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ABSTRACT

Herbicides are crucial tools used to control unwanted vegetation to increase crop yields and
landscape aesthetics. Current herbicides target metabolic pathways for protein production in plants
using chemical inhibitors to inhibit metabolic pathways involved in protein synthesis, but an
alternative strategy may involve targeting nucleoside salvage pathways in plants. Salvage pathways
in plants recycle nucleosides to create the nucleotide monomer pools they need to synthesize DNA
and RNA for protein production. The process by which nucleosides are produced varies from
organism to organism, but nucleoside hydrolases are enzymes utilized by plants to catalyze purine
and pyrimidine hydrolysis to create an energy efficient pathway allowing recycling of nucleobases
in early seedling development. Salvage processes with nucleoside hydrolases have been found to
occur in many organisms such as plants, yeast, bacteria, and protozoa, but are absent in humans.
This research was conducted to understand the mechanism by which a non-specific inosine-uridine
nucleoside hydrolase (IU-NH), designated URH1 from Arabidopsis thaliana catalyzes the
hydrolysis of selected nucleosides. URH1 was cloned, overexpressed, and purified to greater than
95% homogeneity to determine the activity, optimum pH, oligomerization state, calcium content,
and substrate specificity. In silico structural models and molecular dynamic simulations were
performed with URH1 and several different nucleoside hydrolases from protozoa and plant models
to determine if conserved residues were present in the active site and if any flexible loops were
present. URH1 was discovered to be a non-specific nucleoside hydrolase with a broad pH range
and a high activity for uridine at high concentrations. Several uninvestigated residues and flexible

loops were discovered around the active site which may serve as key sites for mechanistic control.
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CHAPTER I: INTRODUCTION

Nucleoside hydrolases (NHSs) are crucial enzymes involved in the cleavage of the B-N-
glycosidic bond of nucleosides creating the corresponding nucleobase and ribose to facilitate
recycling and maintaining cellular nucleotide pools in organisms (Figure 1).! Nucleoside hydrolases
have been classified based on their substrate specificities and tertiary structure/sequence.?* Based
on substrate specificities, there are four classifications of these enzymes: the non-specific inosine-
uridine (IU-NH), purine-specific inosine-adenosine-guanosine (IAG-NH), pyrimidine- specific
cytidine-uridine (CU-NH), and 6-oxopurine guanosine-inosine (IG-NH) nucleoside hydrolases.*®
They were further subcategorized into three sequence or homology-based groups to include: Group

I (IU-NH and CU-NH), Group Il (IAG- NH), and Group 111 (GI-NH and uncharacterized).5®

@]
HO
~N
nucleoside |\ N CH, 0
H.O hydrolase ' \
+ My - k | + KO Ty~ (HOH)
\N N H
H OH OH
inosine hypoxanthine ribose

Figure 1. Nucleoside Hydrolysis. Hydrolysis reaction between the purine nucleoside inosine and
water catalyzed by nucleoside hydrolase producing the nucleobase hypoxanthine and ribose. The
initial stereochemistry of ribose is not known. Figure 1 was created using Chemdraw (Version

22.2.0).
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Nucleoside hydrolases have been isolated from a wide variety of organisms including
parasitic protozoans, such as Trypanosoma,®*? Crithidia and Leishmania,»** as well as
bacteria,’’~1° archaea,?® baker’s yeast,? insects,?? and various species of plants.?-2 A non-specific
IU-NH found in Arabidopsis thaliana known as Uridine Ribohydrolase-1 (URH1) may be a
promising target for herbicide design because of its specificity to plants and its critical role in plant

metabolism during seedling development.?*2°

The Impacts of Herbicides on Agriculture and Human Safety

The reliance on current herbicides to control weed populations in agriculture has raised
significant economic and health concerns over the years. Current agricultural practices have created
a large dependency on herbicides to eliminate unwanted plants to increase crop yields, but instead
have increased demand because unwanted plants have become more tolerant.®® Recent studies have
linked herbicides to toxic effects on the nervous system and as endocrine disrupting chemicals
raising concerns that they pose health risks to humans.®*2 The most widely used herbicide
glyphosate (Roundup) has even been linked to non-Hodgkin’s lymphoma and involved in civil
litigation resulting in a verdict worth billions of dollars.3%3334 We have continued to increase the

amount of herbicides applied to crops without a true understanding of how they affect humans.

Since the 1980s, only a single herbicide has been introduced with a new mode of action
creating a greater need for herbicides with a different mode of action to protect human health, 3033
Herbicides are typically inhibitors that block important enzymatic functions in plants.® Glyphosate
blocks plant growth by acting as an inhibitor to enolpyruvylshikimate-3-phosphate synthase
(EPSPS) blocking production of the essential aromatic amino acids tryptophan, tyrosine, and

phenylalanine.® Understanding the role of nucleoside hydrolases in plant growth may lead to new
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herbicides that increase crop yields by more effectively controlling weeds and increase safety by

targeting enzymes lacked by humans.

Biochemical Mechanism of Nucleoside Hydrolases
Types of Nucleosides

To understand how nucleoside hydrolases play a role in metabolic salvage pathways in
organisms we must first understand the different types of nucleoside substrates they hydrolyze.
Nucleosides have a cyclic pentose furanoside-type sugar (B-D-ribose) linked to a heterocyclic
nucleobase on the C1’ carbon and exist as ribonucleoside or deoxyribonucleoside depending on
whether the C2’ carbon of the ribose sugar is hydroxylated or not.3’~*° The N9 and N1 of purines
and pyrimidines, respectively, are one of the five heterocyclic nucleobases attached via a
glycosidic bond to C1° of the ribose sugar (Figure 2)..3"-*° The five most common nucleobases are

adenine, guanine, cytosine, thymine, and uracil .33

OH OH

inosine uridine
Figure 2. Ribonucleoside Numbering. Examples of purine (inosine) and pyrimidine (uridine)
ribonucleosides with base and sugar reference numbers identified on each ring structure. Figure 2

was created using Chemdraw (Version 22.2.0).
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Adenine and guanine, are purine nucleobases while cytosine, thymine, and uracil are
pyrimidine nucleobases.3"~3° Purines consist of a six-membered heterocyclic ring fused to a second
five-membered heterocyclic ring with variations at the C2 and/or C6 carbon of the six-membered
heterocyclic ring resulting in adenosine or guanosine if adenine and guanine are linked with ribose
(Appendix A). 3° Other purine nucleobases bases include hypoxanthine and xanthine which are
found in the nucleosides, inosine and xanthosine respectively. These nucleosides/nucleobases play
key roles as intermediates in the synthesis of adenine and guanine.®”*° Pyrimidines consist of a
single six-membered heterocyclic ring with variations at the C2 and C4 carbon resulting in uridine
and cytidine if uracil or cytosine are combined with ribose (Appendix A).2-*® Another pyrimidine
nucleobase is thymine which is found in the 2’-deoxyribonucleoside thymidine.3”-* The C5 carbon
of the pyrimidine base contains a methyl group giving it unique chemical qualities compared to
the other nucleobases.® 3 Nucleosides take many derivative forms so understanding the structural
differences of nucleosides as substrates allow us to see how enzymatic function can occur in the
active site of nucleoside hydrolases to better understand how they function as salvage products in

plants.

Nucleoside hydrolase catalysis

Enzymes are protein catalysts that drive biological function by speeding up reactions.
To understand how enzymes work, experimental knowledge of the activity, specificity, optimal
pH, and cofactor interactions are needed. The currently accepted mechanism for purine
nucleoside hydrolysis is based on extensive studies from the non-specific, Group I [U-NH from
the protozoa Crithidia fasciculata which uses a His/Asp amino acid residue pair for base

protonation and hydrolysis.” Mutation experiments conducted by Gopaul et al., 1996 showed that
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when His241 was replaced with a non-reactive Ala, a 2,100-fold loss of activity was observed.*°
Purine hydrolysis models contain an oxocarbenium ion based on kinetic isotope studies to explain
how this reaction occurs.'®*

The enzyme uses three catalytic strategies which have developed from kinetic isotope
studies to describe transition state properties in purine hydrolysis: steric and electrostatic
stabilization of the oxocarbenium ion, activation of nucleophilic water, and activation of the
nucleobase leaving group (Figure 3).1%42-44 The ribose hydroxyl groups on the C2’, C3’, and C5°
carbons all have a stabilizing effect on the glycosidic bond but much less is known about
interactions which involve C5°.1° The C2’ and C3’ hydroxyl groups act in coordination with
calcium as binding sites to facilitate docking and keep the molecule stabilized to create the
oxocarbenium transition state.>® Based on solvent reactivity studies with C. fasciculata, the
activated water molecule is a specific enzyme-bound water rather than a general solvent water
which functions as a nucleophile to the C1’ on ribose.! The nucleobase leaving group has
undergone the most experimental analysis for specificity, mutagenesis, molecular dynamics, and
X-ray crystallography.10:16:4044-46 Calcium binding residues help reduce the pKa of water and align
it in the proper orientation for attack.® Calcium has been determined to be a key cofactor that is

required to keep the active site coordinated and stabilized.

Active site function with calcium

A calcium ion is observed to play a central role as a cofactor which tightly binds several
Asp residues together in the active site of non-specific 1U-NHs in protozoa and plants.>*" The
archetype non-specific, Group I IU-NH found in the protozoa C. fasciculata was shown to have a

sequence motif of DXDXXXDD, located at Asp8, Asp10, Aspl4, and Aspl5, used for binding



Figure 3. The oxocarbenium transition state. The left shows a resonance structure of inosine
with a nucleophilic water attacking the C1° of a carbocation on the ribose. To facilitate the breaking
of the N-glycoside bond and the leaving of the purine base, N7 is protonated by an essential
histidine residue. The right shows an oxocarbenium ion resonance structure between C1’ and O4’

on the ribose. Figure 3 was created using Chemdraw (Version 22.2.0).

calcium as a cofactor in the active site.? Coordination sites on the calcium ion were found to interact
with Asp10, Aspl5, Thrl26, and Asp242 amino acid residues when a p- aminophenyliminorbitol
ligand was docked.? Both 2’ and 3’ hydroxyls on the ribose also coordinated with calcium assuming
a C3’-exo conformation.?2 The 05’ hydroxyl seemed to form hydrogen bonds between Glu166
while the nitrogen on p- aminophenyliminorbitol formed a hydrogen bond between Asn168.2 A
similar calcium binding motif can also be found in plants.

A homologous motif with the same sequence order of DXDXXXDD found in protozoa
was also discovered in plant IU-NHs from P. patens and Z. mays.*” When Asp residues at site
locations were targeted for mutations, a 10*-fold lower activity than the wild type was observed.*’

To date, there have been no attempts to try to understand and measure calcium content from



enzyme purifications for non-specific IU-NHs in plants. To develop a better understanding of how
URH1 may function in Arabidopsis a comparison of URH1 from Arabidopsis can be made to other

types of IU-NHs in other organisms.

1.3 Salvage Pathways in Protozoa

Parasitic protozoan have historically been the target of research since the diseases that
result from parasitic protozoan infections are difficult to treat and have no antibiotic options. Since
nucleoside salvage pathways are not present in humans, parasitic protozoan have no other means
of nucleic acid production making them attractive targets for drug design.?”°101314 Research has
primarily targeted nucleoside hydrolases for drug design against leishmaniosis, trypanosomiasis,
and plasmodium, the organisms responsible for causing leishmaniasis, African sleeping sickness,
and malaria respectively.>*48 _eishmaniasis and trypanosomiasis are estimated to cause anywhere
from 50,000-500,000 deaths per year, while malaria causes over 600,000 deaths per year.%->
Protozoan have both Group | non-specific nucleoside hydrolases such as IU-NHs and Group I
purine-specific nucleosidases, such as IAG-NH.

The most well characterized non-specific nucleoside hydrolases, IU-NH, are produced by
Crithidia fasciculata®’4%%2 Leishmania major®'4, and Leishmania donovani®>>=¢ while
Trypanosoma vivax®1%124457 and Trypanosoma brucei*>’>° more often produce specific IAG-
NHs. The structural and mechanistic characteristics for an I[U-NH in C. fasciculata and an IAG-
NH in T. vivax were described in 2003 by Versées and Steyaert.” The structure of IAG-NHs in T.
vivax were shown to be that of a homodimer, while the IU-NH in C. fasciculata was shown to be a
homotetramer.’” The homotetramer of IU-NH had two binding regions: one region with an affinity

for ribose and the other with an affinity for the nitrogenous base.” The active sites for each of these



enzymes were located near the C-terminus and consisted of a single globular domain with two
loops (loop | & I1) positioned on each side of the active site.” A tightly-bound calcium ion was
located on both active sites and coordinated with water to replace a hydroxyl group on the ribose,
while a hydrophobic pocket assisted with nucleobase binding.’

Amino acid residue on purine specific IAG-NHs from T. vivax primarily involved with
calcium binding occurred at Asp10, Asp15, and Thr137.” Similar amino acid residues from the non-
specific IU-NH of C. fasciculata involved calcium binding with Asp10, sp15, and Thr126.” Two
other important residue pairs implicated with reaction interactions for each species were
Trp83/Trp260 in T. vivax and His241/Asp242 in C. fasciculata.”* T. vivax used Trp83 and Trp260
on IAG-NHs used pi-pi arene stacking interactions to align ribonucleosides for hydrolysis, while
C. fasciculata used His241/Asp242 as a proton donor with water for leaving group activation.’*
As previously mentioned earlier, Gopaul et. al., 1996 mutated the His241 reside from the IU-NH
enzyme of C. fasciculata to Ala and evaluated it as a proton donor for leaving group activation.*°
The resulting mutation of His241 caused a 2,100-fold loss in kcat for inosine, and a 2.8-fold increase
for keat with p-nitrophenyl-D-ribofuranoside which was used to mimic leaving group mechanics
without protonation.*® The residues described here in T. vivax and C. fasciculata were established
as putative conserved amino acid residues for calcium binding and protonation during nucleoside
hydrolysis establishing them as important residues to compare with other IU-NHs other
organisms.”4° Bacteria are another group of organism observed to have nucleoside hydrolases

homologous to protozoa and plant models which can be used for a comparative analysis.

1.4 Salvage Pathways in Bacteria

Nucleoside hydrolases have also been identified in bacteria and archaea isolated from



Bacillus cereus®, Bacillus suis®®, Bacillus anthracis®®, Bacillus thuringensis’, Mycobacterium
tuberculosis®?%3, Ochrobactrum anthropic®, Sulfolobus solfataricus?’, and Escherichia coli.1%64-
The purpose of nucleoside hydrolases in bacteria is not as well understood, but studies point to
roles in nutrient scavenging, thermal stability, nucleoside regulation, and sporulation,®17:60-63.6566
What is known is that similar homology and hydrolysis mechanics can be seen in the RihC enzyme
of E. coli making it a favorable bacterial IU-NH to compare with C. fasciculata and A.

thaliana 19,64,66-69

There are three ribonucleoside hydrolase genes isolated from the E. coli genome designated
ybk, yeik, and yaaf. These genes are also known as rihA, rihB, and rihC, respectively.%®The RihA
and RihB hydrolases are pyrimidine-specific with an affinityforncytidine over that of uridine, while
the gene encoding rihC was identified as a non-specific IU-NH with an affinity for both purines
and pyrimidines.®® The RihC enzyme from E. coli exhibits transition-state characteristics similar
to that of IU-NH in C. fasciculata.l®®* RihC readily interacts with pyrimidines (cytidine and
uridine), purines (adenosine and guanosine), and purine intermediates (inosine and
xanthosine).1%4

RihC hydrolyzes purine and pyrimidine ribonucleosides in order of decreasing activity
from uridine, xanthosine, inosine, adenosine, cytidine, and guanosine and exists as a dimer with a
pH optimum of 7.5.1%%* Substrate specificity experiments indicated that the 2’ and 3’ hydroxyl
groups were needed for ribosyl binding to the active site whereas the 5 hydroxyl group was not
needed.?®% A motif found near the N-terminus consisted of a group of Asp residues with the
sequence of DXDXXXDD and a His/Asp proton donor group similar to that found in C. fasciculata
and A. thaliana. 1923646667 Because of the similarity between all of these organisms, RihC also made

a useful non-specific IU-NH to compare with protozoan and plant non-specific IlU-NHs.



1.5 Salvage Pathways in Plants

Many plants have been extensively studied to understand metabolic pathways involving
nucleosides and cytokinins in salvage processes with nucleoside hydrolases.?® Nucleoside
hydrolases have been isolated from many different species of plants including: a uridine-specific
NH from mung bean (Phaseolus radiatus),?® a guanosine-inosine specific NH from yellow lupin
(Lupinus luteus)’®, and an adenosine-specific NH from coffee (Coffea arabica).’®’?> Non- specific
nucleoside hydrolases have been isolated from Zea mays*, Physcomitrella patens,*’
Alaska pea seeds,”® and Arabidopsis thaliana.?>262%7 A thaliana has been well characterized in
the literature and is an important model organism for plants with a non-specific IU-NH present for
controlling salvage pathways.”

Non-specific 1U-NHs have been implicated in controlling the ratio between nucleotide
salvage and degradation in plants through many examples. In ureidic legumes, IU-NHSs provided
substrates needed for the synthesis of ureides such as allantoin and allantoic acid.’® In starvation
conditions, the purine bases released by nucleoside hydrolases served as a source of nitrogen.?*
Delgado-Garcia et. al. have shown that the activity of these nucleosidases increases in cotyledon
and embryonic axes after radicle emergence.”” Seeds with mutations in URH1 activity exhibited
delayed germination indicating this enzyme was essential during early phases of plant
development.?®™ Experiments performed by Jung et al. 2009 compared sequences of
nucleosidases from A. thaliana and Oryza sativa (rice).*?* These two plants were used to obtain
sequences for two key uridine ribohydrolases (URH1 and URH2) which were then expressed in
recombinant yeast and bacteria.8?%2% URH1 was shown to play a very important role in
regulating growth in plants and directly affected root and leaf growth, especially during the early

growth phases of development.?324

10
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Nucleoside hydrolases have also been implicated in cytokinin metabolism, which
are a group of plant hormones that are adenosine derivatives.® Physcomitrella patens and
Zea mays demonstrated ametabolic function for purine, pyrimidine, and cytokinin activity with
nucleoside N- ribohydrolases named PpNRH (Physcomitrella patens) and ZmNRH (Zea mays).*
Delay in bud formation was observed in Physcomitrella patens with knockout plants lacking
PpNRH resulting in elevated levels of purines, pyrimidines, and cytokinins.*’ Residues conserved
in each of these plant species based on sequence alignments show similar reactive residues in A.
thaliana, Physcomitrella patens, and Zea mays.*’ Each of these plant species all shared sequence
similarity with a DXDXXXDD motif suspected of binding calcium and a residue pair which drive
protonation of the nucleobase.*’ Physcomitrella patens and Zea mays were also optimal candidates

for comparative analysis between other organism types with non-specific IlU-NHs.

Research Goals

The goal of this research was to characterize ad describe the non-specific nucleoside
hydrolase (URH1) found in A. thaliana to assist herbicide design for protecting economic and
human health factors affecting crops. One of the primary questions we answered was how URH1
functions with regards to its state of oligomerization, equilibrium constant, pH profile, Kinetic
activity, substrate specificity, and calcium content. We then answered questions regarding critical
amino acid residues around the active site that seemed to be impactful by comparing different
organisms with nucleoside hydrolases found in putative plant and protozoa models using structural
docking and molecular dynamic studies. Finally, we performed a mutagenesis study to determine
if conserved residues around the active site play a key role with hydrolysis occurring with purine

and pyrimidine nucleosides.

11



By answering these questions involving the functional and theoretical properties of URH1
we can begin to understand if these concepts apply across a broad spectrum of plant species and is
a general type of salvage pathway in all plants or if it’s just a specific pathway in certain species.
This will allow us to understand if we can apply broad conceptualizations to herbicide design for
targeting larger populations of plants to make more effective herbicides or if new ideas for

herbicide design should be reimagined.

12



CHAPTER Il: MATERIALS AND METHODS

Precast 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) gels
were purchased from Lonza Bioscience (Rockland Inc., Rockland, ME). Supporting reagents
including Laemmli sample buffer, 10X Tris- Glycine-SDS buffer, and Precision Plus Protein™
unstained protein standards were purchased from Bio-Rad Laboratories. Bio-Rad protein assay kit
with bovine serum albumin as the standard was also purchased from Bio-Rad. BL21(DE3)
Competent E. cli cells (2527H) were purchased from New England Biolabs. LongLife lysoyme
was obtained from G BioSciences. Isopropyl-p-D- thiogalactopyranoside (IPTG), Zeba™
Desalting columns (MWCO 7 kD), and Gel Code Blue Safe Protein Stain were purchased from
ThermoScientific. DNase I, HIS-Select™ affinity gel along with assorted nucleosides and bases
were purchased from Sigma Aldrich. 1-p-D-arabinofuranosyluracil was obtained from Cayman
Chemical. The Maxwell® 16 purification system and MagneHis™ polyhistidine protein
purification kit were purchased from Promega. Gel filtration HPLC Protein Standard was
purchased from CellMosaic. HPLC experiments were carried out on a Dionex Ultimate 3000 HPLC
equipped with a four solvent delivery system, thermostatted autosampler, thermostatted column
compartment, and variable wavelength UV/VIS detector. A Kinetex™ 5um C18 100 A (4.6 x 150
mm) HPLC column was obtained from Phenomenex and a Zorbax GF-250 4pum (9.4 x 250 mm)
HPLC column was obtained from Agilent. VeriSpec Ca?* standard solution (1,000 ppm) was

purchased from Ricca Chemical Co. All other reagents were reagent grade.
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2.1

2.2

Plasmid Construct

Plasmid construct work was conducted by Dr Brock Arivett from Middle Tennessee State
University (MTSU). Two genes with close homology to plant non-specific 1U-NHs used as
inspiration for this work were from C. fasciculata (accession # U43371/Q27546) and E. coli
(accession # EG11082/P22564.1).1°% BL21 (DE3) cell cultures containing a pET28b(+)
expression vector with the rihC gene from previous studies produced by Dr Bock Arivett were used
for experimental controls with URH1. The gene for URH1 found in A. thaliana (accession #
At2936310/Q9SIM7.2) was placed in a pET-28b(+) expression vector to produce high yield
protein from BL21 (DE3) cell cultures. The company Genscript® was utilized to create a pET-
28b(+) expression vector for the URH1 gene. Gene synthesis occurred via Genscript’s patented
phosphoramidite reaction cycle to build the sequence.”® The URH1 expression vector included an
N-terminal Hise tag for purification with kanamycin resistance for culture selection. Restriction
sites for gene insertion were Xhol and Ndel similar to rihC cut sites. The total gene length was 1020
base pairs (bp) and required transformation into BL21 cells once delivered to the laboratory.
Information regarding the pET-28b(+) expression vector from Genscript® can be found in

Appendix D.

Induction of Plasmid Construct

Dr Brock Arivett also assisted with protein expressions for quality assurance. The
expression vector for URH1 from A. thaliana 1U-NH was transformed in BL21 (DE3) competent
cells for high-level protein production. A 50 pL tube of BL21 (DE3) competent cells was thawed
on ice for 10 minutes. Once thawed, 5 pL of plasmid material was added to 50 pL of competent cells

and mixed to yield a concentration of 100 ng/pL. The 55 pL tube of BL21 cells was kept on ice
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for 30 min and then heat-shocked at 42 °C for 10 sec. After heat-shocking, the BL21 cells were
placed on ice for 5 min. The contents of the starter tube were transferred to 950 pL of SOC media
to make 1 mL SOC cultures and the combined solution was shaken at 250 rpm at 37 °C for 60 min.
SOC media was composed of 0.5% yeast extract, 2% tryptone, 10 mM NaCl, 2.5 mM KCI, 10 mM
MgClz, 10 mM MgSOs4, 20 mM glucose.

The 1 mL starter culture was placed on a warmed selection plate, containing 50 pug/mL
kanamycin and held at 37 °C overnight. The next day colonies were selected and placed in 1 mL
SOC media and grown overnight at 37 °C, while shaking at 220 rpm. Stock cultures were created
by mixing overnight cultures with 1 mL sterile glycerol and placed in -80 °C freezer for long-
term storage. A single stock culture was used to create small 5 mL starter cultures under
antibiotic pressure with 50 pg/mL of kanamycin. Larger 1-L cultures were produced by creating
four 20 mL starter cultures under antibiotic pressure with 50 pg/mL of kanamycin. Starter
cultures were grown at 37 °C with shaking at 220 rpm overnight and then added to 50 mL
cultures, without kanamycin the next day or four 250 mL cultures in the case of larger 1-L
productions. The small batch 50 mL and large batch 250 mL cultures were grown to an ODsoo 0Of
0.6. Fifty (50) mL cultures were treated with 0.5 mL of 100 mM IPTG and 250 mL cultures were
treated with 2.5 mL of 100 mM IPTG to reach a final concentration of 1 mM IPTG. IPTG-
induced cultures were placed back on the shaker at 37 °C and shaken at 220 rpm for 3 hours.
Once induction was complete, cultures were centrifuged at 9,000xg for 30 min at 4°C creating
cell pellets. Cell were either stored at -80 °C for long-term storage to be purified on a later date or

were immediately purified.
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2.3 Purification of His-tagged URH1

Cell pellets produced from small batch culture inductions were purified using a Promega
Maxwell® 16 purification system in conjunction with a MagneHis™ polyhistidne protein
purification kit. Cell pellets were resuspended in 2 mL of 100 mM HEPES buffer pH 7.5.
Resuspensions were sonicated on ice 5X. Each sonication lasted 30 s with a 1 min rest period
between sonication. For sonicated lysates with an ODesoo between 4 and 20, 20 pL of 5 mg/mL
DNase | were added to the 1 mL samples and inverted several times before being placed in the
Maxwell purification system. Aliquots (1 mL) of the sonicated lysate were loaded into the first
well of the Maxwell™ 16 protein purification cartridges. Each purification run used multiple
cartridges with a maximum of 16 cartridges. A total volume of 300 L of purified protein in 500
mM imidazole was produced by each cartridge. Buffer exchange was accomplished using Zeba™
Spin Desalting Columns (MWCO 7 kD) to remove imidazole and replace with 10 mM Tris buffer;
pH 7.2. Zeba™ columns were first primed with 300 pL of 10 mM Tris buffer; pH 7.2 by
centrifugation at 500 rpm for 30 s for a total of 3 times. After the columns were primed, purified
enzyme preparations (300 uL) were loaded onto the column and centrifuged at 500 rpm for 30 s.
The effluent from the column was collected and desalted an additional two times as described
above. The eluent was collected, combined and stored at 4 °C.

Cell pellets produced from large batch culture inductions were purified by column
chromatography containing His-Select™ Ni affinity gel (10 x 150 mm).”® Cell pellets were
resuspended in 10 mL of 50 mM sodium phosphate pH 8.0, 300 mM NaCl and 10 mM imidazole
(Native Binding Buffer). LongL.ife lysozyme (10 mg) was added to cell pellets and incubated for
30 min. Resuspensions were sonicated 5X for 30 s with a 1 min rest period in the cold room at 4

°C. Lysates were centrifuged at 12000xg for 30 min at 4 °C to remove unwanted cell debris. The
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2.4.

Ni-affinity column was prepared by washing with at least 200 mL of Native Binding Buffer.
Centrifuged lysate (10 mL) was loaded onto the column at 4 °C, and flow stopped for 30 min to
allow binding of the protein to the resin. The column was eluted with 200 mL of Native Binding
Buffer, collecting 15 mL fractions. The column was then washed with at least 200 mL of 50 mM
sodium phosphate pH 8.0, 300 mM NaCl, and 20 mM imidazole (Native Wash Buffer) with a
pH of 8.0. Fractions (10 mL) were collected. The column was eluted a third and final time with
at least 200 mL with 50 mM sodium phosphate pH 8.0, 300 mM NaCl and 150 mM imidazole
again collecting 10 mL fractions (Native Elution Buffer). Fractions produced from the binding,
washing, and elution phases were analyzed for protein content by measuring the absorbance at
280 nm. Fractions were also tested for nucleoside hydrolase activity by reducing sugar assay
described below. Related fractions with the highest protein concentration and activity were
pooled. Pooled fractions were concentrated to 12 mL on an Amicon Ultrafiltration unit

containing a regenerated cellulose filter (MWCO 5 kD).

Protein Concentration and Activity Determinations

Protein concentrations were determined in one of two ways; (1) Bradford assays using Bio-
Rad Protein Assay Kit with bovine serum albumin as the standard®® or (2) measurement of
absorbance at 280 nm using the equivalency 1 AU =1 mg/mL. Bradford assays were prepared by
creating a standard assay calibration plot to compare purified protein fractions created from small
or large batch productions. Each assay contained known amounts of protein standard, water, and
Bio-Rad Dye concentrate. Protein standards ranged from 0-10 pg of protein in 2 ug
increments with sufficient water to yield 800 pL. Bio-Rad dye concentrate (200 pL) was added to

each protein assay. Water (790 pL) was added to 10 pL from pooled column fractions. Bio-Rad
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dye concentrate (200 pL) was added to each protein assay. Assay mixtures were allowed to
incubate for 15 min before being absorbance being measured. Each assay was measured in
triplicate at 595 nm.

The activity of pooled fractions was determined using a reducing sugar assay to monitor
activity colorimetrically.! Aliquots (100 pL) were added to a reaction mixture (1,000 pL) containing
1 mM inosine or uridine in 50 mM Tris pH 7.2. The reaction mixture was incubated for 2 hr at room
temperature. The reaction was stopped by adding 250 pL copper reagent (4% Na2COs, 1.6 %
glycine and 0.045% CuSO45H20). Neocuproine reagent (0.12% 2,4-dimethyl- 1,10-
phenanthroline HCI pH 3.0; 250 pL) was added to the reaction mixture and the color developed by
heating in a water bath at 95°C for 7 min. After allowing the reaction mixture to cool, its absorbance
was measured at 450 nm. The amount of ribose produced was determined using a calibration curve

relating absorbance at 450 nm to solutions containing known amounts of ribose.

2.5 Kinetic Measurements

Kinetic measurements were carried out in one of two ways: (1) spectrophotometrically
using a temperature-controlled Shimadzu 1280 UV-Vis spectrophotometer or (2)
chromatographically by HPLC on a Dionex Ultimate 3000 HPLC. Reaction mixtures assayed
spectrophotometrically consisted of nucleoside (inosine or uridine) at various concentrations in 10
mM Tris pH 7.2 at 32 °C. (Total volume 990 uL). Initial velocity measurements were determined
by adding 10 pL of enzyme (RihC or URH1; ~3 ug) for a total volume of 1 mL and the change in
absorbance measured as a function of time. Standard plots relating absorbance to concentration of
nucleoside/base (inosine/hypoxanthine and uridine/uracil) were created ranging from 10 uM to

1,000 uM of each nucleoside. Reaction velocities were determined from a linear regression of the
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change in absorbance (nucleoside concentration) vs reaction time.

Each nucleoside and base concentration were measured at two wavelengths. Inosine
concentrations above 50 UM were measured at 285 nm and concentrations at 50 uM and below
were measured at 280 nm. Uridine concentrations above 50 UM were measured at 287 nm and
concentrations at 50 UM and below were measured at 280 nm. Velocities were determined from a
linear regression of the change in absorbance (nucleoside concentration) vs. reaction time. The
amounts of nucleoside and nucleobase produced were determined based upon the linear regression
of a standard plot relating nucleoside/base concentrations to absorbance. Samples were analyzed
in triplicate and analyzed using a Michaelis-Menten plot to estimate the Km and Kcat.

Activity was also determined on a Dionex Ultimate 3000 HPL.C equipped with a quaternary
pump, autosampler, thermostatted column compartment and variable wavelength UV-Vis detector.
The reaction mixture was 950 pL of 1.05 mM nucleoside (except guanosine which was 525 uM)
in 10 mM PIPES pH 6.6 to which 50 pL of enzyme (~15 pg) was added. An aliquot (10 pL) was
analyzed on a Kinetex™ 5 um C18 100 A (150 x 4.6 mm) HPLC column from Phenomenex at
various reaction times. The mobile phase was 98% 10 mM ammonium phosphate buffer pH 5.4:
2% methanol with a flow rate of 0.6 mL/min, with the exception of the analysis of adenosine
and adenosine derivatives when a mobile phase of 90% 10 mM ammonium phosphate pH 5.4:
10% methanol was used. Nucleosides and bases were detected at 254 nm. The nucleoside and
corresponding base were identified by their respective retention times. The amounts of unreacted
nucleoside and base produced were determined based upon a standard curve relating

nucleoside/base amount to peak area. Samples were analyzed in triplicate.
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2.6.

2.7.

Subunit and Native Molecular Weight Determinations

Validation of protein purity and determination of subunit size were performed using pre-
cast SDS-PAGE minigels (12%) with Precision Plus Protein™ unstained protein standards. The
native molecular weight of URH1 was determined by gel filtration HPLC on the Dionex Ultimate
3000 HPLC described above. The sample was analyzed on an Agilent Zorbax GF-250 4 um (9.4
x 250 mm) gel filtration column with a fractionation range of 4 kD to 400 kD. The mobile phase
was 150 mM sodium chloride in 50 mM phosphate buffer pH 7.0 with a flow rate of 1.0 mL/min.
Ten (10) pL of URH1 were injected onto the column and the effluent monitored at 218 nm.
The native molecular weight of URH1 was determined using a calibration curve constructed
by plotting the elution volume of proteins of known molecular weights vs the log of the protein

molecular weight.

Protein Calcium Concentration Determination

Dr Paul Kline from MTSU performed calcium concentration determinations. The presence
of calcium in URH1 or RihC was determined by a modification of the method of Nitta and
Watanabe.®! To minimize the background, trace metal grade water was used to prepare all reagents.
URH1 or RihC (1 mL; 15.0 uM) was extensively dialyzed in 100 mL trace metal grade water 3X
to remove calcium loosely associated with the protein. After dialysis was complete, the protein
was transferred to 8M urea to denature it. Quin-2 (100 uM) in 8 M urea was added to the dialyzed
protein solution and incubated for 30 min at room temperature. The solution was chromatographed
on a BioBasic SEC-300 HPLC column (150 x 7.8 mm) eluted with water. The protein:Quin-
2:calcium complex was detected using a fluorescence detector with an excitation wavelength of

325 nm and an emission wavelength of 492 nm.
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2.8.

2.9.

2.10.

Determination of Equilibrium Constant

Triplicate reaction mixtures consisted of 2 mM hypoxanthine and various concentrations
of ribose from 0 to 3 M in 995 pL of 10 mM Tris pH 7.2 buffer with 0.5 mM dithiothreitol. The
addition of 50 pL of URH1 (~ 15 pg) initiated the reaction. The reaction mixture was maintained at
37 °C. The concentrations of hypoxanthine and inosine were determined at various time intervals
as described above by HPLC and the reaction was continued until the concentrations of inosine

and hypoxanthine were constant for 24 hr.

Determination of Kinetic Mechanism

The activity of URH1 was determined by HPLC as described above. Reaction mixtures
consisted of varying concentrations of inosine from 10 to 1000 uM in 10 mM PIPES pH 6.6. The
reaction mixture additionally contained varying concentrations of either hypoxanthine (0-1 mM) or
ribose (0-100 mM). The reaction was initiated by addition of enzyme (10 pL; ~3 ug). At appropriate
times, 20 pL aliquots were withdrawn, and the reaction quenched by the addition of 20 uL 1 M
HCI. The velocity of the reaction was calculated based on the decrease of the peak area representing
inosine as a function of time. A double reciprocal plot of 1/v vs 1/S for each hypoxanthine or ribose

concentration was prepared and the inhibition type determined by visual inspection of the plots.

pH Optimum

A series of sodium acetate, MES, CHES, PIPES, HEPES, and BICINE (300 mM) buffers
covering the pH range from 3-9 were prepared. A combined buffer solution was prepared by
adding 1 mL of the individual buffers to produce a common solution and adjusting the pH to

between 3-9 in increments of 0.5 pH units as required by the addition NaOH or HCI. Reaction
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2.11.

2.12

mixtures consisting of the above buffer containing 1,000 uM inosine were prepared, and
the reaction initiated by the addition of 50 uL URH1 (~15 ug) and incubated at 32 °C. After 20
min, the reaction was stopped by the addition of 100 uL 6 M HCI. The relative amounts of
inosine and hypoxanthine were determined by HPLC as described above and the reaction

velocity determined at each pH.

Dynamic Light Scattering to Determine Oligomerization State

Dr Paul Kline from MTSU performed dynamic light scattering experiments to determine
the oligomerization state of URH1. The hydrodynamic radii of URH1 was determined at 10, 1, and
0.1 mg/mL of URHL1. Protein was dialyzed against 10 mM Tris pH 7.2 buffer and diluted to the
desired concentration based on the absorbance at 280 nm. The solutions were centrifuged at
12,000xg for 5 min at room temperature to remove any particulates. Samples (1,500 pL) were
analyzed on a Zetasizer Nano ZS (Malvern Panalytical, Westborough, MA). The instrument was

set at a size detection range of 0.3 nm to 10 pum.

Molecular Docking and Multiple Sequence Alignment

Protein structural files for the nucleoside hydrolases from two protozoa and two plant
species were retrieved from the Research Collaboratory for Structural Bioinformatics Protein Data
Bank (RCSB PDB).82# Sequences for the non-specific CflU-NH from Crithidia fasciculata (PDB
ID: IMAS) (accession # U43371/Q27546) and the purine specific TVIAG-NH from Trypanosoma
vivax (PDB ID: 2FF1) (accession # AF311701.2/Q9GPQ4) were retrieved as representatives of
protozoan nucleoside hydrolases. Similarly, sequences for the nucleoside N-ribohydrolases from

Physcomitrium patens (PpNRH) (PDB ID: 4KPN) (accession # JQ649322.1 / A9TXAG) and Zea
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mays (ZmNRH) (PDB ID: 4KPO) (accession # HQ825162.1 / B6T563) were used as
representatives of plant nucleoside hydrolases. No structural models existed for URH1 in
Arabidopsis thaliana and RihC in E. coli on the PDB, but FASTA protein sequence files were
available from the National Center for Biotechnology Information (NCBI) website using accession
#P22564.1 for E. coli and accession #Q9SJM7.2 for A. thaliana.?®

The sequence file obtained from NCBI for URH1 was used for prediction of a three-
dimensional structure using the SWISS-MODEL website server.®889 SWISS-MODEL utilizes
homology modeling to predict the three-dimensional structure of an input protein based on its
sequence and the structure(s) of other homologous proteins with known crystal structures. 8858891
In addition, the URHL1 structural file was also built using the AlphaFold Protein Structural
Database (AlphaFoldDB) version 2, and compared to the SWISS- MODEL structure.3°° A
pairwise alignment of each structure yielded a 100% match using the EMBL-EBI (European
Molecular Biology Laboratory-European Bioinformatics Institute) EMBOSS (European
Molecular Biology Open Software Suite) Needle pairwise sequence alignment (PSA) tool.%97 A
pairwise sequence analysis was also performed between the SWISS-MODEL URH1 sequence and
each of the other crystal structures retrieved from the PDB website for a similarity match. A

multiple sequence alignment (MSA) was performed using Clustal Omega

from EMBOSS for all six protein sequences retrieved from the PDB and NCBI websites to produce
a comparative analysis of each sequence.

Structural files for inosine and uridine were retrieved from the PubChem database as
structured data files (SDF) and used for ligand docking.?® SDF files were converted to PDB files
using the UCSF (University of California San Francisco) Chimera software (version 1.15).%9100

Molecular docking was separately performed with inosine and uridine using AutoDock Vina
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2.13

embedded in the Chimera software package (version 1.15).%1%! Inosine and uridine were
independently docked to nucleoside hydrolases from C. fasciculata (PDB ID: 1IMAS), T. vivax
(PDB ID: 2FF1), P. patens (PDB ID: 4KPN), Z. mays (PDB ID: 4KPO), and the SWISS-
MODEL of URHL1. Inosine docks were used to produce active site images for each structure, while
both inosine and uridine docks were used for molecular dynamics simulations. A 5 A zone of all
residues around inosine were mapped with each of the four crystal structural files and then
compared to the homology file for URH1 to develop a visual sense of the active site residues that

potentially play a key role in purine hydrolysis.

Molecular Dynamics Simulations

Dr Chad Brambley from MTSU provided recommendations and assistance developing
molecular dynamic simulations. GROMACS (version 2021.7) software package was used to
perform molecular dynamics (MD) simulations using nucleoside hydrolase models with inosine
or uridine docked alongside the apo and holo states of URH1.1%2-1% Al simulation parameters
and settings were performed according to The GROMACS protein-ligand complex tutorial
from the website http://www.mdtutorials.com/gmx/complex/index.html 297

GROMACS converted the URH1 PDB files to GMX files using the pdb2gmx command.
Coordinate files for the docked ligand files were created using the SwissParam small molecule
force field generation tool.2 Simulations used the Charmm-36 all atom force field and TIP3P water
model for the topology parameters.1®®-11 Each homology model and ligand was solvated with
water in a rhombic dodecahedral box with neutralizing ions present. Solvated systems were
subjected to energy minimization using a steepest descent protocol, which allows for system

relaxation necessary to avoid inappropriate geometry and steric clashes. Each minimized structure

24



2.14

was thermally equilibrated for 100 ps as position restrained NVT and NPT ensembles using a
Berendsen thermostat. Preliminary unrestrained MD simulations were then performed for 10 ns
using Parinello-Rahman temperature and pressure coupling, respectively, to test the system and
evaluate ligand stability for each homology model. After initial evaluation of each MD simulation,
200 ns production MD runs were performed for each model. Root-mean-square fluctuation (RMSF)
plots were created to evaluate each simulation.

XMGrace was used to view data and exported to excel.**? Visual Molecular Dynamics
(VMD) (version 1.9.3) was utilized to visualize ligand-residue interactions occurring during each
production MD simulation.'*® Trajectory and PDB files produced from GROMACS and VMD
were used to perform principal component analysis (PCA) with each 200 ns simulation for the apo
and holo states of URH1 as well as with inosine and uridine docked states of URH1. Bio3D version
2.3 data software package was used to generate Scree plots for each PCA model.1*47 Gibbs-free
energy (GFE) landscapes were produced using sham input from GROMACS (version 2021.7) MD

simulations.102-106

Site-Directed Mutagenesis

Wild Type Plasmid. The gene for URH1 found in A. thaliana (accession # At2g36310 /
Q9SJM7) was incorporated into an optimized pET-28b(+) plasmid by the company
Genscript®.1811° The expression vector of the URH1 gene was then placed in BL21 (DE3) cells
for transformation. The restriction sites for Ndel and Xhol were used to insert the URH1 gene
with an N-terminal His6 tag for purification. Total gene length was 1020 base pairs.

Mutant Construct. A site-directed mutagenesis was performed on the URH1 plasmid. The

mutagenesis kit chosen to make mutations for these residues was the QuikChange Il Site-Directed
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Mutagenesis Kit purchased from Agilent Technologies (Santa Clara, CA). Primers used for
mutations with the QuikChange Il Kit were purchased from Invitrogen™. Primer design was
performed using the Agilent’s web-based QuikChange Primer Design Program

(www.agilent.com/genomics/gcpd). A list of the primers used for the mutagenesis study can

be found in Table 1.

Mutant Synthesis Protocol. The mutagenesis kit used three steps to produce mutations in
the wild-type plasmid. The first step was a mutant strand synthesis using PCR techniques to
denature, anneal, and extend mutant primers with PfuUltra DNA polymerase. The next step used
Dpnl to digest methylated, parental template and destroy any older plasmids without the mutation.
The final step transformed mutated plasmids into BL21 cells. All primers purchased from
Invitrogen ranged from 20-32 base pairs in length.

Mutant strand synthesis reaction was started by preparing reaction aliquots for PCR. Each
aliquot contained 5 pL of 10x reaction buffer, 1.5 puL (25 ng) of dsDNA template (plasmid), 1 pL
of oligonucleotide primer #1, 1 pL of oligonucleotide primer #2, 1 yL of dNTP mix, and ddH20
to a final volume of 50 pyL. One (1) pL of PfuUltra HF DNA polymerase (2.5 U/mL) was added
to begin reactions. PCR reaction mixes were placed on a thermocycler to replicate plasmids. The
reaction mixtures were run for 16 cycles and peaked at 95 °C followed by 55 °C for 1 minute and
then followed by a 68 °C hold with the time dependent on the kb length of the plasmid. The pET-
28b plasmid with the URH1 gene was approximately 5.4 kb long and was set to cycle at 68 °C for
6 mins. Reaction mixtures were then placed on a Bio-Rad Thermocycler to replicate reaction

mixtures. The reaction mixture was then placed on ice and allowed to cool for 2 minutes at <37 °C.

After the creation of mutant strand templates using PCR, digestion of parental strands was

performed. Dpnl was used to digest the methylated parental templates leaving mutant template
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behind. Each aliquot received 1 puL of Dpnl (10 U/mL) and was mixed by pipetting solutions up
and down several times. The Dpnl restriction enzyme was then added to each amplification reaction
mixture to digest the methylated parental DNA plasmid. Amplification reaction mixtures were
gently mixed with a pipette and then quickly centrifuged for 10 secs. Amplification reaction
mixtures were then allowed to digest at 37 °C for 1 hour. Following digestion all parental strand
(non-mutated DNA) was destroyed leaving behind mutant plasmids which were used to transform
new BL21 cells.

Transformations were used to validate plasmid mutations. A quick screen of each plasmid
was performed via a transformation of XL1-Blue supercompetent cells. XL-1 Blue cells are
extremely sensitive to temperature variations and must always be kept on ice. XL1-Blue
supercompetent cells were gently thawed from frozen at -80 °C to room temperature while on ice.
Twenty pL of supercompetent cell were placed in a 14 mL BD Falcon polypropylene round-bottom
tube and mixed with 1 mL of the Dpnl digested mutant plasmids. Reaction mixtures were gently
mixed and incubated on ice for 30 minutes. Reaction mixtures were then heat pulsed at 42 °C for
45 seconds and placed on ice for 2 minutes. Reaction mixtures were added to 500 mL of SOC
outgrowth media, preheated to 42 °C and incubated at 37 °C for 1 hour with shaking at 220 rpm.
The heat pulsed SOC reaction mixtures were placed on a shaker for 1 hour and held at 37 °C with
shaking at 225 rpm. Transformation mixture (100 mL) was then added to agar plates. Each
plate contained 80 pL/mL of 5-bromo-4-chloro-3-indole-b-D- galactopyranoside (X-gal), 20 mM
IPTG, and 50 pg/mL of kanamycin. Transformation mixtures were spread on plates and incubated
at 37 °C for > 16 hours. Plate results ranged from 50-800 colonies with > 80% of the colonies
appearing blue. Mutations met these requirements and validated successful mutations for each

residue. A stock of each mutant passing the plate screen was grown in LB media with 50 pg/mL
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kanamycin. Approximately 2 mL of each stock was placed in 10% sterile glycerol and stored long

term in the -80 °C storage freezer.

Mutant Sequence Validations

Mutant sequence validations were conducted by Dr. Dan Braynt from MTSU. The wild type
and mutant DNA plasmid sequences were validated using a SeqStudio Genetic Analyzer System
with SmartStart from ThermoFisher Scientific. Each plasmid was sequenced using the BigDye
Terminator V3.1 kit according to the manufacturer’s instructions. Sanger sequencing data was
analyzed using the Geneous Prime™ software. Two primer locations were targeted on the plasmid.
The T7 promoter and terminator sites were the outermost sites targeted with primers for a left and
right sequence validation. Primer sequences can be found in Table 1. Validation results for each

plasmid are explained in the Chapter V results section.

28



Table 1. Oligonucleotides used to generate mutant alleles.

Primer Length Melt Direction Sequence
(nt) Temperature
(*C)

T7 - 20 61 Forward 5'-AAA CGG TCT GGG TGA TGT GA-3'
Terminator
T7 - 20 61 Reverse 5-CTTGCAGTT ACCCAGCTCCA-3

Promoter

Forward | 5-ACG AGAAACTGATTATTG CCA CCG ACC CGG GC-3'

Asp-27-Ala 32 80

Reverse 5-GCC CGG GTC GGT GGC AAT AATCAGTTTCTCGT-3

Forward 5-CGT CGA TGC CCG GGG CGG TGT CAATAATC-3
Asp-29-Ala 29 81

Reverse 5-GAT TAT TGA CAC CGC CCC GGG CAT CGA CG-3'

Forward 5'-CGC CAT GCT ATC GGC GAT GCC CGG CTC-3
Asp-33-Ala 27 83

Reverse 5'-GAC CCG GGC ATC GCC GAT AGC ATG GCG-3

Forward 5-GAA TCG CCATGC TAG CGT CGA TGC CCG GG-3
Asp-34-Ala 29 83

Reverse 5'-CCC GGG CAT CGA CGC TAG CAT GGC GAT TC-3

Forward |5'-GAA GCT CAC CGG ATC GGC CAG ATAAACGCCGTAC-3
His-260-Ala 34 81

Reverse | 5'-GTA CGG CGT TTATCT GGC CGA TCC GGT GAGCTT C-3'

Forward 5-ACG AAG CTC ACC GGA GCG TGC AGATAAACGC-3
Asp-261-Ala 31 79

Reverse 5-GCGTTTATCTGC ACGCTCCGG TGAGCT TCG T-3
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CHAPTER I1l: CHARACTERIZATION RESULTS AND DISCUSSION

3.1 Purification and Characterization of RihC and URH1

To better understand the biochemical properties of non-specific nucleoside hydrolases
URH1 was expressed and extracted from cultures and characterized to understand its function.
Since RihC was available for culturing, we used it as a purification process control while producing
URH1. Both URH1 found in A. thaliana (accession # At2g36310) and rihC from E. coli (accession
# EG11082) were expressed with similar pET28b plasmids and placed in cultures for induction
and purification.’®545¢ The URH1 gene constructed by Genscript™ was 1020 bp which was ~336
amino acids in length and contained an additional N-terminal Hiss-tag for purification. A Promega
Maxwell® 16 Extraction system was successfully employed to purify both RihC from E. coli and
URH1 from A. thaliana for small batches of enzyme. Each cartridge from the Maxwell™ 16
produced ~300 pL of total purified enzyme for URH1 and RihC which were validated using SDS-
PAGE (Figure 4).

Molecular weight determinations help verify the proper protein was produced in cultures.
The theoretical molecular weights for RihC and URH1 were calculated using the Expasy website
based on the respective amino acid sequences and determined to be ~32 kD for RihC and ~36 kD
for URH1.12° Based on the distance RihC and URH1 traveled on the SDS-PAGE gel, the molecular
weights of the enzymes RihC and URH1were determined to be ~33 kD and ~37 kD respectively.
The extra weight was attributed to the Hiss-tag at the end of the sequence. Inspection of the SDS-
PAGE gel revealed the purity of both enzymes to be greater than 95%. Concentration data was also
produced to assist with other parameter analyses. Purified enzyme concentrations were determined

to be ~0.35 pg/pL (~ 100 pg) of URH1 and ~0.38 pg/uL (~ 110 ug) of RihC.35
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Figure 4. SDS-PAGE analysis of RihC and URHL. Final protein preparation from the Maxwell®
16 purification system for RihC and URHL1. From left to right, lane 1 Bio-Rad Precision Plus
Protein™ unstained protein standard; lanes 3-6 URHL1 purifications; lanes 7-10 RihC. Visual
inspections of the lanes containing RihC and URHL1 revealed a purity greater than 95%. Based on

the calibration curve using the Bio-Rad Precision Pus Protein standards the subunit molecular

weight of URH1 was 37 kD and RihC was 33 kD.
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The native molecular weight of a protein is a function of the subunit molecular weight and the
number of subunits that aggregate. The native molecular weight of URH1 was determined using
size exclusion chromatography. The native molecular weight assists researchers with developing
better technique applications for separations and interactions for binding. Based on size exclusion
chromatography data performed by Dr Paul Kline, the apparent native molecular weight was
determined to be ~78.3 kD. It was determined from these experiments that the oligomerization
state of the enzyme was a homodimer consisting of two identical subunits. Nucleoside hydrolases
from baker’s yeast and Mycobacterium tuberculosis®*!?! have been observed to be monomers,
while protozoan nucleoside hydrolases have exhibited several different oligomerization states
including dimeric, trimeric, and tetrameric.t4141452122 C_fasciculata and Leishmania produced
inosine-uridine nucleoside hydrolases which form tetramers, while the purine-specific inosine-
guanosine nucleoside hydrolase from C. fasciculata form a trimer. In contrast, all plant nucleoside
hydrolases with a determined crystal structure have been observed to be dimers.?

Oligomerization states for nucleoside hydrolases in different species may be dependent on
several factors. Recombinant nucleoside hydrolases from Mycobacterium tuberculosis H37Rv
were found to have different oligomerization states based on the concentration of hydrolysis
products ribose, hypoxanthine, adenine, guanine, xanthine, and uracil.®® The enzyme
concentration may also affect the oligomerization state of nucleoside hydrolases in addition to the
effects of hydrolysis products. Four subunits were described from preliminary crystal structures of
RihC from E. coli which revealed two well-defined subunits and two subunits not as well-
defined.19:6

Dr Paul Kline from MTSU performed measurements of the hydrodynamic radius to

determine the oligomerization state of URH1 to determine if protein concentrations were important
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to the oligomerization state of URHL1. The hydrodynamic radii were measured using dynamic light
scattering (DLS) as a function of protein concentration. Dynamic light scattering can measure
protein structure by analyzing the diffusion behavior of proteins. Protein solutions with
concentrations at 10 mg/mL, Img/mL, and 0.1 mg/mL were measured in a Malvern Zetasizer Pro
dynamic light scattering system. The hydrodynamic radius of a protein depends on the size and
shape of the protein. For globular proteins, there is a strong correlation between the hydrodynamic
radius and molecular weight,'?3124 therefore, determination of the hydrodynamic radius allows

study of the oligomerization state of a protein.

The state of oligomerization/aggregation displayed by URH1 was complex with multiple
aggregates present at different concentrations (Figure 5). Four different enzyme subunits were
observed in 10 mg/mL (red) of URH1. The hydrodynamic radius ranged from ~0.1-10 pum as major
peaks for particle diameters with less than 20% abundance for each peak. As concentrations
decreased by a factor of 10, less subunit aggregates were seen with smaller particle diameters, but
with greater abundance. The hydrodynamic radius in a 1:10 dilution (blue) at 1 mg/mL of URH1
resulted in only two major subunits with particle diameters ~0.1-1 nm with 20-40% abundance
while a 1:100 dilution (green) at 0.1 mg/mL resulted only one subunit with a major peak at ~0.1
nm, but with 65% abundance. When a single subunit for URH1 was measured computationally
using the software Chimera (version 1.15) it was ~6.7 nm in diameter. Compared with the
oligomerization data collected, URH1 potentially has a monomer/dimer type subunit.
Understanding the behavior displayed by URH1 may have implications in future purification of
this protein, since size exclusion chromatography has been used as a final polishing step in other

protein purifications.*?
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Figure 5. Hydrodynamic Size Distribution. Hydrodynamic radii were determined using dynamic
light scattering with protein concentrations at 10 mg/mL, 1 mg/mL, and 0.1 mg/mL. Four different

states of oligomerization (red) were observed at 10 mg/mL URH1. As concentrations were lowered
by factors of 10 (blue) and 100 (green) only two states of oligomerization and one state of

oligomerization were observed respectively.
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3.2 Calcium Content of URH1

Dr Paul Kline from MTSU performed calcium measurements in URH1 to determine if
calcium was present. Determining the calcium content in URH1 is essential to understanding how
it regulates activity, substrate binding, and active site stability. The calcium ion in C. fasciculata
interacts with Asp10, Aspl15, and Thrl126 creating a stable active site allowing a water molecule
to interact with His241/Asp242 and cleave the glycosidic bond of a nucleoside.! The presence of
calcium decreases the pKa of the attacking water molecule allowing Asp-10 to accept a proton
from the water molecule, thereby increasing the nucleophilicity of the activated water molecule.’
This activated water molecule acting as a nucleophile attacks C1’ of the ribose moiety, generating
an oxocarbenium transition state.” Calcium is very predominant in plant nucleoside hydrolases
such as a nucleoside N-ribohydrolases (NRH) isolated from maize, known as Zea mays and
Physcomitrella patens, known as spreading earthmoss.*’ In Physcomitrella patens and Zea mays,
calcium is coordinated by several aspartic acid residues in a manner similar to the DXDXXXDD
motif reported for the parasitic protozoan enzymes.

To determine if calcium was present in URH1, the purified protein was treated with Quin-
2, a fluorescent indicator that binds with a high affinity for calcium compared to other divalent
cations such as magnesium, 2.9 = 0.2 nM and 89 + 5 uM respectively.'?412” As can be seen based
on computer modeling, the calcium ion is buried deeply in the active site.’” To ensure that the
Quin-2 reagent had physical access to the calcium ion, the protein was denatured by treatment with
8M urea. Size exclusion chromatography was used to separate the protein:Ca?*:Quin-2 complex
from other components present in the reaction mixture. The fluorescence chromatogram of URH1
shows A) the intensity of the fluorescence without Quin-2 and B) the intensity of the fluorescence

of the protein after treatment with Quin-2 and 8M urea (Figure 6). The fluorescent intensity of
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URHL1 in the presence of Quin-2 is approximately 50 times the intensity of the protein alone which

is consistent with the presence of a protein-bound calcium.
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Figure 6. Calcium Determination in URH1. A) Fluorescence chromatograph of URH1 without
the addition of Quin-2 fluorescence reagent or urea. B) Fluorescence chromatograph of URHL1 in
8 M urea and 100 pM of Quin-2. The excitation wavelength was 335 nm and the emission

wavelength was 492 nm.
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3.3

3.4

Equilibrium Constant Determination with HPLC

The equilibrium constant for enzymes is important to understand to predict the relationship
between reactants and products. The equilibrium constant for nucleoside formation in the presence
of high concentrations of base and ribose were determined for URH1. Because of the high
concentration of water in the reaction mixture compared to the other substrate concentrations, the
equilibrium constant was measured in the direction of nucleoside formation, rather than in the
direction of nucleoside hydrolysis. The equilibrium constants for nucleoside formation in the
presence of nucleoside hydrolases previously determined were relatively constant, ranging from
45 £ 2 M for RihC and 106 £ 16 M for CflU-NH, and to 263 + 19 M for a nucleoside hydrolase
from yellow lupin.»?"4! The reaction was initiated by the addition of ~ 15 ug URH1 to reaction
mixtures containing 2 mM hypoxanthine and varying concentrations of ribose from 0 to 3 M and
incubating at 37 °C until the amounts of inosine and hypoxanthine remained constant for a
minimum of 24 hr as determined by HPLC. No inosine was detected after 120 hr indicating the

reaction was essentially irreversible under these conditions and therefore at equilibrium.

Kinetic Mechanism

The kinetic mechanism for URH1 was essential to understand substrate interactions. The
kinetic mechanism for URH1 was determined by examination of the product inhibition patterns
for ribose and hypoxanthine. Both ribose and hypoxanthine exhibited competitive inhibition
patterns that were consistent with a rapid equilibrium random mechanism (Figure 7). A similar
mechanism was reported for AMP nucleosidase from Azotobacter vinelandii.’?® These

experiments resulted in a simple ordered release of adenine followed by ribose-5-phosphate in
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Figure 7. Kinetic mechanism for URH1. Based on competitive inhibition shown by ribose and
hypoxanthine, the mechanism is consistent with a rapid equilibrium random kinetic mechanism.
The mechanism is consistent with the low substrate specificity of the nucleobase and the high

specificity for the ribose moiety.

rapid equilibrium. In contrast, however, AMP nucleosidase resulted in a dead-end complex of the
enzyme, AMP, and adenine while our experiments resulted in rapid equilibrium between
enzyme, inosine, ribose, and hypoxanthine.

The major barrier in the enzyme-catalyzed reaction is the breaking of the N-glycosidic
bond in the enzyme-substrate complex rather than the binding of the substrates or release of the
products. This is further supported by kinetic isotope effects which showed that the formation of
the ribooxycarbenium transition state is the largest energetic barrier.** The low inhibition constant
for ribose compared to that of hypoxanthine is consistent with the broad substrate specificity of
the enzyme in which nucleosides with either purine or pyrimidine are substrates, while at the same

time there is a strict requirement for ribose as the pentose moiety.
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3.5. pH Optimum

Understanding pH interactions for enzymes are critical for comprehending residue
interactions and active site function. The optimal pH provides insight into the necessary conditions
for creating charged interactions and hydrogen bonding that are necessary to allow a protein to
fold and maintain its structural stability for optimal function. The activity of URH1 was determined
as a function of pH from 3- 9 using inosine as the substrate. The enzyme functioned over a wide
pH range retaining 80% of its activity at pH 5 and 60% of its activity at pH 9 (Figure 8). The
activity of the enzyme remained relatively constant from a pH 6 to 8. Below a pH of 3 and above
a pH of 9, the enzyme did not exhibit significant activity. Overall, this behavior is similar to other
nucleoside hydrolases which also functioned over a wide pH range. For example, a non-specific
nucleoside hydrolase from Alaska pea seeds resulted a bell-shaped activity profile with a pH

optimum at 6.4.*2°

3.6 Substrate Specificity

Nucleosides have many derivatives with different biological functions varying from their
natural analogues. Nucleoside hydrolases have also been classified in different groups based on
substrate analogues they break down. Group | nucleoside hydrolases are nonspecific nucleoside
hydrolases which preferentially hydrolyze inosine and uridine (IU-NH), Group Il nucleoside
hydrolases are purine-specific (IAG-NH), Group |11 are 6-oxopurine nucleoside hydrolases (Gl-
NH), and Group IV are pyrimidine-specific nucleoside hydrolases (CU-NH).” Structure-activity
relationships were determined for a number of different nucleoside analogues to evaluate the
importance of different moieties of the nucleoside in controlling the ability of URH1 to hydrolyze

the N-glycosidic bond. The ribonucleosides inosine, adenosine, guanosine,
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Figure 8. Effect of pH on activity of URH1. Using inosine (1 mM) as the substrate. The pH was
maintained with a buffer consisting of sodium acetate, MES, CHES, PIPES, HEPES, and BICINE
(300 mM) adjusted to the desired pH with HCI or NaOH. The enzyme maintained its activity over
a wide pH range. Activity was essentially constant from a pH of 6 to 8 with a sharp decrease in

activity above a pH of 8.
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nebularine (purine riboside), xanthosine, uridine, 5-methylurdine, and cytidine were substrates for
URHL1 in the order of lower to higher activity: 5-methyluridine (ribothymidine) > xanthosine >
uridine > adenosine > cytidine > inosine > nebularine > guanosine (Table 2 & 3). Based on the
observed activities, URHL1 is a non-specific nucleoside hydrolase for which both purine and

pyrimidine ribonucleosides were substrates.

Based on this classification, URH1 belongs to the Group | non-specific nucleoside
hydrolases exemplified by IU-NH isolated from C. fasciculata, although the relatively high activity
with adenosine is unusual for this class of enzyme. The relatively high activity associated with the
hydrolysis of adenosine may indicate this enzyme has a role in the synthesis and degradation of
cytokinins, a group of phytohormones that are derivatives of adenosine. URH1 may directly
control the amount of cytokinins present by controlling the rate at which these phytohormones are
degraded or it may control the amount of adenosine available for the synthesis of cytokinins.

The 2’-deoxyribonucleosides, 2’-deoxyuridine, 2’-deoxyadenosine, 2°- deoxyinosine, 2’-
deoxycytidine and thymidine exhibited no activity indicating the presence of the 2°-OH group is
essential for catalytic activity. This is consistent with other nucleoside hydrolases which have
resulted in a stringent specificity for the ribose moiety. The importance of -OH groups at other
positions on the pentose moiety was studied by determining the activity of URH1 with
cordycepin (3’-deoxyadenosine), 5’-deoxyadenosine, 2’-amino-2’-deoxyinosine, 9-B-D-
arabinofuranosyladenine (Vidarabine), 1-B-D-arabinofuranosyluracil, and 1-p-D- erythrouridine.
No activity was observed for any of the nucleosides in which one of the hydroxyl groups on the

ribose moiety has been removed including 3’-deoxyadenosine, 1-p-D-erythrouridine and

41



Table 2. URHL1 Purine Substrate Specificity.

Purine Substrates Velocity 6 Relative Velocity based on
(ImM) (umol/min) Inosine
Guanosine (0.5 mM) 1.280 + 0.026 129
Nebularine 1.010 £ 0.015 102
Inosine 0.991 £0.017 100
/Adenosine 0.952 +0.009 96
((Séygtyc;llzinr?:)thylallylamine purine riboside 0.550 £ 0.013 56
Xanthosine 0.448 + 0.014 45
Kinetin riboside (Cytokinin) *NM -
Zeatin riboside (Cytokinin) *NM -
6-Benzylaminopurine riboside *NM -
5'-Deoxy-5'-methylthioadenosine *NM -
5'-Deoxyadenosine *NM -
2'-Deoxyadenosine *NM -
2'-Deoxycytidine *NM -
2'-Deoxyinosine *NM -
2'-Amino-2'-deoxyinosine *NM -
6-Chloropurine riboside *NM -
7-Methylguanosine *NM -
9-B-D-Arabinofuranysladenine (Vidarabine) ANM i
3'-Deoxyadenosine (Cordycepin) *NM -
7-Deazadenosine (Tubercidin) *NM -

*NM — Not metabolized

See Appendices A, B, & C for structural details of substrate
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Table 3. URH1 Pyrimidine Substrate Specificity.

Pyrimidine Substrates Velocity 6 Relative Velocity based on
(ImM) (umol/min) Inosine
Uridine 0.451+0.011 46
Cytidine 0.979+£0.014 99
5-Methyluridine 0.236 = 0.005 32
2'-Deoxyuridine *NM -
Thymidine *NM -
3-Deazauridine *NM -
1-B-Erythrouridine *NM -
1-B-Arabinofuranosyluracil *NM -

*NM — Not metabolized

See Appendices A, B, & C for structural details of substrate

5’-deoxyadenosine, or has been altered including, 2’-amino-2’-deoxyinosine, 9-f-

arabinofuranosyladenine and 1-B-D-arabinofuranosyluracil. In 9-B-arabinofuranosyladenine and
1-B-D-arabinofuranosyluracil, the 2°-OH group is present, but its stereochemistry has been

inverted preventing the normal interaction between the calcium ion and the 2’-OH group. In 1-
B-D-erythrouridine, the 5’-hydroxymethyl group (-CH20H) has been replaced with a hydrogen at

C4’ and in 5’-deoxyadenosine, the 5’-OH group has been removed and replaced with a hydrogen

yielding a methyl group at C5°. The 5’-OH group had previously been found to contribute

greatly to the hydrolysis of the glycosidic bond.** The 5°-OH group participates in locking the
C4’-C5’ bond in a conformation that allows the 5°- hydroxyl group to form a hydrogen bond with
C8 of the purine group. Ab initio quantum chemical calculations indicate this hydrogen bond

facilitates the protonation of N7, an essential step in the hydrolysis of purine nucleosides. For
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pyrimidine nucleosides, the hydrolysis of 1-3-D-erythrouridine with URH1 was not observed
over a 24 hr time period and in RihC was 500 times lower than the rate of uridine hydrolysis. As
with other nucleoside hydrolases, URH1 has a stringent requirement for ribose. When bound to a
nucleoside hydrolase, the ribose moiety is surrounded by a group of conserved residues that
tightly bind the ribose moiety through the hydroxyl groups to correctly position the nucleoside.
In addition to the importance of the structural aspects of the pentose ring, the effect of
manipulating the nitrogenous base was also investigated. 7- Deazaadenosine (Tubercidin) in
which the N7 of purine ring has been replaced with a carbon, was not a substrate. This is
consistent with the results obtained with other nucleoside hydrolases from C. fasciculata,
Leishmania, yellow lupin and Alaska pea among others in which N7 of the purine base is
protonated early in the reaction to make the purine base a better leaving group. This is a common
feature of purine hydrolysis among all nucleoside hydrolases characterized from many species.
The activity of URH1 with 3-deazauridine, in which N3 of the pyrimidine ring has been replaced
with a carbon ina manner similar to N7 of 7-deazaadenoine was determined. As with 7-
deazaadenosine, 3-deazauridine was not a substrate indicating that protonation of N3 in a manner
similar to that of protonation of N7 for purines is a required step during hydrolysis of pyrimidines.
The chemical hydrolysis of purine nucleosides is acid-catalyzed and also involves protonation of
N7. Protonation of purine bases destabilizes these bases by making them electron deficient.*? The
electron deficiency is made up by cleavage of the N-glycosidic bond.

7-Methylguanosine, an alkylated nucleoside was tested for substrate activity. This
alkylated nucleoside mimics the N7-protonated nucleoside creating a permanent positive charge
on N7, similar to its protonation. Unexpectedly 7-methylguanosine was not metabolized, the

most probable reason being a steric effect between the exocyclic methyl group and the enzyme.



The chemical hydrolysis of pyrimidine nucleosides is more complex. The pKa of uridine’s N3 is
much higher than the purine N7, on the order of 9, than the pKa of adenosine N7, which is 2.4,
indicating N3 is already protonated over the pH range at which the enzyme is active. The acid-
catalyzed hydrolysis of uridine involves the hydration of the 5,6-double bond of uridine to yield
5,6-dihydrouridine which can undergo hydrolysis of the N-glycosidic bond.** Uracil can leave
as a stable anion formed by resonance between O2 and O4. Additional study will need to be done
to clarify the mechanism of enzyme-catalyzed hydrolysis of pyrimidines.

The structural requirements of the nitrogenous base are fairly non-specific with both
purines and pyrimidines being substrates. The presence or absence of a specific group at the C6
position of the purine ring has a limited effect on substrate activity. Nebularine (purine riboside)
which lacks an exocyclic group at C6 was a good substrate in which 80% of nucleoside was
converted to purine in 2 hrs, a finding similar to that for RihC. URH1 tolerates both hydrogen bond
donors and hydrogen bond acceptors in the C6 position of the purine ring. Adenosine containing
the hydrogen bond donor NH2 group and inosine containing the hydrogen bond acceptor =O group
are both substrates with comparable activities. Xanthosine, which contains a keto group at C6 was
hydrolyzed at a rate at approximately 57% of adenosine. The broad specificity of the nitrogenous
base seen in purines is also present in pyrimidine nucleosides. Both uridine, containing a keto
group at C4, and cytidine, containing an amino group at C4, are good substrates for URH1. In
addition, 5-ribothymidine (5-methyluridine) is a substrate with an activity comparable to that of
cytidine.

Plant hormones known as cytokinins are adenosine derivatives that help plants regulate
cells and promote development. Cytokinins are N6- substituted adenine derivatives that are

involved in a number of processes in plant growth and development including cell division, shoot
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initiation, and leaf senescence among others. Two cytokinins, trans-zeatin riboside ((N°- trans-4-
hydroxy-3-methyl-2-buten-1-yl)adenosine) and kinetin riboside ((N®-furfuryl)adenosine), and one
cytokinin precursor, 6-(y,y- dimethylallylamino)purine riboside were tested as substrates for
URHL1 (Figure 9).

The cytokinins, trans-zeatin riboside and kinetin riboside, were not substrates, while
unexpectedly 6-(y,y-dimethylallylamino)purine riboside was a reasonably good substrate. This is
in contrast to RihC from E. coli in which compounds, such as 6-(y,y-dimethylallylamino)purine
riboside and N®-benzylaminopurine riboside, containing a bulky group at N6 were not substrates.
The main limitation at the N6 exocyclic ring moiety appears to involve mainly steric effects.
Purines that contain bulky substituents such as the benzyl group or furfuryl group which are found
in cytokines were not substrates, although 6-(y,y-dimethylallylamino)purine riboside is an
anomaly. This is in contrast to all purines that completely lack an exocyclic group or contained the
relatively small - NHz or =O groups that are both substrates with comparable activities. Xanthosine,
which contains a keto group at C6 was hydrolyzed at a rate at approximately 57% of adenosine.
The broad specificity of the nitrogenous base seen in purines is also present in pyrimidine
nucleosides. Both uridine, containing a keto group at C4, and cytidine, containing an amino group
at C4, are good substrates for URHL1. In addition, 5-ribothymidine (5-methyluridine) is a substrate
with an activity comparable to that of cytidine.

The kinetic constants, Michaelis constant (Km), and turnover number (kca) were determined
for URH1 using inosine and uridine as substrates in triplicate (Table 4). Velocities for uridine and
inosine were determined spectrophotometrically at concentrations of 10 uM, 50 uM, 100 puM, 250
MM, 500 uM, 750 uM, and 1,000 M. The resulting velocity versus concentration data were fitto a

Michaelis-Menten equation using a non-linear regression. Both substrates for each enzyme tested
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A) B)

Kinetin Riboside 6-y-y-Dimethy lamino
Purine Riboside

C) OH D)

trans-Zeatin Riboside 6-Benzylamino Purine Riboside

Figure 9. Cytokinin Chemical Structures. The structures above represent three cytokinin purine
ribosides and a fourth aromatic riboside all tested as substrate for substrates. Further
characterization needs to be carried out to ultimately determine the structure of the active site.
URH1. The three cytokinin structures are A) Kinetin riboside B) 6-y-y-Dimethylaminopurine
riboside and C) trans-Zeatin riboside. The fourth aromatic riboside is D) 6-Benzylamino purine

riboside. 6-y-y-Dimethylamino purine riboside is a precursor in the biosynthesis of cytokinins.
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Table 4. Kinetic parameters for RihC and URH1. Both values for RihC from E. coliand URH1

from A. thaliana with inosine and uridine. Values for RihC are taken from Arivett et al. 2014.

Enzyme Substrate = Kwm(UM) Kcat per subunit (s?) Keat/Km (M s71)

RihC Inosine 422 + 225 4.31+0.22 1.02 x 10*
Uridine 408 £ 184 10.8+£0.23 2.6 x 10*

URH1 Inosine 509 + 177 61.87 £ 1.49 1.22 x 10°
Uridine 2,099 + 389 629.9 £ 3.61 2.99 x 10°

exhibited normal hyperbolic curvature consistent with Michaelis-Menten kinetics (Figure 10).
There was no evidence of allosteric behavior with either inosine or uridine.

The Michaelis constants for URH1 with inosine and uridine were 509 + 177 and 2,099 +
389 uM respectively, while the turnover numbers were 61.87 + 1.49 s for inosine and 629.9 + 3.61
s’ for uridine. Jung et al have reported the Michaelis constant for uridine was 800 uM and for
inosine was 1400 uM for URH1 which are consistent with the values reported in this study. The
Michaelis constants for RihC with inosine and uridine were previously reported to be 422 + 225
MM and 408 £ 184 uM respectively. The turnover numbers for inosine and uridine were 4.31 £
0.22stand 10.8 +0.23 s%.

The turnover numbers for both inosine and uridine for URH1 were significantly higher
compared to RihC. In addition, URH1 exhibited a greater difference between the turnover

numbers of uridine compared to inosine, 10-fold, compared to the 2-fold difference of Kcat for
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Figure 10. Michaelis-Menten plots for URH1. The average of triplicates for velocity
measurements of uridine (A) and inosine (B) were plotted against nucleoside concentrations. A
nonlinear regression analysis was used to fit the Michaelis-Menten equation to the observed rate

determine K, and V..

uridine and inosine in RihC. These variations may reflect the various metabolic roles of nucleoside
hydrolases in different organisms. In E. coli, the role of nucleoside hydrolases is not well-
understood as their metabolic role is duplicated by nucleoside phosphorylases®. In plants, a
deficiency of enzymes of the salvage pathway exhibit reduced fertility and germination indicating

they are important, but not necessarily essential for growth.”®3!

The Michaelis constants for uridine and inosine from RihC and for inosine from URH1 are
relatively constant. Uridine from URH1 has a significantly higher Michaelis constant, 4-fold,

compared to the other reported values. URH1 from A. thaliana has a large Michaelis constant and

49



a high keat, indicating that while the enzyme efficiently hydrolyzes uridine its activity is significant
only in the presence of high uridine concentrations. Despite the similarities in nucleoside
hydrolases from C. fasciculata, L. major, E. coli, and A. thaliana, there are differences in the
catalytic parameters and efficiency. The Michaelis constants for inosine and uridine in E. coli and
L. major were similar, while in A. thaliana and C. fasciculata, the Michaelis constants for uridine
were significantly higher than for inosine. It was observed that URHL1 in A. thaliana was much
more energetically favorable to pyrimidine hydrolysis compared to purine hydrolysis while the

opposite was true for RihC in bacteria.
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CHAPTER IV: MOLECULAR MECHANICS RESULTS AND DISCUSSION

4.1 Multiple Sequence Analysis

A multiple sequence analysis allows researchers to compare and contrast sequences from
different organisms to identify conserved regions, predict functional domains, and infer
evolutionary history. The crystal structural files were obtained for the non-specific CfFlU-NH from
Crithidia fasciculata (accession# Q27546) (PDB ID: 1MAS), the purine specific TVIAG-NH from
Trypanosoma vivax (accession# Q9GPQ4) (PDB ID: 2FF1), the nucleoside N-ribohydrolases from
Physcomitrium patens (PpNRH) (accession# A9TXAG6) (PDB ID: 4KPN), and the nucleoside N-
ribohydrolases from Zea mays (ZmNRH) (accession# B6T563) (PDB ID: 4KPO) from the RCSB
PDB. In addition, the FASTA protein sequence files for RihC found from E. coli (accession #
P22564.1) and URH1 found from A. thaliana (accession # Q9SJM7.2) were also retrieved to
produce a multiple sequence analysis between each different nucleoside hydrolase. The %
similarity and evolutionary relationship between each nucleoside hydrolase were ascertained by
using the EMBOSS Needle PSA tool and Clustal Omega MSA tool.%%7

A PSA between the protozoan enzymatic sequences and URH1 resulted in the least
similarity overall, as expected. CflU-NH is a non- specific IlU-NH which shared the closest
homology and reaction mechanism with URH1, while TVIAG-NH is a purine specific inosine-

adenosine- guanosine nucleoside hydrolase with less homology to URH1, but a very

different reaction mechanism.®* URH1 and CfIlU-NH shared 49.9% similarity between each
other, but when compared to TVIAG-NH, URH1 only shared 31.1% similarity. These results were
expected since TVIAG-NH is a purine specific nucleoside hydrolase rather than a non-specific

nucleoside hydrolase. These results were also consistent when CflU-NH was compared to TVIAG-
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4.2

NH by only sharing a 37.6% similarity. The bacterial enzymatic sequence RihC from E. coli was
also compared to URH1 but resulted in a higher % similarity then protozoa. URH1 and RihC shared
50.3% similarity between each other. These results were also expected since RihC is a non-specific
IU-NH with similar reaction characteristics to URHL.

As expected, plant protein sequences for PONRH and ZmNRH resulted in the highest %
similarity compared to URH1 using a PSA tool. PpNRH shared 62.5% similarity to URH1, while
ZmNRH shared 75.5% similarity. PpPNRH and ZmNRH each shared 63.8% similarity between each
other, but when compared to URH1 the ZmNRH had the highest % similarity with regards to
residue similarity. A multiple sequence alignment of each nucleoside hydrolase shows where
conserved residues can be located between different species (Figure 11). Conserved active site
residues have been highlighted to present the calcium binding motif early in each sequence
followed by the protonation pair which comes later in the sequence. The evolutionary relationship
between each species can also be viewed in a phylogenetic tree (Figure 12). The phylogenetic tree
shows how each different nucleoside hydrolase may function the same mechanistically based on
the similarity of amino acid residues which are present. Next we evaluated the structural
characteristics of each enzyme by producing molecular docks of each protozoa and plant structural

models retrieved from the PDB and compared them using an inosine ligand.

NUCLEOSIDE CONFORMATIONAL PARAMETERS

Characterization of hydrolysis reactions catalyzed by nucleoside hydrolases also requires
an understanding of the bound conformation of the nucleoside ligand before analyzing the docked
state of each enzyme. Nucleosides have complicated and extensive geometries between the ribose

sugar and nucleobase. Conformational parameters were evaluated after docking inosine to the
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CLUSTAL 0(1.2.4) multiple sequence alignment

TvIAG-NH|Q9GPQ4 | T.vivax
PpNRH | A9TXA6 | P.patens
URH1|Q9SJM7.2|A.thaliana
ZmNRH | B6T563 | Z.mays
CfIU-NH|Q27546|C.fasciculata
RihC|P22564.1|E.coli

TvIAG-NH|Q9GPQ4 |T.vivax
PpNRH |A9TXA6 | P.patens
URH1|Q9SJM7.2|A.thaliana
ZmNRH | B6T563 | Z.mays
CfIU-NH|Q27546|C.fasciculata
RihC|P22564.1|E.coli

TvIAG-NH|Q9GPQ4 | T.vivax
PpNRH | A9TXA6 | P.patens
URH1|Q9SJM7.2|A.thaliana
ZmNRH |B6T563| Z.mays
CfIU-NH|Q27546|C.fasciculata
RihC|P22564.1|E.coli

TvIAG-NH|Q9GPQ4 |T.vivax
PpNRH |A9TXAG6 | P.patens
URH1|Q9SJM7.2|A.thaliana
ZmNRH |B6T563|Z.mays
CfIU-NH|Q27546|C.fasciculata
RihC|P22564.1|E.coli

TvIAG-NH|Q9GPQ4 | T.vivax
PpNRH |A9TXA6 | P.patens
URH1|Q9SJM7.2|A.thaliana
ZmNRH |B6T563 | Z.mays
CfIU-NH|Q27546|C.fasciculata
RihC|P22564.1|E.coli

TvIAG-NH|Q9GPQ4 | T.vivax
PpNRH | A9TXA6 | P.patens
URH1|Q9SJM7.2|A.thaliana
ZmNRH |B6T563| Z.mays
CfIU-NH|Q27546|C.fasciculata
RihC|P22564.1|E.coli

TvIAG-NH|Q9GPQ4 | T.vivax
PpNRH |A9TXA6 | P.patens
URH1|Q9SJM7.2|A.thaliana
ZmNRH |B6T563 | Z.mays
CfIU-NH|Q27546|C.fasciculata
RihC|P22564.1|E.coli

————————————————————— MRGSPHHHHHHGSAKNVVLOHDGNLDDFVAMVLLASNTE
—————— MGSSHHHHHHSQDPAVPENVVGTIQSSPPKKVIIOTDPGI DDAMAI FFALKSPE
MDCGMENCNGGISNGDVLG-——==———====== KHEKLIIDTDPGIDDSMAILMAFQTPE
—————— MGSSHHHHHHSQD-—-——----------PNSKIIIDTDPGI DDSVAI LMAFQMPG
—————————————————————————————————— AKKIILDCDPGLDDAVAILLAHGNPE
————————————————————————————————— MRLPIFLDTDPGIDDAVAIARAIFAPE

Lok ok ekk ok

KVRLIGALCTDADCFVENGFNVTGKIMCLMHNNMNLPLFPIGKSAATAVNPFPKEWR-——
—LDVIALTTIYGNVRTPTA-TVNALHLLEFAGREDIPV---SEGFRT---SLRGELKERI
~LEILGLTTVFGNVSTQDA-TRNALLLCEIAGFPDVPV---BEGSSE---PLKGGI-PRV
—VQVLGLTTIFGNCTTEHA-TRNALILCEKASHLEVPV———AEGSHE———PLKGGK—PHV
~IELLAITTVVGNQTLAKV-TRNAQLVADIAGITGVPI---AAGCDK--—-PLVRK--IMT
‘LDLQLMTTVAGNVSVEKT—TRNALQLLHFW*NAEIPL——-AQGAAV———PLVRA—-PRD
- - - - .k . -

—CLAKNMDDMPI LNIPENVELWDKIKAENEKYE-GQQLLADLVMNSEEKVTICVTGPLSN

ADFVHGADGLGNTYPTL-——=-~ SDRKPIDTFAPDYLI--QKVNEFPGEITIVALGPLTN
ADFVHGKNGLGDVSLPP-————— PSRKKSEKSAAEFLD--EKVEEYPGEVTILALGPLTN
ADFVHGPDGLGNVDLPD-=———— PTIKKVEESATDFLV--DKVSRFPGEVSVLALGPLTN
AGHIHGESGMGTVAYPA-—-———— EFKNKVDERHAVNLIIDLVMSHEPKTITLVPTGGLTN
AASVHGESGMAGYDFVE-————- HNRKPLGIP--AFLAIRDALMRAPEPVTLVAIGPLTN

. . * ke K

VAWCIDKYGEKFTSKVEECVIMGGAVDVRGNVFLPSTDGTAEWNIYWDPASAKTVFGCPG

LAAAVEC-DPTFAKKVGQIIILGGAFQVNGNV————— NPAAEANIYGDPEAADIIFTC-G
LALAIKR-DSSFASKVKKIVILGGAFFSLGNV-———- NPAAEANIYGDPEAADVVFETS-G
IALAIKK-DPSFVKNVKKIVVLGGAFFAAGNA-———— TPSAEANIHSDPEAADMVFEFTS-G
IAMAARL-EPRIVDRVKEVVLMGGGY-HEGNA-——=— TSVAEFNIIIDPEAAHIVFNE-S
IALLLSQ-CPECKPYIRRLVIMGGSA-GRGNC-——-~— TPNAEFNIAADPEAAACVFRS-G
. * - --:**_ * % **x **% * % :* :*

LRRIMFSLDSTNTVPVRSPYVQRFGEQTNFLLSILVGTMWAMCTHCELLRDGDGY YAWDA

ADILVVGINITHQVYWTGKDLEDLGRSDSKFGKYLYAASHFYATYHREAYDIDAIYLHDP

ADITVVGINITTQLKLSDDDLLELGNCKGKHSKLISDMCKFYRDWHVKSDGVYGVYLHDP

ADIYVVGLNITTQVSFTDKDLLELRNSQGKYAQFLCDVCKFYLDWHTESYGAPVIFLHDP

WQVTMVGLDLTHQALATPPILQRVKBVDTNPARFMLEIMDYYTKIYQSNRYMAAAAVHDP

IEIVMCGLDVTNQAILTPDYLSTLPQLNRTGKML-——~— HALFSHYRSGSMQSGLRMHDL
- * . *

LTAAYVVDQKVANVDPVPIDVVVDKQPNEGATVRTD-——=——————. AENYPLTFVARNPE
ATMVAAVDPSLMTYATGAVRVQKDGICK-GLTLFNNSNKVWHDPTDWCGIPPVKVAVTVD
VSFVAVVRPDLFTYKKGVVRVETQGICV-GHTLMDQGLKRWNGSNPWVGYSPISVAWTVD
VSFAALVRPELFTFKKGVVRVETQGICV-GHTSMDMLLKKWNSENPWTGYSPISVAWTVD
CAVAYVIDPSVMTTERVPVDIELTGKLTLGMTVADF--————~— RNPRPEHCHTQVAVKLD
CAIAWLVRPDLFTLKPCFVAVETQGEFTSGTTVVDI-—————— DGCLGKPANVQVALDLD

. . * * * *

AEFFLDMLLR----SARAC
RERVASLLKERLTAP----—
VEGVLEYVKAKLMKP----
VPKVVAFVKELVTKP-———
FEKFWGLVLDALERIGDPQ
VKGFQQWVAEVLALAS———

Figure 11. Multiple Sequence Analysis. The sequences for TVIAG-NH, CflU-NH, PpNRH,
ZmNRH, and URH1 were all compared using an MSA. Conserved residues for the DXDXXXDD

motif for calcium binding and HD/WD protonation pair are identified with red letters.
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TVvIAG-NH|Q9GPQ4|T.vivax
PpNRH|A9TXAG|P.patens

S URH1|Q9SJM7.2|A.thaliana
& ZmNRH|B6T563|Z.mays
s CflU-NH|Q27546|C.fasciculata

RihC|P22564.1|E.coli

Figure 12. Phylogenetic tree. Evolutionary relationships between each different nucleoside

hydrolases for each species can be seen above.

active site of each PDB model and the homology model of URH1. Inosine was chosen because it
has been well described experimentally in the literature and conformations are much easier to
observe when viewing molecular docks. Three important conformational parameters for inosine
to gauge favorable docks involved pseudorotation between the C2’ and C3’ on ribose, the
exocyclic orientation of C4’-C5’ on ribose, and the glycosyl conformation of the nucleoside base between
ribose.132-138 Very little is known about what residues affect each conformational pose so these
parameters were evaluated with each dock to compare between each type of nucleoside hydrolase.
Comparing these four related nucleoside hydrolase docks with crystal structures from the PDB
allowed us to see if we can assume functionality between residues on the URH1 homology model.

The pseudorotation cycle can take two forms: an envelope (E) with four atoms in the same
plane forming a boat structure or a twist (T) with two adjacent atoms displacing the other three
atoms in a chair structure.’®1%® When the C2’ or C3’ atom is puckered in an upward direction in
the same plane as the C5° hydroxyl it takes an -endo conformation.’®*1%¢ When the C2’ or C3’

atom is puckered in a downward direction away from the C5’ hydroxyl plane it takes an -exo
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conformation..t32-1% The most energetically favorable pose for pyrimidine nucleosides is the C3’-
endo conformation, while the most energetically favorable for purine nucleosides is the C2’- endo

conformation (Figure 13).13#713

The second parameter involves the orientation of the exocyclic C4’- C5’ bond.*3271% The
C4’-C5’ bond can freely rotate the O5” hydroxyl in three conformations around the furanose ring as:
gauche-gauche (g+g-), gauche- trans (g+t), and trans-gauche (t+g).1**'% Each one of these
conformational poses affect flexibility through sugar/base interactions, hydrogen bonding, and
ultimately how the structure will come to function as a nucleic acid. 2% The gauche-gauche
conformation is typically the most favorable pose and faced inside the pentofuranose ring at 60°
from the C2’ while gauche-trans and trans-gauche face away from the pentofuranose ring at 180°
and 300°(-60°) from the C2’ respectively (Figure 13).1327136

The third and final parameter involved two conformations according to where the
nitrogenous base is oriented relative to the pentofuranose ring.'*23 The syn-conformation
resulted in the bulk of the nitrogenous base located over the pentofuranose ring while the anti-
conformation resulted in the bulk of the nitrogenous base rotated away from the pentofuranose
ring.13271% In solution, purine and pyrimidine nucleosides exist in the syn and anti-conformations
with equal frequency at equilibrium, but the anti-conformation is energetically more favorable out
of the two conformations due to less steric hindrance and the ease of hydrogen bonding with the
exposed base pointing away from the pentofuranose ring (Figure 13).13271% All of these parameters
were evaluated with inosine docked as a ligand in the active site of protozoan and plant nucleoside
hydrolases from the PDB along with the URH1 homology model relate functionality. Next, we

evaluated the active site residues for each protozoan model with inosine docked.
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C3’-endo
Cl== === c2 Cl= === - c2 Cl== === c2
7/ AY / \ 4 \
’ Os \ ’ Hs"” \ ’ Hs \
/ \ \ 7 \
O C3 0] c3 0] C3
Hs’ o Hs" Os' Ha Hs' Hs” o Os'
gauche-gauche trans-gauche gauche-trans

Figure 13. Nucleoside Conformational Parameters. Each nucleoside conformational parameter
can be viewed above. Red areas note oxygen atoms in the ring while blue notes nitrogen atoms.
The pseudorotation of the ribose A), exocyclic C4’-C5” Newman projection of O5’ B), and
glycosyl conformation C) are also presented. The figure was reproduced from An

Vandemeulebroucke Dissertation, 2008.13¢
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4.3 Molecular Docks Between Protozoan Models

Molecular docking of protein and ligand structures allowed the viewing of important spatial
interactions that occur between amino acid residues when in close proximity to nearby ligands for
a deeper understanding of active site interactions. The crystal structural files of the putative
enzymes for CfIU-NH from Crithidia fasciculata (PDB ID: 1MAS) and Trypanosoma vivax (PDB
ID: 2FF1) were retrieved from the RCSB PDB to perform molecular docks with inosine. CflU-NH
is a non-specific IlU-NH which shares close homology and a reaction mechanism with URHL1,
while TVIAG-NH is a purine specific inosine-adenosine-guanosine nucleoside hydrolase with
slightly less homology to URH1, but a very different reaction mechanism.**° URH1 and CflU-NH
shared 49.9% similarity between each other, but when compared to TVIAG-NH, URH1 only shared
31.1% similarity. These results were expected since TVIAG-NH is a purine specific nucleoside
hydrolase with less homology then CflU-NH which is a non-specific nucleoside hydrolase. These
results were also consistent when CflU-NH was compared to TVIAG-NH by only sharing a 37.6%
similarity. The crystalline structure for CFlU-NH and TvIAG-NH retrieved form the PDB can each
be viewed in along with a close- up view of the active site docked with an inosine molecule and a
close-up view of the residues around the N7 atom on inosine within ~5 A (Figure 14 and 15).

Conserved residues were evaluated around the active site. Six residues have been associated
with nucleoside hydrolysis experimentally in the past around the active site of protozoa.” Four
aspartic acid residues from a motif of the protein sequence in the order DXDXXXDD are believed
to be involved in calcium binding along with a single Thr residue. CflU-NH and TvIAG-NH both
shared these residues in sequence order with each other. A fifth, single Asp paired with a His residue
later in the protein sequence believed to contribute to protonation during nucleoside hydrolysis was

observed on CflU-NH.” TVIAG-NH did not share these same residues. TVIIAG-NH had Trp260
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located near the N7 atom on inosine where the histidine residue was located on CflU-NH. The Trp
residue is believed to function in the activation of the purine base through an arene-arene
interaction with a second Trp residue to stack the purine base in position for hydrolysis.**

The distances between the six primary residues believed to be involved between calcium
binding and base protonation were also measured. Potassium was used as a place holder ion to
represent calcium for the CfIU-NH. Residues observed as potentially binding calcium (represented
as potassium visually) on the CfIU-NH were Asp10, Aspl5, Asp242, and Thrl126. Each of these
residues ranged at distances from 2.4-2.7 A. The most feasible residues closest to N7 on inosine and
involved with base protonation are His241 and Asp14. His241 and Asp14 were each 4.8 and 4.2 A
away from N7 respectively. Residues on TVIAG-NH closest to calcium based on the crystalline
structure form the PDB are Asp10, Asp15, Asp261, and Thr137. The most feasible residues closest
to N7 available for arene stacking on TvIAG-NH was Trp260. Trp260 was ~7.8 A away while an
Asp14 was measured 7.0 A away for reference (Figure 14 & 15). Based on these solved structures,
we used these residues to identify which residues of URH1 are likely to be involved in the reaction.

Several other residues, previously uninvestigated, were close enough for involvement with
protonation for hydrolysis. Amino acid residues and local atoms around the N7 atom on inosine
were selected and viewed in a 5 A zone using Chimera (version 1.15).%%1% Distances were
measured for each species to find residue similarities to URH1 (Figures 14 and 15). The CflU-NH
active site structure was mapped and had four residues available for ligand interaction. The only
significant residue located on CflU-NH was His241 which acts as its primary electron donor during
protonation allowing the formation of an oxocarbenium ion on the ribosyl moiety to use water in
a nucleophilic reaction.®%4° His 241 was measured to only be 4.8 A from N7. Other residues

within 5 A with reactive side groups were Asp14, Asn160, and Phe167, but were of no interest as
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reactive side groups to merit further interest.

The TvIAG-NH protonation residues did not share homology with any of the species
examined in this study. Distances around the N7 atom on inosine were also mapped around
TvIAG-NH as well with four residues found to be within 5 A area nearby. TvIAG-NH was identified
having Trp83 and Trp260 which both act on nucleoside ligands by stacking pi elections from the
ring structures in parallel to align the nitrogenous base for protonation.®*3” Both Trp residues were
measured to be only 4.5 and 7.3 A away from N7. Other residues within 5 A with reactive side

groups were Asn12 and Asp 40 which may both have the potential to play a role in hydrolysis.

The conformational poses of inosine were also examined on CflU- NH and TvIU-NH.
Inosine docked in the CfIU-NH and TvIU-NH active sites both showed the nucleobase facing the
anti-conformation away from ribose. The pseudorotation of ribose found in the active site of both
protozoa models were inatwist (T) pose inthe C2’-endo conformation. The exocyclic C4’-C5’ bond
with OS5’ hydroxyl found on each protozoa model were different. The CfITU-NH favored a trans-
gauche orientation while TvIU-NH favored the gauche-trans orientation. Protozoa models appear
to both favor an anti-C2’-endo conformation, but only changed conformational poses with regards

to the exocyclic C4’- C5’ bond (See Figure 13).
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Figure 14. CflU-NH Active Site (1IMAS). The overall crystalline structure for CflU- NH from the
PDB can be seen in A. The active site of CflU-NH with inosine docked and the distances for Asp10,
Aspl4, Aspl5, Asp 242, Thr126, and His241 to relevant residues can also be viewed in B. A5 A
zone was created around N7 of the inosine nitrogenous base to determine favorable residues

available to interact for protonation as a potential electron donor C.
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Figure 15. TVIAG-NH Active Site (2FF1). The overall structure of the crystalline structure for
TvIAG-NH from the PDB can be viewed in A. The active site of TVIAG-NH with inosine docked
and the distances for Asp10, Aspl4, Aspl5, Asp 261, Thr137, and Trp260 to relevant residues can
also be viewed in B. A5 A zone was created around N7 of the inosine nitrogenous base to determine

if favorable residues were available to base interactions C.
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4.4 Molecular Docks Between Plant Models

In similar fashion, molecular docks using other plant models which have been
experimentally observed to act as non-specific IU-NHs were also evaluated to relate the
functionality of the URH1 homology model. Structural files for PDPNRH from Physcomitrium
patens (PDB ID: 4KPN) and ZmNRH from Zea mays (PDB ID: 4KPO) were retrieved from the
RCSB PDB. Molecular docks of inosine were created with the plant PDB models. Plant models
were shown to share very close homology with URH1 based on pairwise and multiple sequence
analysis tools (Figures 11 and 12). The percent similarity between PPNRH and ZmNRH was only
63.8%, but when compared to URH1, PpNRH shared 62.5% similarity, while ZmNRH shared
75.5% similarity. The structural characteristics for each plant model was also viewed in Chimera
(version 1.15).*" The crystalline structure for PONRH and ZmNRH retrieved from the PDB can
each be viewed with a close-up view of the active site docked with an inosine molecule and a
close-up view of the residues around the N7 atom on inosine within ~5 A (Figures 16 and 17).

Conserved residues were also evaluated around the active site of each plant model. The
same six homologous residues related to nucleoside hydrolysis present in protozoan models were
also present in PpPNRH and ZmNRH. Each plant model had four Asp residues from the
DXDXXXDD motif, believed to be involved with calcium binding, along with a fourth Asn
residue. It appeared Asn may have changed from the Thr residue found in protozoan models. A
fifth, single Asp paired with a His residue later in the protein sequence were also present
related to protonation for hydrolysis. The residues around the active site were also mapped as they
were for the protozoan model (Figures 16 and 17).

Homologous residues attributed to calcium binding in PpPNRH with tight coordination

include: Asp25, Asp29, Asn54, and Asp258. Each of these residues measured in distance from 2.3
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and 4.5 A from calcium. The N7 atom from inosine was also measured for Asp29 and His257.
Each of these residues were closest to coordinate with the N7 atom to provide a reasonable means
for protonation for hydrolysis. Asp29 and His257 were measured to be 5.1 and 5.6 A respectively.
The residues associated with calcium binding on ZmNRH included: Asp8, Aspl3, Asn37, and
Asp240. Each of these residues were measured at distance ranging from 2.5 to 4.6 A. Protonation
residues near the N7 atom included Asp12 and His239 and were distance of 4.5 to 5.6 A
respectively.

Because of the close homology between plant IU-NHs from PpNRH and ZmNRH we
expect to see very similar structural and functional characteristics from URH1. Other residues
close to the N7 atom of the inosine purine ring were also selected on the plant models for PpNRH
and ZmNRH as well (Figure 16 and 17). PpNRH had a His99 and His257 very close to the N7
atom also potentially close enough for protonation. His99 was only 5.6 A from N7 while His257
was only 5.1 A. Other residues of interest on PpNRH included Asn176, Tyr241, and Tyr244.

ZmNRH also had a His81 and His239 very close to the N7 atom also potentially close enough

for protonation. His81 was only 5.6 A from N7 while His239 was only 4.5 A. Other residues of
interest on ZmMNRH included Asn58, Tyr223, and Trp226.

The poses of inosine were also examined on PPNRH and ZmNRH. Inosine docked in the
PpNRH and ZmNRH active sites both showed the nucleobase facing the anti-conformation away
from ribose as well. The pseudorotation of ribose found in the active site of each plant model were
also in a twist (T) pose and the C2’-endo conformation. The exocyclic C4’-C5’ bond with OS5’
hydroxyl found on each plant model were both in the gauche-trans orientation. The plant models
appear to both favor an anti- conformation with a (T) C2’-endo pseudorotation, and an exocyclic

C4’-C5’ bond gauche-trans orientation (See Figure 13).
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Figure 16. PDNRH Active Site (4KPN). The crystalline structure for PpNRH from the PDB can
be viewed in A). The active site of PPNRH with inosine docked and the distances for Asp25,
Asp29, Asp30, Asn54, His257, and Asp 258 to relevant residues can also be viewed in B). A5 A
zone was created. A5 A zone was created around N7 of the inosine nitrogenous base to determine

favorable residues available to interact for protonation as an electron donor in C).
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HIS 239

Figure 17. ZmNRH Active Site (4KPO). The crystalline structure for ZmNRH from the PDB can
be viewed in A). The active site of ZmMNRH with inosine docked and the distances for Asp8, Aspl2,
Aspl13, Asn37, His239, and Asp 240 to relevant residues can also be viewed in B). A5 A zone was
created around N7 of the inosine nitrogenous base to determine favorable residues available to

interact for protonation as an electron donor in C).
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4.5 Structural Analysis of URH1

The results produced from sequence alignments and structural analysis can all be used to
relate functional mechanics to the URH1 homology model produced by the SWISS-MODEL
website.%88%8.9192 \/isyal models were created with the overall structure of URH1 along with a
close view of the active site docked with an inosine and a close view of URH1 residues around the
N7 atom on inosine (Figure 18). Conserved residues on six sites identified from two motifs for
calcium binding and base protonation from previous analyses were also present on URHL1 as well.
Each of the residues and distance models were also applied to the URH1 model to draw
comparisons with other models.

Residue distances were very consistent with crystal models retrieved from the PDB.
Distances between residues from a motif shown to be involved with calcium binding on URH1
included Asp29, Asp34, Asn58, and Asp261. Each of these residues were tightly bound around
calcium at distances of 2.7 to 4.7 A. Two other homologous residues on a second motif close enough
to the N7 atom on inosine that could potentially be attributed to protonation on URH1 were Asp33
and His260. Asp33 and His260 were the closest residues near N7 at a distance of 5.3 and 4.2 A
from the N7 atom on inosine, respectively. Several other residues were also observed around the
N7 atom on inosine not previously attributed to hydrolysis but were close enough and had the
charge (Figure 18). His102 was only 5.3 A away from N7 which is as comparatively close as
His260 which has been the conserved residue attributed to base protonation driving hydrolysis in
reaction mechanics

The poses of inosine were examined for each docked ligand as well. Inosine docked in the
URHL1 active site resulted the nucleobase facing the anti- conformation away from ribose. The

pseudorotation of ribose found in the URHL1 active site was in a twist pose (T) in the C2’-endo
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ASN179

HIS260

Figure 18. UR1 Active Site. Sequence data retrieved for URH1 from NCBI was used to create a
SWISS-MODEL structure seen in A). The active site of the SWISS-MODEL URH1 with inosine
docked and the distances for Asp29, Asp33, Asp34, Asp 261, Asn58, and His260 to relevant
residues can also be viewed in B). characteristics to interact with protonation. These residues
included: His102, Asn179, Tyr244, and Trp247. A 5 A zone was created around N7 of the inosine
nitrogenous base to determine favorable residues available to interact for protonation as an electron

donor in C).
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4.6 Molecular Dynamics Simulations with URH1

Molecular dynamics (MD) computational modeling for enzymatic studies have become a
popular method to predict reaction mechanisms by using ligand docking, molecular mechanical
(MM), and quantum mechanical (QM) analyses tools to predict regions that are flexible and static
to target for mutations.>>861.138-148 Computational simulations allow users to explicitly describe
the Newtonian movements of all protein, ligand, and solvent atoms, thereby providing information
on protein:ligand interactions in solution. Models of protein residues important to ligand binding
can be developed based on relative distances of residues with respect to each other. We used MD
simulations of URHL1 to determine residue flexibility regions around the active site to assist
targeting residues which mostly likely drive nucleoside hydrolysis function. To accomplish this,
we produced four MD simulations with the software GROMACS using undocked apo and holo
states along with docked inosine and uridine states of URH1.102-106

MD simulations were produced using the apo state without calcium or a ligand, the holo
state with a calcium cofactor present, and two docked models using inosine and uridine docked
with a calcium cofactor. We hoped to produce conformational states which revealed the areas of
greatest flexibility and change while ligand and cofactors were bound and unbound in and around
the active site. Each of these states were equilibrated and tested for favorable temperature and
pressure conditions. A short 10 ns MD simulation was performed to determine if the system was
relaxed and stable before producing longer 200 ns MD simulations. A plot of the RMSD and
time was produced to present the overall system equilibration/relaxation (Appendix E).

After verifying the system was relaxed, we produced three different MD simulations to
capture molecular mechanical movements of URH1 while in solution. We then used a principal

component analysis (PCA), Gibbs-free energy (GFE) landscape, and a root-mean square
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fluctuation (RMSF) of URHL1 to analyze static and dynamic areas located around the regions on
URH1. The information gathered allowed us to build a picture of the important residues around
URH1 which may be driving the mechanism of hydrolysis with nucleosides.

To assess the conformational dynamics of URHL1, a principal component analysis (PCA)
was performed. The PCA evaluated multidimensional data from MD trajectories created in
GROMACS and produced a simplified representation of regions with major motion moving in
unison for each URH1 state. Scree plots present the proportion of variance plotted against the
eigenvalue rank of the individual conformational motions to highlight dominant motions displayed
by the simulated protein states. The principal component for the undocked apo and holo protein along
with the docked inosine and uridine URH1 states can be viewed in four scree plots (Figure 19).
Each scree plot illustrates the principal components of residue motion for each URHL1 state. The
principal components (PC1 and PC2) of the undocked apo state in the scree plot resulted in a 38.8%
of the system variance as 27.3% and 11.5%. The undocked holo scree plots resulted in slightly
similar principal component (PC1 and PC2) values of 38.6% of the system variance as 27.7% and
10.9%. The docked inosine and uridine scree plots resulted in different principal components when
compared to undocked states. The docked inosine scree plot resulted in 32.5% of the system
variance for PC1 and PC2 as 17.5% and 15%, respectively, while the docked uridine scree plot
resulted in 27.7% of the system variance for PC1 and PC2 as 15.5% and 12.2%, respectively. The
bound states seemed to produce less movement among its principal components. This most likely
is due to the stability provided by the docked state holding the enzyme tightly coordinated. Out of
each docked state inosine seemed to have a higher system variance equating to slightly more
motion than the uridine docked state. The regions of greatest variance are found in the top left corner

of each plot. Additional analysis was also performed to determine the energy
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Figure 19. PCA scree plots for URH1. Four MD scree plots illustrate the undocked A) Apo and
B) Holo states along with the C) Inosine D) Uridine docked states. Each MD simulation captured
a 200 ns time frame of residue movement in a 3-dimensional water solution box. Scree plots show

the proportion of variance of as the principal components of correlated residue motion to the system

variance.
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states from the principal component analysis.

The Gibbs free energy (FEL) landscape can capture the energy barriers of each enzyme
state as a function of its conformational space in a three-dimensional plot. Each FEL plot illustrated
a two-dimensional plot of residue movement from MD simulations on the xy-axis with the root-
mean- square deviation (RMSD) and the radius of gyration (ROG), along with the energy state for
each region of motion on the z-axis (Figure 20). High energy barriers indicate regions of flexibility,
while low energy barriers suggest rigidity. This information can describe how an enzyme can adapt
to substrate and reaction intermediates. Each undocked and docked URH1 state investigated from
MD simulations were also analyzed with a FEL plot.

The undocked apo and inosine dock each showed consistent range of motion along the xy-
axis and had similar energy barriers along the z-axis. The holo and uridine dock showed similar
ranges of motion, but each went in an opposite direction, while also maintaining equivalent energy
levels. Since the holo and uridine seem to highlight the same types of movement and energy it
seems to imply that calcium may play a greater role in pyrimidine hydrolysis based on enzymatic
folding. In all four cases the regions with the highest energy barriers and greatest flexibility seemed
to occur on the outer regions of the enzyme while the inner regions associated with the active site
were much more stable and rigid.

To better understand what residues are specifically involved with regions of flexibility and
stability the root mean square fluctuation (RMSF) was performed for each residue from the MD
simulation of each undocked and docked state of URH1. The RMSF helped develop more
specificity according to the residues involved with flexible loops located on the enzyme based on

the PCA data. The top three principal components of each state seem to align closely with each
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Figure 20. Gibbs free energy landscape for URH1. The three-dimensional plots for the free
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other based on the RMSF plots from each undocked and docked state of URH1 (Figure 21).
Flexible loops on each enzyme state have been identified by a colorized region on the enzyme in
each plot. The top three principal components can be viewed according to its colored residue
region. The red region represents residue positions 60-80, the blue region represents residue
positions 220-240, and the green position represents residue positions 260-290. These three regions
were consistently the most flexible regions in all analyzed cases.

Undocked states shared the most regions with high flexibility compared to the docked
states. The region of greatest flexibility for URH1 occurred at the green residue positions 260-290
with the exception of the holo state. The residue region with the greatest flexibility for the
undocked holo state occurred at the blue region for positions 220-240. Both of these regions were
an a-helix which included the conserved His260-Asp261 residue positions on one end involved
with driving hydrolysis through protonation of the nucleoside base. Other residues of interest that
could potentially play arole in hydrolysis near the blue region included Tyr244 and Trp247 which
were observed near the N7 of the purine base. The RMSF plots also show that conserved residues
that occur early in the enzyme sequence attributed to binding calcium are very rigid and stable.

Other studies performed with MD and QM/MM (quantum mechanics/molecular
mechanics) simulations have analyzed other nucleoside hydrolases to find flexible loops and
NH motion. A QM/MM simulation performed for a pyrimidine-specific cytidine-uridine
nucleoside hydrolase (CU-NH) from E. coli investigated two flexible loops involved with
hydrolysis found along residue regions 90-110 and 190-220.1% Several other QM/MM
simulations have also been performed with purine-specific inosine-adenosine-guanosine
nucleoside hydrolases (IAG-NH) found in T. vivax. These studies targeted calcium binding and

protonation residues for IAG-NHs in T. vivax to study transitional states of purines which also
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identified two loops at residue positions 75-85 and 244-258.137.140.149 These studies seem to
support MD mechanical studies we have conducted identifying several flexible loops on
nucleoside hydrolases near active site residues. Several residues have been identified from this
research that have previously been unacknowledged but may warrant further investigation.

If we analyze residue positions that have been identified from C. fasciculata through
experimental analysis, we can begin to build a picture of how the reaction may occur in URH1 if
inosine is bound to the active site.” A schematic for a proposed hydrolysis pathway occurring in
URH1 was produced using conserved and newly viewed residues from this study potentially

involved with nucleoside hydrolysis (Figure 22).

75



Glu 185

Figure 22. Proposed Hydrolysis Pathway for URHL1. Several new and conserved residues were
observed around the URH1 active site which may be linked to nucleoside hydrolysis. A5 A zone
was created around a docked inosine ligand to find nearby residues that potentially play a role in
hydrolysis consistent with the hydrolysis model presented for CfIU-NH.” These new residues
included Asn58, His102, Asn179, Glul85, Asnl187, Trp247, and Tyr244. Figure 22 was created

using Chemdraw Version 22.2.0.
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CHAPTER V: SITE-DIRECTED RESULTS AND DISCUSSION

5.1 Site-Directed Mutagenesis

Site-directed mutagenesis studies allow researchers to replace amino acid residues on
proteins to discover how they function biologically. Molecular biologists can relate function by
finding conserved amino acid residues that have shared the same function over generations of
evolutionary history. Sequence alignments are useful tools used by molecular biologists to identify
similar residues on proteins that may relate function based on evolutionary relationships. An MSA
was produced for this study to relate nucleoside hydrolase activity to several different species to
discover similarity in catalytic function. The Clustal Omega tool (version 1.2.4) from EMBOSS
was used to perform an MSA for Arabidopsis thaliana (accession # At2936310 / Q9SIM7.2),
Physcomitrium patens (accession # JQ649322.1 / A9TXAG), Zea mays (accession # HQ825162.1
/ B6T563) Trypanosoma vivax (accession # AF311701.2 / Q9GPQ4), Crithidia fasciculata
(accession # U43371 / Q27546), and E. coli (accession # EG11082 / P22564.1) (Figure 11). The
% similarity for URH1 between each species was examined and can be found in section 4.1.

The MSA in Figure 11 between each species of enzyme model used in this study provided
a view of the key conserved residue sites identified with red letters. The C. fasciculata model for
non-specific IU-NHs has been used as the archetype organism used to describe the putative catalytic
mechanism which describes non-specific nucleoside hydrolysis.” Calcium has been proposed to be

an important cofactor coordinating homologous residues to fold and stabilize the active site

providing the function needed for the hydrolysis reaction to occur.” Homologous residues on each
species are located on two motifs with a sequence of DXDXXXDD found early in the protein

sequence attributed with calcium binding and a second motif with a His/Asp pair attributed with
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base protonation all interacting to cleave the glycosidic bond of nucleosides.'% These residues
were conserved on each species and were targets for this mutagenesis study to find the impact they

have for hydrolysis with URH1 in A. thaliana.

Conserved residues described by this hydrolysis reaction and chosen for mutation around
the active site of URH1 were identified from previous experimental data from CflU-NH and RihC.
Several mutants were also available from RihC in E. coli performed by Arivett et al. 2014 for
velocity comparisons as a control. Six conserved reactive residue sites from two motifs were
mutated on URH1 to non-reactive Ala residues to compare velocities to see how mutations affect
activity. The first four mutations from URH1 were Asp27, Asp29, Asp33, and Asp34 occurring on
the DXDXXXDD motif early in the sequence attributed to calcium binding and the other two
mutations were carried out on His260 and Asp261 occurring later in the sequence attributed to base
protonation. Four mutant residues were chosen from rihC and occurred at Asp 14, Asp15, His233,
and Asp234 and were also mutated to non-reactive Ala residues (Table 4).

Each of these residues were changed to Ala residues to affect reactivity. Since these
residues were conserved, as shown from an alignment study, they were targeted to show if
function was consistent with URH1. If hydrolysis velocity values from mutants were consistent
with velocities observed from wild type experiments, residues were not important to hydrolysis
activity for function. If hydrolysis velocities were observed to be significantly lower than velocities
seen from wild type experimental values then these residues were identified as being critical to
hydrolysis activity for function. A sequence validation was also conducted to determine if

mutations were successful.
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5.2

5.3

Mutant Sequence Validation Results

Mutant sequence validation work was conducted by Dr Dan Bryant from MTSU. The
site-directed mutagenesis performed on the wild type sequences of URH1 were validated with
gene sequencing similar to previous studies with rihC.%* Mutation locations for the six mutant
residues on URH1 were targeted based on evolutionary relationships between other non-specific
nucleoside hydrolases (Figures 11 and 12). Wild type reading frames were trimmed for quality and
pairwise aligned to create a full sequence for the wild type and each mutant site. The missense
mutations were validated by comparing the wild type amino acid sequence to the mutant amino
acid sequence from the Geneous Prime software. Each of the sequence alignments performed for
the mutant plasmids showed that missense mutations were successful, however they appeared to
be a slightly off- set by one residue potentially due to an extra His residue mistakenly taken from

the beginning of the Hiss-tag on the N-terminus.

Mutant Velocity Comparison

Reaction data for wild type and mutants of URH1 and RihC were tabulated to determine if
hydrolysis velocities (umol/min) were different when compared. Experimental rates between
inosine and uridine for the wild type and mutant enzymes were produced and tabulated (Tabe 4).
Results from these mutation experiments suggested conserved residues from both RihC and URH1
were important for maintaining stability with a calcium cofactor and for active site hydrolysis for
function because the rates from mutant experiments were substantially lower than wild type rates.
While these results showed that the six conserved residues chosen for experiments played a key

role in hydrolysis, certain residues did not drop as low as other residues were expected.

It was expected to observe greater losses of activity with mutants from His233 on 233 and
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His260 on URH1. When His241 was mutated to alanine in experiments by Gopaul et al., 1996 a
2,100 fold loss in Kkeat for inosine was observed indicating the importance of His in the active site
of CfIU-NH.*® Other URH1 mutations did not exhibit the same drop in velocities as mutations for
His233 and His260 which are considered vital for hydrolysis. This seemed to indicate that there
may be other residues driving hydrolysis reactions for non-specific IU-NHs potentially showing a
more complicated mechanism than previously suspected. Based on the data from these
experiments there may be other residues involved and possibly multiple mechanisms occurring

between the different types of nucleosides.
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Table 5. Mutagenesis data.

Organism Homologous Suspected Mutation Velocity
Residue Function (umol/min)
Inosine Uridine
*WT - - 0.665 131
Asp-14 Ca Binding Site Asp-14-Ala 0.103 0.150
E. coli A -
Asp-15 Ca Binding Site Asp-15-Ala 0.053 0.001
(RihC)
His-233 Base Protonation | His-233-Ala 0.100 0.521
Asp-234 Base Protonation | Asp-234-Ala 0.072 0.094
*WT - - 11.23 58.84
Asp-27 Ca Binding Site Asp-27-Ala 0.163 0.038
A. thaliana Asp-29 CaBinding Site | Asp-29-Ala 0.074 0.099
(URHI) Asp-33 | CaBindingSite | Asp-33-Ala | 0047 0.092
P
Asp-34 Ca Binding Site Asp-34-Ala 0.107 0.119
His-260 Base Protonation | His-260-Ala 0.097 0.385
Asp-261 Base Protonation | Asp-261-Ala 0.117 0.165

*WT = Wild Type
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CHAPTER VI: CONCLUSIONS

The aim of this dissertation was to analyze a non-specific IlU-NH (URH1) from the plant
species A. thaliana to better understand the mechanism controlling nucleoside hydrolysis. One of
the questions we hoped to answer from this study was how URH1 functions by characterizing its
state of oligomerization, equilibrium constant, pH profile, kinetic activity, substrate specificity,
and calcium content. We also hoped to answer questions with regards to what the critical amino
acid residues around the active site are by comparing different species of non-specific [lU-NHs
found in putative plant, bacterial, and protozoa models through sequence alignment, ligand
docking, and molecular dynamics simulations. Finally, we also hoped to show if putative conserved
residues controlled hydrolysis through a mutagenesis study.

The characterization of this enzyme started with designing a plasmid for the gene of URH1
to be placed in a BL21 cultures for production and purification. The protein was determined to
exist in a mixed oligomerization state around 37 kD. URH1 activity functioned over a broad pH
range from 6-8 and the enzyme-catalyzed reaction was essentially irreversible, with no observation
of nucleoside formation in the presence of high concentrations of hypoxanthine and inosine. The
kinetic mechanism was in rapid random equilibrium which has been seen in a number of other
nucleoside hydrolases. URH1 was also classified as a Group 1 non-specific nucleoside hydrolase
based on its broad substrate specificity. The enzyme was nonspecific for both purine and
pyrimidine bases and highly specific for ribose as the pentose moiety. The primary ribonucleosides
shown to display activity included: guanosine, nebularine (purine riboside), inosine, adenosine,
xanthosine, uridine, cytidine, 5-methylurdine. All ribose alterations and deoxyribosides tested

resulted in no detectable activity. Zeatin and kinetin were not substrates, while the cytokinin
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precursor 6-(y,y-dimethylallylamino) purine riboside was observed to produce slight activity on a
lower level. Kinetic constants indicated URH1 was very active against uridine and was shown to
be very efficient at high concentrations. URH1 had a lower activity against inosine, but remained
active at lower concentrations and were consistent with rates seen form RihC in E. coli.

Amino acid residues for URH1 were examined using computational tools to evaluate the
active site. Sequence alignments for the protozoan, bacterial, and plant models of Crithidia
fasciculata (accession # U43371 / Q27546) (PDB ID: 1MAS), Trypanosoma vivax (accession #
AF311701.2 / Q9GPQ4) (PDB ID: 2FF1), Physcomitrium patens (accession # JQ649322.1 /
A9TXAG) (PDB ID: 4KPN), Zea mays (accession # HQ825162.1/ B6T563) (PDB ID: 4KPO), and
E. coli (accession # EG11082 / P22564.1) were all obtained from the NCBI and PDB websites to
compare to a SWISS-MODEL of URH1 from A. thaliana (accession # At2g36310 / Q9SIM7.2). A
pairwise and multiple sequence analysis of each protein sequence showed CflU-NH and TVIAG-
NH had the least % similarity to URH1 with 49.9% and 31.1% respectively, while PpNRH and
ZmNRH had the most % similarity to URH1 with 62.5% and 75.5% respectively. RihC was slightly
consistent with CflU- NH and shared 50.3% similarity with URH1. These results were expected
since all of these nucleoside hydrolases were all non-specific IU-NHs with the exception of TVIAG-
NH which was the least similar of all. Each of these model organisms were docked with inosine
and the active site evaluated to find putative residues close enough for interaction to impact
hydrolysis. Distances between six putative conserved residues on URH1 (Asp27, Asp29, Asp33,
Asp34, His260, and Asp261) were compared to conserved residues on other CfFIU-NH, TvIAG-NH,
PpNRH, and ZmNRH to show stability between binding residues and function between hydrolytic
residues. Several new residues were identified around the N7 atom of a docked inosine on the

URH1 active site that were previously uninvestigated and may potentially impact hydrolysis.
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Molecular Dynamic simulations revealed regions of stability and flexibility on URH1 through a
principal component analysis, Gibbs free energy landscape, and RMSF data. MD simulations
showed conserved residues binding calcium played a role in coordinating stability with a calcium
cofactor in the active site, while other conserved residues were near regions of greater flexibility
and motion assisting hydrolysis. Gibbs free energy data and RMSF data identified that regions and
residues attributed to calcium binding were among some of the most stable regions on URH1, while
other residues around the active site attributed to hydrolysis were near flexible loops on the
enzyme. A hydrolysis pathway was proposed to describe the most prominent residues on URH1
that most likely influence mechanism.

Mutagenesis data showed conserved residues from alignment and docking experiments on
URHL1 do play an important role in nucleoside hydrolysis, but other residues may also be
impacting the overall mechanism. Conserved residues mutated to Alaon URH1 (Asp27, Asp29,
Asp33, Asp34, His260, and Asp261) and RihC (Aspl4, Aspl5, His233, and Asp234) associated
with calcium binding and protonation were all shown to impact hydrolysis rates when inosine and
uridine substrate were measured spectrophotometrically. Putative Asp residues (Asp27, Asp 29,
Asp33, Asp34, Asp261 and Aspl4, Aspl5, and Asp234) all showed a large drop in the reaction
velocities, while the protonation residues (His233 and His260), thought to be more important in
hydrolysis, were slightly higher. These findings seem to indicate a more complex mechanism than
previously thought.

Additional work is still needed to explore the mechanism occurring around the active site
of URH1. More mutagenesis studies are needed to explore other residues discovered around the
active site that seem to also play a role in hydrolysis. Calcium was shown to be very important to

hydrolysis in coordinating residues around the active site. More quantitative studies should be
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explored to see how impactful calcium concentrations can affect hydrolysis. Binding experiments
involving additional substrates should also be explored to determine why some substrate had a
greater affinity as opposed to others. Additional research should also focus on other inhibitors that
would make better candidates to control plant growth as herbicides that do not pose human health
concerns or become more tolerant to plant exposure while also exploring whether these candidates

affect other organisms in the environment as well.
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APPENDIX A
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APPENDIX B

9f$-D-Arabinofuranosyladenine 7-Deazaadenosine Purine Riboside
(Vidarabine) (Tubercidin) (Nebularine)
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APPENDIX C

1$-Erythrouridine 1$-D-Arabinofuranosyluracil 3-Deazauridine
(o} (0] OH
X
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APPENDIX D

T7 terminator

pET-28hb(+)

s tag
5.4kb - %0 o

T7 promoter
Bgl ll

Bglll T7 promoter lac operator Xba 1 rbs
-~ AG ATC TCG ATC CCG CGA AAT TAA TAC GAC TCA CTA TAG GGG AAT TGT GAG CGG ATA ACA ATT CCC CTC TAG AAA TAA TTT TGT TTA ACT TTA AGA AGG AGA
Neo | His tag Nde | Nhel T7 tag
TAT ACC ATG GGC AGC AGC CAT CAT CAT CAT CAT CAC AGC AGC GGC CTG GTG CCG CGC GGC AGC CAT ATG GCT AGC ATG ACT GGT GGA CAG CAA ATG GGT
! S §$ H H H H HMHS § G L V P R G S H M A S M G G E E M G

thrombin site
BamH1  EcoR1 Sac | Sall  Hind 111 Not 1 Xho 1 His tag
CGG GAT CCG AAT TCG AGC TCC GTC GAC AAG CTT GCG GCC GCA CTC GAG CAC CAC CAC CAC CAC CAC TGA GAT CCG GCT GCT AAC AAA GCC CGA AAG GAA
R P P N S S S VYV D KL A A A L E HH H H H H sw

Bip1 T7 ter
GCT GAG TTG GCT GCT GCC ACC GCT GAG CAA TAA CTA GCA TAA CCC CTT GGG GCC TCT AAA CGG GTC TTG AGG GGT TTT TTG -~
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APPENDIX E

RMSD plots for URH1 simulations
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