaelis-Menten model using KaleidaGraph (v3.6, Synergy

Software), and kinetic parameters were determined.

Results and Discussion
Discrimination of active MetRS variants among the Link et al. mutants:
The 2005 StupYy

A variety of MetRS mutants were identified by Link et al. [8, 10] showing
varying in vivo activities toward Anl. (Table 3.1) Using the methods outlined
above, models of these mutants were constructed starting from the crystal
structure of methionine-bound E. coli MetRS at 1.85 A resolution. In order to
determine how well the constructed models capture the experimental activities of
these mutants, vertical binding energies were calculated for each complex.
Energies with AVGB solvation obtained after optimization of the binding region
through annealing dynamics are reported in Table 3.3. Although the binding
energies fail to show a distinction between the L13G mutant, which shows the
highest activity toward Anl, and other active mutants, the inactive mutants are
clearly separated from the active set. These trends persist regardless of the
solvation method of choice (AVGB or SGB) or the use of annealing dynamics.

Examination of the energies and the models show that hydrogen bonds
made to the azide group on Anl distinguish the mutant enzymes from the wild-
type enzyme. All mutants that carry the L13G mutation interact with Anl through
a hydrogen bond between the backbone nitrogen on position 13 and the azide
group. Upon methionine binding this backbone nitrogen aids in the recognition of
the sulfur atom in the wild-type enzyme. (Figure 3.3.a) In the L13G mutant, this
hydrogen bond is satisfied by an interaction with the first nitrogen of the azide
group (Figure 3.3.c). For the Y260T mutant, formation of this hydrogen bond
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increases the strain in the model. The VdW contribution to the binding energies
shows that the wild-type enzyme provides more VdW stabilization than any of the
mutants. This trend is unexpected since Anl is larger by three heavy atoms than
the native ligand, Met. When Anl is placed into the binding site in an extended
configuration, clashes with the P257 and Y260 residues are observed.
(Figure 3.3.b) The extent of the VdW stabilization by the wild-type MetRS
suggests that the wild-type active site has ample space for binding ligands as
large as Anl. This observation agrees with previous findings, where trace
amounts of Anl incorporation was detected on the E. coli cell surface through the
wild-type MetRS [37].

Design of the MetRS binding site at three positions: The LPY design study

In order to determine if the discrimination observed between active and
inactive mutants can be applied to predict new active mutants, the L13, P257,
and Y260 positions were randomized in silico and the resulting mutants were
evaluated for Anl binding. These three positions make up three of the four
positions originally randomized by Link et al. [8], and were selected because their
relative positions make cooperative interactions between these positions more
likely. To simplify the sequence space to be searched, the set of amino acid
mutations allowed at each site was restricted. Because Anl does not have a net
charge, charged residues were not allowed at any site, with the exception of
histidine. In addition, aromatic residues (Phe, Tyr, and Trp) were only allowed at
position 260, since this site has ample room to fit aromatic residues. These
restrictions reduce the number of mutants to be explored from 8,000 to 2,704.
Using the L13G-P257G-Y260G mutant as the background, 10 Anl rotamers were
generated using MOLECULEGL. Each rotamer was tested against the whole
mutation set, and the best binding conformation of Anl was recorded for each
mutant.

The distribution of binding energies obtained for the mutants tested is
shown in Figure 3.4, each sequence ranked by its binding energy. From the
three previously characterized MetRS variants present in this mutation set, the
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wild-type MetRS and the Y260T mutants are known to be inactive toward Anl,
whereas the L13G mutant can efficiently activate Anl. Indeed, the L13G mutant
was ranked 5" by binding energy, at the top of the list. In contrast, the inactive
MetRS variants, Y260T and wild-type, were listed more than 10 kcal/mol lower in
binding energy than the L13G mutant. The top 15 mutants with the best binding
energies are shown in Table 3.4. The top mutants cover a very narrow range of
sequences from the available set, carrying small and polar mutations at positions
13 and 260 while maintaining wild-type identity at position 257. Mutants with the
Y260N mutation display good hydrogen-bonding energies, counterbalanced by
relatively poor bonding and VdW components.

A set of mutants that were predicted to bind Anl best were selected to be
tested experimentally for in vivo Anl activation. The mutants ranked 1%, 2", 3™,
4™ 6™ and 10™ were constructed in the laboratory and introduced into pAJL-61
plasmid, which also encodes for DHFR. DHFR synthesis was induced in the
methionine-auxotroph M15MA, in methionine-free medium supplemented with
2.0 mM Anl. The SDS-PAGE analysis of cell lysates following DHFR expression
is shown in Figure 3.5. The L13G mutant is known to allow close to quantitative
replacement of Met sites with Anl in the presence of 1.0 mM Anl [8]. This mutant
is the only MetRS variant that supports DHFR synthesis at the conditions tested.
DHFR production was not detected with other top ranking MetRS mutants. The
appearance of high-ranking false positives may be due to the limited scope of the
computational model. Some aspects of the biological system, such as binding
site rearrangements linked to ligand binding, are not accounted for in the model
and can lead to false positives. Alternatively, it is possible that the resolution of
computational binding energies that are used to distinguish between mutants is
lower than the resolution observed in experiments, such that two mutants that
cannot be distinguished by binding energies might vary widely when their
activities are determined in the laboratory. In order to better understand the
limitations of the computational strategy on the MetRS system, additional

mutation data was obtained through in vivo selection experiments. (Chapter 2)
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Identification of MetRS mutants active toward Anl through library screening
in vivo

New MetRS mutants that are active toward Anl were identified through the
screening of a saturation mutagenesis library, constructed by randomizing the
identities of residues 13, 260, and 301 on MetRS, following methods outlined by
Link and coworkers [8]. In the wild-type enzyme, the residues Y260 and H301
are part of a hydrogen-bond network that is implicated in the recognition of the
sulfur atom on methionine [17]. The residue L13 also donates a hydrogen bond
to the methionine sulfur from the amide group on the backbone, and its mutation
to glycine allows the recognition of Anl as a substrate by MetRS. Randomizing
only three positions on the MetRS facilitates the complete coverage of the
saturation mutagenesis library in vivo and in silico: It is easily possible to
evaluate 20° = 8,000 mutations computationally, as well as constructing a library
with a size sufficiently larger than the 32° = 32,768 genetic variants of MetRS in
the laboratory. In theory, this allows for a one-to-one comparison of the results
from the computation and experiments.

Details on the construction and the screening of the experimental
saturation mutagenesis library, and the mutants identified and characterized
through these efforts are discussed in detail in Chapter2. The Kkinetic
parameters for Anl activation by the MetRS mutants identified through this work
can be found in Table 2.3. These studies focused on identifying MetRS mutants
that can activate Anl when it is present at low concentrations in the media. In
order to increase the spread in the activation data available for computation, a
screen was carried out to identify MetRS variants that show lower activities than
the mutants identified before. (Figure 3.6.a) The population LYH.1.1a was
obtained by screening the top 1% most fluorescent clones from the naive library.
This screen, which enriches the population in the active clones, was followed by
a second step, where a portion of the LYH.1.1a that displays suboptimal
fluorescence labeling characteristics was isolated (LYH.6.2). The response of
the fluorescence labeling on the LYH.6.2 population to increasing Anl
concentrations in the media was determined, and an EC50 value of 1.58 mM was
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obtained for this population. (Figure 3.6.b) This value is well above the EC50
values previously determined for any individual clone listed in Figure 2.8. The
fluorescent labeling of the LYH.6.2 population following treatments by 0.3, 1.0,
and 3.0 mM Anl all result in a single, uniform fluorescent population. Thus,
similar Anl activation characteristics are expected from the members of this
population.

The kinetic parameters of Anl activation by three of the MetRS mutants
identified (AQL, GVL, and SNL) from the LYH.6.2 population were determined in
vitro. (Figure 3.6.c; Table 3.5) When compared with past data, the activation
kinetics for these mutants are at or below the activity levels exhibited by low-
activity MetRS variants previously identified. Interestingly, the low kea/Kn were
due to the poor k¢t values exhibited by these mutants. The Michaelis constants
for the new mutants were comparable with or better than those obtained for
mutants isolated by the 1.0 mM Anl screen, and only 3 to 5-fold worse than the
mutants with the highest activities. This might indicate that improvements to
binding by mutations are more gradual, whereas the negative effects of the
mutations to catalysis are more sharp for this system. (Figure 3.6.c)
Nevertheless, these results provide us with 13 mutants with known activation
kinetics that can be modeled computationally.

Implications of results from the experimental characterization to the
computational modeling of MetRS mutants

The azide group contains two electron-rich nitrogen atoms (N1 and N3)
that can act as hydrogen bond acceptors. The relative strength of the hydrogen-
bond interaction among the various contributors to the energy of the complex
makes the identification of a hydrogen-bond donor to the azide group of primary
importance for the accurate prediction of the mutant MetRS binding sites. The
examination of mutations that appear in the most stringent screens for Anl
incorporation reveal that mostly hydrophobic residues are selected for at the
positions 260 and 301. (Figure 2.14.c) It is therefore unlikely that residues
introduced at these positions are hydrogen bond donors to the azide. The crystal
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structure of the SLL mutant complexed with Anl reveals that the N3 atom of the
azide group on Anl accepts a hydrogen bond from a structural water molecule in
the binding site [20]. The position of this water molecule is unlikely to be affected
by the mutations studied here, and therefore, it is also unlikely that any mutations
applied to MetRS will be the primary hydrogen bonding partner for Anl. Based on
this model, the residues introduced to positions 13, 260, and 301 will mostly
affect ligand packing, and effects due to their mutation will be small.

Comparison of the crystal structures of MetRS-SLL in Anl-free and Anl-
bound forms show that a conformational change that accompanies ligand-binding
in the wild-type MetRS is not observed with the SLL mutant. Analysis of the
crystal structures reveal that the H301L mutation may have a role in blocking this
conformational change in the SLL mutant. (Figure 2.16.c) Since the
computational model does not take into account the rearrangement of atoms in
the binding site, the absence of such conformational changes will help in
obtaining more accurate binding energies. However, although H301L mutation
might be implicated, the exact set of mutations that abolish this conformational
change is not known. Thus, factors other than Anl recognition might be

influential in the selection of certain mutants in the in vivo experiments.

Correlation between computational binding energies and activation
parameters of MetRS mutants for Anl: The 2008 STubYy

The crystal structure of the SLL mutant was used as a starting point for
the construction of the models for the MetRS mutants with available Anl
activation kinetics data. Models were evaluated based on “two-point” dVBEs,
which also include a PB solvation component calculated by DELPHI. (Table 3.6)
Even though the spread in the computed binding energies is very narrow
(2.6 kcal/mol), their comparison to kinetic parameters of Anl activation indicates a
strong correlation between these parameters. (R?> 0.8; Figure 3.7) However,
mutants that bear the L13P mutation fall outside the general trend. Examination
of these models reveal unfavorable van der Waals interactions between the
proline ring and the Ce atom on the ligand, as well as strain around the P13
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residue. It is well known that proline residues can disrupt secondary structure. It
is likely that the introduction of proline at position 13 forces the local backbone to
take a conformation different from that displayed in the SLL crystal structure.
The presence of another proline residue at position 14 might exacerbate this
effect. Due to these uncertainties, mutants bearing the L13P mutation were not
included in the regression analysis.

The correlations observed between binding energies and activation
parameters are sensitive to several factors. The solvation contribution to the
binding energy is responsible for much of the discrimination between high and
low activity mutants. In fact, a strong correlation exists between log(K.,) and the
solvation contribution to VBE alone (R? = 0.69; including all 13 mutants). The
observed correlations are also affected by the choice of ligand rotamer. When
alternate configurations of the Anl side chain in the MetRS binding site are
represented by a library of rotamers, the orientation that results in the best
binding interactions is within 0.2 A RMSD of the crystal coordinates of the ligand
in a great majority of the cases. Such a choice is reasonable, since there are
very few orientations for the Anl side chain that allow a water-azide hydrogen
bond to be established. However, for the SNL and AQL mutants, where position
260 is occupied by a polar side chain, alternate rotamers that form hydrogen
bonds with these side chains may be selected, disrupting the correlation.
However, position 260 is solvent accessible, especially when mutations to small
amino acids are present at position 13. Because hydrogen bonds that likely form
between the solvent and position 260 are not modeled and the fluctuations of the
coordinates for solvent exposed side chains are not considered in our
simulations, the contribution of such hydrogen-bonds may be overestimated.
Selection of alternate Anl rotamers is also extremely sensitive to the exact
minimization and side chain placement procedures used. To avoid such
uncertainties, we assumed that the binding mode for Anl presented in the
MetRS-SLL crystal structure is shared with other mutants studied here.



96

Differentiation of highly active MetRS mutants from mutants of poor
activity

In library screens performed by Link et al., five MetRS mutants that can
attain up to 50% incorporation of Anl into methionine sites were identified [8, 10].
However, treatment with 8.0 mM Anl was required to achieve such incorporation
levels. The in vivo activities of these MetRS variants are considerably lower than
the mutants studied above, most of which achieve near 100% incorporation at
1.0 mM Anl. The computed binding energies also reflect this trend. (Table 3.7)
Mutants in the Link et al. set can be differentiated from mutants with higher
activities based on binding energies, with the exception of the GSTL mutant.
Examination of the model for the GSTL mutant reveals a second hydrogen bond
to the azide group from the S257 residue, and leads this mutant to be an outlier
to the general trends observed above. A discussion of the effects of such
hydrogen bonds to the azide group will be addressed in the following section.

Screening a saturation mutagenesis library in silico: The LYH design study

A wealth of mutation data was obtained by screening the saturation
mutagenesis library LYH.1.0, where residues 13, 260 and 301 are randomized,
for Anl incorporation in vivo. In order to see the how well the experimental
results are represented in the computational model we randomized the same
three positions on MetRS in silico. All residue types, except for polar mutations
(Asp, Glu, Lys, and Arg), were allowed at each of the three randomized positions,
generating 16° = 4,096 mutants to be evaluated. Energy of Anl binding to each
MetRS mutant was determined following the procedure established above. The
NLL mutant, which exhibits the highest Anl activation kinetics among
experimentally characterized mutants, ranks 728" in binding energy, 9.7 kcal/mol
behind the top sequence, WYN. (Figure 3.8.a)

Through experiments, 41 different MetRS mutants were identified to
activate Anl (see Appendix A for a full list). The binding energies of MetRS
variants in this list (excluding those that bear the L13P mutation) fall in a very
narrow range, within 2.6 kcal/mol of each other. It is estimated that the K,
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values for the set of mutants examined here are within two orders of magnitude,
between 1 and 100 mM. This range is likely indicative of the resolution of the
current computational model in distinguishing mutants of different activity.

Mutant sequences that were selected as optimal binders of Anl by the
computational screen are presented in Table 3.8, as well as binding energies.
Analysis of the binding-energy components indicate that it is the hydrogen-
bonding component of the binding energy that sets these mutants apart from the
experimental top mutant, NLL. The H301N mutation, as well as a mutation to an
aromatic residue bearing polar contacts at position 260, are strongly selected for
Anl binding among the top 100 mutants. Residues at these two sites interact
with the azide group through hydrogen bonds, as can be observed in the model
for the top ranking WYN mutant. (Figure 3.9.a)

Of the sequences evaluated for binding to Anl, more than a third exhibit
stronger hydrogen bonding interactions to Anl than any mutant experimentally
identified. Hydrogen bonds are perhaps the most important determinant of
molecular recognition. It is, therefore, surprising that the mutants determined to
be most active in vivo do not interact with the azide group through hydrogen
bonds, while computational analysis indicates the possibility of many possible
hydrogen bonding interactions between the ligand and the binding site. Such a
result may be caused by an overestimation of the strength of hydrogen bonds to
the azide group by the computational model. Despite the strong tendency of the
azide anion to be involved in hydrogen bonds, organic azides do not form strong
hydrogen bonding interactions [38]. An examination of the DREIDING force field
shows that the strength of hydrogen bonds to azide nitrogens are overestimated
by 1.5 to 2-fold compared with energies from QM [39]. However, this does not
fully explain the discrepancy between the computational and experimental
results, since the contribution from hydrogen bonds would still be very significant
even at 50% strength. The crystal structure of the MetRS-SLL mutant shows
multiple water molecules in the close vicinity of positions 13, 257, and 260.
(Figure 3.10) Therefore, polar mutations at these positions may interact with
solvent molecules, choosing the energetically stronger hydrogen bonds to water
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over interactions with the azide. This would further augment the discrepancy
between computation and experiment. In addition, vertical binding energies do
not include the effects of rearrangements in the binding site in the unbound state.
Introduction of polar groups into the binding site may strengthen the interactions
of the binding site residues with each other and with the solvent in the absence of
the ligand, as well. If these interactions need to be broken for ligand binding,
negative consequences of this will not be represented in VBEs, and may result in
stronger VBEs for polar binding sites. An alternate, but complementary
explanation for the absence of azide hydrogen bonds in experimental mutants
may be the absence of competing ligands in the computation model. Although
the introduction of hydrogen bond donors into the MetRS binding site may
improve Anl binding, it may also help recruit other natural amino acids to the
binding site. Incorporation of polar amino-acids into methionine sites have been
observed with both the L13G mutant (Figure 2.10) and the wild-type MetRS.
(Figure B.3, first panel) The experimental screen is sensitive toward the
presence of competitors (Figure 2.11), and therefore such mutants would be
selected against when screened in vivo. Experimental testing of computationally
identified mutants, and simulations of MetRS mutants in explicit solvent may
shed more light on the factors influential in the selections of mutants in vivo.

Even though MetRS sequences that allow hydrogen bonds to the azide
rank high among the 4,096 mutants evaluated, a significant number of these
mutants do not recognize Anl through hydrogen bonding. In order to see where
the experimentally selected sequences rank against this set of MetRS variants,
mutants that show hydrogen bonding interactions weaker than -0.5 kcal/mol with
the azide group were analyzed separately. Binding-energy distribution in this set
of 3,222 mutants, as well as the binding-energy components for top mutants are
presented in Figure 3.8.b and Table 3.9, respectively. The NLL mutant ranks
145" in binding energy, only 1.2 kcal/mol behind the top sequence, MML. The
model for the MML mutant displays a structure very similar to the NLL model.
(Figure 3.9.b-c) The results show that experimental mutations rank

competitively among this set of mutants.
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Comparison of computed mutation distributions at the randomized sites
with experimental observations

In order to better understand the basis for the selection of the
experimental mutants in vivo, the distribution of mutations selected at the
randomized sites among the top 100 MetRS mutants in the set of 3,222 was
compared with the distributions previously observed in experiments.
(Figure 3.11) This set of sequences does not include any experimentally
identified MetRS mutant. Similar to the experimental observations, mutations on
H301 are strongly selected for, and almost exclusively include substitutions to
Leu, lle, Met, and Val. The H301L mutation is implicated in abolishing the
conformational change wild-type MetRS undergoes upon ligand binding, and its
prominence at this position was previously attributed to this effect. (Figure 2.16.c)
The prediction of this mutation through a computational model that does not
account for conformational changes implies that this mutation provides favorable
interactions with Anl as well. The fact that all experimental mutations are
correctly identified at this position suggest that the inhibition of the conformational
change might not be the primary reason for the selection of these mutations in
experiments. A greater diversity of mutations appear at the two remaining
positions both in vivo and in silico. Although the relative frequencies of mutations
differ between the distributions at position 260, the types of mutations selected at
this position are surprisingly similar between experiments and computation.
Mutations at this site common to both computation and experiments are
observed in more than 85% of the mutants surveyed in both distributions.

Such an agreement is not observed at position 13. The computational
procedure favors aromatic side chains (57%) whereas most experimentally
identified mutants carry small residues (76%) at this position. Position 13 is the
most solvent exposed of the three mutation sites, and there is ample space
available at this site for the introduction of aromatic side chains. A recent
molecular dynamics study of the wild-type MetRS has identified multiple
communication pathways that run through the enzyme, initiated by movements at
the L13 residue. [40] Introduction of large hydrophobic side chains at this
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position may inhibit movements of the backbone at this position and reduce the
tRNA aminoacylation efficiency of the enzyme, which may account for the low
prevalence of aromatic residues observed at this site. In addition, the crystal
structure of the MetRS-SLL mutant reveals the presence of many water
molecules around position 13. Interaction of a strongly held water molecule at
this site with both the backbone amide and the side chain hydroxyl groups of S13
is especially noteworthy. (Figure 3.10) The backbone amide hydrogen (NH)
participates in a hydrogen bond the sulfur atom on the Met ligand in the wild-
type enzyme. (Figure 3.1.b) However, a hydrogen-bonding partner for this group
is not available on the ligand when Anl occupies the binding site. (Figure 3.1.c)
In the Anl-bound MetRS-SLL structure, the S13 side chain helps recruit a water
molecule near the backbone, which becomes a hydrogen-bonding partner for the
backbone amide when Anl is bound. It is possible that small and/or polar
residues at position 13 are selected in vivo to allow sufficient hydration for this
amide group in the ligand-bound state.

The role suggested above for position 13 can explain the data obtained for
the activation of Anl and Met by a series of related MetRS mutants (The XLL set:
SLL, CLL, NLL and PLL). Position 13 plays a direct role in Met recognition, and
mutations at this site have a greater effect on the activation rates of Met than Anl.
(Figure 2.12.d-e) The 1.4 A crystal structure of the Met-bound MetRS-SLL [20]
shows that the backbone NH of S13 is shared between two hydrogen-bond
acceptors, the sulfur atom on Met and the water molecule recruited by the S13
side chain. This suggests that better stabilization of this water molecule might
weaken the interaction between the backbone NH and the ligand, Met. Among
the mutants tested, MetRS-CLL has the highest activation rate for Met.
Compared with the hydroxyl group on the serine side chain, the cysteine thiol is a
poor hydrogen-bond donor, and would be limited in its ability to recruit a water
molecule near the backbone NH group. In agreement with this, switching the
hydroxyl with a thiol by a C13S mutation results in a significant drop in the rate of
Met activation. The NLL mutant activates Met 2.5-fold slower than MetRS-SLL
suggesting that the S13N substitution better stabilizes the backbone NH. In fact,
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asparagine side chains are known to associate with polar atoms on the local
backbone, and both side chain and backbone functional groups on the same
residue can participate in simultaneous interactions with other polar groups
nearby [41]. It is, therefore, plausible for the asparagine side chain to participate
in either a direct or a water-mediated hydrogen bond with the backbone NH,
rendering this group less available for interacting with the sulfide group on Met.
The lowest activation rate for Met belongs to the PLL mutant. The mutation to
proline at position 13 removes the amide hydrogen from the backbone, creating a
binding site free of any specific polar contacts for the Met side chain.

Effect of mutations at position 13 on Anl activation is more modest.
Although, based on their size and orientation it is unlikely for side chains at this
position to form direct, polar contacts with Anl, when they recruit solvent
molecules near the binding site, they may alter the desolvation cost associated
with Anl binding. Computational analysis had shown a strong correlation
between the observed K, values and the PB solvation energies, identifying
solvation as one of the most prominent factors in Anl binding. Consistent with
these views, the highest rates of Anl activation in the XLL set are observed with
PLL and CLL, the mutants that provide the most hydrophobic side chains at
position 13. (Figure 2.12.d) Interestingly, the NLL mutant has 2-fold higher
activity toward Anl than MetRS-SLL, even though asparagine carries more polar
groups than serine. This seems to conflict with the proposed model. However,
the 1.7 A crystal structure of the apo-MetRS-SLL [20] reveals an alternate
conformation for the S13 side chain when no ligand is present, pointing inside the
binding site and hydrogen bonding with water molecules therein.  This
necessitates the reorganization of the S13 conformation and the associated
water molecules upon Anl binding, resulting in weaker Anl binding. On the other
hand, the asparagine side chain is similar in size to the wild-type residue
(leucine) and is unlikely to experience a similar conformational change. This
might explain the higher activity observed for the NLL mutant.
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Conclusions

We have presented a detailed comparison between results from screens
of a saturation mutagenesis library in vivo and an in silico. Analysis of results
reveal a reasonable agreement between experimental data and the
computational model. MetRS mutants can be differentiated according to their
activities toward Anl based on computed binding energies. Although the
resolution of computation energies do not match the resolution observed in
experiments, binding energies can help identify active AARS variants among
poorly active or inactive mutants. It is also remarkable that mutations that can
donate hydrogen bonds to the azide group are not selected by the experimental
screen, even though such mutations are possible, as indicated by the
computational results. Factors not represented in the computational model, such
as explicit solvent in and around the binding pocket and the presence of
competitors in the cell, may account for this discrepancy. Nevertheless, the
analysis of mutants that do not rely on hydrogen bonds for Anl recognition
reveals that the types of mutations selected at randomized sites by the in silico
screen is in remarkable agreement with the experimental data at positions 260
and 301. Such an agreement is not observed at position 13, the most solvent
exposed of the three randomized sites. This position may have a structural role
in communicating the binding of ligand to other locations on the enzyme. It may
also be necessary for mutations at this position to allow sufficient hydration of the
backbone in the ligand-bound state.

Structural design of AARS binding sites for non-natural substrates is not a
simple problem. AARSs are large enzymes with multiple domains, and catalyze
a multi-step reaction essential to the viability of the cell and involves three
different substrates. They are dynamic entities, functioning in the complex
environment of the cell, where potential competitors are abundant. Moreover,
there is increasing evidence on the involvement of AARSs in a variety of cellular
functions beyond protein synthesis [42]. It is, therefore, difficult to fully represent
the complex nature of AARS activity in vivo by computed binding energy. Even

so, this work demonstrates that many aspects of AARS activity can be explained
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based on ligand binding. Observations made here will guide future efforts to
engineer AARSSs for non-natural substrates.
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Table 3.1.
MetRS mutants tested for the incorporation of Anl into proteins by Link et al.

Name L13  P257 Y260 H301 Relative activity
L13G* G ++
GSTL' G S T L +
GLLV? G L L Y, +
GLTA' G L T A +
GLAAT G L A A +
GMGV' G M G Y, +
Y260T* T -

Wti -

* The L13G (++) and the Y260T (-) single mutants were tested to isolate the effects of
two recurring mutations observed on mutants identified by library screening. Relative
activities of these were determined based on protein expression levels in the presence
Anl and absence of Met.

T Relative activities of the five 4-fold MetRS mutants (+) identified by library screens
were determined based on the extent of cell-surface labeling measured by flow
cytometry.

* Positions with wild-type identities are indicated in the table in light-gray.
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Sequences of primers discussed in this chapter

Primer name
MRS_BamHI
MRS _Sall-r

eM_G13C*
eM_G13N*
eM_G13S*
eM_L13G*
eM_Y260A*
eM_Y260N*
eM_P257S_Y260N*
eM_P257T_Y260G*

Sequence (5’-t0-3’)
TTCCGCGGATCCATGACTCAAGTCGCGAAGAAAATTC
TTTGGGGTCGACTCATTTAGAGGCTTCCACCAGTG

ATTCTGGTGACGTGCGCATGTCCGTACGCTAAC
ATTCTGGTGACGTGCGCAAACCCGTACGCTAAC
ATTCTGGTGACGTGCGCAAGCCCGTACGCTAAC
CTGGTGACGTGCGCAGGTCCGTACGCTAACGGCTC
GACGCACCGATTGGCGCGATGGGTTCTTTCAAG
GGACGCACCGATTGGCAACATGGGTTCTTTCAAG
CTGGCTGGACGCATCTATTGGCAACATGGGTTCTTTC
CTGGCTGGACGCAACTATTGGCGGTATGGGTTCTTTC

* Only the forward sequence is provided for QuikChange primers.
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Table 3.3.
Anl binding energies calculated for the Link et al. mutants in the 2005 STuby

Relaxed vertical binding-energy components* (kcal/mol) Relative
MetRS
VAW Coulomb H-bond Bonding Solvation  Total activity
L13G 4.4 -0.1 -11.1 0.3 -0.5 -7.0 ++
GSTL 6.3 -1.9 127 -0.2 2.3 -6.4 +
GLLV 3.6 1.0 -6.6 -0.4 -2.9 -5.4 +
GLTA 4.5 -1.4 -8.8 0.6 0.5 -4.7 +
GLAA 5.5 09 -10.8 -0.2 -3.2 -7.8 +
GMGV 4.5 -3.0 127 0.6 3.3 -7.4 +
Y260T 6.4 -2.2 -9.9 1.0 29 -1.8 -
wt 0.0 0.0 0.0 0.0 0.0 0.0 -

* All energies are reported relative to the binding energy of the wild-type enzyme to Anl.
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Binding energies for the top 15 sequences from the LPY design study

E 9 G

x - a > VdW Coulomb
1 N -8.4 -28.9
2 G N -8.8 -29.2
3 T G -9.7 -28.9
4 S A -10.5 -28.3
S G -7.9 -27.3
6 C S N -5.4 -27.8
7 S G -10.0 -28.4
8 A S N -6.9 -28.5
9 C N -6.8 -26.8
10 N A -10.7 -29.1
11 G A -9.6 -27.6
12 G G -5.3 -28.3
13 N G -10.3 -29.1
14 S C -10.2 -28.1
15 G T A -10.1 -29.2

H-bond Bonding Solvation

-24.1
-23.7
-15.8
13.7
-16.4
-21.9
-13.9
-20.7
-20.8
14.4
-16.0
-16.6
-14.6
-13.2
-15.1

6.1
5.7
5.7
2.7
2.6
6.7
2.7
6.7
6.4
4.7
4.7
2.4
4.8
2.5
5.2

30.9
32.9
30.8
32.2
31.6
31.0
32.2
32.1
30.9
32.5
31.5
30.9
32.4
32.2
32.6

Relaxed vertical binding-energy components (kcal/mol)

Total

-24.4
-23.1
-17.9
17.6
17.4
17.4
17.4
17.3
171
-17.0
-17.0
-16.9
-16.8
-16.8
-16.6

* The L13G mutant is known to activate Anl, and is highlighted here to indicate this.
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Table 3.5.
Kinetic parameters for the activation of Anl by mutants identified in screens

performed to isolate mutants with low activities

MetRS Amino Km Kcat Kcat/Km Relative

variant acid (mM) (s™) (M's™)  activity
wt* Met 0.024 13.30 550,000 1

L13G' Anl 1.5 0.57 170 1/3,200
NLLT Anl 2.2 0.62 410 1/1,400
AQL Anl 7.7 0.071 9.3 1/59,000
SNL Anl 9.6 0.060 6.2 1/88,000
GVL Anl 9.5 0.044 4.7 1/120,000

* Activation parameters for wild-type MetRS taken from reference [43].

T Activation parameters for the L13G and NLL mutants were reported in Chapter 2.
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Table 3.6.

Binding energies calculated for MetRS mutants with known Anl-activation

characteristics

Direct vertical binding-energy components (kcal/mol)
MetRS
VdW Coulomb  H-bond Bonding Solvation Total

NLL -15.6 -27.9 -26.1 3.1 10.3 -56.1
CLL -15.5 -28.8 -26.1 3.1 11.2 -56.0
SLL -15.1 -28.4 -26.1 3.1 11.0 -55.4
AQL -15.0 -29.2 -26.0 3.1 12.0 -55.1
GML -14.9 -29.5 -25.9 3.1 12.3 -55.0
GCL -14.3 -29.7 -26.0 3.1 12.4 -54.4
GVL -14.2 -29.7 -25.9 3.1 12.4 -54.2
SNL -14.5 -28.2 -25.9 3.0 11.4 -54.2
GIL -14.2 -29.7 -25.9 3.1 12.5 -54.1
PLL* -13.8 -29.6 -25.7 3.9 11.0 -54.2
PNL* -13.5 -29.6 -25.9 4.1 11.2 -53.6
PIL* -13.7 -29.6 -25.6 4.0 11.2 -53.6
PLI* -13.0 -29.5 -25.8 4.4 10.9 -53.0

* MetRS variants that bear the L13P mutation do not follow the trends set by other

mutations as shown in Figure 3.7) and are, therefore, listed separately.
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Table 3.7.
Revised Anl binding energies for Link et al. mutants in the 2008 STuby

Direct vertical binding-energy components (kcal/mol)

MetRS

VdW Coulomb  H-bond Bonding Solvation Total
GSTL -13.7 -31.2 -31.4 3.6 13.0 -59.7
GLLV -13.6 -29.9 -26.1 3.0 12.7 -53.9
GLLA -13.0 -30.0 -26.1 3.0 12.8 -53.2
GLTA -12.6 -29.8 -26.1 3.0 12.8 -52.7

GMGV -11.4 -29.8 -26.3 2.8 12.5 -52.2
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Table 3.8.

Binding energies for the top 12 sequences out of 4,096 evaluated in the LYH

design study
< o « Directvertical binding-energy components (kcal/mol)
c ® © o
g 1 2 VAW Coulomb H-bond Bonding Solvation  Total
1 W N -10.3  -31.3  -39.1 3.8 11.0 -65.9
2 H N -13.4 -30.5  -36.7 3.3 11.4 -65.9
3 F H N -13.4 -30.6  -36.7 3.2 12.1 -65.3
4 W N -15.2 -29.3  -34.8 4.2 10.7 -64.4
5 Y H N -10.8 -295  -37.8 3.6 10.4 -64.2
6 W N -15.4 -285  -345 4.1 10.1 -64.1
7 A W N -14.1 299  -352 4.1 11.1 -64.0
8 F W N -15.2 -28.8  -34.9 4.4 10.4 -64.0
9 Y W N -15.2 -285  -344 4.3 10.1 -63.6
10 Q W N -15.0 -30.4 -34.9 4.4 12.4 -63.5
11 H W N -146  -27.3  -353 4.4 9.3 -63.5
12 T W N -13.7  -294 -34.7 4.2 10.2 -63.4

728 N L L -156  -27.8  -26.1 3.1 10.2 -56.2

* NLL, the highest ranking experimentally tested mutant, is included here for

comparison.
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Table 3.9.
Binding energies for the top 12 sequences out of 3,222 evaluated in the LYH
design study that do not interact with Anl through hydrogen bonds

Direct vertical binding-energy components (kcal/mol)

T © 3 35

g 1 2 VAW Coulomb H-bond Bonding Solvation  Total
1 M M L -168 293 -26.2 3.2 1.7  -57.4
2 F M L  -166 -291 -26.2 3.2 14  -574
3 M M | -169 -293 -26.2 3.2 1.9  -57.3
4 Y L M -165 -289  -26.1 3.1 1.2  -57.3
5 Y L L -165 -289 -26.1 3.2 1.0  -57.3
6 F M |  -167 -291 -26.2 3.2 15  -57.3
7 H H | -162 279 -26.9 3.0 107  -57.2
8 M M M -168 -293 -26.3 3.4 1.8  -57.2
9 M L M -166 -295 -26.2 3.0 120  -57.2
0 Y M | -158 -288 -26.2 3.1 105  -57.2
1 N H M -163 -280 -26.7 2.9 109  -57.1
2 Y M L  -156 -288 -26.2 3.0 105  -57.1
145+ N L L  -156 -27.8  -26.1 3.1 102  -56.2

* NLL, the highest ranking experimentally tested mutant, is included here for

comparison.
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Figure 3.1.

Structures of the E. coli methionyl-tRNA synthetase (MetRS) active site and the
ligands studied.

The chemical structures of azidonorleucine (Anl) and methionine (Met), as well
as the structures of the ligand-bound binding sites of two E. coli MetRS variants
are presented. The nomenclature used in the text to identify nitrogen atoms of
the azide group (N1, N2, and N3) are indicated on the Anl structure. In the
binding site models the side chains of the four residues that were computationally
designed for the recognition of Anl are highlighted in green, and the ligand in
yellow. The crystal water molecule conserved in both crystal structures is
labeled “HOH” and dashed lines mark important hydrogen bonds between the

ligand and residues in the binding site.

a) Chemical structures of MetRS ligands.

“N3|!
“N2” \
“N‘I” \ N+¢N-
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azidonorleucine methionine
(Anl) (Met)
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Figure 3.1. (continued)

b) Structure of the wild-type MetRS binding site with methionine ligand [17].

wild-type l
MetRS

MetRS-SLL \ l
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Figure 3.2.

Complex preparation and optimization scheme.

An outline of the steps taken for the preparation and sequential minimization of
each ligand-enzyme complex are presented. Energies obtained for the complex,
ligand and enzyme are used to calculate vertical binding energies.

Structure preparation o <
construct

analogs [>_<
minimize
crystal / }‘
% Structure enzyme ana|og >< ..................... >

complexes
\‘ s2

Sequential minimization minimize
for 10 steps Li
[> < D < gand
Energy
I sS 56
minimize :
[>-< [>.=< minimize [>-< ;
s2 \ minimize
for 10 steps wep | ENZyme
Energy
Complex
Energy
Legend

ji } Ligand side chain
Ligand backbone
Binding region (10 A radius around ligand)

Residues contacting the ligand backbone
Residues outside binding region

[ Free to move in subsequent minimization
B[] Coordinates fixed in the subsequent minimization
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Figure 3.3.

The model for the Anl-bound MetRS-L13G mutant.

A comparison of three models of ligand-bound MetRS binding sites are
presented: a) Met in wild-type MetRS binding site, b) Anl in wild-type MetRS
binding site, and c¢) Anl in MetRS L13G mutant binding site. Four residues
randomized in the saturation mutagenesis study by Link et al. are highlighted in
green, whereas the ligands, Met and Anl, are shown as van der Waals spheres
with yellow carbon atoms. The model of wild-type MetRS with Anl in b) was
obtained by inserting Anl in an extended conformation into the wild-type MetRS
binding site. Clashes with the residues P257 and Y260 are apparent in this
model. The L13G mutation, shown in c), allows an alternate configuration for Anl
which allows the azide group to hydrogen bond to the backbone N atom on

position 13.
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Figure 3.4.

Distribution of binding energies for mutants evaluated in the LPY design study.
The binding energy (rVBE) for each mutant explored in the LPY design study is
plotted against the rank of that sequence. Mutations are spread over a range of
75 kcal/mol in binding energy. The L13G mutant ranks 5", below other
sequences with known activities, wild-type MetRS and the Y260T mutant.
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Figure 3.5.

Expression of DHFR in the presence of Anl in cells bearing MetRS mutants
identified in the LPY design study.

DHFR was expressed in methionine-auxotrophic M15MA cells encoding the
MetRS variants in the presence of 2.0 mM Anl and absence of Met. SDS-PAGE
analysis of whole-cell lysates indicate expression of DHFR only in the presence
of the L13G mutant. DHFR is a 24 kDa protein, and the expected location of a
DHFR band is marked by a red line. The rank in binding energy of each MetRS

sequence tested is indicated above each lane.
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Rank: 1 2 3 4 5 6 10 2603
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Figure 3.6.

Screening for and characterization of a population of clones displaying low cell-
surface fluorescence.

a) The screen for active clones that carry MetRS variants providing only low-
levels of cell-surface fluorescence is outlined. The LYH.1.0 library is screened
for two rounds using flow cytometry in the presence of 1.0 mM Anl, revealing the
population LYH.6.2. b) The LYH.6.2 clones were induced to express OmpC in
media supplemented with 0.3, 1.0 or 3.0 mM Anl, and the median fluorescence of
the labeled population was determined on a flow cytometer. The median
fluorescence for cells (red circles), and the Hill equation fit to the data (red lines)
are displayed for the L13G and NLL mutants as well as the LYH.6.2 population.
The EC50 value obtained from the Hill equation differs by an order of magnitude
between the NLL mutant and the LYH.6.2 population. c) Kinetic parameters for
the activation of Anl were determined for three MetRS mutants, AQL, SNL and
GVL, identified from the LYH.6.2 population. A comparison of the activation
parameters, K, and kca/Kn, is presented between the newly identified mutants
(shown in orange), and mutants characterized previously from screens carried
out at 1.0 mM Anl (green) and 0.3 or 0.1 mM Anl (blue).
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Figure 3.7.

Correlation between Anl activation parameters and computed Anl-binding
energies for MetRS mutants.

Anl binding energies (dVBE) calculated for each mutant are plotted against Anl
activation parameters, in logarithmic scale. Linear least-squares fits and
correlation coefficients were determined on data (blue circles) excluding mutants

that contain the L13P mutation (blue crosses).

a) Correlation between binding energies and Ky, values.
-53.0 1
-53.5 1
-54.0 -

X PLL

-54.5

-65.0 1

Binding energy (kcal/mol)

-565.5 4

-56.0 CLL ©

R?=0.86

-56.5
-3.00 -2.75 -2.50 -2.25 -2.00 -1.75 -1.50 -1.25

log(Knn /M)



123

Figure 3.7. (continued)

b) Correlation between binding energies and kea/Kn, values.
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Figure 3.8.

Distribution of binding energies for mutants evaluated in the LYH design study.
The Anl binding energy (two-point dVBE) for each mutant explored in the LYH
design study is plotted against the rank of that sequence in the list of binding
energies (blue diamonds). Twenty-nine MetRS mutants that were previously
identified in the experimental studies to activate Anl are shown as circles outlined
in red. Experimental mutants that bear the L13P mutation are omitted from the
plots. Mutants that were previously used to establish the correlation between
experimental and computational binding parameters are highlighted in yellow,
and the names and sequence ranks of these mutants are indicated next to each
data point. Three plots show the ranks of the experimentally identified mutations
among: a) the whole set of 4,096 mutants and b) the set of 3,222 mutants that

do not directly interact with the azide group through hydrogen bonds.
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Figure 3.8. (continued)
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Figure 3.9.

Models for the best MetRS mutants in the in vivo and in silico screens complexed
with Anl.

Models for mutants that show the best binding interactions among: a) the
complete set of mutants (WYN), b) set of mutants that do not make hydrogen
bonds with the azide (MML), and c) experimental Anl-activation rates (NLL) are
shown. Side chains of the residues at the positions randomized in the in vivo
and in silico screens (13, 260, and 301) are highlighted in green, whereas the Anl
ligand is shown in yellow. The conserved water molecule in the binding site is
labeled “HOH” and dashed lines mark the hydrogen bonds donated to the azide
group. In the WYN mutant, the azide group on Anl receives two hydrogen bonds
from Y260 (to N1) and N301 (to N3).



127

Figure 3.9. (continued)
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Figure 3.10.

Organization of water molecules around residue S13.

Position S13 and residues and water molecules surrounding it are presented
based on the MetRS-SLL crystal structure [20]. The side chains of the
computationally designed positions, S13 and L260, are highlighted in green, and
the ligand in yellow. A crystal water molecule that forms multiple hydrogen
bonds with S13 is labeled “HOH,” and dashed lines mark the important hydrogen

bonds between this water molecule and MetRS.

MetRS-SLL
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Figure 3.11.

Comparison of mutation distributions at each randomized site between the in vivo
and in silico screens.

Distribution of mutation types by residue position is shown for a) top 100
sequences out of 3,222 evaluated in the LYH design study that do not interact
with Anl through hydrogen bonds, and b) 41 sequences identified in
experimental screens. (Figure 2.14) Substitutions at each site are ordered in
decreasing hydrophobicity according to the Kyte-Doolittle scale [44]. Based on
this scale, residues are grouped as “hydrophobic” (>1.0; shades of yellow) or
“hydrophilic” (<-2.0; shades of blue). Residues that rank between these groups

are shown in shades of green.
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