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ABSTRACT

The aminoglycoside nucleotidyltransferase 4' (ANT) is a homodimeric enzyme that
detoxifies many aminoglycoside antibiotics by nucleotidylating them at the C4'-OH site.
Two variants with increased thermostability (T130K, D80Y), which differed from the
mesophilic wild type ANT (WT) only by a single residue, showed contrasting ligand
binding thermodynamics properties. While T130K showed identical properties to WT,
D80Y had stark differences. Our thermodynamics studies demonstrated that solvent
reorganization becomes the major contributor to ligand binding as the temperature
increases for WT and T130K, while changes in protein dynamics is the main contributor
for D80Y. Our structural studies have shown that, in the T130K variant, there is an
additional H-bond formed between the side chain of K130 and the backbone oxygen of
S90, which explains the increased structural stability of the T130K. Despite having the
highest melting temperature, an obvious additional stabilizing interaction is not identified
in the D8OY structure. These observations have led us to further distinguish T130K from
D80Y. We have concluded that T130K is the “thermostable variant”, since it has an
increased structural stability yet mimics the ligand binding and protein dynamics
behaviors of the mesophilic WT. Furthermore, we refer to D80Y as the “thermophilic
variant”, since it behaves very differently from the WT in order to adapt to a harsher
environment with elevated temperatures compared to that of the WT. Overall, we have
shown that global thermodynamics of ligand-protein interactions and solvent effects may
be among the molecular parameters that define true thermophilic enzyme behavior. The
applicability of these findings to other systems remains to be seen and can be helpful in
understanding if there is a general strategy that enzymes use to adapt to hot
environments. We have also identified the catalytic mechanism of ANT. We propose a low
barrier hydrogen bond (LBHB) formed between E52 and the ligand which enables the
enzyme to bind to the ligand tightly. This LBHB is disrupted after the cofactor ATP is bound
and the catalysis takes place, leading to the release of the modified aminoglycoside.

LBHB thereby serves a novel “catch and release” mechanism for nucleotidyl transfer.
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1 INTRODUCTION



1.1 Use of thermostable enzymes in industry

Thermostable enzymes are valuable for industrial use because, unlike most of the other
enzymes, they can catalyze their chemical reactions under harsh industrial conditions
which involve elevated temperatures (1, 2). Most industries prefer to operate at high
temperatures due to various beneficial reasons (3). One of the most important reasons is
that, as the temperature increases, rate of the chemical reaction also increases which
decreases the amount of enzyme needed to be used (4). Using higher temperatures
(above 60°C) is also useful in preventing the microbial growth which could lead to
microbial contamination (3). Thus, discovering and/or designing new thermostable
enzymes has significant biotechnology implications and is required to meet the ever

growing needs of industries (5).

Enzymes have multiple applications in many different industries (6). Pectinases are
heavily used in textile and paper industries due to their ability to remove pectin and
hydrophobic materials, leading to a cleaner process with less raw material usage and
waste production (7). Cellulases are one of the enzyme families that are most heavily
used in industry (8). Cellulases convert cellulose to sugar which is useful in bioethanol,
textile and detergent industries (9). Xylanases produce sugars from lignocelluloses and
are used in the paper and pulp industries to hydrolyze straw waste and produce biogas
(10-12). Amylases are used in starch processing, bakery, brewing, alcohol, textile,
detergent, and bioethanol industries due to their ability to produce different
maltooligosaccharides from starch (713-16). Proteases are heavily used in the food
industry, from the manufacturing of cheese to flavor enhancement (17). Their ability to
degrade proteins such as casein, gluten, gelatin and collagen make them an important
source for nutrient utilization as well as a molecular tool for the analysis of protein
sequence (18, 19). Lipases can form fatty acids, glycerol, monoglycerides and
diglycerides by hydrolyzing triglycerides (20, 21). Due to this ability, lipases are commonly
used in cosmetic, paper, textile, leather, detergent, pharmaceutical and food industries
(17, 22, 23). Laccases, which cleave aromatic compounds, are used in biotechnological

processes like wastewater treatment and detoxification of the soil from



herbicides/pesticides. They are also used as medical diagnostic tools and biosensors
(24). Phytases are used in the diet of animals in order to increase their uptake of
phosphorus from plant feeds (25). Thermostable forms of these enzymes are particularly
used in industries due to their thermal stabilities (26). Some of these thermostable
enzymes also confer pH stabilities, ability to function in the presence of detergents and
high specificity towards certain substrates which further make them very valuable to
industrial use (6, 11, 13, 21, 22, 26-28). Thus, there is an ever growing need to use

thermostable enzymes in different industries.

1.2 Natural sources of thermostable enzymes and their characteristics

In nature, thermostable enzymes are found in thermophilic and hyperthermophilic
organisms which grow at 50-80 °C and 80-110 °C, respectively (29). These enzymes are
originated from archaea and bacteria that live in extreme environments, such as hot
springs and volcanic pools (29). Their mesophilic enzyme homologues are found in
mesophilic organisms that grow at 20-40 °C (30). Compared to their mesophilic
homologues, thermophilic enzymes have a more stable protein structure both against
heat and denaturants (37), and they have a greater catalytic activity at high temperatures

(29). These characteristics define thermostability.

To identify the molecular features that govern thermostability, thermophilic enzymes were
compared to their mesophilic homologues (29, 32). These studies indicate that the
homologues share 40-80% sequential identities (33), superimposable crystal structures
(34) and same catalytic mechanisms. Comparisons of the thermophilic and mesophilic
enzyme homologues have shown that disulfide bridges, aromatic and hydrophobic
interactions, hydrogen (H-) bonds, and ion pairs can be seen more in thermophilic
enzymes. These interactions are believed to result in the thermostability of the
thermophilic enzymes by creating a more stable protein structure (35-37). Burial of each
CH2 group increased the stability of the globular proteins by 1.3 (x0.5) kcal/mol (on
average), stating the importance of hydrophobic interactions in protein folding (38). For

T4 lysozyme, a single ion pair was able to create 3-5 kcal/mol of stabilization (39) while
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for RNase T1, an individual H-bond contributed to stabilization by an average of 1.3
kcal/mol (40). Tyr-Tyr and Phe-Phe aromatic pairs contributed approximately -1.3
kcal/mol towards the thermodynamic stabilization of B. amyloliquefaciens RNase (41).
Introduction of a disulfide bridge to the loop structure of Cucurbita maxima trypsin
inhibitor-V, contributed to its stabilization by 4 kcal/mol (42). An anion pi interaction
(interaction between a negative charge and the aromatic ring of a residue) can contribute
to stabilization by 2-9.5 kcal/mol (43). Contributions of these interactions to protein
stability were evaluated by creating mutations in the protein, which would abolish these
interactions and then obtaining the AG (Gibbs free energy change) of folding values using
CD (circular dichroism). It is important to note that these interactions do not always
increase protein stability. In fact, they can sometimes destabilize the protein. The native
structure of a protein is the result of precise intra- and inter- molecular interactions.
Excessive chemical interactions can interfere with the protein structure and result in
destabilization. Comparisons of numerous mesophilic and thermophilic homologues
showed that there is not a single common chemical interaction that participates in the
thermostabilities of all thermophilic enzymes, yet different chemical interactions can be

found for different pairs.

Thermophilic enzymes have a more stable structure than their mesophilic counterparts
both at moderate and high temperatures (29). The optimum activity temperature of
thermophilic enzymes is higher than that of their mesophilic homologues, and the
activities of the enzyme homologues are very similar to each other at their own optimum
temperatures (44). Compared to their thermophilic homologues, mesophilic enzymes
have a decreased activity, at the optimum temperature of their homologues, since they
are not able to properly maintain their structure at high temperatures. Interestingly,
compared to their mesophilic homologues, thermophilic enzymes also have a decreased
activity, at the optimum temperature of their homologues, even though they can properly
maintain their structure at these temperatures. This phenomenon has raised the
perception that there is a structure-function tradeoff for the thermophilic proteins. This
phenomenon is mainly explained by the reasoning that, due to the stable structure of the
thermophilic enzymes, they are not flexible enough to undergo the conformational

changes which would allow them to bind to their substrates and perform catalysis at
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ambient temperatures (44). This logic suggested that protein flexibility and dynamics can
also be related to enzyme thermostability.

Proteins are folded and functional in their native states. In their native states, proteins
have minimum energy and thus are structurally stable. The Gibbs free energy (AG) of
protein folding depends on enthalpy (AH) and entropy (TAS) according to the law of
thermodynamics, AG = AH — TAS. Thus, structural stability of proteins also depends on
these thermodynamic parameters. Noncovalent interactions are driven by enthalpy (45,
46). Noncovalent interactions lower the enthalpy and thereby result in a smaller AG (46).
Entropy is the measure of disorder in the system. Dynamics of proteins increase as the
entropy increases (47). Thus, dynamics is believed to be one of the molecular features
that is related to thermostability via entropy. Dynamics of the thermophilic enzymes were
compared to that of their mesophilic homologues at different time scales and
temperatures by various experimental methods (48). Hydrogen/deuterium (H/D) studies
which determine motions in a millisecond to second time scale revealed that, for the
enzymes tested, thermophilic enzymes were more rigid compared to their mesophilic
counterparts (49). On the other hand, molecular dynamics (MD) simulations conducted
at nanosecond time scale revealed that thermophilic proteins had a larger number of
conformational ensembles compared to their mesophilic counterparts (50). Nuclear
magnetic resonance (NMR) studies further suggested that, in picosecond to micro second
time scale, thermophilic proteins had more atomic fluctuations than their mesophilic
counterparts (57). The results were not consistent. While some studies showed that there
was not a significant difference between the dynamics of mesophilic/thermophilic enzyme
pairs (52), others showed that one of them was more dynamic than the other (53). Overall,
these studies suggest that one cannot come to a general, unifying conclusion as to how

dynamics contribute to enzyme thermostability.

Oligomerization is also known to contribute to thermostability (64). Some thermophilic
enzymes have a larger number of subunits compared to their mesophilic counterparts
(55, 56). Disrupting the higher oligomeric state of thermophilic enzymes can result in the
abolishment of thermostability by resulting in decreased catalytic activity at higher



temperatures (29, 57-59). Oligomerization is believed to contribute to thermostability via
stabilizing the protein structure by creating an enlarged buried surface area and an

increased packing density (29).

More stable loop, N and C termini structures were also seen in thermophilic enzymes
compared to their mesophilic homologues. Stabilization of these regions via H-bonding,
salt bridges or hydrophobic interactions were seen more in thermophilic proteins and is
believed to contribute to thermostability (29). Metal binding is also known to contribute to
thermostability, both by stabilizing the protein structure and enhancing the catalytic
activity. Some thermophilic enzymes are known to contain metal ions that are not present
in their mesophilic homologues (29). Posttranslational modifications (PTM) such as
glycosylation are also known to contribute to thermostability since they can increase

catalytic activity at high temperatures (60).

Extrinsic factors, such as salt and substrate addition or pressure effects can also enhance
thermostability. Salt addition can increase thermostability either by affecting the
interaction of a metal ion with the protein, solvent-protein interactions or the interaction
between the subunits of the protein (67). Substrate addition stabilizes the active site (62).
Pressure favors the protein to have a smaller volume. Thus, pressure further stabilizes
the proteins that are mainly stabilized by hydrophobic interactions but destabilizes the

proteins that are mainly stabilized by ionic interactions (63).

It is important to acknowledge that there is not a single common molecular feature that
can make all proteins thermostable. In fact, it is shown that different molecular features
are responsible for the thermostabilities of different thermostable proteins, and a protein
can use a combination of these features to be thermostable (29). Thus, it is crucial to
further study if there might be other parameters that define the thermostability of proteins,
perhaps in a more general manner. In this thesis as opposed to most of the studies in the
literature which focused on the structural stability of apo (nonligand bound form) proteins,
we studied the role of ligand binding thermodynamics on protein thermostability, using

the mesophilic aminoglycoside nucleotidyltransferase(4') (ANT) and its two variants.



1.3 Strategies to create thermostable enzymes

Directed evolution is one of the strategies in protein engineering (64, 65). Generation of
thermostable enzymes for industrial needs also heavily relies on this approach. Directed
evolution essentially consists of mutating the original protein through iterative rounds and
then selecting the mutants under specific evolutionary pressure (6). Random mutants of
the original protein are created via DNA shuffling (66), site saturation mutagenesis (67),
error prone mutagenesis (68, 69) or chemical mutagenesis (70, 71). Enzyme mutants are
screened via high-throughput techniques which involve multi-well plates and fluorescence
assays. Usually, mutants with good catalytic efficiency or which enable good cell growth
under the specific pressure are selected as successful candidates (6). Specific
evolutionary pressure is determined based on the qualities of the protein one likes to
engineer. Catalytic activities of the mutants at elevated temperatures are assessed to
identify the thermostable enzyme variants. Thermostabilities of the enzymes; galacto-N-
biose/lacto-N-biose | phosphorylase (GLNBP) from Bifidobacterium longum JM1217 (72),
an amylase from Thermus sp. strain IM6501 (ThMA) (73, 74) and endo-B-1,4-xylanase

(XynA) from Thermomyces lanuginosus were improved using directed evolution (6).

Rational design is another approach to engineer proteins, including thermostable
enzymes, and utilizes computational design. Even though more stable versions of
proteins, such as cytokine, were developed with this strategy (75), creating thermostable
enzymes has been a bigger challenge since the structural stability of the enzyme should
not abolish its catalytic activity. In this approach, geometry of the active site and enzyme
dynamics is highly considered. Computational design tools, such as programs like
Rosetta, are heavily used to analyze and design protein structures using a score system
that is based on energy functions of the enzyme (6). In order to create thermostable
enzymes using the computational design, one aims to introduce additional structural
stability to the enzyme by introducing new chemical interactions within the enzyme
through mutations, as explained in section 1.2 in detail. The newly introduced interactions
are desired to stabilize the protein without disrupting the active site and protein flexibility,

and without creating drastic changes in the protein backbone. Rational design also takes
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advantage of using the phylogenetic analysis and comparison of homologous proteins to
figure out which mutations to introduce. This strategy still requires the visual inspection
of the mutations by the scientist after the computational tools select the best mutants.
Molecular Dynamics (MD) simulations are performed on the best mutant candidates and
mutants with increased root mean square fluctuations are generally eliminated assuming
that increased fluctuations might cause destabilization (76). Finally, these mutants are
experimentally tested. Mutants that are more structurally stable and more active (at high
temperatures) compared to the original enzyme are the thermostable variants created
using rational design approach. Although, this approach is more time consuming and
challenging than the direct evolution method, it is very important to further understand the

molecular features that govern the thermostabilities of enzymes.

1.4 Variants of aminoglycoside nucleotidyltransferase(4') (ANT) studied to

understand enzyme thermostability

In this thesis, we investigated the molecular features that provide thermostability to
enzymes by studying the aminoglycoside nucleotidyltransferase(4') (ANT) and its
thermostable variants as a model system.

ANT is a member of the aminoglycoside modifying enzymes (AGMEs). Aminoglycosides
are produced by actinomycetes, as a defense mechanism against mostly gram negative
and aerobic bacteria which are also known to cause diseases like tuberculosis and
hepatic coma (77). Aminoglycosides are a group of antibiotics that bind to the 16S RNA
of the 30S ribosome and thereby cause mistranslations and premature stops during
translation in some prokaryotes (78). Aminoglycosides are divided into two main families
as kanamycins and neomycins. Neomycins have an extra ring structure compared to
kanamycins. Substitution of the chemical groups of aminoglycosides yield many more
new aminoglycosides (Figure 1.1). AGMEs inhibit the aminoglycosides by modifying
them (79, 80). There are more than 100 AGMEs. There are three different kinds of

AGMEs; acetyltransferases, phosphotransferases and nucleotidyltransferases. AGMEs
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Figure 1.1: Aminoglycosides and aminoglycoside nucleotidyltransferase(4') (ANT)
modification site. Aminoglycosides are divided into two main families as kanamycins and
neomycins with neomycins having an extra ring structure compared to kanamycins.
Substitution of the chemical groups on the aminoglycosides yield many more new
aminoglycosides. ANT modifies the aminoglycosides by transferring an AMP group from

Mg-ATP to the C4"--OH of aminoglycosides. The modification sites are shown in red.



use different donors such as acetyl coenzyme-A or ATP to modify the different groups of
the aminoglycosides such as amino or hydroxyl moieties (Table 1.1). ANT modifies the
aminoglycosides by transferring an AMP group from Mg-ATP to the C4"--OH of the
aminoglycosides (Figure 1.1). Some bacterial species developed resistance against
aminoglycosides by expressing AGMEs to eliminate their bactericidal activity.
Aminoglycoside resistance has become a problem for the treatment of diseases caused

by gram-negative, aerobic bacteria such as, tuberculosis and hepatic coma (87).

T130K and D80Y are the two thermostable variants of the WT (wild type) ANT, which only
differ from the WT by a single residue mutation as indicated in their names. Most studies
compare mesophilic/thermophilic homologues, which can differ from each other up to
60% in their sequence, in order to study the molecular features that govern enzyme
thermostability (33). Even though this is a powerful approach, it is also prone to errors,
since it is not easy to tell if the difference in the molecular features of the homologues are
actually related to thermostability or to some other function of the protein. Thus, using
ANT variants is an excellent system to study the molecular features that govern enzyme
thermostability, since just one mutation can create a huge difference in their
thermostabilities. This avoids the bias seen in enzyme homologues.

WT ANT, which may also be referred to as kanamycin nucleotidyltransferase in literature,
was originally isolated from the mesophilic Staphylococcus aureus (82). Thermostable
versions of WT ANT were created via direct evolution. Plasmids harboring the gene which
codes for ANT were treated with hydroxylamine using a phage system in order to create
thermostable ANT mutants. Plasmids harboring the mutations were then transformed into
Bacillus stearothermophilus, and colonies which conferred kanamycin resistance at
nonpermissive temperatures for the WT were selected. Sequence analysis of the selected
colonies revealed that T130K and D80Y mutations result in thermostable variants of WT
(83). Compared to the WT, T130K and D80Y were more active at high temperatures (52
°C and 57°C), while they were less active at lower temperatures such as 37 °C (83).
T130K and D80Y were also more stable against the denaturants such as urea, detergent

and proteinase K compared to WT (84). Increased enzymatic activity at high
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Table 1.1: Types of aminoglycoside modifying enzymes (AGMEs)

AGME Donor Affect
N-acetyltransferases Acetyl coenzyme-A Amino functions
O-phosphotransferases ATP Hydroxyl functions
O-nucleotidyltransferases | ATP Hydroxyl functions

There are three different kinds of AGMEs; acetyltransferases, phosphotransferases and
nucleotidyltransferases. AGMEs use different donors such as, acetyl coenzyme-A or ATP

to modify the different groups on the aminoglycosides such as, amino or hydroxyl
functions.
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temperatures along with the increased structural stability concluded that T130K and D80Y
were thermostable ANT variants (83). Our lab has shown that the melting temperature
(Tm) of WT ANT4 is (40.9+0.5°C), T130K is (49.1+0.6 °C) and D80Y is (56.2+0.2 °C) (85).
The Tm, activity at high temperatures and the resistance against denaturants increase in
the order of WT, T130K and D80Y, indicating that D80Y is more thermostable than T130K.
We also have a double mutant named as T130KD80Y with a Tm of 62.6+0.1 °C. The
additivity in the Tm of the double mutant suggests that the T130K and the D80Y mutants
achieve thermostability through different strategies. This observation has further led us to

investigate how the ANT variants have achieved thermostability.

In this thesis, we have obtained the X-ray crystal structures of all three ANT variants. Our
structures show that ANT is a homodimer enzyme, in which the T130K and D80Y mutation
sites are both exposed to solvent and are not in direct contact with where the enzymatic
reaction takes place (Figure 1.2). Superimposition of all three apo ANT variants returned
a root mean square deviation (RMSD) value of 0.4 A, which indicates that there are no
global structural differences amongst these variants. These structures have also enabled
us to study the chemical interactions in the mutation sites, which led us to conclude that
T130K has an increased structural stability compared to the WT due to an extra H-bond
between the side chain of Lys130 and the backbone oxygen of Ser 90. When we
examined the D80Y mutation site, unlike the T130K, we did not find any obvious additional
chemical interactions that could increase the stability of the structure. However, our earlier
work has shown that, since D80Y is more dynamic compared to the WT and T130K, D80Y
might have actually acquired a greater thermostability by acting as a node in the protein
dynamics (85). The same study from our lab also showed that T130K resembled the WT,
while D80Y exhibited different ligand binding thermodynamics. This observation has led
us to further study the ligand binging thermodynamics of these variants and how they are
affected by the solvent in this thesis along with our structural analysis (86). Taken
together, we believe that T130K is just a structurally more stable version of the mesophilic
WT enzyme, with very similar ligand binding and protein dynamics behavior, while D80Y
displays very different behaviors from the others. Thermophilic enzymes behave

differently than their mesophilic homologues since they need to accommodate a harsher
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Figure 1.2: The crystal structure of aminoglycoside nucleotidyltransferase(4') (ANT). ANT
is @ homodimer enzyme. Each monomer is shown in cyan and green. T130K (pink) and
D80Y (red) mutation sites are both exposed to solvent and are not in direct contact with
where the enzymatic reaction takes place. Substrate neomycin is shown in orange while

AMPCPP, an nonhydrolyzable analogue of the cofactor ATP, is shown in blue.
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environment compared to their homologues (29). This led us to conclude that, T130K is
just a thermostable version of the WT, while D80Y is displaying distinct thermophilic

enzyme behavior.

1.5 The role of solvent on the thermostability of enzymes

In nature, proteins are not found in a vacuum environment. In fact, they are surrounded
by a solvent, which is typically water. Water is a polar molecule and tends to form H-bonds
with the polar residues of proteins. Both the inter- and intra- molecular interactions
contribute to the formation of the native structure of the proteins. Such inter-molecular
interactions occur between the protein and the solvent. This suggest that solvent-protein
interactions contribute to the folding and the stability of the proteins, as well as protein
dynamics (87). Hydrophobic amino acids tend to accumulate in the protein core to avoid
being in contact with the water. Studies which compared the mesophilic proteins with their
thermophilic and hyperthermophilic homologues have shown that thermostable proteins
show an increased packing of the hydrophobic residues (88). Most thermophilic enzymes
tend to have a higher hydrophilic content compared to their mesophilic homologues (30).
When the enzyme homologues are compared, the presence of charged residues in the
solvent exposed protein surface increase in the order of psychrophile (organisms that live
in extremely cold environments), mesophile and thermophile (89). Increased ionic
interactions in the solvent exposed regions of the protein is believed to be one of the
features that confer thermostability in the thermophilic homologues (90, 97). Calorimetric
methods enable one to study the solvation of different types of chemical groups in the
proteins and how they are related to thermostability. Positive heat capacity signs the
solvation of the hydrophobic groups, while negative heat capacity signs the solvation of
the polar groups (92, 93). Thus, polar character of thermophilic proteins decrease the

heat capacity (30).

A study which aimed to understand the thermal behavior of the guanosine triphosphate
region of the EF-Tu using its mesophilic and thermophilic protein homologues has shown

that the homologues were similar in their packing, but the thermophilic variant had a
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greater solvent exposed area and displayed increased protein fluctuations due to its
interaction with the solvent (94-97). This study also included the hyperthermophilic
variant. The main conclusion of this study was that behavior of the hydration water and
the protein surface area (exposed to solvent) were the two factors that differed the most
amongst the three variants upon increasing the temperature and that internal packing

was not as important in thermostability (30).

Compared to their homologues, thermophilic protein variants display more flexibility and
increased fluctuations at the time scale of the protein-water H-bond life time, and they
also exhibit more hydrophilic moieties exposed to water (562). This phenomenon has led
to the understanding that thermophilic proteins are able to form a more stable hydration
shell surrounding themselves, due to the creation of H-bonds between the hydrophilic
residues on their surface and the solvent. This stronger hydration shell protects the
thermophilic proteins from the penetration of water, resulting in a more stable structure

compared to their homologues (30).

The structured organization of the water molecules in the surface of the thermophilic
proteins is believed to cause conformational changes in the protein and thereby increase
their thermostability (30). This is a global feature explaining protein thermostability rather
than most studies which focused on the specific structural differences. Our own studies
also state that global properties play a great role in the thermostability of ANT variants.
Earlier we have shown that, rather than the specific structural differences between the
T130K and D8QY, the differences in their global dynamics manifest the differences in their
thermostabilities (85). In this thesis, as another global feature, we examined the role of
solvent on the ligand binding thermodynamics of the ANT variants. We have shown that
this phenomenon is very different for D80Y compared to other ANT variants. This led us
to further distinguish the T130K and D80Y from each other and claim D80Y as the variant
with thermophilic enzyme properties, while we referred to T130K as just a more

thermostable version of the WT since it was mimicking the WT (86).
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2 THERMODYNAMICS OF LIGAND BINDING TO THE
AMINOGLYCOSIDE O-NUCLEOTIDYLTRANSFERASE(4') AND
VARIANTS YIELDS CLUES ON THERMOPHILIC PROPERTIES
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2.1 Abstract

The aminoglycoside nucleotidyltransferase(4') (ANT) is an enzyme with high substrate
promiscuity and catalyzes the transfer of the AMP group from ATP to the 4'-OH site of
many structurally diverse aminoglycosides, which results in the elimination of their
effectiveness as antibiotics. Two thermostable variants carrying single site mutations are
used to determine molecular properties associated with thermophilicity. Thermodynamics
of enzyme-ligand interactions showed that one variant (T130K) has identical properties
to the mesophilic WT while the other (D80Y) behaved differently. Differences between
D80Y and T130K/WT pair include the change in heat capacity (ACp), which show
temperature-dependence for D80Y but not for WT or T130K. The change of ACp with
temperature (AACp) with D80Y is aminoglycoside-dependent only in H2O and remains
the same with all aminoglycosides in D20. Furthermore, the offset temperature (Tof), the
temperature difference to yield identical enthalpies in H20 and D20, become larger with
increasing temperature for WT and T130K but remained mostly unchanged for D80Y.
Studies in H20 and D20 revealed that solvent reorganization becomes the major
contributor to ligand binding with increasing temperature for WT and T130K but changes

in low frequency vibrational modes is the main contributor with D80Y. Data presented in
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this paper suggest that global properties associated with the enzyme-ligand interactions,
such as thermodynamics of ligand binding, may yield clues on thermophilicity and permit
distinguishing those variants that are simply a more thermostable version of the

mesophilic protein.

2.2 Introduction

Thermostable enzymes that are naturally found in thermophilic organisms and their ability
to function at elevated temperatures are highly desirable for biotechnological and
industrial applications. Thermophilic proteins may adopt various strategies to achieve
thermal adaptation and yet they are structurally quite like their mesophilic variants.
Therefore, understanding of molecular properties that render proteins thermophilic is
necessary. Numerous studies made comparisons to identify the differences in various
structural and dynamic features of thermophilic and mesophilic enzyme homologs.
Although several molecular aspects such as the presence of more polar interactions or
H-bonds or tighter packing of the hydrophobic core are suggested by earlier work (1-6),
more distributed effects and global dynamics of proteins playing a significant role was

also suggested by other studies (7, 8).

These efforts, however, are somewhat complicated by the fact that they included all
thermostable enzymes, some of which may simply be enzymes with higher melting
temperature (Tm) than mesophilic enzymes such as those with added stabilizing
interactions in the form of disulfide bonds or ionic or hydrophobic interactions.
Furthermore, these comparisons included proteins that have differences ranging from a
few residues to tens of residues in their primary sequences as well as differences in their
oligomeric state, which may introduce changes that are not necessarily specific for
thermophilicity.  In this work, we are separating the terms “thermostable” and
“thermophilic” in the following manner; thermostable defines a variant of the mesophilic
protein with increased thermostability achieved by either evolutionary-based or structure-

based strategies leaving other properties of the protein like the mesophilic variant.
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Contrary to this, thermophilic proteins may have significantly different dynamic and
thermodynamic properties relative to the mesophilic variants.

To identify molecular properties associated with thermophilicity we used the wild-type
(WT) and two thermostable, single amino acid mutants (D80Y and T130K) of the
aminoglycoside nucleotidyltransferase(4') (ANT), which provides excellent opportunity to
distinguish the thermophilic variant from the thermostable one. This is because, although
both mutants are thermostable, only one (D80Y) appears to be a thermophilic protein
while the other (T130K) is simply a more heat stable variant of WT. Earlier computational
work with these three variants suggested that global dynamics of the mesophilic and
thermophilic variants differ and T130K is similar to WT (9). Thermodynamics of enzyme-
ligand interactions and solvent effects on ligand binding, presented in this work, showed
that while T130K shows identical behavior to WT, D80Y dramatically differs from both.
Thus, data presented in this paper suggest that global properties associated with the
enzyme-ligand interactions, such as thermodynamics of ligand binding, may also yield

clues on thermophilicity.

2.3 Materials and methods

2.3.1 Chemicals and reagents

All chemicals including the aminoglycosides were purchased from Sigma-Aldrich (St.
Louis, MO) at the highest purity available. Concentrated stock solutions of
aminoglycosides were prepared after the removal of sulfate salt by ion exchange
chromatography and then used in ITC experiments. Concentration of aminoglycoside
solutions were determined by enzymatic assay as described earlier (10). Isopropyl B-D-
1-thiogalactopyranoside (IPTG) was purchased from Inalco SAS, Italy. Ni- Sepharose
high performance and ion exchange matrix Macro Q, were purchased from GE
Healthcare, (Sweden) and Bio-Rad Laboratories (Hercules, CA), respectively. Thrombin
was obtained from EMD Millipore Corp., USA.
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2.3.2 Overexpression and purification

WT ANT4 was originally isolated from the mesophilic Staphylococcus aureus (11).
Thermostable T130K and D80Y were from Bacillus stearothermophilus (12) and were
codon optimized for Thermosynechococcus elongatus (13). T130K gene was transferred
from T. elongatus to E. coli and D80Y, WT and the T130K/D80Y (double mutant is not
used in this work) were generated via site directed mutations in T130K (13). All three
variants were overexpressed and purified as described earlier (13-15). All three ANT4
variants were stable for three weeks at 4°C without a significant loss of activity (>90%).
Protein concentration was determined by using the extinction coefficients of 50880 M-
lcm ! for D80Y and 49390 M-tcmfor both WT and T130K.

2.3.3 Isothermal titration calorimetry

ITC experiments were performed using VP-ITC microcalorimeter, GE Healthcare
(Hercules, CA) over a temperature range of 10-40 °C. Proteins were dialyzed in a buffer
system composed of 50 mM MOPS, 100 mM NaCl (pH 7.5 at 25 °C) in H20 or D20
(99.9%) prior to the ITC experiments. All aminoglycosides were diluted from concentrated
stock solutions into the dialysate from enzyme preparations. Enzyme concentration in the
calorimetry cell was 20 uM (monomer) while the aminoglycoside concentration in the
syringe ranged from 400 to 800 uM. Enzyme and the ligand solutions were degassed for
10-15 minutes before they were loaded to the microcalorimeter. 10 ul of ligand was
titrated into the enzyme in each injection. The experiments were composed of 27
injections separated by 240 seconds and the cell stirring speed was 307 rpm. Most ITC
experiments were repeated 2-3 times and the data were fit using the global fit feature of
SEDPHAT (16) considering the A+B < AB hetero-association model to determine the
binding enthalpy (AH) and the association constant (Ka). Gibbs energy (AG) and the
entropy (TAS) were determined from AG = —RT In Ka and AG = AH — TAS respectively.
Data for T130K was taken from an earlier work (14).
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2.3.4 Analytical ultracentrifugation

Experiments were performed using Beckman XL-1 analytical ultracentrifuge and an An-
50Ti rotor. Proteins were dialyzed in 50 mM MOPS buffer (pH 7.5 at 25 °C) either with or
without 100 mM NacCl to test the effect of salt on the monomer-dimer equilibrium. 400 pl
of 1 uM enzyme and 390 pl of buffer were loaded into double-sector cells. 300 absorbance
scans were collected at 230 nm, 50,000 rpm over a temperature range of 10-40 °C.
SEDNTERP (17) was used to calculate the buffer viscosity, buffer density and protein
partial specific volume. SEDFIT (18) was used to fit the sedimentation data to a

continuous [c(s)] distribution model.

2.4 Results

2.4.1 Thermodynamics of ligand binding distinguishes D80Y from T130K and
WT

The thermodynamics of the ligand binding to the mesophilic (WT) and two thermostable
variants (T130K and D80Y) of ANT was studied by ITC over a temperature range of 10°C
to 40°C in H20 and D20. Owing to the high substrate promiscuity of the enzyme, four
aminoglycosides were used in this study. The aminoglycosides used were
representatives of neomycin (neomycin B and paromomycin) and kanamycin (kanamycin
A-henceforth kanamycin and tobramycin) groups (Figure 2.1). In all cases, the binding
was enthalpically favored. An example data set is shown in Figure 2.2. Entropic
contribution was aminoglycoside- and enzyme-dependent and always unfavorable for WT
and T130K. Only exceptions were for the binding of kanamycin and tobramycin to WT
and neomycin to T130K at 10°C. Contrary to this, favorable entropic contribution was
more significant with D80Y and in some cases remained favorable up to 25°C. Exemplary
data sets are presented in Tables 2.1-2.4. In all cases AG remained favorable (AG<O0).
While the binding enthalpy was becoming more favorable with increasing temperature the

entropic contribution became more unfavorable.
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Figure 2.1: Aminoglycosides used in this work. Kanamycin A (left top), tobramycin (left

bottom), neomycin (right top) and paromomycin (right bottom). Arrows mark the 2' site.
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Figure 2.2: Examples of thermograms and isotherms.Titration of WT (top) and D80Y
(bottom) with neomycin (20°C). Left and right panels represent titration in H20 and D20

respectively.
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Table 2.1. Binding of neomycin to ANT and variants in H20

Temperature WT T130K D80Y

(°C) AH TAS AH TAS AH TAS
10 -10.3 -14 -10.0 -0.2 -5.7 3.1
15 -12.9 -3.4 -14.1 -4.2 -7.5 1.3
20 -17.7 -1.7 -16.9 -6.8 -9.5 -0.8
25 -19.2 -9.5 -23.7 -12.4 -11.3 -2.6
30 -25.3 -9.9 -24.9 -14.8 -13.4 -4.9
35 ND ND -28.8 -18.8 -16.6 -8.2
40 ND ND -36.4 -26.6 -21.6 -13.2

All values are kcal/mol. Favorable entropic contributions are highlighted in bold red font.
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Table 2.2: Binding of neomycin to ANT and variants in D20

Temperature WT T130K D80Y
(°C) AH TAS AH TAS AH TAS
10 -10.0 -1.4 -9.0 1.2 -4.4 4.8
15 -11.0 -2.9 -11.1 -0.8 -6.1 2.6
20 -14.6 -5.0 -12.9 -2.7 -7.0 1.8
25 -15.3 -5.8 -13.8 -3.6 -8.8 0.04
30 -21.4 -11.6 -15.7 -5.5 -104 -1.7
35 ND ND -18.2 -7.9 -12.5 -3.9
40 ND ND -23.1 -14.4 -14.7 -6.2

All values are kcal/mol. Favorable entropic contributions are highlighted in bold red font.
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Table 2.3: Binding of tobramycin to ANT and variants in H20

Temperature WT T130K D80Y

(°C) AH TAS AH TAS AH TAS
10 -5.6 1.9 -5.7 -1.1 -3.7 3.8
15 -8.7 -1.4 -8.3 -0.01 -4.9 2.7
20 -10.6 -2.8 -11.0 -2.7 -5.9 1.7
25 -17.5 -9.8 -14.2 -5.4 -9.0 -1.2
30 -21.8 -14.1 -20.0 -9.0 -11.1 -3.3
35 ND ND -25.8 -12.0 -18.0 -10.9
40 ND ND -22.6 -14.8 -22.9 -15.2

All values are kcal/mol. Favorable entropic contributions are highlighted in bold red font.
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Table 2.4: Binding of tobramycin to ANT and variants in D20

Temperature WT T130K D80Y

(°C) AH TAS AH TAS AH TAS
10 -5.6 1.8 -5.25 -3.8 -3.3 4.2
15 -6.6 15 -5.1 -3.7 -4.3 3.3
20 -9.5 -1.5 -8.3 0.3 -5.6 2.3
25 -11.5 -3.3 -11.9 -3.6 -6.8 1.0
30 -14.9 -6.5 -12.4 -3.9 -11.1 -3.5
35 ND ND -16.3 -7.9 -12.0 -4.0
40 ND ND -16.3 -7.8 -16.0 -7.8

All values are kcal/mol. Favorable entropic contributions are highlighted in bold red font.
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However, at all temperatures studied, the favorable enthalpy overcame the unfavorable
entropic contribution to favor ligand binding. Figure 2.3 shows the enthalpy of binding of
neomycin and tobramycin to all three variants as a function of temperature in H20 and
D20. The data acquired with paromomycin and kanamycin A is shown in Figure 2.4.
These data show that, in the range of temperature studied, AH decreases linearly with
increasing temperature for binding of all four aminoglycosides to WT and T130K. The
decrease in AH was not linear with D80Y indicating that the heat capacity change (ACp),
unlike WT and T130K, is temperature dependent. Despite aminoglycoside specific
variations, the rate of decrease in AH with increasing temperature was always faster in
H20 for WT and T130K in the temperature range tested. This was true for D80Y only at
temperatures above ~20°C. Data acquired with neomycin and tobramycin, are shown in
Figure 2.5 to highlight this point for WT and D80Y. T130K behaved similar to wild type,
which was reported earlier (14). Nevertheless, several titrations were repeated with
T130K to reproduce the earlier data. The temperature dependence of enthalpy and ACp

for binding of neomycin to all three variants is shown as a 3D plot in Figure 2.6.

Differences observed in binding enthalpies in H20 and D20 (AAH = AHu20 — AHb20), as
shown in Figure 2.7, enhances the distinction between D80Y and WT/T130K pair. Of the
two thermostable variants, T130K behaves like the mesophilic WT, while D80Y shows
different behavior. AAH becomes more negative with increase in temperature in a linearly
dependent manner and becomes positive at low temperature for both WT and T130K. In
contrast, AAH shows a nonlinear correlation with temperature and it remains always
negative with D80Y (Figure 2.7). The only exception to this is binding of kanamycin to
D8OY.

The temperature dependence of ACp for the formation of the binary
D80Y—aminoglycoside complexes showed aminoglycoside specific variation, however it
was always stronger in H20 relative to D20. Figure 2.8 illustrates this for the formation of
D80Y—neomycin and D80Y—tobramycin complexes. The change in ACp as a function of
temperature (AACp) is determined from slopes of such plots and are shown in Table 2.5.
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Figure 2.3: The binding enthalpy change as a function of temperature for neomycin and
tobramycin. WT (green), T130K (blue) and D80Y (red). First row, neomycin (left) and
tobramycin (right) binding in H20. Second row, neomycin (left) and tobramycin (right)
binding in D20. Some of the error bars are smaller than the symbol size. Third row shows
data for D80Y with an expanded Y axis, from left to right: D80Y-Neo- H20, D80Y-Neo-
D20, D80Y-Tob- H20, D80Y-Tob- D20. Data for T130K is from (14).
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Figure 2.4: The binding enthalpy change as a function of temperature for paromomycin

and kanamycin A. Binding of paromomycin (left panels) and kanamycin A (right panels)
to WT (green), T130K (blue) and D80Y (red) in H20 (top panels) and D20 (bottom panels).

Data for T130K is from (14).
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kanamycin (red). Curves in D80Y plots are not representing any kind of fitting, they simply
are connecting data points. Data for T130K is reprinted with permission from (Jing, X and

Serpersu, E. H. (2014) Biochemistry 53, 5544-5550). Copyright 2014 American Chemical
Society.
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Table 2.5: The change in ACp as a function of temperature and its aminoglycoside-

dependent variation

AACp(H20)? AACp(D20)?

cal*moltedeg? cal*moltedeg?
D80Y—Tobramycin 42 16
D80Y—Paromomycin 37 15
D80Y—Neomycin 22 -8
D80Y—Kanamycin 16 14

2All R? values for curve fitting were >0.999.
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Variation of AACp with different aminoglycosides was more significant in H20 and showed
a 2.6-fold difference between the lowest and highest values. In D20, apart from neomycin,
AACp was very similar with all three aminoglycosides (Table 2.5). In all cases, AACp was

more negative in H20.

Differential temperature dependence of ACp between H20 and D20 also indicates
temperature dependent effects on transfer between these solvents. ACp for transfer
(ACpy = ACph20 — ACpp20) for the binary D80Y—aminoglycoside complexes are shown
in Figure 2.9. ACpy for the transfer from D20 to H20 is negative above 20°C for all four
aminoglycosides and becomes positive between 10°C and 20°C except for kanamycin
for which ACpy is very small. There is no such variation for WT and T130K and ACpy is
always negative with all aminoglycosides except for the binding of paromomycin to WT

which is about zero (Table 2.6).

2.4.2 Monomer-dimer equilibrium is very similar for all three ANT variants

Analytical centrifugation studies showed that all three ANT4 variants exhibit a similar
effect of temperature on monomer-dimer equilibrium over a temperature range studied
(Figure 2.10). The increase in temperature results in a higher tendency towards
dimerization with all. With the exception of small differences observed in the monomer-
monomer association constants there were no differences between variants and the
presence of salt increased the monomer-monomer affinity by about a factor of ten with all
three variants (14). No detectable temperature- dependent compaction or expansion was

detected with all three variants.

2.5 Discussion

Differences in the temperature dependence of the binding enthalpy separated D80Y from
the other thermostable variant T130K, which behaved like WT. Unlike WT and T130K,
there was no linear correlation between the binding enthalpy and temperature with D80Y,

46



i

ACPy, (D20->H,0)
o)
(]

10 20 30 40

Temperature (°C)

Figure 2.9: Temperature dependence of ACpt (ACpr2o — ACpp20) for aminoglycoside
binding. Binding of neomycin (green), paromomycin (blue), tobramycin (orange) and
kanamycin (red) to D80Y. The constant ACpy for the binding of tobramycin (orange) and

neomycin (green) to WT and T130K are shown for comparison as short lines.
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Table 2.6: ACpy for WT and T130K

ACp(H:0) ACp(D:0) ACPx
(ACpH20- ACpPD20)
Neomycin—WT -0.73 £ 0.07 -0.52 £ 0.09 -0.21 +£0.09
Paramomycin—WT -0.63 £ 0.08 -0.62 £ 0.08 -0.01 £ 0.08
Tobramycin—WT -0.82+0.1 -0.47 £ 0.05 -0.35+0.05
Kanamycin—WT -0.59 £ 0.03 -0.42 £ 0.05 -0.17 £ 0.05
Neomycin—T130K? -0.81 £ 0.06 -0.47 £ 0.05 -0.34 + 0.06
Paramomycin—T130K? | -0.67 + 0.05 -0.41 £ 0.05 -0.26 £ 0.05
Tobramycin—T130K? | -0.55 + 0.01 -0.39 £ 0.04 -0.16 £ 0.04
Kanamycin—T130K? -0.35+0.03 -0.29 £ 0.03 -0.06 +0.03

aData from (14, 15)
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Figure 2.10: Temperature dependence of sedimentation coefficient for ANT variants. WT

(green), T130K (blue) and D80Y (red). Curves from left to right represent data at 15°C,

20°C, 30°C and 40°C respectively.
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which was indicative of temperature dependence of ACp. In our earlier work, a hint of
curvature with one aminoglycoside was detected but was not investigated further (9). In

this work, extended temperature range and the use of a couple of different
aminoglycosides confirmed it and allowed that behavior to be investigated. The extent of
curvature in AH vs temperature plots for the formation of D80Y—aminoglycoside
complexes were different for each ligand and didn’t seem to be correlated with any
structural features of the ligand itself (Figure 2.1). Curvature in AH vs T plots of D80Y
starts well below the Tm of D80Y (Figure 2.4) suggesting that unfolding coupled to binding
(19) may not be the reason but two partially overlapping enthalpic processes with different
negative ACp may be at play instead. The binding enthalpy of all four aminoglycosides
was always more favorable in H20 at temperatures above 15°C with all three enzymes.
At lower temperatures binding of some of the aminoglycosides was enthalpically more
favored in D20 with WT and T130K. Contrary to this, apart from kanamycin, ligand binding
to D80Y at low temperatures was still enthalpically more favorable in H20. These
observations suggest that, in D20, the bound state is stabilized at low temperature and
unbound states are stabilized above 15-20°C with WT and T130K (20). In the case of
D80Y, there is no such temperature-dependent shift and always unbound states are

stabilized relative to enzyme—aminoglycoside complexes.

It is not clear why kanamycin binding to D80Y is showing a different pattern than other
aminoglycosides. However, we note that kanamycin is the only aminoglycoside within this
set with an -OH group at the 2' site (Figure 2.1). We have earlier shown that the presence
of -NH2 versus -OH at the 2' site can have significant effect not only in thermodynamics
but even determines substrate behavior. For example, kanamycin B is a substrate for the
aminoglycoside N3-acetyltransferase-Vla (AAC-Vla) while no detectable activity was
observed with kanamycin A (21). Their enthalpies of binding to different aminoglycoside-
modifying enzymes can be different as much as 6.9 kcal/mol (22). The only difference
between these two aminoglycosides is the presence of -NH: at the 2' site in kanamycin B

and an -OH in kanamycin A (Figure 2.1).
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Differences between the two thermostable variants were enhanced by the temperature
dependence of AAH. While AAH can be positive at low temperatures with WT and T130K,
it is always, except kanamycin, negative with D80Y. Transfer of hydrophobic groups from
D20 to H20 occurs with positive AH that becomes more negative with increasing
temperature (23). AAH for WT and T130K are consistent with this. The same is true for
D80Y only above ~20°C. Again, kanamycin is the exception with D80Y. Furthermore, a
linear correlation is observed between AAH and temperature with WT and T130K, which

was nonlinear with D80Y (Figure 2.7).

The negative ACpy with all variants is also consistent with the transfer of hydrophobic
groups from D20 to H20 (23, 24). However, this is true for D80Y only above 20°C and, at
lower temperatures, ACpy becomes positive (again, except for kanamycin) in an
aminoglycoside-dependent manner. This is also consistent with the effect on the transfer
of polar groups from D20 to H20 and, again, separates D80Y from WT and T130K. It is
likely that protein dynamics and protein-solvent interactions have different temperature
dependence for D80Y as compared to WT and T130K. These thermodynamic data are
consistent with the differences in temperature dependence of global protein dynamics
between D80Y and WT and T130K as determined by molecular dynamics simulations

(9).

Variable ACpy values for D80Y suggests that, at higher temperatures, the transfer of
hydrophobic groups from D20 to H20 is impacting this parameter while at low
temperatures (<15°C) the effect on polar groups becomes dominant for D80Y. Since AAH
remains always negative for D80Y, this observation suggests that the temperature
dependence of AAH alone cannot be attributed to the transfer of hydrophobic groups from
D20 to H20. These observations are consistent with multiple overlapping events affecting
the behavior of D80Y in solution and temperature-dependent alteration of their dominance
on thermodynamics of D80Y-aminoglycoside interactions. Earlier, it was shown by MD
simulations that the second principle component is the most effective in the dynamics of
D80OY. This is unlike WT and T130K where the first principle component was the most

effective for both enzymes(9). This was observed even though the motion of protein
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appears to be similar in all three enzymes. Our data suggest that the thermodynamic
parameter ACp for ligand binding separated D80Y from WT/T130K pair.

Different ACp values in H20 and D20 suggest contribution of solvent reorganization to
binding is temperature dependent (20). Solvent contribution to binding can also be shown
by AAH vs ACp plots (20). Such a plot, representing data acquired at different
temperatures, is shown in Figure 2.11 for WT and D80Y. Each of the four data points for
a given temperature represent data acquired with a different aminoglycoside. For the
WT, the correlation between AAH vs ACp becomes stronger with increasing temperature
similar to what was observed with T130K (14). This is not the case with D80Y. As shown
in Figure 2.11 the correlation is still weak even at higher temperatures. Figure 2.11 shows
the same plot at 30°C for all three enzymes for comparison. A plot of correlation
coefficient against temperature for all three variants is shown in Figure 2.12. These data
show that the contribution of solvent rearrangement to ACp increases with increasing
temperature and becomes the major effector above 20°C for WT and T130K. Data
acquired with D80Y show no such systematic change and even at 40°C the correlation is
still weak. Data also suggest that such correlation may start to be established for D80Y
at temperatures above 40°C. However, we did not test binding at higher temperatures
because even a small degree of protein unfolding can make significant impact on the
observed AH and cause curvature in AH vs temperature plots. Thus, rendering data

analysis difficult if not impossible.

Another contrasting aspect of these data are shown in Figure 2.13 as the temperature
dependence of the slopes determined from AAH vs ACp plots. The slopes have unit of
temperature in degrees and yields the offset temperature, the temperature difference to
observe the same binding enthalpy in H20 and D20 (20). A steady increase observed
with WT and T130K is not visible with D80Y. These data are indicative of the fact that
D80Y does not follow the pattern observed with WT and T130K. This is very likely to be
a result of differential solvent-protein interactions and differences in global dynamics of

these proteins.
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Figure 2.11: AAH versus ACp at different temperatures. Data for 10°C (blue), 20°C
(green), 30°C (red), and 40°C (purple) are shown for D80Y (left panel) and WT (middle
panel). Each data point at a given temperature represents a different aminoglycoside.
Data acquired at 30°C are replotted for all three enzymes for comparison (right panel),
WT (green), T130K (blue), and D80Y (red). Data for T130K is from (14).
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Figure 2.12: Temperature dependent variation of the correlation coefficient from least
square fits of AAH versus ACp. Data for WT (green), T130K (blue) and D80Y (red).
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Figure 2.13: Slopes from AAH versus ACp data. WT (green), T130K (blue) and D80Y
(red).
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Solvent reorganization and changes in low frequency vibrations of proteins are the major
contributors of ACp (25). Data acquired with D80Y suggest unlike WT and T130K, that
changes in the low frequency vibrational modes of the protein is the major source of the
observed change in heat capacity. If the solvent contribution becomes more dominant at

temperatures above 40°C, this will still separate D80Y from T130K.

Our thermodynamics studies show that T130K resembles WT, while D80Y is significantly
different from them in terms of solvent reorganization upon ligand binding. We have also
successfully obtained the crystal structures of the apo forms of all three ANT variants as
well as the T130K-neomycin and WT-neomycin bound forms. Methodology on how these
structures were obtained is explained in detail in chapter 4. Despite our effort, we were
not able to obtain an aminoglycoside bound crystal structure of D80Y. All ANT variants
bind to neomycin the tightest with D80Y binding to neomycin more than 25-fold weaker
compared to others (9). One reason that D80Y might bind to neomycin weaker compared
to the other ANT variants can be due to a steric clash between the neomycin and Tyr 80
as suggested by our structural work (Figure 2.14). It is possible that we were not able to
obtain a neomycin bound D80Y crystal structure due to its low binding affinity. Figure 2.15
shows that both in T130K-neomycin and WT-neomycin structures, neomycin is positioned
in the same orientation, indicating that these enzymes bind to neomycin in the same
fashion. The RMSD value for the superimposition of the apo forms of ANT variants is 0.4
A while it is 0.3 A for the neomycin bound forms of WT and T130K, indicating that these
structures are highly similar to each other. Solvent arrangement in the ligand binding site
is also very similar for the T130K-neomycin and WT-neomycin structures (Figure 2.15).
On the other hand, the solvent arrangement at the active site is different for the T130K
and D80Y when apo proteins are compared (Figure 2.16). T130K has more detectable
solvent molecules at the active site compared to that of D80Y. Table 2.7 shows the
solvent accessible area (SAA) and the molecular surface area calculations (MSA) of the
ANT variants both in their apo and ligand bound forms, which were calculated using
PyMol. In order to account for the differences in the volumes of the ANT variants which
harbor different mutations, we have calculated the SSA/MSA ratio. The similarity in the
structures enabled us to compare their SSA/MMA. SSA/MSA ratio is around 0.4 for all
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Figure 2.14: Steric clash between Tyr 80 and neomycin in the D80Y structure. Neomycin
(red), Tyr 80 (blue), Asp 80 (green). The steric clash between Tyr 80 and neomycin in the
D80Y structure explains the weaker affinity of D80Y towards neomycin compared to other
ANT variants.
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Figure 2.15: Ligand bound forms of WT and T130K have similar solvent patterns.
Superimposition of the T130K-neomycin (magenta) and WT-neomycin (green) structures.
Residues surrounding the neomycin within 6 A are shown. The solvent molecules coming
from the structures are shown as spheres. Neomycin molecules coming from both

structures are shown in orange and neomycins are oriented in the same way.
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Figure 2.16: Solvent reorganization in the ligand binding site of D8QY is different than that
of the T130K. Superimposition of the D80Y Apo and T130K Apo structures. Residues
surrounding the active site are shown in cyan for D80Y and in magenta for T130K. WT-
neomycin structure (green) is used in the superimposition to locate the ligand binding site.
The solvent molecules coming from the T130K Apo structure are shown as magenta
spheres while the solvent molecules coming from the D80Y Apo structure are shown as

cyan spheres.
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Table 2.7: Solvent accessible area (SAA) calculations of ANT structures

Structure Molecular Surface | Solvent Accessible | SAA/MSA
Area (MSA) Area (SAA)

WT Apo 52291.910 21964.994 0.42

T130K Apo 52374.090 21546.854 0.41

D80Y Apo 52682.633 22356.020 0.42

WT-Neomycin 54829.062 27746.559 0.51

T130K-Neomycin 55303.707 27884.092 0.50

MSA and SAA were calculated using PyMOL. The units are A2, WT, T130K and D80Y
are all similar to each other in terms of solvent accessible area considering the entire

protein structure both in apo and in the ligand bound forms.
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apo ANT variants and increases to around 0.5 for all ligand bound forms of ANT variants
since the ligand is also solvated (Table 2.7). This indicates that WT, T130K and D80Y are
all similar to each other in terms of solvent accessible area considering the entire protein
structure (Table 2.7). However, arrangement of water molecules in the ligand binding
sites indicates that WT and T130K are highly similar to each other and significantly
different from D80Y (Figures 2.15 and 2.16). Thus, crystal structures of ANT variants are
consistent with differences in solvent effects observed in thermodynamics of ligand
binding. Even though T130K shows thermostability, thermodynamics of ligand binding
and solvent effects mirror that of WT. Thus, T130K may simply be a more heat stable
variant of WT but does not carry thermophilic properties. These data are consistent with
MD simulations that also highlighted differences in protein dynamics and its temperature
dependence between D80Y and WT/T130K pair (9).

We note that these data should not be interpreted as temperature dependence of ACp as
a unique property of thermophilic proteins. Such temperature dependence has been
observed with DNA-ligand interactions (26). The observed temperature dependence of
ACp for D80Y-aminoglycoside interactions suggests that two linked processes with
different temperature dependence and negative ACp values are involved. This was not
observed with WT and T130K.

2.6 Conclusions

In this work, we showed that two thermostable variants of ANT, each with a single site
mutation, may provide clues to distinguish thermophilic proteins from variants that have
simply become thermostable by an additional stabilizing interaction such as addition of a
disulfide bond or an ionic interaction but otherwise identical to mesophilic WT. Both T130
and D80 are away from the subunit-subunit interface and accessible to solvent (27).
Figure 2.17 shows a close-up view of the location of both residues. It is likely that
substitution of lysine at 130 may allow an ionic interaction between this residue and Asp
127 or Glu130 or backbone oxygen of Ser90 that is in the proximity of T130 and increase

the thermostability of this variant without affecting other properties significantly. D80Y,
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T'YR 80

Figure 2.17: Close-up of protein structure around residues 130 and 80. Residues around

130 (left panel) and 80 (right panel) shown using the crystal structure of D80Y (27).
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on the other hand, doesn’t appear to be positioned to engage in such a bond formation
interaction. However, replacement of an ionic side chain with Tyr may potentially increase
hydrophobic interactions leading to achieve thermostability. Thus, Y80 may be a node
impacting protein dynamics and its interactions with solvent and ligands leading to

thermophilic behavior.

Protein function in thermophilic environment may require more than just an increased Tm
such as different protein dynamics and/or solvent-protein interactions or interactions with
other molecules and ligands as such. Our earlier work showed significant differences in
dynamic properties of apo-enzymes that separated D80Y from WT and T130K (9). This
work shows that thermodynamics of enzyme-ligand interactions also provide features that
separates two thermostable variants from each other. We should note that the additivity
of melting temperatures of T130K and D80Y as observed in the double mutant also
suggests different mechanisms of achieving thermostability for these two variants (9).
Since thermodynamics of enzyme-ligand interactions of T130K is identical to WT, we
believe that its Tm is increased by interactions of 130K with one of the candidate sites as
described earlier without affecting other molecular properties of the WT. D80Y, on the
other hand, have significantly different thermodynamics (and higher Tm than T130K), and
therefore denoted as “thermophilic’. There are currently accepted properties that are
associated with thermophilic proteins such as deletion of loops at the surface, increased
fraction of aliphatic hydrophobic side chains as well as charged residues and increased
polar interactions (3, 28). We note that replacement of D80 with Y is also against the
current paradigm of thermophilic proteins having more polar interactions because an ionic
side chain is replaced by a phenolic one. Thus, it appears that determinants of
thermophilicity are broader and may not be easily determined by sequence of structural
comparisons. General applicability of these results to other systems in one or another

thermodynamic parameter of protein-ligand interactions remains to be seen.
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3 STRUCTURAL STUDIES OF AMINOGLYCOSIDE
O-NUCLEOTIDYLTRANSFERASE(4') VARIANTS ON
THERMOSTABILITY AND THE IDENTIFICATION OF THE ACTIVE SITE
RESIDUES
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3.1 Abstract

The aminoglycoside nucleotidyltransferase (4') (ANT) variants do not show a difference
in their global structure. Our structures have shown that the neomycin molecules are
positioned the same way in the neomycin bound forms of both the T130K and the WT,
which is in line with our previous observation that T130K resembles the WT in terms of
ligand binding thermodynamics. T130K has an additional H-bond formed between the
side chain of Lys 130 and the backbone oxygen of Ser 90, which suggests that T130K
has achieved thermostability through the formation of an additional stabilizing interaction.
Even though D80Y has the highest melting temperature (Tm), an additional stabilizing
interaction did not seem likely to occur when we investigated the D80Y mutation site in
apo D8OY structure, since Tyr 80 was too far away from the neighboring residues. Our
previous studies had shown that D80Y is more dynamic than the T130K and WT. It is
possible that, even though we were not able to observe additional interactions in D80Y
by analyzing the crystal structure, these interactions are likely to occur in solution due to
the dynamic nature of the D80Y. These observations further strengthen our statement
that T130K is the thermostable variant due to an additional chemical interaction but
otherwise mimics the behaviors of the WT, while D80Y displays thermophilic enzyme
properties and uses different strategies from the T130K by establishing the Tyr 80 as a
node in protein dynamics to confer thermal adaptation. Our structural work has also
enabled us to identify Glu 145, Asp 50, Glu 52 and Glu 76, which are away from the

T130K and D80Y mutation sites, as candidates for catalytic residues.

3.2 Introduction

Comparisons of the thermophilic and mesophilic enzyme homologues have shown that
disulfide bridges, aromatic and hydrophobic interactions, hydrogen (H-) bonds and ion
pairs can be seen more in thermophilic enzymes (1-3). As explained in greater detail in
Chapter 1 of this thesis, creation of a single additional hydrophobic interaction, ion pair,

aromatic pair or anion pi interaction can increase the protein stability in a range of 1.3-9.5
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kcal/mol (4-9). Thus, these interactions are believed to result in the thermostability of the
thermophilic enzymes by creating a more stable protein structure. In Chapter 2 of this
thesis, we have shown that the T130K variant of the aminoglycoside
nucleotidyltransferase (4') (ANT) resembles the WT in terms of ligand binding and
enzyme dynamics, while the D80Y variant, which has the highest Tm, behaved very
differently from them. These findings led us to further distinguish T130K from D80Y and
claim D80Y as the variant with the thermophilic enzyme properties, while we referred to
T130K as just a more thermostable version of the WT since it was mimicking the WT. In
this chapter, we analyzed the X-ray crystal structures of ANT variants, which were
obtained by us and our collaborators, to investigate if the thermophilic character of D80Y
and the increased structural stability of T130K compared to WT could be explained due

to the possible differences in their structures.

Before we obtained the X-ray crystal structures of ANT variants, only a 2.5 A resolution
structure of the D80Y variant in complex with the nonhydrolyzable ATP analogue
(AMPCCPP) and kanamycin was available (PDB ID: 1KNY) (10). We have obtained the
apo form of all ANT variants as well as the ligand bound forms of WT and T130K at a
resolution range of 1.65-2.5 A. Our structures highly resemble the 1KNY structure (Figure
3.1). The root mean square deviation (RMSD) between the 1KNY (when depleted of its
ligands) with apo T130K is 0.529 A.

Investigating our ANT structures has enabled us to study the thermostability and the
catalysis of ANT variants. ANT transfers an AMP group from Mg-ATP to the 4’-OH group
of the aminoglycosides. ANT utilizes a Bi—Bi kinetic mechanism, in which aminoglycoside
binds to the ANT before the Mg-ATP and adenylated neomycin is released the last (11).
We were able to obtain the apo, neomycin bound, neomycin and AMPCPP bound, as well
as the product state (adenylated neomycin) structures of T130K, which enabled us to
identify the residues in the active site of ANT (some of which perform catalysis) and their
relation to T130K and D80Y mutations.
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Figure 3.1: Our crystal structures are very similar with the previous ANT structure in the
literature. Superimposition of apo T130K (green) with the previous ANT structure in
literature (PDB ID: 1KNY) (black) (10). The root mean square deviation (RMSD) between
the TKNY (when depleted of its ligands as shown in this figure) with apo T130K is 0.529
A.
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3.3 Materials and methods

All ANT variants mentioned in this chapter were purified as explained in Chapter 2. All the
ANT crystals mentioned in this study were grown in hanging drop vapor diffusion method
at 12 °C, using droplets containing 1:1 ratio of protein solution and mother liquor. The
concentration of the ANT variants used for crystallization were 15 mg/ml. The
crystallization conditions were: 16-18% PEG 8K, 0.1 M Tris pH 7.5-8.0, 0.1-0.2 M MgCl2
for the apo ANT variants. Binary crystals were obtained by incubating the enzyme with 2-
3 mM neomycin for 2 h at room temperature and then mixing with an equal amount of
mother liquor. More detailed explanation of the methodology along with crystallography
statistics can be found in Chapter 4 of this thesis.

3.4 Results

3.4.1 All three ANT variants have very similar structures

All three variants of ANT: WT, T130K and D80Y return an RMSD value of 0.4 A when
they are superimposed in their apo forms, indicating that there are no global structural
differences among these variants (Figure 3.2). In the neomycin bound forms of WT and
T130K, neomycin molecules are also oriented the same amongst the structures (Figure
3.3).

3.4.2 Structural investigation of thermostability on ANT variants

The distance between the side chain of Lys 130 and the backbone oxygen of Ser 90 in
the T130K structure is only 2.6 A, indicating that in the T130K structure, there is an
additional H-bond created (Figure 3.4). Creation of such an additional H-bond is not likely
to occur in the WT or the D80Y, since these variants have a Thr 130 whose hydroxyl
group on its side chain is 5.5 A away from the backbone oxygen of Ser 90. This makes it

unlikely for them to engage in a H-bond since the maximum distance between the atoms
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Figure 3.2: There are no global structural differences amongst the ANT variants.
Superimposition of WT (blue), T130K (green) and D80Y (red) is 0.4 A, indicating that

there are not any global structural differences amongst the ANT variants.
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Figure 3.3: Both T130K and D80Y bind to neomycin in the same structural manner.

Neomycin molecules are positioned the same way in the neomycin bound forms of both
the T130K and the WT. Neomycin in the WT structure is shown in blue, while the neomycin
in the T130K structure is shown in green. Neomycin bound forms of T130K and WT are
superimposed and the enzymes are shown in gray in order to see the neomycin

molecules more clearly.
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D80Y and WT

Figure 3.4: T130K achieved thermostability through the formation of an additional H-bond.
The distance between the side chain of Lys 130 (orange) and the backbone oxygen of
Ser 90 (green) in the T130K structure is only 2.6 A, indicating that in the T130K structure,
there is an additional H-bond created between these residues. Creation of such an
additional H-bond is not likely to occur in the WT or the D80Y, since these variants have
a Thr 130 (pink) whose hydroxyl group on its side chain is 5.5 A away from the backbone
oxygen of Ser 90, which makes it unlikely for them to engage in a H-bond. On the
residues, oxygen atoms are shown in red and nitrogen atoms are shown in dark blue.

Protein structures are shown in blue.
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to create a H-bond is around 3.3 A (12). This observation shows that T130K achieved
thermostability through the formation of a stabilizing interaction.

We also studied the structure of D80Y to see if there are any additional interactions that
might explain its increased Tm. Tyr 80 is surrounded by residues like Tyr, GIn and Asn,
which can in theory create chemical bonds like H-bonds or aromatic pair interactions with
a tyrosine via their side chain. However, these residues are too far away from Tyr 80,
which makes it very unlikely for them to create an additional bond within the D80Y
mutation site (Figure 3.5). In T130K and WT, there is an Asp 80 instead of Tyr 80, which
also does not seem to create a noncovalent bond with its surrounding residues, indicating

that D80Y mutation does not abolish any previous interactions within the protein.

3.4.3 Identification of the residues in the ANT active site

Obtaining apo, neomycin bound, neomycin and AMPCPP bound and the product state
(adenylated neomycin) forms of T130K enabled us to identify the residues in the ANT
active site. We identified Glu 145, Asp 50, Glu 52 and Glu 76 as the residues which are
in close proximity of the 4’-OH modification site of neomycin and the a-phosphate on the
AMPCPP, which make them the likeliest candidates to perform catalysis. ANT is a
homodimer enzyme. In the active site, Glu 145 is found on another subunit than the Asp
50, Glu 52 and Glu 76 (Figure 3.6). When we examined Glu 145, Asp 50, Glu 52 and Glu
76 on the apo forms of D80Y, WT and ANT, we saw that folding of all ANT variants around
the active site is also the same (Figure 3.7).

3.5 Discussion

Apo forms of all three ANT variants share the same global structure, indicating that the
T130K and D80Y mutations are not causing any changes in the global fold of the protein
(Figure 3.1) that might affect their different degrees of thermostability. We were also able
to obtain the neomycin bound forms of WT and T130K. Even though we also tried to

obtain the neomycin bound form of D80Y, we were not successful. As explained in greater
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T130K and WT

Figure 3.5: There are no obvious additional interactions in D80Y. Tyr 88, GIn 102, Tyr 37
and Asn 78 all shown in green are too far away from Tyr 80 (orange) to create an
additional bond within D80Y. In T130K and WT, there is an Asp 80 (pink) instead of Tyr
80 which also does not seem to create a noncovalent bond with its surrounding residues,
indicating that D80Y mutation does not abolish any previous interactions within the
protein. On the residues, oxygen atoms are shown in red and nitrogen atoms are shown

in dark blue. Protein structures are shown in blue.
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Glu 145

Figure 3.6: Identification of the residues found in the ANT active site. Glu 145, Asp 50,
Glu 52 and Glu 76 are found in the active site of ANT and are the most likely candidates
to perform catalysis. This image is prepared using the structure of T130K (green) bound
to AMPCPP (dark blue) and neomycin (dark red). The distances of the side chains of the
residues from the neomycin modification site (black) are shown. The distances of the side
chains of the residues Glu 76, Glu 52, Glu 50 and Glu 145 from the a-phosphate (orange)
are 7.5 A, 3.8 A, 5.0 A and 4.1 A, respectively. Glu 145 is found on a different subunit
than the Asp 50, Glu 52 and Glu 76 in the dimeric T130K structure. On the residues,
oxygen atoms are shown in red and nitrogen atoms shown in dark blue. Mg ions are

shown in magenta as spheres.
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Glus2 Glu76
Asp 50

g

Figure 3.7: Folds of the ANT variants are also the same around the active site. Apo forms
of WT (blue), T130K (green) and D80Y (red) superimposed. Folds of these proteins are
the same around the active site residues. Mg ions are shown in magenta as spheres.

Bottom panel shows the close-up view of just the residues whose side chains are also in

very similar orientations.
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detail in Chapter 2, when we superimposed the neomycin bound structures of WT or
T130K with apo D80Y, we saw that in D80Y, Tyr 80 seems to be involved in a steric clash
with neomycin, which might explain why we were not able to obtain a neomycin bound
D80Y structure. Neomycin molecules are positioned the same way in the neomycin bound
forms of both the T130K and the WT. This shows that in addition to T130K resembling
the WT in terms of ligand binding thermodynamics (13), these two variants also bind to

neomycin in the same structural manner.

Since we did not observe any global structural differences amongst the ANT variants, we
investigated if there are any local structural differences in the T130K and D80Y mutation
sites that can explain their increased Tm. T130K has an additional H-bond formed
between the side chain of Lys 130 and the backbone oxygen of Ser 90, which suggests
that T130K has achieved thermostability through the formation of a stabilizing interaction.
This H-bond seemed like it can potentially act as a hairpin bringing the alpha helices
shown in Figure 3.4 together and thereby creating additional interactions that can further
explain the increased Tm of T130K. However, when we compared these alpha helices in
the T130K structure to that of the other two ANT variants, we did not see any obvious
additional interactions. In this case, it seems like just one additional H-bond formation
was responsible for the increased Tm of the T130K. However, one should keep in mind
that X-ray structures are just a static image of the protein, where in reality proteins are
dynamic and sample multiple conformations. Thus, it is possible that in some
conformations of T130K, the H-bond formed between the side chain of Lys 130 and the
backbone oxygen of Ser 90 can in fact be acting as a hairpin to create further additional

interactions amongst the mentioned alpha helices.

Even though D80Y has the highest melting temperature (Tm), an additional stabilizing
interaction did not seem likely to occur when we investigated the D80Y mutation site,
since Tyr 80 was too far away from the neighboring residues (Figure 3.5). Our previous
studies had shown that D80Y is more dynamic than the T130K and WT (14). Itis possible
that, even though we were not able to observe additional interactions in D80Y mutation

site by analyzing the crystal structure, these interactions are likely to occur in solution due
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to the dynamic nature of the D80Y. These observations further strengthen our statement
that, T130K is the thermostable variant due to an additional chemical interaction, but
otherwise mimics the behaviors of the WT, while D80Y displays thermophilic enzyme
properties and uses different strategies from the T130K by establishing Tyr 80 as a node
in protein dynamics to confer thermal adaptation. Our studies have shown that, rather
than the local structural differences in the D80Y mutation sites, the differences in its
global features, such as dynamics and ligand binding thermodynamics, manifest the
thermophilic behavior of D80Y (713, 14). Global features of proteins conferring
thermostability rather than the specific stabilizing structural interactions have also been

observed in other systems (15).

Obtaining apo, neomycin bound, neomycin and AMPCPP bound and the product state
(adenylated neomycin) forms of T130K enabled us to identify the residues in the ANT
active site. We identified Glu 145, Asp 50, Glu 52 and Glu 76 as the residues which are
in the close proximity of the 4’-OH modification site of neomycin and the a-phosphate on
the AMPCPP, which make them the likeliest candidates to perform catalysis (Figure 3.6).
In fact, an earlier kinetics study, which also utilized the 1KNY structure, had stated that
Glu145 contributes to catalysis by abstracting a proton from the 4’-OH modification site
of neomycin via its carboxylic group on its side chain (11). Glu 145 happens to be on a
different subunit compared to the others in our ANT structures. Observing mostly acidic
residues in the active sites of aminoglycoside modifying enzymes (AGMES) is common
(16). Even though the specific activities of the ANT variants were very similar at their own
optimum temperatures, compared to WT, T130K and D80Y were more active at high
temperatures (52 °C and 57°C), while they were less active at lower temperatures such
as 37 °C (17). D80Y was more active than the T130K at high temperatures. The protein
fold of the apo ANT variants around the active site are the same (Figure 3.7), indicating
that the differences in their activities cannot be explained due to structural differences in
their active sites. This is not surprising because T130K and D80Y mutation sites are away
from the active site (Figure 3.8), and thus are not likely to impose any direct structural
changes on the active site. In that case, Tyr 80, acting as a node for protein dynamics in

the D8OY, can also be responsible for facilitating its activity not through directly stabilizing
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Figure 3.8: Active site residues highlighted on WT. Glu 76 (red), Glu 52 (green), Asp 50
(magenta) and Glu 145 (black) highlighted on the dimer WT apo protein whose subunits
are shown in blue and cyan. Glu 145 is found on another subunit than the other active
site residues. T130K mutation site (yellow), D80Y mutation site (orange) are both away

from the active site residues.
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structural interactions, but through global dynamics. Furthermore, the differences in
ligand binding thermodynamics of D80Y compared to the other ANT variants can also
play a role in its difference in catalytic activity. A detailed analysis as to which of these
residues found in the active site (Glu 145, Asp 50, Glu 52 and Glu 76) actually perform
the catalysis is explored in Chapter 4 of this thesis.

82



3.6 References

1. Elcock, A. H., The stability of salt bridges at high temperatures: implications for
hyperthermophilic proteins. Journal of Molecular Biology 1998, 284 (2), 489-502.

2. Gromiha, M. M.; Oobatake, M.; Sarai, A., Important amino acid properties for
enhanced thermostability from mesophilic to thermophilic proteins. Biophysical Chemistry
1999, 82 (1), 51-67.

3. Zhou, P.; Tian, F.; Lv, F.; Shang, Z., Geometric characteristics of hydrogen bonds
involving sulfur atoms in proteins. Proteins: Structure, Function, Bioinformatics 2009, 76
(1), 151-163.

4. Anderson, D. E.; Becktel, W. J.; Dahlquist, F. W., pH-induced denaturation of
proteins: a single salt bridge contributes 3-5 kcal/mol to the free energy of folding of T4
lysozyme. Biochemistry 1990, 29 (9), 2403-2408.

5. Kapoor, K.; Duff, M. R.; Upadhyay, A.; Bucci, J. C.; Saxton, A. M.; Hinde, R. J.;
Howell, E. E.; Baudry, J., Highly dynamic anion—quadrupole networks in proteins.
Biochemistry 2016, 55 (43), 6056-6069.

6. Pace, C. N., Contribution of the hydrophobic effect to globular protein stability.
Journal of Molecular Biology 1992, 226 (1), 29-35.

7. Serrano, L.; Bycroft, M.; Fersht, A. R., Aromatic-aromatic interactions and protein
stability: investigation by double mutant cycles. Journal of Molecular Biology 1991, 218
(2), 465-475.

8. Shirley, B. A.; Stanssens, P.; Hahn, U.; Pace, C. N., Contribution of hydrogen
bonding to the conformational stability of ribonuclease T1. Biochemistry 1992, 31 (3), 725-
732.

9. Zavodszky, M.; Chen, C. W.; Huang, J. K.; Zolkiewski, M.; Wen, L.
Krishnamoorthi, R., Disulfide bond effects on protein stability: Designed variants of
Cucurbita maxima trypsin inhibitor-V. Protein Science 2001, 10 (1), 149-160.

10. Pedersen, L. C.; Benning, M. M.; Holden, H. M., Structural investigation of the
antibiotic and ATP-binding sites in kanamycin nucleotidyltransferase. Biochemistry 1995,
34 (41), 13305-13311.

83



11. Chen-Goodspeed, M.; Vanhooke, J. L.; Holden, H. M.; Raushel, F. M., Kinetic
mechanism of kanamycin nucleotidyltransferase from Staphylococcus aureus. Bioorganic
Chemistry 1999, 27 (5), 395-408.

12. McRee, D. E., Practical protein crystallography. Elsevier: 1999.

13. Kocaman, S.; Serpersu, E. H., The thermodynamics of ligand binding to the
aminoglycoside O-nucleotidyltransferase(4') and variants yields clues about thermophilic
properties. Biochemistry 2019, 58 (12), 1579-1586.

14. Jing, X.; Evangelista Falcon, W.; Baudry, J.; Serpersu, E. H., Thermophilic
enzyme or mesophilic enzyme with enhanced thermostability: can we draw a line? The
Journal of Physical Chemistry B 2017, 121 (29), 7086-7094.

15. Hollien, J.; Marqusee, S., Structural distribution of stability in a thermophilic
enzyme. Proceedings of the National Academy of Sciences 1999, 96 (24), 13674-13678.
16. Kaplan, E.; Guichou, J.F.; Chaloin, L.; Kunzelmann, S.; Leban, N.; Serpersu,
E. H.; Lionne, C., Aminoglycoside binding and catalysis specificity of aminoglycoside 2 "-
phosphotransferase IVa: A thermodynamic, structural and kinetic study. Biochimica et
Biophysica Acta -General Subjects 2016, 1860 (4), 802-813.

17. Matsumura, M.; Aiba, S., Screening for thermostable mutant of kanamycin
nucleotidyltransferase by the use of a transformation system for a thermophile, Bacillus
stearothermophilus. Journal of Biological Chemistry 1985, 260 (28), 15298-15303.

84



4 “CATCH AND RELEASE”: A NOVEL VARIATION OF THE
ARCHETYPAL NUCLEOTIDYL TRANSFER REACTION
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4.1 Abstract

Nucleotidyl transfer is an archetypal enzyme reaction central to DNA replication and
repair, yet it is also used by antibiotic modifying enzymes to covalently inactivate
antibiotics. The protein fold of the aminoglycoside nucleotidyl transferase 4' (ANT) shares
significant structural similarity to the human DNA polymerase (3 catalytic domain, in
addition to conservation of the arrangement of the canonical polymerase catalytic active
site residues. Through structural characterization of ANT at various stages of the reaction
coordinate, we show that although the underlying nucleotidyl transfer reaction mechanism
is conserved with polymerases, a short low-barrier hydrogen bond is formed to facilitate
tighter binding of the aminoglycoside substrate, which is then disrupted by the formation
of the catalytically active complex. The need for ANT to release substrates post catalysis,
rather than the requisite processivity of polymerases, leads to this novel variation of the
nucleotidyl transfer reaction. These results shed important insights into this fundamental

reaction mechanism, while revealing new strategies to combat antibiotic resistance.

4.2 Introduction

Nucleotide triphosphates (NTP) are ubiquitous enzyme substrates and cofactors in a
myriad of biological processes. The most common enzyme mechanisms attack the
gamma phosphate of the NTP, resulting in a nucleotide diphosphate and phosphate in
phospho-transfer reactions, or attack the alpha phosphate resulting in a nucleotide
monophosphate and pyrophosphate in nucleotidyl transfer reactions. The latter reaction
is central to DNA/RNA synthesis and repair by polymerases, most of which have a
conserved active site and catalytic mechanism despite some structural diversity among
the family members (1, 2). The reaction coordinate of nucleotidyl transfer in DNA
polymerases has been studied in significant detail over many years now. These studies
have demonstrated how polymerases use metal ions and active site carboxylate groups
to deprotonate and activate a hydroxyl oxygen on the DNA primer terminus, which is
subsequently followed by in-line attack of the a phosphate of the NTP, generating free

pyrophosphate and a phosphodiester bond (3-6). The catalytic metal is responsible for
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lowering the pKa of the 3' OH primer terminus, whereas the second metal, the nucleotide
binding metal, coordinates the pyrophosphate moiety of the nucleotide. These two metals
are coordinated by three active site carboxylate groups (aspartic or glutamic acid) which
are conserved among polymerases and proposed to serve as the catalytic base that
receives the proton from the nucleotide primer terminus. Recent studies have also

identified a third transient metal ion that plays a role in product release (3, 4).

Antibiotic resistance enzymes, such as aminoglycoside modifying enzymes (AGMES),
have evolved to perform both phosphotransferase and nucleotidyl transfer reactions with
the high energy bonds of NTPs to inactive antibiotics such as kanamycin and neomycin
(7). The adenylation or phosphorylation results in alteration of the requisite interactions
between the antibiotics, and their target substrates, the bacterial ribosome (8). The
aminoglycoside nucleotidyl transferase 4' (ANT) is a promiscuous AGME that inactivates
members from both of the two main structural classes of aminoglycoside antibiotics by
transferring a nucleoside monophosphate group from ATP to the 4'-hydroxyl group of the
antibiotic (9-11). Based on initial studies, a two metal ion nucleotidyl transfer mechanism
similar to polymerases was proposed as the structural homology between ANT and the
catalytic domain of the human base-excision DNA repair polymerase, polymerase beta
(Pol B), was identified (12, 13). (Figure 4.1). Owing to the similarity of underlying
nucleotidyl transfer reaction and structure with Pol B, the ANT active site carboxylate
groups are arranged in a similar manner (Figure 4.1). Interestingly, in ANT Glu 76
coincides with the position of the Pol 8 catalytic base (Asp256), yet the homodimeric
nature of ANT leads to the placement of an additional carboxylate group into the active
site (Glu 145) from an adjacent monomer, and this residue had been initially proposed to
be the catalytic base (Figure 4.1) (9). However, in a mechanism suggested to encode
substrate promiscuity in ANT, either Glu 76 or Glu 145 can act as the catalytic base (14).

A complete understanding of the catalytic details of ANT is required to decipher the basis

of antibiotic inactivation, as well as to aid in the design the next generation of
aminoglycosides. Here, we determined the crystal structure of ANT in the binary
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Figure 4.1: Conservation of nucleotidyl transfer active sites. A. Close-up view of the pol
B ternary complex active site (PDB code 2FMS). B. Close-up view of the D80Y ANT 4’
ternary complex active site (PDB code 1KNY). In Pol B the nucleotide binding metal is
ligated with the B and y phosphates of the NTP, as well as Asp 190 and Asp 192. The
catalytic metal is coordinated by all three aspartate residues, including the catalytic base
(Asp256) and the activated nucleophile hydroxyl from the carbohydrate moiety (Figure
4.1). In ANT Asp 50 and Glu 52 are homologous to Asp 190 and Asp 192 in Pol B.
Conserved active site carboxylate groups of D80Y ANT 4’ and pol B are shown and
colored the same. The nucleophilic oxygen atom is circled. Hydrogen bonds in pol 3 are

represented as black dashed lines.
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(neomycin), ternary substrate (neomycin and AMPNP), and product complex (AMP-
neomycin-pyrophosphate), thus permitting a complete picture of the reaction coordinate
of this enzyme. Although the active site is essentially identical to a polymerase, novel
adaptations are used in ANT-mediated antibiotic inactivation. Based on these structures
and structures of an active site mutant, as well as enzyme kinetics and isothermal
calorimetry (ITC) binding studies, we propose a novel nucleotidyl transfer mechanism in
ANT. We show how modulation of a low barrier hydrogen bond (LBHB) (15) is used to
achieve tight binding in the aminoglycoside bound state, while formation of the complete
active complex results in disruption of the LBHB, thereby aiding in product release. The
new insights into this reaction archetype not only lead to a better understanding of
nucleotidyl transfer, but also sheds light on the strategies that can be used to evade the
action of AGMEs.

4.3 Materials and methods

4.3.1 Protein expression and purification

All the ANT variants used in this study (WT, T130K and T130K/E52D) were cloned in a
pGEX-4T-3 vector with a TEV (Tobacco Etch Virus) protease cleavage site at the C-
terminus of the GST affinity tag. The proteins were expressed in BL21 RIL E. coli cells
and grown in Terrific Broth media at 37 °C and transferred to 21 °C after induction with 1
mM IPTG. The cells were grown for 16 hours, harvested, resuspended in lysis buffer (1x
PBS buffer, 1. mM DTT and 0.1% Triton) and lysed by sonication. The cell lysate was
clarified with centrifugation and the supernatant was then incubated with Glutathione
Sepharose 4B resin for 2-3 hours before being loaded into a column. The column was
washed with wash buffer (1x PBS buffer, 1 mM DTT) before TEV protease was added.
The protein-loaded GST resin was incubated with TEV protease for 16 hours at 4 °C. The
cleaved protein was collected in the flow through and treated with the HiTrap Ni%*
chelating HP column to remove the TEV protease. The flow through was collected and
dialyzed in 50 mM Tris pH 8.0, 100 mM NaCl and 5 mM EDTA to remove imidazole and

any nucleotide contaminants. The dialyzed protein was further purified with a Superdex
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75 10/300 column (GE healthcare Life Sciences) equilibrated in 50 mM Tris pH 8.0 and
100 mM NaCl. The purity of the enzymes was evaluated by SDS PAGE subsequent to

being flash-frozen using liquid nitrogen and stored at -80 °C.

4.3.2 Crystallization and X-ray data collection

All the ANT crystals mentioned in the study were grown in hanging drop vapor diffusion
method at 12 °C, using droplets containing 1:1 ratio of protein solution and mother liquor.
WT, T130K and T130K/E52D enzymes were used at the concentration of 15 mg/ml in 50
mM Tris pH 8.0 and 100 mM NaCl buffer for crystallization. The crystals were
cryoprotected using respective mother liquor with 30% glycerol prior to mounting and
flash freezing in liquid nitrogen. Binary crystals were obtained by incubating the enzyme
with 2-3 mM neomycin for 2 h at room temperature and mixed with an equal amount of
precipitant (16-17% PEG 8K, 0.1 M Tris pH 7-8, 0.1-0.2 M MgClz). For the preparation of
the non-hydrolyzable ternary complex crystals of ANT-Neo-AMPCPP, the enzyme (15
mg/ml in 50 mM Tris pH 8.0 and 100 mM NacCl buffer) was incubated with 2 mM neomycin
and 4 mM AMPCPP for 2 hours at room temperature and mixed with the precipitant
solution (12% PEG 8K, 0.1 M Tris pH 8.0, 0.1-0.2 M MgCl2). For the ternary complex
crystals of ANT-adenylated Neo-PP, the enzyme was dialyzed in 50 mM Tris pH 8.0 and
100 mM NacCl buffer containing 10 mM CacClz before setting up crystallization trays. The
Ca-dialyzed enzyme was then crystallized in 9-10% PEG 5K MME, 0.1 M Tris pH 7.5-8.0,
0.1-0.2 M CaCl2. The crystals were transferred to a cryo-solution containing 9-10% PEG
5K MME, 0.1 M Tris pH 7.5-8.0, 10 mM MgClz and 30% glycerol for 45 min. This resulted
in the formation of ternary product complex with pyrophosphate. The reaction was
stopped by freezing the crystals in liquid nitrogen prior to data collection. All the binary
and ternary complex crystals were collected at 100K at different beamlines (231D-D, 23ID-
B, 21ID-F) at the Advanced Photon source (APS) using a Pilatus 3-6 M detector, Eiger
16M and Rayonix MX300 detectors, respectively. Diffraction data were processed with
XDS (22) or HKL-3000 (23) or MOSFLM (24) and scaled with SCALA or AIMLESS from
the CCP4 suite (25). Space groups, cell parameters, and data collection statistics are

shown.
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4.3.3 Structure determination and refinement

The structures were solved by molecular replacement with PHASER (26) using
PDB:1KNY as the template. Model building and refinement were carried out with COOT
(27) and Phenix-Refine (28). Model analysis was done with MolProbity (29) and figures
were prepared with Pymol. Atomic coordinates and the structure factors for all complexes
have been deposited in the Protein Data Bank (PDB) (Tables 4.1 and 4.2).

Crystallographic refinement statistics are listed in Tables 4.1 and 4.2.

4.3.4 Enzyme kinetics

ANT enzymes (T130K, T130K/E52D) were checked for activity using the EnzCheck
Pyrophosphate assay kit (Thermofisher Scientific). Clear polypropylene 96-well plates
were used for the assays. The assay was performed in triplicates in a final volume of 100
pl in 50 mM Tris pH 8.0, 100 mM NaCl and 4 mM MgClz buffer. The reaction was
monitored for pyrophosphate production at 360 nm using a Spectramax® i3 Platform plate
reader (Molecular Devices) using the Softmax Pro 6.4 software. 1 uM of enzyme and 10
MM of neomycin were used. The mixture was incubated with constant shaking for 10 min
at 25°C and the reaction was initiated by adding ATP. ATP dependence was measured
by varying its concentration from 0.5 uM to 5 mM. No-enzyme and no-ATP controls were
performed. The reaction rates were typically calculated over the first 5 min and the data
were accessed and plotted using OriginPro 2019. Km and Vmax were determined using
the Michaelis-Menten equation.

4.3.5 Binding studies

All ITC experiments were performed at 25°C using the Microcal VP-ITC (Microcal Inc,
USA) with cell volumes of 2 ml. All solutions were degassed prior to the experiments. 13-
40 puM of ANT enzymes (T130K and T130K/E52D) were dialyzed in 50 mM MOPS pH
8.0, 100 mM NacCl and with or without 4 mM MgClI: buffer and titrated against 0.3 mM of
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Table 4.1: Data collection and refinement statistics of wild type and T130K ANT

WT Neomycin | T130K T130K T130K product
Neomycin Neomycin- state
AMPCPP (adenylated
neomycin)
Resolution 50.0-1.65 51.07-1.90 45.42-2.00 38.58-2.50
range?! (1.71 to 1.65) (1.94t01.90) | (2.05t0 2.00) (2.60 to 2.50)
Space group P212121 P212121 P212121 P21
Unit cell
a, b, ¢ (A) 57.25, 97.65, 59.00, 97.71, 59.21, 98.03, 85.51, 59.25,
$ 101.08 101.97 102.38 102.04
a, B,y (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 94.80, 90
Unique 68631 45570 40016 30831
reflections
Multiplicity* 4.3 (4.0) 6.5 (6.0) 4.9 (4.6) 3.8 (3.2)
Completeness | 99.2 (99.8) 97.0 (93.7) 97.8 (95.7) 86.6 (81.9)
(%)
Mean I/sigma(l) | 24.2 (1.8) 18.5 (4.4) 11.4 (2.7) 12.2 (5.1)
Wilson B-factor | 22.2 24.64 27.76 25.13

used for R-free

R-merge 0.048 (0.481) 0.056 (0.374) 0.082 (0.602) 0.077 (0.224)
Reflections 68569 45531 39968 30831

used in

refinement

Reflections 1989 2334 1984 1499

R-work

0.173 (0.237)

0.170 (0.203)

0.197 (0.264)

0.173 (0.223)

R-free

0.198 (0.265)

0.210 (0.243)

0.229 (0.284)

0.230 (0.305)

Number of non-
hydrogen atoms

4166 4204 4129 8110

macromolecules

ligands 85 87 150 428

solvent 557508 387 368 217
RMS(bonds) 0.006 0.012 0.006 0.004
RMS(angles) 1.14 1.41 1.14 0.98
Ramachandran | 97.4 98.40 97.60 96.40
favored (%)
Ramachandran | 2.4 1.60 2.40 3.50
allowed (%)
Ramachandran | 0.2 0.00 0.00 0.10
outliers (%)
Clashscore 3.4 4.50 4.89 4.19
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Table 4.1 Continued

Average B-
factor
25.83 26.42 30.61 29.12
macromolecules
ligands 31.22 39.94 36.28 35.29
solvent 37.63 34.85 36.11 25.80
PDB Code 6NMK 6NML 6NMM

Numbers in parentheses represent values in the highest resolution shell.
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Table 4.2: Data collection and refinement statistics of T130K/E52D double mutant

Neomycin-

Product state

Neomycin AMPCPP (adenyla_lted
neomycin)
Resolution range? 49.22-2.30 (2.38to | 48.98 t0 2.30 (2.38 | 49.65 t0 2.20 (2.27
2.30) to 2.30) to 2.20)
Space group P212121 P212121 P212121
Unit cell
a, b, ¢ (A) 58.70, 98.45, 58.71, 97.95, 59.75, 99.30,
T 101.82 100.70 101.49
a, B,y (°) 90, 90, 90 90, 90, 90 90, 90, 90
Unique reflections | 26344 25660 30558
Multiplicity* 5.2 (5.0) 3.5 (3.4) 6.8 (6.8)
Completeness (%) | 98.4 (98.6) 97.3 (95.2) 97.6 (94.6)
Mean I/sigma(l) 5.5 (5.0) 5.8 (2.0) 8.8 (3.9
Wilson B-factor 34.69 25.98 24.65
R-merge 0.162 (0.644) 0.140 (0.575) 0.124 (0.440)
Reflections used in | 26263 25620 30512
refinement
Reflections used 1427 1396 1549
for R-free
R-work 0.196 (0.284) 0.180 (0.245) 0.194 (0.239)
R-free 0.235 (0.344) 0.221 (0.313) 0.224 (0.292)

Number of non-
hydrogen atoms

macromolecules | 4167 4098 4060
ligands 85 150 150
solvent 143 199 228
RMS(bonds) 0.005 0.010 0.007
RMS(angles) 1.10 1.38 1.25
Ramachandran 96.60 97.01 95.20
favored (%)
Ramachandran 3.40 2.99 4.60
allowed (%)
Ramachandran 0.00 0.00 0.20
outliers (%)
Clashscore 6.93 8.17 4.61
Average B-factor
macromolecules | 40.58 31.10 29.52
ligands 60.88 29.93 24.53
solvent 40.34 31.95 32.55
PDB Code 6P0O4 6PO6 6P0O8
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neomycin. For the set of experiments with AMPCPP, both the enzyme and neomycin
were premixed with 0.5 mM AMPCPP and degassed prior to the titration. The titration
data were fitted to a single set of identical sites model using MicroCal ORIGIN software
supplied with the instrument. Base-line correction, peak integration and binding
parameters (number of binding sites (n), binding constant (Ka), change in binding
enthalpy (AH) and change in binding entropy (AS)) were obtained using the ORIGIN

software.

4.4 Results

4.4.1 Crystallographic snapshots of wild-type ANT catalysis

A total of seven structures of ANT were determined with resolutions ranging between 1.90
and 2.50 A (Tables 4.1 and 4.2) in a thermally stable T130K mutant background, with the
exception of a binary neomycin complex that was determined in a wild-type enzyme to
ensure aminoglycoside binding is not perturbed by this mutation (Figure 4.2). The T130K
mutation is on the surface of ANT and over ~21 A from the enzyme active site. Earlier
studies showed that the thermodynamics of ligand binding and solvent effects (16, 17),

as well as protein dynamics (18) of wild-type ANT and its T130K variant are identical.

The previously determined structure of a D80Y ANT mutant was determined in the
presence of kanamycin, whereas neomycin was used in our studies. The binding site of
neomycin in the wild-type ANT crystal structure is identical to the T130K mutant complex
and occurs within a pocket that is lined with negatively charged hydrogen bonding groups
that form salt-bridges with the positively charged aminoglycoside (Figure 4.2). The
primed ring of neomycin is placed directly into the active site composed of three
carboxylate groups in a manner identical to the canonical DNA polymerase active site,
yet it differs from the orientation of the kanamycin 4' hydroxyl found in the earlier studies
of an active site D80Y mutant of ANT (12). We note that D80Y variant has significantly

different thermodynamics of ligand binding, solvent effects, and protein dynamics relative
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Glu145

Glu141

Figure 4.2: Comparison of ANT mutant structures. A. Superposition of D80Y ANT and the
T130K ANT ternary complexes. The D80Y ANT mutant is shown with kanamycin (green
carbon atoms) and AMPNPP (magenta carbon atoms). The T130K ANT mutant is shown
with neomycin (yellow carbon atoms) and AMPCPP (magenta carbon atoms). The 4'
hydroxyl, the site of adenylation, is circled in black, and the alpha phosphate is circled in
red. B. Superposition of wild-type ANT (magenta carbon atoms) bound to neomycin
(green carbon atoms) with T130K ANT (cyan carbon atoms) bound to neomycin (yellow
carbon atoms). Hydrogen bonds to the T130K-neomycin complex are shown as black

dashed lines.
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to WT and T130K variants of ANT (16-18). Inthe T130K mutant background, the position
of the 4' hydroxyl of neomycin, the site of adenylation, overlaps with the position of the 3'
OH of the DNA primer terminus of Pol 8 and is in a better position for attack of the a
phosphate of the nucleotide than in the kanamycin complex of the D80Y ANT mutant
(Figure 4.2). The neomycin complex is crystallized in the presence of high concentrations
of Mg(ll) (100-200 mM), and a Mg ion (termed Mg(ll)-A) is present and coordinated by
three water molecules, Glu 76, Glu 145 and the 4' OH of neomycin (Figure 4.3). One of
the active site carboxylate groups (Glu 52) forms a short 2.4 A hydrogen bond with the 3'
hydroxyl of neomycin (shown as red dotted lines in Figure 4.3 panel A). The rather short
distance between heavy atoms suggests this hydrogen bond is a low-barrier hydrogen
bond (LBHB), where matched pKa values of heavy atoms leads to resonance stabilization
and additional ~5-10 kcal more energy versus a canonical hydrogen bond (15). LBHBs

have recently been shown to be involved in enhancing catalysis in other AGMEs (19, 20).

Upon formation of a non-hydrolyzable ternary complex (neomycin/AMPCPP) the catalytic
Mg(ll) and nucleotide binding Mg(ll) are found coordinated to the 4' OH and the B and y
phosphates respectively (Figure 4.3). The catalytic Mg(ll) is coordinated by Glu 145, Asp
50, Glu 52 and the 4' OH of the neomycin, which is likely in a deprotonated form, as the
distance from the catalytic Mg(ll) is 2.1 A. Glu 52 also ligates the nucleotide binding
Mg(ll), thus forming a bidentate hydrogen bond with both metals. The engagement of the
two metal ions by Glu 52 causes the LBHB to the 3' OH to be lost, with the
electronegativity of the carboxylate group drawn to the two positively charged metal ions,
rather than the aminoglycoside. The adenine ring of the nucleotide stacks directly above
the prime ring of neomycin where it forms Van Der Waals interactions that likely

compensate for the loss of the LBHB upon engagement of the two Mg ions by Glu 52.

Soaking of ANT ternary crystals, prevented the turnover of the substrate in the presence
of calcium at the active site, while in buffer with magnesium, permitted the capture of the
post catalysis adenylated neomycin product as well as the pyrophosphate leaving group
(Figure 4.3). The catalytic metal and the metal-pyrophosphate were still present in the

active site. Rather than forming an LBHB with the ligand, Glu52 completely engages
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Product

B Ternary (Non-hydrolyzable) /

AMPCPP

A Binary

Neomycin

Figure 4.3: Crystallographic snapshots of the T130K ANT reaction coordinate. A. The
T130K ANT neomycin complex active site. The short hydrogen bond to the neomycin 3'
OH is represented as a red dashed line. B. The ternary (neomycin-AMPCPP) ANT active

site. C. The product state (adenylated neomycin) ANT active site.
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the catalytic Mg ion as well as Glu 145. Only a single hydrogen bond to Glu 76 remains
formed with the adenylated primed ring of neomycin. The product-mediated
reorganization of the hydrogen bonding network, including loss of the LBHB, likely leads
to a significantly weaker interaction energy with the product state, thus aiding in product
release. Indeed, in this crystal form multiple rounds of catalysis occurred within the
confines of the crystal, which is evident by an additional adenylated AMP located adjacent
to the active site (Figure 4.4).

4.4.2 Crystallographic snapshots of T130K/E52D mutants

To test the proposed role of the short hydrogen bond in ANT catalysis the crystal
structures of a T130K/E52D double mutant were determined in a binary neomycin form,
a ternary neomycin-AMPCPP form and a product state (adenylated neomycin-
pyrophosphate). As expected, the LBHB is absent in the T130K/E52D binary complex
(Figure 4.5), rather a longer and weaker 3.2 A canonical hydrogen bond is formed. Upon
formation of the non-hydrolyzable ternary complex, the geometry of the active site is
identical to the wild-type enzyme, demonstrating the transient role of the LBHB in ligand
recognition, rather than catalysis (Figure 4.5). Just as the T130K enzyme, the
T130K/E52D mutant was able to form product in the crystal, and the organization of the
active site and products are similar to the wild-type enzyme (Figure 4.5), with the

exception of Asp52 forming a bifurcated hydrogen bond to the both metals.

4.4.3 The LBHB in kinetics and thermodynamics of ANT

To support our structural interpretation of ANT catalysis, ITC based dissociation constants
(Ka) and steady state kinetic rate constants were determined for T130K and T130K/E52D
mutants (Table 4.3, Figure 4.6, and Figure 4.7). Consistent with the loss of the LBHB,
the T130K/E52D mutant binds neomycin 2.5-fold weaker (equivalent to 2.3 kcal of

energy) than wild-type, although this is in stark discrepancy to the proposed energetic
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Neo-AMP1
»

Figure 4.4: Additional adenylated neomycin in ANT structure. The second adenylated
neomycin product (Neo-AMP2) binds directly to the adenylated neomycin in the active
site (Neo-AMP1) and both monomers of ANT. Hydrogen bonds are represented as black

dashed lines.
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Figure 4.5: Crystallographic snapshots of the T130K/E52D ANT reaction coordinate. A.
Superposition of the T130K/E52D ANT neomycin bound active site with the T130K ANT
neomycin complex. The 3.2 A hydrogen bond to the neomycin 3' OH is represented as a
red dashed line. B. Superposition of the T130K/E52D ANT ternary complex (neomycin-
AMPCPP) active site with the T130K ANT ternary complex. C. Superposition of the
T130K/E52D ANT product state (adenylated neomycin) active site with T130K ANT
product complex. The T130K/E52D ANT is shown with cyan ribbon representation with

yellow carbon atoms for neomycin. T130K ANT is shown with all gray carbon atoms.
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Table 4.3: Kinetics and binding of ANT

Enzyme Ligand N Kd (LM)
T130K Neomycin 0.9+0.01 0.34 £ 0.03
T130K (No Mg(ll)) Neomycin 1.0 £0.01 0.066 + 0.01
T130K/E52D Neomycin 0.8 +0.01 0.87 £0.08
-II\;I:B?E?IS/ E52D (No Neomycin 1.0+ 0.02 0.296 + 0.10
T130K/AMPCPP Neomycin 0.7 £0.004 0.13+0.02
T130K/E52D/AMPCPP | Neomycin 0.7 £0.001 0.12 £ 0.03
Enzyme ATP Km (UM) Vmax (nmol minY) | Keat ()
T130K 283.81 + 67.05 113.27 £ 11 18.87 £1.84
T130K/E52D 171.19 + 32.48 87.67 £6.0 1461 £1.01
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Figure 4.6: ITC based dissociation constants (Kd) for T130K and T130K/E52D ANT.
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Figure 4.7: Kinetics of T130 and T130K/E52D ANT. A. Steady state kinetics for T130K
ANT were determined for the adenylation of neomycin in the presence of increasing
amounts of ATP. B. Steady state kinetics for T130K/E52D ANT were determined for the

adenylation of neomycin in the presence of increasing amounts of ATP.
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enhancement of LBHBs. ANT is crystallized in the presence of high amounts of divalent
metal ions (100-200 mM Ca(ll) or Mg(ll)), and Mg(ll) is found in the neomycin complex
(Mg(l)-A) active site where it is coordinated by Glu52, the residue forming the LBHB with
the neomycin. The 100-200 mM Mg(ll) in the crystallization conditions is far higher than
the typically free cellular Mg(ll) concentration of <1.0 mM. Indeed, the K4 for neomycin
binding in the absence of Mg(ll) is 13 times tighter than in the presence (5 mM), which
suggests the strength of the LBHB is modulated in response to the magnesium in the
binding site (Table 4.3). Moreover, in the absence of Mg(ll), the T130K/E52D mutant
binds to neomycin five-fold weaker than the wild-type enzyme, equivalent to 3.6 kcal of
energy. ITC titrations of the apo protein with Mg(ll) failed to produce measurable heats
of injection, which suggests the Mg(ll) in the neomycin complex are due to crystallization
conditions and the Kq values measured are in the absence of Mg ions. In direct support
of the lack of engagement of the neomycin by residue 52 in the ternary complex, the Kq
values for neomycin binding in the presence of AMPCPP are identical to one another in
the T130K and T130K/E52D mutants (Table 4.3). Interestingly, the Kq for binding to this
state is only two-fold weaker than the formation of the binary aminoglycoside complex. It
is likely that the loss of the LBHB from the binary neomycin complex is compensated by
the stacking interaction between the adenine ring and the prime ring of neomycin in the

ternary non-catalytic complex.

These observations are further supported by the steady-state kinetic assays, where the
kcat is essentially identical between T130K/E52D and the T130K ANT enzymes (Table 4.3
and Figure 4.7). Thus, again re-enforcing the role of the LBHB strictly in the pre-catalytic

state, before the metal bound ternary complex active site is assembled.

4.5 Discussion

This unique variation of nucleotidyl transfer reaction found in ANT demonstrates how this
reaction archetype can be evolutionary tuned to function in a variety of biological
processes beyond nucleic acid synthesis. In AGMESs, the evolutionary force on an ancient
polymerase was the ability to recognize a class of antibiotics, perform chemistry and
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release the modified product. This is in stark contrast to the requisite processivity of the
canonical DNA polymerase NT reaction, which undergoes thousands of rounds of NT
without release of the DNA template (21). The LBHB of ANT plays a novel role in this
variant of the NT reaction where it allows trace amount of antibiotics to be tightly bound
pre-catalysis, while the loss of the LBHB serves as a signal for product release post a
single round of catalysis. The LBHB modulates the free energy of the enzyme substrate
complexes during the reaction coordinate where it is present in only the pre-catalytic
binary drug complex, where tight, specific recognition of bacteriostatic antibiotics would
be most important. Upon formation of the catalytically relevant ternary complex with
nucleotide triphosphate and cations, the LBHB to the aminoglycoside is lost, with the
catalytic carboxylate groups engaging both of the canonical NT Mg ions. The Mg ions in
ANT play a unique role in the reaction, where the catalytic Mg(ll) functions not only in
activating the NT nucleophile, but also in modulating the free energy of the reaction
coordinate. Concomitant with the loss of the LBHB in the formation of the ternary state,
the Kaq is two-fold weaker although no chemistry has taken place. Once NT occurs, only
one of the three hydrogen bonds remain formed to the modified primed ring of the
aminoglycoside, which serves to further reduce the energy of the protein drug product
complex, from that of the LBHB-containing starting state. Thus, the modulation of this
short hydrogen bond serves as a thermodynamic signal that mediates the “catch and

release” of the antibiotic substrates.
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5 CONCLUSIONS AND FUTURE DIRECTIONS
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5.1 Conclusions

In this thesis we worked with three variants of aminoglycoside nucleotidyltransferase(4')
(ANT) to study enzyme thermostability and catalysis. Wild type (WT) ANT was originally
isolated from the mesophilic Staphylococcus aureus (1). Thermostable versions of WT
ANT named as T130K and D80Y were created via direct evolution (2). Previously our lab
has shown that the melting temperature (Tm) of WT is (40.9£0.5°C), T130K is (49.1£0.6
°C) and D80Y is (56.21+0.2 °C) (3). The Tm, activity at high temperatures and the
resistance against denaturants increase in the order of WT, T130K and D80Y, indicating
that D80Y is more thermostable than T130K (2, 4). Both T130K and D80Y differ from the
WT by a single amino acid mutation. Most studies compared mesophilic/thermophilic
homologues, which can differ from each other up to 60% in their sequence, in order to
study the molecular features that govern enzyme thermostability (5). It is not easy to tell
if the difference in the molecular features of the homologues are actually related to
thermostability or to some other function of the protein when the sequences vary. Thus,
using ANT variants is an excellent system to study the molecular features that govern
enzyme thermostability, since just one mutation can create a huge difference in their

thermostabilities. This avoids the bias seen in enzyme homologues.

In this thesis we first compared the ligand binding thermodynamics of the ANT variants.
We observed that T130K resembles the mesophilic WT in terms of ligand binding
thermodynamics, while the D80Y significantly differs from them. We have performed our
thermodynamics analysis using four ligands; neomycin and paromomycin, as the
members of the neomycin family, and kanamycin and tobramycin, as the members of the
kanamycin family of aminoglycosides. We have performed the ligand binding experiments
over a temperature range of 10-40°C, both in H20 and D20, to study the effect of solvent
on ligand binding and how it might be related to enzyme thermostability. For all three
ANT variants, in all cases, the binding enthalpy were always negative resulting in an
overall negative AG. Except for the entropy of binding of kanamycin and tobramycin to
WT and neomycin to T130K at 10°C, the entropy values for the T130K and WT were
always unfavorable. D80Y, on the other hand, displayed favorable entropic contributions
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up to 25°C. The thermodynamic parameters of ligand binding were solvent,
aminoglycoside, temperature and enzyme dependent. The binding enthalpy became
more favorable, while the entropic contribution became more unfavorable for all ANT

variants as the temperature increased.

For binding of all four aminoglycosides to WT and T130K, in the temperature range that
we studied, AH decreased linearly with increasing temperature. However, this decrease
in AH was polynomial with D80Y indicating that the heat capacity change (ACp), unlike
WT and T130K, was temperature dependent. Furthermore, the rate of decrease in AH
with increasing temperature was always faster in H20 for WT and T130K in the
temperature range tested, while this was true for D80Y only at temperatures above
~20°C.

The analysis of the observed differences in binding enthalpies in H20 and D20 (AAH =
AHu20 — AHb20), further highlighted the difference between the D80Y and WT/T130K pair.
For both WT and T130K, while the AAH values were positive at lower temperatures, these
values became increasingly negative in a linear fashion as the temperature increased.
For D80Y, except for the curious case of kanamycin, the AAH values were always

negative, following a polynomial fashion.

For D80Y, ACpy for the transfer from D20 to H20 (ACpy = ACpH20 — ACpp20) was negative
above 20°C for all four aminoglycosides and became positive between 10°C and 20°C,
except for kanamycin for which ACpy was very small. There was no such variation for WT
and T130K since their ACpy values were a negative constant value in all cases,
independent of the temperature. Positive ACpy values are consistent with the transfer of
polar groups from D20 to H20, while negative values are consistent with the transfer of
hydrophobic groups from D20 to H20.

Our analytical centrifugation studies showed that all three ANT4 variants exhibit a similar
effect of temperature on monomer-dimer equilibrium over the temperature range studied.

The increase in temperature resulted in a higher tendency towards dimerization with all.
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This observation states that the differences in the ligand thermodynamics of ANT variants

is not due to a difference in their monomer-dimer equilibrium.

The two contributors of ACp are the solvent effect and protein dynamics. Our AAH versus
ACp plots have shown that, for WT and T130K, solvent effect was the major factor
contributing to ACp, while for D80Y such a correlation between the ACp and solvent effect
was weak. The slopes obtained from the AAH versus ACp plots return a unit of
temperature in degrees and is referred to as the offset temperature (Tof), which is the
temperature difference to observe the same binding enthalpy in H20 and D20 (6). While
a steady increase was observed with the Toit of WT and T130K, a change in the Tof of
D80Y was not visible. This led us to conclude that, if solvent effect is not the major
contributor of the ACp for D80Y, then it is very likely that protein dynamics would be the
major contributor of ACp for D80Y. In fact, we had previously shown that D80Y is more
dynamic compared to T130K and WT, and that the second principal component was
dominating the dynamics of D80QY, unlike the case of the WT and T130K in which the first

principle component was driving the protein dynamics (3).

Taken together, our ligand binding thermodynamics studies of the ANT variants have
shown that T130K highly resembles the mesophilic WT, while D80Y behaves differently
from them (7). This led us to further distinguish T130K from D80Y. In nature, thermophilic
variants are known to behave differently than their mesophilic homologues, simply
because they are subjected to a harsher environment and need to come up with strategies
to accommodate their environment (8). Thus, we decided to refer to T130K as the
thermostable variant since it is just a structurally more stable variant of the WT and mimics
the behaviors of the WT. On the other hand, we decided to refer to D80Y as the
thermophilic variant, since it behaves very differently from the other ANT variants in order

to achieve thermal adaptation.

Next, in this thesis we obtained the X-ray structures of the ANT variants in order to explore
whether the differences in their ligand binding thermodynamics and thermostabilities can

be explained by the possible differences in their structures. All our ANT structures were
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crystallized as dimers, in which we saw that the T130K and D80Y mutation sites are away
from both the dimer interface and the active site and are exposed to solvent. We observed
that there are no global structural differences in the apo (nonligand bound) forms of ANT
variants. However, when we examined the T130K mutation site, we saw that there is an
additional H-bond formed between the side chain of Lys 130 and the backbone oxygen
of Ser 90, which explains the increased melting temperature (Tm) of the T130K compared
to WT. Interestingly, even though D80Y has the highest Tm, when we investigated the
D80Y mutation site, Tyr 80 seemed to be too far away from its surrounding residues to
be engaged in a direct stabilizing interaction as opposed to T130K. However, keeping in
mind the dynamic nature of D80Y, it is possible that in the solution form, D80Y might also
be creating additional interactions. Furthermore, we also observed that T130K and WT
both bind to neomycin in the same structural manner and that the solvent reorganization
in the ligand binding sites of T130K-neomycin and WT-neomycin structures are similar to
each other, while they are different when we compare the apo structures of D80Y and
T130K. The analysis of our structures in terms of solvent reorganization further supports
our ligand binding thermodynamics studies that, T130K resembles the WT, while D80Y
displays different behavior. Also, analyzing the T130K and D80Y mutation sites for
additional structural interactions has shown that, while in the T130K variant, there was an
additional H-bond formed to increase the Tm, such an obvious additional interaction was
not identified in the D80Y mutation site. This observation also further supports our
statement that, T130K is just a structurally more stable version of the WT but behaves
like the WT, while D80Y displays thermophilic behavior through Tyr 80 serving as a node
to influence global properties such as the ligand binding thermodynamics and the protein
dynamics of the D80Y. We also have another ANT variant which is the double mutant
named as T130KD80Y with a Tm of 62.6£0.1 °C. The additivity in the Tm of the double
mutant suggests that the T130K and the D80Y mutants achieve thermostability through

different strategies, and in fact, our studies support this statement.

Our previous studies had shown that the dissociation constants (Kd) for the binding of all
ANT variants to kanamycin were very similar to each other, while D80Y was bound to

neomycin more than twenty times weaker than WT and T130K. We were also not able to
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obtain a neomycin bound structure of D80Y probably due to its weak binding to neomycin.
However, when we superimposed the neomycin bound forms of WT and T130K with the
apo D80Y, we saw that Tyr 80 was in a steric clash with the neomycin, which gives a
structural explanation as to why the D80Y binds to neomycin much weaker compared to
WT and T130K.

Obtaining the apo, neomycin bound, neomycin and AMPCPP bound and the product state
(adenylated neomycin) forms of T130K has enabled us to identify the residues in the ANT
active site. We identified Glu 145, Asp 50, Glu 52 and Glu 76 as the residues which are
in the proximity of the 4’-OH modification site of neomycin and the a-phosphate on the
AMPCPP, which make them the likeliest candidates to perform catalysis. The fold of the
ANT variants in the active site were also similar, indicating that the differences in their
activities cannot be explained by the structural differences in their active sites. This was
expected because the T130K and D80Y mutation sites are away from the active sites,

thus are not likely to impose any direct structural differences in the active site.

Investigating these different structures of T130K has also enabled us to understand its
catalytic mechanism where it transfers an AMP group from Mg-ATP to the 4°0OH group of
the aminoglycosides. ANT and DNA polymerases are similar in the sense that they all
catalyze reactions in which they transfer nucleotide groups. Our research has shown that
the protein fold of ANT is similar to that of the human DNA polymerase [3 catalytic domain
and the active sites of both of these enzymes contain residues with carboxylic groups.
Two magnesium ions play a role in both the binding of the aminoglycoside to ANT and in
the catalysis. A low barrier hydrogen bond (LBHB) is formed between the Glu 52 and the
3’-OH group of neomycin which is 2.4 A long. Formation of this LBHB enables the ANT
to bind to neomycin tightly. Upon the binding of the AMPCPP and the formation of the
tertiary complex, the LBHB is broken and Glu 52 forms a bidentate interaction with the
two Mg(ll) ions, eventually leading to product release after the catalysis. We suggest that
Glu 145 is the catalytic base. Presence of this LBHB differentiates ANT from DNA

polymerases. ANT mediates a novel “catch and release” nucleotidyl transfer reaction via

115



this LBHB, which enables the modified antibiotic to be released, unlike the processivity of
the DNA polymerases in which the nucleotide chain keeps growing.

5.2 Future directions

5.2.1 Further testing the stabilizing interactions in the T130K mutation site

Our structural analysis of the T130K variant has shown that, in the T130K mutation site,
the side chain of Lys 130 is in the proximity of the backbone oxygen of the Ser 90 enabling
them to create an additional H-bond. As future directions, we would like to create the
T130R variant of ANT. Substituting the Lys with another basic residue, such as the Arg,
would allow us to further study the role of a positive charge in the mutation site and how
it increases structural stability. We would also like to obtain the structure of the T130R
variant and its Tm to see if it behaves like the T130K variant. If so, we would also further
like to study the ligand binding thermodynamics of the T130R variant and see if it is similar
to that of the T130K. This study would allow us to further investigate the thermostable
variants (which are structurally more stable than the mesophilic WT but mimics the WT
enzyme behavior) and their properties which can help us distinguish the true thermophilic

enzyme variants from the thermostable variants.

5.2.2 Further investigations on how ANT variants interact with the solvent

We have shown through our ligand binding studies that, unlike the WT and the T130K,
the solvent effect is not the major contributor of the ACp for D80Y. This led us to decide
to further investigate the solvation pattern of the ANT variants. In Chapter 2 of this thesis,
through our structural analysis, we have shown that the solvent accessible area of all
three ANT variants are very similar both in their apo and ligand bound forms. We also
know from our previous studies that D80Y is more dynamic than the WT (3) and that Tyr
80 is acting as a node which affects the ligand binding thermodynamics and the protein

dynamics of the D80Y variant and thereby facilitates thermophilic enzyme behavior (7).
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Next, we would like to explore if the solvation patterns of the ANT variants are different.
We would like to perform a H/D exchange experiment and use NMR to detect the solvent
exchange pattern. Firstly, we will label the ANT variants with 1°N during protein expression
and detect solvent exposure pattern through acquiring a *H-°N correlation spectra by
utilizing the solvent exposed amide (SEA) HSQC technique (9). We would like to study
the solvent exposure of the ANT variants at different temperatures to understand the link
between the solvent exposure and the thermal adaptation for these enzymes. We expect
the solvation pattern, that is the parts of the protein undergoing solvent exchange, of the
D80Y to be different than that of the others. The changes in the solvation pattern of the
D80OY at different time points and temperatures can give us further insight on how Try 80
acts as a node in protein dynamics. With this approach, we can identify the residues that
are in the network of the Try 80, which may collectively facilitate the thermophilic behavior
of the D80Y. We have shown for D80Y that ACpy is ligand dependent, and unlike the WT
and T130K it is also temperature dependent. Thus, we would also like to study the
solvation pattern of the ANT variants when they are bound to different ligands. This would
allow us to further understand if and how binding of different ligands to the enzyme affect
its solvation pattern. If no solvent exchange is observed, that would mean that the enzyme
has a protection layer against the solvent. The stronger hydration shell is known to protect
the thermophilic proteins from the penetration of water, resulting in a more stable structure
compared to their homologues (70). Thus, we would expect the D80Y to go under less

solvent exchange compared to the WT and T130K.

5.2.3 Obtaining neutron crystal structures and performing computational

studies to further study the kinetics and the thermostability of ANT

Earlier, we performed a 100 ns molecular dynamics (MD) simulations on the apo forms
of three ANT variants using the previously available crystal structure of ANT (PDB ID:
1KNY) (711). From this study we learned that D80Y is more dynamic than the WT and the
T130K and that the second principal component was dominating the dynamics of D80Y,
unlike the case of the WT and T130K in which the first principle component was driving

the protein dynamics (3). In this thesis, we have obtained the X-ray crystal structures for
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the apo forms of all ANT variants and the neomycin bound structures for the T130K and
WT. Next, we would like to study the protein dynamics of the neomycin bound ANT
variants and see if and how they differ from each other. In this study, we will build the
neomycin in to the apo D80Y structure that we already have, in order to study the
dynamics of the neomycin bound D80Y. We have shown that the ligand binding
thermodynamics of D80QY is different than the other two variants and that the solvent affect
was not the major contributor to its ACp, which meant that protein dynamics could be the
major contributor (7). Thus, conducting MD simulations at different temperatures with our
ligand bound ANT structures could further help us understand how the dynamics of these
enzymes change in their ligand bound forms and how it can be related to thermal

adaptation.

In this thesis, we have proposed that a LBHB has formed between Glu 52 and neomycin
through a magnesium ion, which enables the enzyme to bind tightly to the neomycin. We
also proposed that, upon the binding of the cofactor ATP, this LBHB is broken due to the
formation of the activation complex. Next, we would like to obtain the neutron structures
since neutron crystallography is able to detect hydrogen atoms which would enable us to
study the LBHB bond formation in greater detail (12). So far, we have studied the catalytic
mechanism of ANT by obtaining and analyzing the X-ray crystal structures. However, the
dynamic nature of enzymes also contributes to their catalysis. Next, we would also like to

perform MD and QM/MM simulations to further study the catalysis of ANT.
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