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ABSTRACT OF THE DISSERTATION

Exploring Cellular Modifications of Guanine Using Fluorescent, Isomorphic, and

Isofunctional Nucleobase Analogs

by

Marcela Sotelo Bucardo

Doctor of Philosophy in Chemistry

University of California San Diego, 2023

Professor Yitzhak Tor, Chair

Nucleosides are the essential building blocks of DNA and RNA. Given that the
chromophoric region of the canonical nucleosides is nonemissive, their biophysical examination
is difficult. To circumvent this, illumination of these molecules has been accomplished using
fluorescent nucleoside analogs. One challenge in the design of emissive nucleoside analogs is

maintaining isomorphicity while retaining isofunctionality. The Tor lab has designed and

Xvil



implemented the use of a series of RNA alphabets that resemble the native nucleosides but have
enhanced photophysical features. These alphabets are based on thieno[3,4-d]pyrimidine (*"N),
isothiazole[4,3-d]pyrimidine (**N), and methylthieno[3,4-d]pyrimidine (™™"N) cores. One area that
remained unexplored using the nucleoside analog alphabets developed by the Tor lab was the
isofucntionality of the nucleobase cores to study proteins acting on purines. These structures
naturally do not contain the large contact forming sugar moiety which aid with biochemical
recognition. Herein, the use of guanine based emissive analogs based on the ™N and “N cores are
used for the evaluation of cellular modifications.

Guanine deaminase converts guanine to xanthine. The study of human guanine deaminase
remains limited compared to other metabolic deaminases and as a result its substrate and inhibitor
repertoire are limited. Additionally, recent observations have shown it is implicated in neuronal
morphology, traumatic brain injury, memory dysfunction, and psychiatric diseases. In this work,
we explore two emissive heterocyclic cores, based on !N and “N, as surrogate guanine deaminase
substrates. We demonstrate that the isothiazolo guanine surrogate, “Gy, does undergo effective
enzymatic deamination by guanine deaminase to the isothiazolo xanthine analog, “Xy, while the
thiophene guanine analog, "Gy, does not. Further, we showcase the potential of this fluorescent
nucleobase surrogate to provide a visible spectral window for a real-time study of guanine
deaminase and its inhibition.

O°-Alklylguanine-DNA-transferase is a repair protein that provides protection from
mutagenic events caused by O°-alkylguanine lesions. The activity of human O%-alklylguanine-
DNA-transferase is tissue specific, indicative of tumor status, and correlated to chemotherapeutic
success. For this reason, tracking its activity could prove informative for disease diagnosis and

therapy. We explore two families of emissive O°-methyl- and O%-benzylguanine analogs based on
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thGy and “Gn as potential surrogates. We establish that the O°-benzylated "Gy and “Gy
derivatives provide a spectral window to optically monitor human OS-alklylguanine-DNA-
transferase activity, can be used as substrates for the widely used SNAP-Tag delivery system, and

are sufficiently bright for visualization in mammalian cells using fluorescence microscopy.

XiX



CHAPTER 1: Introduction

As this chapter was being written, the 2023 Nobel Prize in Physiology or Medicine was
awarded to Katalin Karik6 and Drew Weissman. During the worst pandemic in over a century,
their discovery provided the basis for a vaccine response to the COVID-19 virus. The vaccine was
administered to billions of individuals worldwide to protect them from one of the most contagious
viruses in modern history.!

Karik6 and Weissman discovered that replacement of uridine with pseudouridine, an
analog of the nucleoside, in mRNA removes the strong inflammation response while still
delivering the chemical script for a specific and protective immune response.? Pseudouridine is
one example of hundreds of nucleoside analogs characterized by scientists. Whether nucleoside
analogs are naturally occurring or designed synthetically, they have served as tools to propel the
field of chemical biology beyond the molecular biology of the central dogma originally proposed

by Crick in the 1950s.

1.1 Introduction to the central dogma and nucleoside building blocks

After the discovery of the DNA double helix, the original central dogma of molecular
biology was proposed by Francis Crick. This dogma postulated a unidirectional information flow
from DNA, to RNA, to proteins. It suggested no feedback facilitated from proteins or RNA, which
we now understand to be incorrect.>* In addition to the comprehensive study of DNA, the human
genome project provided the scientific community with the significant discovery that only 2% of

the genome encodes for protein encoding genes. The other 98% of the genome encodes for



noncoding RNA.>-¢ The cellular function of RNA goes far beyond an intermediary role between
DNA and proteins.’

Nucleosides are the essential building blocks of both DNA and RNA (Figure 1.1). In DNA,
the four deoxyribonucleosides are adenosine (dA), guanosine (dG), cytosine (dC), and thymidine
(dT), while in RNA the four ribonucleosides are adenosine (A), guanosine (G), cytosine (C), and
uridine (U). These canonical building blocks are composed of N-glycosides of sugars, 2-deoxy-D-
Ribose or D-ribose, linked to heterocyclic nitrogenous bases at the anomeric carbon. The
nitrogenous base heterocycles are either purine, two-ring, or pyrimidine, single ring, units. dA, dG,
A and G are the purine containing nucleosides and dC, dT, C, and U are the pyrimidine containing
nucleosides. Two key differences between DNA and RNA are (1) the 2’ hydroxyl moiety of the
sugar and (2) the substitution of U for dT that contribute to each of their unique reactivities (and
susceptibilities to hydrolysis or oxidation).>*7- Moreover, nucleosides not only constitute DNA
and RNA as their essential building blocks but are also the core structures of many of cellular

cofactors, modified nucleosides, and secondary messengers.!°

Purines Pyrimidines
NH, 0 NH, 0
N X ~N NH
N
DNA < < |
HO— o N~ HO— o N )\ HO— o o HO N No
HO HO HO HO
Adenosine (dA) Guanosine (dG) Cytidine (dC) Thymidine (dT)
NH, (0] NH, O
N NH
RNA <] < ﬁ ﬁ
HO— o N N/) HO— o N N//kNH2 HO ,& HO N’go
HO OH HO OH HO OH HO OH
Adenosine (A) Guanosine (G) Cytidine (C) Uridine (U)

Figure 1.1 Canonical Nucleosides



As nucleosides are essential to a plethora of cellular processes, many techniques have been
developed to observe them and detect modifications to their structures. The techniques used
include, but are not limited to, nuclear magnetic resonance (NMR), X-ray crystallography,
ultraviolet-visible (UV-Vis) spectroscopy, fluorescence, and radiolabeling. However, when it
comes to real-time monitoring of processes where the time window associated with structural
modifications is very narrow, for example enzymatic transformations, most of these techniques
fall short. UV-Vis and fluorescence spectroscopy provide the means to observe nucleosides in real-
time during narrow time windows. However, the canonical nucleosides do not have desirable
photophysical properties in water.!!~12

The chromophoric unit of the canonical nucleosides are the purine or pyrimidine
nitrogenous bases. These heterocycles absorb near the 260 nm region, which is especially crowded
by other cellular components, especially peptides. While absorbance measurements may be useful
for tracking modifications of nucleosides in an in vitro context where other biological
macromolecules do not interfere, enzymatic analysis of proteins in a cellular context or with
purified proteins containing high tryptophan content would not be feasible. In the context of
fluorescence, the canonical nucleosides are essentially dark. Although this is advantageous from
an evolutionary perspective, by facilitating the stability of genetic information when excitation of
these species does occur, the biophysical examination of native nucleoside activity proves difficult.

To circumvent this, chemical biologists have designed, synthesized, and applied modified
nucleoside analogs with improved spectroscopic properties to those of the canonical nucleosides.
Understanding and illuminating the intricacies of RNA remains a fundamental objective in

chemical biology. Therefore, a demand remains for developing tools that showcase RNA activity.



1.2 The beginnings of fluorescent nucleoside analogs

It is difficult to have a conversation regarding the evolution of fluorescent nucleoside
analogs that does not begin with the pioneering discoveries of 2-aminopurine (2-AP) by Stryer in
1969 and ethenoadenosine (e-A) by Leonard in 1972.13-1% Both 2-AP and e-A are landmark
emissive nucleoside analogs in the field that have served as powerful tools in nucleic acid
discoveries and have been applied extensively. Later, in the 1990s, the classes of these probes
quickly evolved with the discoveries of McLaughlin’s m5K cytidine analog, Hawkin’s pteridine
nucleosides, Kool’s pyrene nucleoside (the first emissive c-glycoside), Moreau’s expanded
nucleosides, and Hocek’s extended nucleosides.!>™!° Then, in 2007, Tor introduced thiophene-
pyrimidine fused analogs. Since then, the families of small molecule nucleoside alphabets, best

described as isomorphic, have continued to expand (Figure 1.2).2

N 0
' v A

SO T 0 oo
NTSNSNH, NN NS0 N/&O

R R L |

R = H, ribose, or deoxyribose

Figure 1.2 Classes of Emissive Nucleoside Analogs

Nucleoside structures of 2-aminopurine (black), ethenoadenosine (blue), m5K cytidine analog
(green), 3-MI pteridine analog (magenta), pyrene C-glycosidic nucleoside (purple), ring fused
BgQ (red), nucleoside analog with extended conjugation (teal), isomorphic thienopyrimidine
xanthine analog (orange).



1.2 Chemical and electronic criterion

While many scaffolds of fluorescent nucleoside analogs have been designed and
characterized, two qualities that make a surrogate especially useful are having (1) morphology and
(2) functionality analogous to the native counterpart they represent. The Tor lab has coined two
terms to describe these properties in the context of nucleosides. When the structure and dimensions
of the analogs preserves likeness to the native counterpart, it is defined as “isomorphic.” If a
nucleoside surrogate retains the chemical and biological activity executed by its native counterpart,
it is described as “isofunctional.”?!

Maintaining isomorphic and isofunctional character will diminish steric hindrance and
provide the means for electrical interactions like those of native nucleosides. It is key that
nucleoside analogs retain hydrogen bonding and pi stacking capabilities. These features are
particularly relevant for oligonucleotide 3-dimensional structure and protein active site
recognition.

Nucleosides have hydrogen bonding capabilities that promote base pairing between purine
and pyrimidines. Two common modes of base pairing are Watson-Crick base pairing and
Hoogsteen base pairing. Watson-Crick base pairing is referred to as “complementary” base pairing
as it results in a particular complementary patter of hydrogen bonding (Figure 1.3). Specifically in
RNA, A hydrogen-bonds to U through two hydrogen bonds and G hydrogen bonds to C through
three hydrogen bonds. In DNA, A hydrogen bonds to T and G hydrogen bonds to C, through the
same hydrogen bonding patters. In DNA, the double helix formed from these interactions is greatly
important for the stability of the cellular genetic code and for proper DNA replication.’*
Hoogsteen base pairing is a less common base pairing system, that includes a different face of the

nucleoside with additional hydrogen bonding points of contact.?? This type of base pairing



contributes to RNA secondary and tertiary structure and gives rise to more complex functional
structures. Therefore, retaining the hydrogen bonding character is important when designing a

nucleoside analog.

N-H---- R
H
Figure 1.3 Watson-Crick Base Pairing in RNA
H
N-H----0
\N\ >
A N Y/ N---H—N A U
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G N/ SN---H-N* N C
N— J N
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Figure 1.4 Hoosteen Base Pairing in RNA

1.3 Desirable photophysical properties

When designing a small molecule fluorophore, the inability to accurately predict

spectroscopic qualities proves difficult, especially when pursuing favorable improvements



compared to past nucleoside surrogates. However, to quantitatively describe what favorable
spectroscopic qualities are, their values must be described.
Absorbance (A), or the optical density, of a sample in solution can be measured

experimentally using the Beer-Lambert Law:

In®=A=cbc (1.1)

where Iy is incident light, I is the detected light that has passed through the sample, € is the
extinction coefficient, b is the pathlength of the cuvette used, and c is the solution concentration.
This equation forms a linear relationship between A and sample concentration if the path length
remains constant, so solving for the extinction coefficient can experimentally be done. The
extinction coefficient is thus a measure of the ability of a chromophore to absorb a photon.

After a photon of light is absorbed, it resides in the excited state. The deactivation of this
process will occur through the most rapid path. If the photon relaxes to the ground state through
non radiative process (vibrational relaxation or internal conversion) the compound can be
described as dark. However, if the photon relaxes radiatively, a fluorescent signal will be observed.
The quantum yield (¢) of a chromophore is a ratio of the photons emitted and the photons absorbed,
or the radiative processes over the total processes of the excited state. Experimentally, a relative
quantum yield can be calculated through mathematical comparison to a fluorophore standard with

an established quantum yield by using:

_ I ODstp n?
¢ = ¢STD Istp

(1.2)

ODstp ngrp
where ¢stp is the fluorescence quantum yield of the standard, I and Istp are the integrated area of
the emission band of the sample and the standard respectively, OD and ODstp are the optical
density at the excitation wavelength for the sample and standard respectively, and n and nstp are

the solvent refractive index of the sample and the standard solutions.?



The product of the molar absorptivity (the probability of a species to absorb a photon of
light) and the quantum efficiency (the probability of a species to emit a photon of light based on
the) is defined as the brightness of a fluorophore. The brightness is relevant in a biological context,
especially when imaging studies in cells or in vivo are relevant.

Photophysical properties relevant to this work are absorption and emission wavelength
maxima, molar absorptivity, emission quantum yield, and brightness. Favorable photophysical
properties can therefore be described as follows. Absorption maxima for a nucleoside fluorophore
should have absorption maxima and emission maxima with bathochromic shifts away from the
260 to 280 nm region where other biological macromolecules absorb.!! Although quantum yields
as low as 1% can provide a means for analysis, the closer to 100% a fluorophore is probability of
bearing sufficient brightness for detection and experiment sensitivity the more desirable it will be.
Additionally, it is important to note that although the building blocks of DNA and RNA
macromolecular structures to not have inherent emissive properties, the building blocks of
proteins, amino acids, do have species that provide a fluorescent signal. Tryptophan, an amino
acid, absorbs at around 270 nm and when excited that that wavelength emits near 350 nm with a
12% quantum yield. Deconvolution of fluorescence signals would prove difficult during enzymatic
analysis of proteins containing high tryptophan content if the emissive nucleoside analog did not

have emission red-shifted past 350 nm and a quantum yield sufficiently above 12%.%*

1.4 Development of fluorescent nucleoside alphabets by the Tor lab

For over 15 years, the Tor lab has pursued the design of isomorphic and isofunctional
pyrimidine-based fluorescent nucleosides. The design of analogs based on a thieno[3,2-

d]pyrimidine core by Tor et al. in 2007, provided the first photophysical data for compounds of



their kind. From a synthetic standpoint, they come from a convergent approach, in that either c-
glycosylation or n-glycosylation of the nucleobase or a precursor, can yield either xanthine or
uridine (Figure 1.4).2° While these compounds show promise of improved spectroscopic signatures
compared to the canonical nucleosides, with wavelength absorption and emission maxima at 300

nm and 350 nm respectively, these analogs had very low quantum yields of 4% and 6%, for

@f*

xanthine and uridine respectively.

Figure 1.5 Xanthine and Uridine Analogs Based on thieno[3,2-d]pyrimidine
@)

NH
HO— o N/go
HO  OH

Figure 1.6 U Based on thieno[3,4-d]pyrimidine core

A slight design change by Srivatsan et al. in 2008 changed the electronics of the molecules
sufficiently to provide very desirable fluorescent properties. By altering the fusion points of the
rings to a thieno[3,4-d]pyrimidine core, the new uridine analog (Figure 1.5), U, showed
absorption maximum at 304 nm, emission maximum with a substantial bathochromic-shift to 412
nm, and the quantum yield increased 10 fold to 48%.%° This inspired the development of the first
complete emissive RNA nucleoside alphabet, with the same thieno[3,4-d]pyrimidine core ("N) by
Shin et al in 2011 (Figure 1.6). In water, these probes display absorption maxima from 304 to 341

nm, emission maxima from 409 to 453 nm, and quantum efficiencies ranging from 21% to 46%.2°
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Figure 1.7 RNA Alphabet Based on thieno[3,4-d]pyrimidine core (!N)

In 2015, Rovira et al further evolved these probes to the second generation RNA alphabet
with a isothiazole[4,3-d]pyrimidine core (“N) (Figure 1.7). These isothiazolepyrimidine
nucleosides reinstate the nitrogen at the position equivalent to the N7 basic site in purines. This
significantly improves their isofunctional architecture as the N7 restores the Hoogsteen face and
the hydrogen bonding capabilities of that position. In water, these probes display absorption
maxima from 312 to 338 nm, emission maxima from 377 to 459 nm, and quantum yields from 1%
to 25%. While this structural enhancement provided a means for more accurate biophysical
probing of RNA and nucleoside processes, the quantum efficiencies were reduced.?’~2® Through
the evolution of these alphabets and the modifications of these probes at the atom level, we have
been able to make conclusions about biology unapproachable by other means of real-time and
highly sensitive tools. Figure 1.9 shows the reinstating of the nitrogen at the N7 position of the

guanosine analog when compared to numbering of the native nucleosides.
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Figure 1.8 RNA Alphabet Based on isothiazole[4,3-d]pyrimidine (*N)

Y
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Figure 1.9 Guanine and Relevant Isomorphic Guanine Analogs
Guanine with conventional purine numbering that will be used throughout this work (G),
thiophene guanine analog ("Gw), and isothiazole guanine analog (‘*Gy) with nitrogen at 7
position reinstated.

The repertoire of alphabet toolkits was again expanded with the development of the
methylthieno[3,4-d]pyrimidine (™®N) alphabet by Ludford et al in 2022 (Figure 1.9). This
alphabet was pursued with the understanding that while isofunctional and isomorphic

considerations may suffer, more robust photophysical properties may be displayed from the

addition of a nonpolar moiety by changing the electronics of the nucleobase core. In water, these
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probes display absorption maxima from 306 to 353 nm, emission maxima from 414 to 467, and

quantum yields from 21% to 56%.%

mthA mthG
o) NH,
~ NH <" >N
S S
N/go NAO
HO OH HO OH
mthU mthc

Figure 1.10 RNA Alphabet Based on methylthieno[3,4-d]pyrimidine (™"N)

The RNA nucleoside alphabets ™N, “N, and ™®N all are retained, to different extents,
isomorphic and isofunctional features. The three generations of analogs preserve the Watson-Crick
hydrogen bonding face and small two ring architecture. Compared to other classes of emissive
nucleoside analogs, they do not require an expanded number of rings, embellishments extending
from the nucleobase, or bulky fluorophores that take the place of the nucleobase entirely. Not only
do these compounds structurally and biologically resemble their native counterparts, but they also

provide a real-time optical window with high sensitivity to their microenvironments.
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Table 1.1 Photophysical data for Previously Published Emissive RNA Alphabets

Aabs,max" & Aem,max* ¢
thG, G, "G 321, 333,327 4.15,4.87,3.5 463, 459, 456 0.46, 0.25,0.42
thp, ZA, mhA - 341,338, 353 7.44,7.8,5.8 420, 338, 467 0.21, 0.50, 0.21
the, 2C, mthC 320, 325, 323 4.53,5.4,34 429,411, 455 0.41, 0.05, 0.24
thy, “U, ™y 304, 312, 306 3.16,5.17,2.6 409, 392, 427 0.41,0.01, 0.30

8 Amner in nm. P g is in 103 M~ cm L.

Through the years, the core of these emissive nucleoside analogs have been applied
extensively in the context of both oligonucleotides and nucleoside based small-molecules. These
applications include but are not limited to the monitoring of translation-related events, enzymatic
purine and pyrimidine metabolism by deaminases, hammerhead ribozyme cleavage, cofactor
transformations, secondary messengers, depurinations mechanisms, and antibiotic activity.3%42
Each of the alphabets had a role in the exploration and illumination in the aforementioned
processes. It is important to recognize that there is no single universal solutions for fluorescent
nucleoside probes, but their utility remains in the context of the specific experiment pursued.

One area that remained unexplored was that of using the developed nucleobase cores
without their sugar moiety as nucleobase surrogates. In this work, the use of guanine (G) based

emissive analogs based on the thienopyrimidine ("Gy) and isothiazolepyrimidine (*Gw) cores are

used for the evaluation of metabolic and epigenetic cellular modifications (Figure 1.11).
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Figure 1.11 Guanine Nucleobase and Relevant Emissive [somorphic Analogs

Guanine nucleobase and emissive guanine analogs based on previously published nucleoside

analogs thieno[3,4-d]pyrimidine and isothiazole[4,3-d]pyrimidine cores that are investigated in
this work.
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CHAPTER 2: Real-Time Monitoring of Human Guanine Deaminase

Activity by an Emissive Guanine Analog

2.1 Abstract

Guanine deaminase (GDA) deaminates guanine to xanthine. Despite its significance, the
study of human GDA remains limited compared to other metabolic deaminases. As a result, its
substrate and inhibitor repertoire are limited, and effective real-time activity, inhibitory, and
discovery assays are missing. Herein, we explore two emissive heterocyclic cores, based on
thieno[3,4-d]pyrimidine ("N) and isothiazole[4,3-d]pyrimidine (*N), as surrogate GDA
substrates. We demonstrate that, unlike the thieno analog, "Gy, the isothiazolo guanine surrogate,
“Gy, does undergo effective enzymatic deamination by GDA and yields the spectroscopically
distinct xanthine analog, “Xu. Further, we showcase the potential of this fluorescent nucleobase
surrogate to provide a visible spectral window for a real-time study of GDA and its inhibition.

Heterocyclic Core Evolution
Emlsswe N Emissive N N
s ——> s§
Isomorphlc . Isomorphic
@ & B
Isofunctional N

R = D-Ribose or H thN zN

Guanine Deaminase Reaction
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X Deaminase NH
’ NH 1
Y( ) Y\Q
2 N/)\ NH N’ko
2 aIx X=N;Y=CH;Z=NH H
G J2X,, X=N;Y=S;Z=CH

Figure 2.0 Abstract Figure: Heterocyclic Core Evolution and Guanine Deaminase Reaction
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2.2 Introduction

Nucleobase and nucleoside deaminases play key roles in cellular pathways. Being
responsible for the cellular levels of purine- and pyrimidine-based heterocycles, their over (or
under) expression is frequently related to pathological conditions.!™ Additionally, differences
between human and bacterial enzymes provide intriguing opportunities for new therapeutic
approaches, exploiting their distinct fidelity and inherent activities.!

Guanine deaminase (GDA), a hydrolytic zinc-based enzyme, converts guanine to

78 and have

xanthine.5,6 Recent observations have shown it impacts neuronal morphology
implicated GDA in traumatic brain injury,” memory dysfunction and psychiatric diseases.!® The
study of human GDA, from the aminohydrolase superfamily, has remained somewhat sparse
compared to other deaminases, including adenosine deaminase (ADA)!!""!? and cytidine deaminase
(CDA),!3 which convert adenosine to inosine and cytidine to uridine, respectively. As a result,
real-time activity and inhibitory assays for GDA, especially the human isoform, have yet to be
advanced, and its substrate scope remains somewhat elusive.!'*

Diverse methods have been utilized for assessing the enzymatic activity and inhibition of
deaminases. Most protocols capable of directly measuring GDA activity rely on the distinct
chromatographic behavior or the UV absorption signature of the substrate/product pair.!> The
former techniques are accurate but can be time-consuming, while the latter tools frequently suffer
from spectral interference as many inhibitors share similar chromophoric properties with the
substrate or product. To facilitate the biochemical study of deaminases, define their substrate

scope, and identify inhibitors, innovative methods for monitoring their activity are needed.

Although fluorescence spectroscopy might a priori appear most attractive due to its high
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sensitivity, it cannot be applied in such contexts due to the lack of any useful emissive features of
the native purine nucleobases.

Over the past two decades our laboratory has designed, synthesized, and implemented
minimally perturbing and responsive fluorescent nucleoside analogs.!>2° The guiding criterion for
their design has been the diminution of structural and functional perturbations, which are inevitable
consequences of modifying any native building block. Nucleosides that fulfill such critical
constraints are thus coined isomorphic. If they function identically to their native counterparts, we
define them as being isofunctional. We have advanced two emissive RNA alphabets, based on
thieno[3,4-d]pyrimidine (1st generation; ™N)*° and isothiazole[4,3-d]pyrimidine (2nd generation;
N)3! heterocyclic cores (Figure 1a). The emissive adenosine analogs have been successfully used
to advance real-time activity and inhibition assays of adenosine deaminase, exploiting the distinct
emission profiles of the substrates (!'A and #A), and their corresponding deamination products (I
and I, respectively), with the latter (¥A) being essentially isofunctional (Figure 2.1b).>>33 The
red-shifted absorption and visible-range emission of such fluorescent substrate surrogates opens a
spectral window not accessible by other means, which facilitates the real-time monitoring of these
reactions even in the presence of potentially interfering chromophores.>*

Applying such approaches to nucleobase-processing enzymes such as human GDA
represents, however, a minimally explored territory, as highly emissive nucleobase analogs have
not been broadly tested and scrutinized as substrates.®!* The lack of the rather large and contact
forming D-ribose residue presents the challenge of altering guanine without disturbing contacts at
the active site of such a potentially fastidious nucleobase-processing enzyme.*> We therefore set
out to investigate two emissive nucleobase analogs, thieno[3,4-d]pyrimidine ("Gy) and

isothiazole[4,3-d]pyrimidine (*Gn) (Figure 2.1c), and demonstrate that while the former is not a
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viable substrate, “Gy does undergo facile GDA-mediated deamination to yield the fluorescently
distinct xanthine analog, “Xx. The spectral differences displayed by the substrate and product are
exploited for a real-time monitoring of the enzymatic reaction. Moreover, the potential of “Gy as
a tool for GDA screenings is showcased by measuring GDA inhibition by a previously reported
inhibitor and identifying two new inhibitors. Taken together, these findings highlight the necessity
of the N7 for substrate recognition by GDA and provide information regarding its substrate and
inhibitor scope.

Heterocyclic Core Evolution
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Figure 2.1 Heterocyclic Core Evolution, ADA Reaction, and GDA Reaction

a) Heterocycle evolution pertaining to this study starting from the native purine core to ™N to
“N. b) Adenosine deaminase conversion of A to I and isofunctional nucleoside analog A to *I.
¢) Guanine deaminase conversion of G to X, isomorphic nucleobase analog ®Gn to "X, and
isofunctional nucleobase analog “Gn to “Xx.
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2.3 Results and Discussion

The four nucleobases, containing either a thienopyrimidine-core, "Gy and ™Xy, or an
isothiazolepyrimidine-core, “Gy and “Xu, were prepared according to established procedures
(Figure 2.2a, Schemes 2.S1-S3).39-3135.36 Briefly, treatment of commercially available methyl 4-
aminothiophene 3-carboxylate hydrochloride with chloroformamidine hydrochloride in DMSO»
at 125°C yields "Gy in one step. The corresponding xanthine analog, "Xy, was synthesized in two
steps by treating the same starting material with KOCN to yield the corresponding urea, which
was then cyclized under basic conditions with sodium methoxide in methanol (Scheme 2.S1). For
the isothiazole-based nucleobases “Gy and *“Xuy, methyl 4-aminothiazole 3-carboxylate
hydrochloride, a key precursor, was prepared from methyl thioglycolate and N-tosylated Oxyma,
followed by decarboxylation and esterification (Scheme 2.S2).>” Conversion of the isothiazole-
based precursor to “Gy and “Xy followed the same cyclization procedures described above for the
thiophene derivatives (Scheme 2.S3). Crystal structures have been determined for all nucleobases

(Figure 2.3a-d, Tables 2.S1-S4).
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Figure 2.2 Nucleobase Structures and Photophysical Properties

a) Structure of "Gy, ™Xn, “Gn, and X nucleobases. b) Absorption (dashed lines) and emission
(solid lines) of ™Gy (green), "Xy (red), “Gn (blue), and X (orange) in water. c¢) Stokes shift
correlations versus solvent polarity [Et(30) of water/dioxane mixtures] for ®Gn (green), "Xy
(red), *Gn (blue), and “Xx (orange). d) Change in optical density versus pH for "G (green),
XN (red), “Gn (blue), and “Xn (orange).
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Figure 2.3 X-ray Crystal Structures of Nucleobases and MOE Docking
a) "Gy, b) "Xy, ¢) “Gn, d) and “Xn. MOE docking of €) xanthine as reference (AAG 0), f) *Xn
(AAG 0.28), g) and XN (AAG 1.89) in GDA active site (PDB ID 2UZ9, see methods).

To assess the likelihood of spectroscopically distinguishing between the substrates and
their corresponding products, the fundamental spectroscopic properties of the nucleobases were
determined (Tables 2.1 and 2.S5). Absorption spectra in water displayed red-shifted maxima of
the nucleobase analogs compared to their native counterparts, showing maxima at 315, 308, 320
and 315 nm for "Gy, "Xy, “Gy and “X, respectively. Excitation at their absorption maxima
gave rise to visible emission, which peaked at 439, 420, 446 and 394 nm for "Gy, "Xy, “Gy and
X, respectively (Figure 2.2b). As expected, the emission quantum yields of the thiophene
analogs, "Gy and Xy (0.40 and 0.46, respectively) were higher than their isothiazole

counterparts, “Gy and “Xy (0.07 and 0.02, respectively.)
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Table 2.1 Photophysical data for nucleobase analogs
Mgt & Qom0
Gy 315 3.0 439 040
Xy 308 32 420 046
“Gy 320 54 446 0.07

Xy 315 6.1 394 0.02

@ Amner in nm. ® g is in 103 M~ cm™!. Experiments done in triplicate.

Additionally, the sensitivity of photophysical parameters to environmental polarity was
evaluated and spectroscopically derived pKa values were determined (Table 2.S5). The absorption
and emission parameters of each nucleobase were measured in dioxane, water and mixtures
thereof. By linearly correlating the calculated Stokes shift against the solvent polarity of each
sample, the chromophore’s responsiveness was defined. The four nucleobases showed differing
levels of sensitivity to polarity, with the thiophene derivatives showing substantial impact on
Stokes shift compared to the isothiazole derivatives (Figure 2.2¢, Figure 2.S1). The nucleobases
also showed responsiveness to pH changes. pK. values were extrapolated by plotting the
absorption maxima versus pH (Figure 2.2d, Figure 2.S2). The guanine derivatives, "Gy and “Gy,
show two pK, values (pK. = 4.41, 10.19 and pK. = 3.28, 8.96, respectively), while the xanthine
derivatives, "Xy and *Xy, show one pK, value (pK. = 9.92 and pK, = 8.8, respectively), as

expected.3!38:3
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Figure 2.4 Enzymatic Guanine Deaminase Reactions

a) Conversion of guanine to xanthine and conversion of isofunctional “Gn to “X~ by GDA. b)
HPLC relative peak area versus time for consumption of guanine to xanthine at 260 nm (blue)
and consumption of “Gn to “Xn at 320 nm (red). Inset: HPLC relative peak area versus time for
the consumption of guanine (blue) and formation of xanthine (green) at 260 nm and the
consumption of “Gy (red) and formation of “Xn (orange) at 320 nm from 0 to 100 second. ¢)
Absorption changes upon enzymatic deamination of guanine to xanthine at 270 nm (blue) and
2Gn to X at 355 nm (red). Inset: Enzymatic deamination of “Gn to “Xx monitored by
absorbance (at 355 nm, red), fluorescence (450 nm, excitation at 328 nm, green), and HPLC
relative peak area over time (at 320 nm, blue).

To compare the susceptibility of ®Gy and “Gy to GDA-mediated deamination, enzymatic
reactions were first analyzed by HPLC and then monitored in real-time by absorption and emission
spectroscopy. HPLC analysis confirmed the complete transformation of native guanine to xanthine

by GDA within 500 seconds (Figure 2.4a and 2.S3a). The reaction of “Gy with GDA showed
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conversion to the corresponding product, *Xx (Figures 2.4a and 2.S3b). However, the reaction of
thGy showed no conversion of substrate across all time point studied (Figure 2.S3¢). By plotting
the area under the curve at different reaction times (Figure 2.4b), comparable reaction half-life
values for guanine deamination (G ti2 = 27 s) and “Gy deamination (“Gy t12 = 21 s) were
calculated assuming pseudo-first order reaction conditions (Table 2.2). Kinetic parameters were
also calculated by fitting HPLC-monitored deamination reactions to a set of ordinary differential
equations consistent with Michaelis—Menten kinetics (see Methods). Similar values were obtained
for guanine (Km = 12 £ 9 uM; k» = 36 + 27 s7!; ko/Kv = 3.0 = 0.3uM ! s7!) and its isothiazolo
analog “Gy (Km=8 £ 3 uM; k» =32+ 7 s koy/Km=4.2 £ 1.0 uM ! s7!; see Table 2.2). We note
that the Km value obtained for the deamination of guanine is comparable to previously published
figures for rabbit liver GDA (Kwm of 12.5 uM)* and the k»/Kwm is comparable to ki/[GDA] (G

ki/[GDA]= 2.6 uM! s7!) from the pseudo-first order kinetic curves (Table 2.2).

Table 2.2 GDA reaction rates

HPLC Absorbance Emission
Amntr® ka® hpt K k' koK Arnt® ki 0n° Ame® ki® i
GtoX 260 26+2 27 12+£9 36+27 3.0+£03 270 22+1 31
MGy to "Xy 320 NR NR NR NR NR 355 NR NR 450 NR NR
“Gy to "Xy 260 32+1 21 8+3 32+7 42+1.0 355 25+1 27 450 24+ 1 29

2 Amner in nm and represent the monitored and excitation wavelengths respectively in each
experiment. ® Pseudo first order reaction kinetics slope of the exponential approximation in 10-s~
L. 112 is reaction half-life calculated assuming pseudo-first order kinetics. Kw, k2, and k2/Kwm are
reported in pM, s7!, and 10° M~!s7! respectively. At 360 nm for "Gy reactions. At 328 nm for “Gy
reactions. Experiments done in triplicate.

Rewardingly, spectroscopic analyses agree with the chromatographic analysis (Figure 4c).

When monitoring the enzymatic deamination of “Gy spectroscopically, an increase in absorbance

at 355 nm and an emission decrease at 450 nm when exciting at 328 nm, the isosbestic point, were
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observed. The reaction half-life for “Gy was calculated using the same assumptions mentioned
previously (“Gy abs t12= 27 s; ti2 em = 29 s) and was found to be comparable to the native
substrate (G abs t12= 31 s), as shown in Table 2.2. The transformation of both native guanine to
xanthine and “Gy to “Xy by GDA is also illustrated by the absorption maxima shift (Figure 2.S4).
Thienopyrimidine "Gy showed no change in absorption or emission in the presence of GDA over
500 seconds.

Reactions monitored by HPLC as well as real-time absorption and emission spectroscopy
suggest that “Gy, the isothiazolepyrimidine substrate, is equally susceptible to GDA-mediated
deamination as native guanine. Intriguingly, ™Gy, the thienopyrimidine guanine analog, is
unreactive and does not undergo GDA-mediated deamination. These findings showcase the
functionality and increased isomorphicity of the isothiazolepyrimidine-based nucleobase alphabet,
which reinstated the N7 moiety, compared to the thienopyrimidine-based nucleobases, even
without the large and contact forming D-ribose residue the nucleoside counterparts possess. Further
support is obtained by Molecular Operating Environment (MOE) molecular docking experiments
(Figures 2.3e—g, Figures 2.S5 and 2.S6) using the published crystallographic data for xanthine-
bound human GDA (PDB ID 2UZ9). The enzyme recognition preferences for Xy over "Xy are
illustrated by the markedly higher positive AAG values obtained for the latter vs. the former (AAG
1.89 and 0.28, respectively). A similar trend was observed for the substrates (Figure 2.S6).
Docking also shows a plausible structure deformation induced by Arg235, which is projected
towards the N7 position at the native substrate. This basic site, present in native G/X and the
isothiazolo analogs, “Gn/*“Xy, likely hydrogen bonds to Arg235. Clashing of this arginine side
chain with the CH group of ™Gy at the same position, likely renders the thiophenopyrimidine-

based substrate unrecognizable by GDA.
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As stated, the presence of the nitrogen at a position equivalent to N7 in the purine skeleton
endows “Gy, the isothiazole purine surrogate, with substrate recognition features that appear
lacking in ™Gy. While comprehensive investigations of GDA substrate scope have not been
pursued, previous substrate and inhibitor analyses of aminohydrolase isoforms suggest that the O6,
N3, and N7 points of contact are important for substrate recognition.!”#%#! Intriguingly, while
“Gy retains these contact points, it is lacking the NH group found in the purine’s 9 position.
Previously reported inhibitors, such as valciclovir and derivatives of azepinomycin, containing
substituents at the N9 position suggest GDA can tolerate diverse groups at that position, which
may explain the high tolerance and the native deamination rate displayed by “Gy.!*4?

The change in emission signal intensity upon GDA-mediated deamination of “Gy to “Xu,
facilitates real-time monitoring of the enzymatic reaction and its inhibition. To demonstrate its
potential, three inhibitors were tested, 5-aminoimidazole-4-carboxamide (AICA), 4-
aminoisothiazole-3-carboxamide (ATCA) and 4-imidazolecarboxylic acid (ICA, Figure 5a).
AICA is an established competitive inhibitor of GDA.*® ATCA, the isothiazole counterpart, we
synthesized (Scheme 2.S4). Reaction conditions used for previous experiments were sustained
with the exception of inhibitor addition at various concentrations. Percent inhibition plots were
fitted with sigmoidal Hill curves to obtain ICso values of the tested inhibitors. AICA (ICso = 100

uM) showed comparable inhibition to ATCA (ICso = 80 uM), while ICA is comparatively a less

potent inhibitor (ICso = 2 mM, Figure 2.5b).
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Figure 2.5 Guanine Deaminase Inhibitor Study

a) GDA inhibitor structures of AICA, ATCA, and ICA. b) Overlay of % inhibition at 100
seconds and sigmoidal Hill plot for AICA (black), ATCA (red), and ICA (blue).

2.4 Conclusion

This study set out to assess the utility of two emissive nucleobase analogs, "Gy and “Gy,
as substrates for the enzymatic reaction of GDA. We demonstrate that isothiazole[4,3-
d]pyrimidine, %Gy, behaves as an isomorphic and isofunctional emissive surrogate for guanine.
The interconversion of “Gy to “Xy can successfully be tracked in real-time as the reaction
substrate and product display distinct photophysical properties. The strategic replacement of the
GDA substrate with emissive counterparts from both previously published emissive alphabets
demonstrate the significance of N7 for GDA substrate recognition. Moreover, this discovery
provides a biochemical tool to study the activity of human GDA and offers a spectral window for
fabricating real-time high throughput discovery assays of GDA. We illustrate this through a small
pilot study of inhibitor effects on GDA activity, which includes one previously reported inhibitor

and two new inhibitors.

31



2.5 Methods

2.5.1 Expression and Purification of GDA

Wild-type human GDA gene, cloned into pET-28B vector (Genescript), was expressed
with an N-terminal hexahistidine tag. The construct was sequence-verified (GENEWIZ). The
plasmid (4 png) was dissolved in water to a concentration of 28.8 ng/uL. E. coli BL21 (DE3) cells
were transformed with the GDA containing plasmid. Overnight starter cultures were grown in
Lubria Broth (LB) medium at 37 °C with 50 pg/mL of kanamycin. The overnight culture was used
to inoculate 1 L of LB medium with 50 pg/mL kanamycin. Cells were grown while shaking at 37
°C until ODeoo of 0.6 was reached and the culture was down tempered to 18 °C over a period of 1
hour. To induce target protein production, 0.5 mM IPTG was added, and the medium was left to
stir at 18 °C overnight. Cells were harvested after overnight growth by centrifugation at 3500 rpm
for 35 minutes at 4 °C.

Cells were resuspended in lysis buffer [20 mM HEPES, 500 mM NacCl, 10% glycerol, 0.5
mM TCEP (pH 7.5), supplemented with one tablet of Complete EDTA-free protease inhibitor
(Roche Applied Science)] and lysed by sonication. Cell lysate was centrifuged at 10,000 rpm for
1 hour at 4 °C before the supernatant was decanted and filtered through a 0.45 pm syringe filter.
GDA was purified by immobilized metal affinity chromatography. IMAC Ni-charged column [2
mL HisPur Ni-NTA Resin (Thermo Scientific)] was equilibrated with lysis buffer to which the
lysate was then added. The column was washed with 50 mL of wash buffer supplemented with 20
mM imidazole. The bound protein was eluted from the column with elution buffer (wash buffer
supplemented with 200 mM imidazole). Fractions were analyzed by SDS-PAGE and those

containing the target protein were pooled, subsequently concentrated and buffer exchanged into
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storage buffer [20 mM Tris-HCI buffer (pH 8.0), 10% glycerol, 1 mM DTT] using a centrifugal
filter device with a 10 kDa molecular weight cut off. After protein expression and purification, the
final protein concentration was 5.3 mg/mL (0.1 mM) in a total volume of 1.7 mL. Protein aliquots

were snap-frozen and stored at —80 °C until further use. Before used in enzymatic reactions the

GDA protein stock was diluted 1:100 in sodium phosphate buffer [SO mM (pH 7.4)].

2.5.2 Synthetic Procedures

All synthetic procedures and characterizations of compounds are reported in the supporting

information.

2.5.3 Photophysical Properties: General Methods

Absorption spectra were measured on a Shimadzu UV-2450 spectrometer with 0.5 mm
resolution and setting the slit at 1 nm. Emission spectra were measured on a Horiba Fluoromax-4
equipped with a cuvette holder and stirring system. Emission measurements were taken with
resolution at 1 nm and setting both the excitation and emission slits at 3 nm.

All measurements were carried out in a 10 mm four-sided quartz cuvette from purchased
from Helma. All spectra were corrected for the blank. Both instruments were equipped with a
thermostat-controlled ethylene glycol-water bath and all measurements were taken at 37 °C.
Measurements were recorded after a 3-minute temperature equilibration period.

Concentrated stock solutions for xanthine, "Gy, ®Xy, “Gy, and “Xy were prepared in
DMSO and stock solution of guanine was prepared in water basified to pH 12 with sodium

hydroxide. Samples for experiments were prepared with stock nucleobase diluted to a total sample
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volume of 3 mL in deionized water, mixed with a pipette for 10 seconds and placed in the cuvette

holder. All samples contain 0.3 v/v % DMSO, except guanine samples.

2.5.4 Quantum Yield Measurements

All sample concentrations were adjusted to optical density lower than 0.1 at the excitation
wavelength (Aex). The fluorescence quantum yield (¢) of each nucleobase was evaluated based on

2-aminopurine (0.68 in water, Aex 320 nm) as an external standard by using the following equation.

_ I ODstp n?
¢ = d)STD Istp

2.1)

ODsrp nrp
Where ¢stp is the fluorescence quantum yield of the standard, I and Istp are the integrated area of
the emission band of the sample and the standard respectively, OD and ODstp are the optical
density at the excitation wavelength for the sample and standard respectively, and n and nstp are

the solvent refractive index of the sample and the standard solutions respectively.

2.5.5 Sensitivity to pH

Sodium phosphate buffers with a final concentration of 50 mM were prepared and adjusted
to the desired experimental pH values using HCl or NaOH prior to spectral measurements.
Changes in optical density, at 310 and 350 nm, were plotted versus pH. The pK. values were

determined by interpolation of the fitting curves.

2.5.6 Sensitivity to Polarity

Experiments evaluating the effect of polarity were performed in water, dioxane and

mixtures of 20, 40, 60, 80 v/v % water in dioxane. The sample E1(30) values were determined by
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dissolving Reichardt’s dye in an aliquot of the same solvent used to dilute the nucleobase DMSO
sample. The observed wavelength absorption maximum (Aaps™**) were then converted to the Et(30)

values (Table 2.56) using the following equation.

28591
ET(SO) = m (22)

2.5.7 Enzymatic Deamination: General Methods

Reaction conditions were the same for all GDA reactions monitored by spectroscopy or
chromatography. Concentrated stock solutions for xanthine, "Gy, ®Xy, %Gy, and “Xy were
prepared in DMSO and the stock solution of guanine was prepared in water basified to pH 12 with
sodium hydroxide. Samples were prepared in a 10.00 mm four-sided quartz cuvette from Helma.
Reactions had a total reaction volume of 3 mL with nucleobase and enzyme concentrations of 3
uM and 10 nM in sodium phosphate buffer [SO mM (pH 7.4)]. All measurements were taken at 37

°C and GDA was introduced after a 3-minute temperature equilibration period.

2.5.8 Real-Time Monitoring of GDA via Absorption and Emission

GDA-mediated conversion of guanine and its analogs ("Gy and *Gy) was monitored by
absorption and emission spectroscopy. Absorbance measurements of the enzymatic conversion of
guanine (and its analogs) was performed on a Shimadzu UV-2459 spectrometer taking a point
every 10 seconds for 600 seconds after the addition of GDA with slit setting 1 nm. The conversion
was monitored at 270 nm for guanine to xanthine and at 355 nm for the analogs ("Gy and #Gu to

X ). Emission measurements of the conversion of guanine (and analogs) was performed on a
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Horiba Fluoromax-4 with cuvette holder and a built-in stirring system with excitation and emission
slits set to 3 nm and taking points every 10 seconds for 600 seconds after the addition of GDA.
Emission was monitored at 450 nm with excitation at 360 nm and 328 nm respectively for
thGy and “Gy. "Gy reaction showed no change in absorption or emission intensity in the presence
of GDA over 600 seconds. Each experiment was done in triplicate. There is a 6 second lag time

after GDA is added to the cuvette after the time 0 measurement.

2.5.9 Steady State Absorption Measurements in the Prescence of GDA

Steady state absorption spectra over time were performed on a Shimadzu UV-2450
spectrophotometer setting the slit at 5 nm, using a resolution of 0.5 nm, taking a measurement
every 20 seconds. All spectra were corrected for the blank. Smoothing of data was done on spectra

for plotting.

2.5.10 HPLC analysis of Enzymatic Conversion of Native G to X and

ZGy to EXy

GDA-mediated conversion was monitored by chromatography. HPLC was carried out with
an Agilent 1200 system with a Polaris 5 C18-A 250 x 4.9 mm column. Solutions of 0.1% formic
acid (Honeywell Fluka) were prepared by dissolving 1 mL of formic acid in 1 L total volume of
acetonitrile (J. T. Baker) or water. Solutions were filtered using Millipore type GNWP 0.2 pm
filters before use. Each injection (75 uL) for guanine or “Gy experiments was subjected to a linear
gradient of 0.5% to 10% acetonitrile in water with 0.1% formic acid for 20 minutes, followed by

a flush and equilibration for 10 minutes. "Gy injections were subjected to a linear gradient of 0.5%
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to 10% acetonitrile in water with 0.1% formic acid for 30 minutes, followed by a flush and
equilibration for 10 minutes. Each run was monitored at 260, 280, and 320 nm with calibrated
reference at 650 nm and slit set at 1 nm.

Concentrated stock solution of guanine, "Gy and Gy was diluted in phosphate buffer.
Solution was warmed to 37 °C for 3 minutes with stirring before addition of GDA stock solution.
After the addition of GDA, the enzymatic conversion was quenched in aliquots (after 20, 40, 60,
80, 100, 200 and 500 seconds) by adding formic acid (0.55 M) and placing aliquots on ice. Each
100 pL aliquot was filtered and analyzed by HPLC.

HPLC traces were corrected for the blank and the relative areas plotted as a function of
time. Trend lines represent loss of substrate and product apparition over time for a pseudo-first
order kinetic reaction.

A set of ordinary differential equations (ODEs) consistent with Michaelis—Menten kinetics
(Equations 2.3—6) was solved using the Runge-Kutta method with a method with a variable time
step in MatLab (function ode45). Initial concentrations used for enzyme and substrate were 10 nM
and 3 pM, respectively. Product and enzyme substrate complex were assumed to have initial
concentrations of 0 pM. The resulting fitted curves for each species were optimized by iteratively
testing & values that maximized R?. This yielded ki, k-1, and k> values from which Ky and k2/Kwm

values were derived.

W = —ky [E1S] + ko [ES] + kp[ES]  (2.3)
W = Ky [ENIS] + k4 [ES] (2.4)

] = W [ENIS] — kg — ko[ES]  (2.5)

% = ky[ES] (2.6)
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2.5.11 Inhibition Studies

Fluorescence real-time monitoring of enzymatic conversion of “Gy to “Xy with GDA in
the presence of inhibitors was followed by emission spectroscopy by monitoring intensity signal
at 450 nm with excitation at 328 nm. 5-aminoimidazole-4-carboxamide (AICA) was tested as an
inhibitor in the enzymatic reaction for Gy to “Xy using the same reaction conditions but
supplemented with inhibitor concentrations of 0.1, 1, 10, 100, and 1000 uM. 4-aminoisothiazole-
3-carboxamide (ATCA) was also tested as an inhibitor in the reaction under the same conditions
but supplemented with inhibitor concentrations of 0.1, 1, 10, 100, 250 and 500 uM. 4-
imidazolecarboxylic acid (ICA) was also tested as a potential inhibitor under the same reaction
conditions with 10, 100, 1000, 2000, and 3000 uM concentrations. ICso values were determined
from plots of percent inhibition against respective inhibitor concentration on a logarithmic axis,

fitted with sigmoidal Hill curves. All measurements were done in triplicate.

2.5.12 Docking of Guanine, Xanthine, and Analogs in GDA

Docking simulations were performed in Molecular Operating Environment (MOE) 2020
software suite. The crystal structure of Human guanine deaminase (guaD) in complex with zinc
and its product Xanthine was obtained from the Protein Data Bank (PDB ID 2UZ9). The crystal
structure was chosen because it contains the native product xanthine. The chosen ligands were
placed by the Triangle Matcher method and ranked with the London dG values scoring function.
A total of 30 poses were refined using the rigid receptor method. Then 5 poses were rescored using
a GBVI/WSA dG scoring function. The pose with the ligand most closely aligned with the xanthine

ligand was used for comparison and the AAG value calculated for “Gy and ™Gy with native
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guanine as the reference and for “Xy and "Xy with native xanthine as the reference, where AGer
is the GBV1/WSA dG scoring of the reference native ligand and AGiig is the GBVI/WSA dG
scoring of the ligand analogs (Equation 2.7).

AAG = AGyes — AGyy, (2.7)
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2.7 Supporting Information

2.7.1 Synthetic procedures

The nucleobase analogs Gy “Xy, ™Gy, and ™Xy and the starting precursor methyl 4-

aminoisothiazole-3-carboxylate (1) were synthesized based on previously published procedures.!~
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Scheme 2.S1 Synthesis of thienopyrimidine-based analogs, "Gy and ™Xy.

(a) Chloroformamidine hydrochloride, DMSO., 125 °C, 2.5 h, 77%. (b) KOCN, Acetic acid, water,
RT, overnight, 81%. (c) I M NaOMe in MeOH, RT, overnight, 70%.
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Scheme 2.S2 Synthesis of isothiazolepyrimidine precursor methyl 4-aminothiazole 3-carboxylate
hydrochloride (1).

(a) 1) HCI, 120 °C, 1.5 h. ii) H2SO4, MeOH, 65 °C, overnight, 66% over 2 steps.
g P

40



N e N
Sl S () a 3 Si = )N\H
— — 7
NH,+HCI N™ "NH,
tzG
bl N
o
tz
NH2 XN

Scheme 2.S3 Synthesis of isothiazolo-pyrimidine-based analogs, “Gn and “Xx, from precursor 4.

(a) Chloroformamidine hydrochloride, DMSO2, 125 °C, 2.5 h, 85%. (b) KOCN, Acetic acid,
water, RT, overnight, 85%. (c) 1 M NaOMe in MeOH, RT, overnight, 82%.

Scheme 2.S4 Synthesis of 4-aminoisothiazole-3-carboxamide 2, (ATCA).

(a) MeOH, NH3, 60 °C, overnight, 87%.

4-aminoisothiazole 3-carboxamide (2)

Solid 1 (0.2 g, 0.1 mmol) is dissolved in cold anhydrous methanol (7 mL) in a 15 mL reaction vial
with stir bar. Gaseous ammonia was bubbled through for 15 minutes and the vial was capped and
left to stir overnight at 60 °C. The reaction was then evaporated to dryness and subjected to
purification by column chromatography (0% MeOH to 5% MeOH in DCM) to yield a yellow
powder (0.13 g, 87%). Rf: 0.33 (5% methanol in DCM). 'H NMR (500MHz, DMSO-ds): & 7.84
(s, IH), 7.61 (s, 1H), 7.46 (s, 1H), 5.73 (s 2H). 3C NMR (125MHz, DMSO-ds): 5 164.86, 148.49,

147.02, 123.72. ESI-HRMS calculated for [C4HsN3OS]" 144.0226, found 144.0225.
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2.7.2 X-Ray Crystal structures

2.1.  Experimental summary

The single crystal x-ray diffraction studies were carried out on a Bruker Kappa APEX-II CCD
diffractometer quipped with Cu K¢ radiation (A = 1.5478) or Mo K, radiation (A = 0.71073) at the
UCSD Chemistry & Biochemistry Small Molecule X-ray facility. Crystal blocks were mounted
on a Cryoloop with Paratone oil. Data were collected in a nitrogen gas stream at 100(2) K using ¢
and w scans. The data were integrated using the Bruker SAINT software program and scaled using
SADABS software program. Solution by direct methods (SHELXT) produced a complete phasing
model system consistent with the proposed structure. All nonhydrogen atoms were refined
anisotropically by full-matrix least-squares (SHELLXL-2014). All carbon bonded hydrogens were
placed using a rigid model. Their positions were constrained relative to their parent atom using the
appropriate HFIX command SHELXL-2014. All other hydrogen atoms (H-bonding) were located
in the difference map. Their relative positions were restrained using DFIX commands and their

thermals freely refined.

Deposition numbers: 2073101, 2073102, 2073062, and 2073063.
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Report date
Identification code
Empirical formula
Molecular formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal color, habit

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 68.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F2

Final R indices [[>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Table 2.S1 Crystal Data and structure refinement for "Gy

2018-03-21

thG

C6H5S5N30S

C6H5S5N30S

167.19

100.0 K .
1.54178 A ! ¢
Monoclinic

P12l/c1

a=7.2425(6) A a=90°.
b=14.8279(12) A B=94.751(3)°.
c=12.8685(11) A v =90°.
1377.2(2) A3

8

1.613 Mg/m3

3.680 mm'!

688

0.231 x 0.157 x 0.084 mm?

Colorless Block

4.558 to 68.321°.

-8<=h<=8, -17<=k<=17, -15<=I<=14
25913

2519 [R(int) = 0.0310, R(sigma) = 0.0171]
99.8 %

Semi-empirical from equivalents

0.3201 and 0.2149

Full-matrix least-squares on F?
2519/6/223

1.062

R1=0.0301, wR2 =0.0833

R1=0.0319, wR2 = 0.0849

n/a

0.256 and -0.267 e.A-
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Report date
Identification code
Empirical formula
Molecular formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal color, habit

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.000°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(I)]
R indices (all data)

Extinction coefficient

Largest diff. peak and hole

Table 2.S2 Crystal data and structure refinement for Xy

2018-04-04

THXO01

C6H4N202S

C6H4N202S

168.17

100.0 K

0.71073 A

Monoclinic

P12l/c1

a=10.1968(16) A o= 90°.
b=15.3149(8) A B=102.119(4)°.
c=12.257(2) A ¥ =90°.
649.48(18) A3

4

1.720 Mg/m3

0.436 mm’!

344

0.271x 0.117 x 0.093 mm?

Colorless Block

2.043 to 28.278°.

-13<=h<=13, -6<=k<=7, -16<=I1<=13
8784

1596 [R(int) = 0.0582, R(sigma) = 0.0463]
100.0 %

Semi-empirical from equivalents
0.2482 and 0.2096

Full-matrix least-squares on F?

1596 /2/108

1.075

R1=0.0376, wR2 = 0.0963
R1=0.0435, wR2 = 0.1004

n/a

0.361 and -0.331 e.A-3
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Table 2.S3 Crystal Data and structure refinement for “Gy

Report date
Identification code
Empirical formula
Molecular formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal color, habit

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

2018-07-10

tor119

C5H4N40S

C5H4N40S

168.18

100.0 K

0.71073 A

Monoclinic

P12l/c1

a=3.6599(2) A o= 90°.
b=11.2567(5) A B=96.825(2)°.
c=15.0364(7) A v =90°.
615.09(5) A3

4

1.816 Mg/m?

0.457 mm’!

344

0.03 x 0.005 x 0.005 mm?

light yellow needle

2.266 t0 26.720°.

-4<=h<=4, -13<=k<=14, -18<=I<=18
9691

1303 [R(int) = 0.0555]

100.0 %

Semi-empirical from equivalents
0.7455 and 0.6591

Full-matrix least-squares on F?
1303/0/100

1.046

R1=0.0337, wR2 =0.0733
R1=0.0471, wR2 = 0.0784

0.332 and -0.314 e.A-3
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Report date
Identification code
Empirical formula
Molecular formula
Formula weight
Temperature
Wavelength
Crystal system
Space group

Unit cell dimensions

Volume

Z

Density (calculated)
Absorption coefficient

F(000)

Crystal size

Crystal color, habit

Theta range for data collection
Index ranges

Reflections collected
Independent reflections
Completeness to theta = 25.242°
Absorption correction

Max. and min. transmission
Refinement method

Data / restraints / parameters
Goodness-of-fit on F?

Final R indices [[>2sigma(I)]
R indices (all data)

Largest diff. peak and hole

Table 2.S4 Crystal data and structure refinement for “Xy

2018-07-11
tor120
C5H3N3028S
C5H3N3028S
169.16

100.0 K
0.71073 A
Monoclinic

P12l/c1

a=6.9522(10) A a=90°.
b=12.2384(17) A B=93.431(3)°.
¢ =6.9021(10) A y=190°.

586.20(14) A3

4

1.917 Mg/m?

0.488 mm’!

344

0.12 x 0.08 x 0.04 mm?
colorless block
2.935t026.736°.

-8<=h<=8§, 0<=k<=15, 0<=I<=8
1244

1244 [R(int) = 0.0362]

100.0 %

Semi-empirical from equivalents
0.491 and 0.402

Full-matrix least-squares on F?
1244/0/101

1.036

R1=0.0362, wR2 = 0.0873
R1=0.0456, wR2 = 0.0927
0.409 and -0.459 e.A-3
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2.7.3 Absorption and emission spectroscopy

Table 2.S5 Complete photophysical properties of nucleobases

zGy

ZXy

thGN

)y

2 dabs, max and Aem, max are in nm. ®g is in 103 M~' cm!. ¢ Stokes Shifts is in 103 cm™.
Experiments done in triplicate.

solvent
water
dioxane
water
dioxane
water
dioxane
water
dioxane

Aabs® (Sb)

320
336
315
315
315
325
308

5
5
6
6
3
3
3
303 (3

~ o~ o~ o~ o~ o~ o~ o~

410.1)
120.1)
120.1)
4+0.01)
00.1)
0£0.1)
2+0.1)
6+0.1)

Aem?® (D)
446 (0.068+0.004)
419 (0.026+0.001)
394 (0.018+0.001)
375 (0.001+0.001)
439 (0.40+0.04)
423 (0.40+0.05)
420 (0.46+0.05)
383 (0.065+0.002)

02
351
129
116
11
1179
1182
1406
242

Stokes
Shifte
8.88
5.90
6.42
5.08
8.97
7.18
8.66
6.95

Table 2.S6 E1(30) experimental values for water:dioxane mixtures

water:dioxane

1:0
4:1
3:2
2:3
1:4
0:1

Reported Et(30)
(kcal mol™)
63.1
575
55
51.6
48.3
36.4

47

Polarity
sensitivity

125.3

53.1

137.4

71.9

Experimental E1(30)
"Gy and Gy, "Xy and EXn

(kcal mol™
57.9,57.5
54.8, 54.9
51.7,51.6
47.7,48.1
35.8, 36.5

)

pKa (abs)
3.28, 8.96

8.8

4.41,10.19

9.92
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Figure 2.S1 Nucleobase absorption and emission traces in water:dioxane mixtures
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Absorption (dashed lines) and emission (solid lines) traces in water/dioxane mixtures from 0 to
100% water for (a) "Gy, (b) "Xy, (¢) “Gu, and (d) “Xn. () Stokes shift correlation versus
solvent polarity [E1(30) of water/dioxane mixtures for "Gy (green), ®Xy (red), “Gy (blue), and

X n (orange)].).
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Figure 2.S2 Nucleobase absorption and emission traces in buffer solution at varying pH
Absorption (dashed lines) and emission (solid lines) traces in buffer solution of varying pH for

(a) "Gy, (b) "Xy, (c) “Gn, (d) *Xn. (e) Change in optical density versus pH for "Gy (green),
Xy (red), “Gn (blue), and “Xy (orange).

49



2.7.4 Real-time monitoring of GDA reactions

|
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Figure 2.S3 GDA-mediated deamination analysis by HPLC

(a) Chromatogram shows enzymatic conversion of native guanine (blue) to xanthine (red)
monitored at 260 nm. (b) Enzymatic conversion of “Gy (blue) to *Xu (red) monitored at 320 nm.
(¢) No enzymatic conversion of "Gy (blue) to "Xy (red) observed. Each data set shows a standard
isomolar mixture of the starting material and product (transparent trace).
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Figure 2.S4 Steady state absorption of guanine and analogs by GDA

Steady state absorption traces of enzymatic conversion of (a) guanine to xanthine, (b) “Gy to
X, and (¢) Gy, over time from 0 (red) to 200 seconds (blue) with measurements made every

20 seconds.
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2.7.5 MOE docking results

Figure 2.S5 MOE docking of xanthine and analogs in GDA active site

MOE docking images of xanthine and analogs in GDA active site (PDB 2UZ9) with calculated
AAG of docking (see methods) with xanthine as a reference. (a) Crystal structure active site with
xanthine bound, (b) docking of native guanine, (c¢) docking of “Xy with AAG of 0.28, (d) and
docking of X with more positive AAG of 1.89 when compared to “Xy. "Xy docking shows
nucleobase analog structure deformation as well as steric hindrance at the position equivalent to
the xanthine crystal substrate N7. The N7 moiety of Xy will likely hydrogen bond to Arg235,
whereas the CH group of "Xy is sterically hindered in the active site.
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. /AAG 0.21

Figure 2.S6 MOE docking of guanine and analogs in GDA active site

MOE docking images of guanine and analogs in GDA active site (PDB ID 2UZ9) with
calculated AAG (see methods) of docking with guanine as a reference. (a) Crystal structure active
site with xanthine bound, (b) docking of native guanine, (c) docking of “Gy with AAG of 0.21,
and (d) docking of "Gy with more positive AAG of 0.62 when compared to “Gy. "Gy docking
shows nucleobase analog structure deformation as well as steric hindrance at the position
equivalent to the xanthine crystal substrate N7, where the CH group of ™Gy is sterically hindered
by Arg235 in the active site. Arg235 likely provides a basic site that favors the N7 moiety in
Gy for substrate recognition.

53



2.7.6 Real-time monitoring of GDA and tzG with inhibitors
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Figure 2.S7 Kinetics of AICA, ATCA, and ICA as GDA inhibitors

(a) Conversion of “Gy to Xy by GDA in the presence of AICA at 0 (solid black), 0.1 (dashed
blue), 1 (dashed red), 10 (dashed orange), 100 (dashed yellow), 1000 uM (green dashed), and
finally 1000 uM without GDA (solid purple). (b) Conversion of “Gy to “Xy by GDA in the
presence of ATCA at 0 (solid black), 0.1 (dashed blue), 1 (dashed red), 10 (dashed orange), 100
(dashed yellow), 250 (dashed green), 500 uM (dashed pink), and lastly 500 uM without GDA
(solid purple). (¢) Conversion of “Gy to “Xy by GDA in the presence of ICA at 0 (solid black),
10 (dashed blue), 100 (dashed red), 1000 (dashed orange), 2000 (dashed yellow), 3000 uM (dashed
green), and lastly 3000 uM without GDA.
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CHAPTER 3: Fluorescent Probes for O%-Alklylguanine-DNA-

Transferase Activity and Microscopy in Living Cells

3.1 Abstract

Human O°-Alklylguanine-DNA-transferase (hAGT) is a repair protein that provides
protection from mutagenic events caused by O%-alkylguanine lesions. In a single step, an active
site nucleophilic cysteine residue displaces the O°-alkyl group and restores guanine. As this
stoichiometric activity is tissue specific, indicative of tumor status, and correlated to
chemotherapeutic success, tracking activity of hAGT could prove informative for disease
diagnosis and therapy. Herein, we explore two families of emissive O°-methyl- and O°-
benzylguanine analogs based on our previously described "Gy and %Gy, a thieno- and isothiazolo-
guanine surrogates, respectively, as potential reporters. We establish that O®-Bn™"Gy and O°-
Bn"“Gy provide a spectral window to optically monitor hAGT activity, can be used as substrates
for the widely used SNAP-Tag delivery system, and are sufficiently bright for visualization in

mammalian cells using fluorescence microscopy.

3.2 Introduction

DNA alkylation can be caused by both endogenous and exogenous agents. Cellular repair
mechanisms exist to evade the potentially mutagenic outcomes from such nucleobase
modifications thus maintaining genome integrity.'> Human O°-Alklylguanine-DNA-transferase
(hAGT) is a repair protein that protects DNA from O-alkylguanine lesions.*> Mechanistically,
hAGT acts by irreversibly transferring an alkyl group at the O6 position of the damaged guanine

nucleobase to a cysteine residue in the protein active site to form a stable thioester and restore the
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native purine.® hAGT thus is a kamikaze or suicide protein, meaning that each repair event tags the
protein for degradation. Although O6 alkylation of guanine is not the most common guanine
modification, hAGT*s stoichiometric reaction suggests a highly important protective activity.’

The cellular activity of hAGT has been associated with disease progression and therapeutic
susceptibility of various cancers.® Classical chemotherapeutic agents alkylate DNA, causing
cytotoxicity, implying potential resistance if hAGT activity is upregulated. Glioblastoma, for
example, the most common type of malignant brain tumors, is treated with temozolomide, a
methylating agent. Its efficacy is diminished, however, with elevated hAGT activity. As hAGT
activity is tissue-dependent and varies with disease progression, having a simple and real time
fluorogenic detection to measure its activity could prove useful.’ Furthermore, hAGT was
engineered to function as a highly specific protein self-labeling tag, coined SNAP-Tag. By
adorning the benzyl moiety of guanine with an emissive dye, for example, the SNAP-Tag and a
genetically fused protein can be labeled for diverse biotechnological applications.!%-12

Our lab has developed two fluorescent RNA alphabets based on the thieno[3,4-
d]pyrimidine (*"N) and isothiazolo[4,3-d]pyrimidine (*N) heterocyclic cores (Figure 3.1a).!3-14
Their isomorphic character provides biochemically active nucleoside surrogates, which are
endowed with useful photophysical features, absent in their native counterparts. These compounds
have served as powerful biophysical tools for exploring cellular processes involving nucleosides,

nucleotide cofactors, and secondary messengers.!>—2

The nucleobase heterocycles were utilized
for the first time to monitor the activity of human guanine deaminase.?® Rewardingly, guanine
deaminase deaminates “Gy, the guanine surrogate, to the corresponding xanthine analog, “Xy,

with reaction rates corresponding to the native substrates (Figure 3.1b). The enzymatic

deamination of “Gy could be tracked via emission change as the substrate and product display
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distinct spectroscopic signatures. Similarly, we set to investigate the substrate recognition of
hAGT with the thieno, O®-Bn*Gy and O%-Me™" Gy, and isothiazolo, O%-Bn”Gy and O%-Me*Guy,
06 alkyl guanine analogs (Figure 3.1c). We began by establishing synthetic methods to activate
the previously published "Gy and %Gy at their respective O6 positions, analyzed the photophysical
signatures of the new compounds, and assessed the tolerance of hAGT active site to the alkyl
guanine surrogates. To further exemplify the utility of these analogs we tested them with the
SNAP-Tag and evaluated their utility for live-cell imaging in mammalian cells. We observed that
both benzylated nucleobases O%-Bn'Gy and O%-Bn“Gy provide a spectral window to optically
monitor hAGT activity and can be used as substrates for the widely used SNAP-Tag delivery
system. Additionally, both benzylated derivatives show uptake by mammalian cells and are

sufficiently bright for visualization by fluorescence microscopy.
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Figure 3.1 Structures of guanine, "Gy, and “Gn, GDA and hAGT reactions
Structures of native guanine (displaying the conventional purine numbering system), as well as
thGy, and “Gy. b) Guanine deaminase converts “Gy to “Xu. ¢) Potential conversion of O°-

benzylguanine analogs (O%-Bn"Gy and O%-Me™Gy or O%-Bn*Gy and O%-Me“Gy) to the
respective guanine analogs ("Gy or “Gy ) by hAGT.

3.3 Results and Discussion

Emissive guanine analogs containing either a thienopyrimidine-core, ™Gy, or an
isothiazolepyrimidine-core, “Gy, were prepared according to previously reported procedures. 314
Briefly, either the commercially available methyl 4-aminothiophene 3-carboxylate hydrochloride
or synthesized 4-aminoisothiazole-3-carboxamide hydrochloride?® were cyclized with
chloroformamidine hydrochloride in DMSO; at 125°C to yield Gn, or %Gy, respectively. These
core structures served as the starting materials for synthesizing the O%-alkylated guanine analogs.

The alkylated guanine surrogates of interest were the O6-benzyl derivative, as it is most

favorable substrate for hAGT and the specific substrate engineered for the SNAP-Tag protein, and

the O6-methyl derivative, as it is the most biologically relevant alkylated guanine. Classically,
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such derivatives have been prepared via a Mitsunobu reaction. In the case of our thienopyrimidine
and isothiazolopyrimidine heterocycles, however, Mitsunobu reactions yielded mixtures of N1-,
exo N2- and only traces of 06 alkylated products, or only N1- and exo N2- alkylated products,
respectively (note, for simplicity, the conventional numbering of the purine system is used as
shown in Figure 3.1a). Alternative reported methods were thus employed as summarized for the
06-benzyl derivatives in Scheme 1 and O6-methyl derivatives in Scheme S3.1. To activate "Gy
at its carbonyl, benzotriazole-1-yloxytris(dimethylamino)phosphonium hexafluorophosphate
(BOP) and DBU were used followed by the addition of 0.5 M sodium benzyloxide in benzyl
alcohol or 1 M sodium methoxide in methanol to afford O®-Bn"Gy and O%-Me®'Gy in 64% and
86% yields, respectively.’® To produce the isothiazolepyrimidine derivatives, *Gy was activated
by producing a DMAP—*Gy salt using DMAP, 2-mesitylenesulfonyl, and DBU and then exposing
the activated salt to 0.5 M sodium benzyloxide in benzyl alcohol or 1 M sodium methoxide in

methanol, to yield O%-Bn*Gy and O%-Me“Gy in 65% and 75% yields, respectively (Scheme

0 o}
i) BOP, DBU
DMF, RT, 2.5 hours <7 SN

NH

Sl MNaoBninBnoH > Sl L
N” “NH, DMF, RT, overight N™ "NH;

64% over 2 steps

3.1)3

thGN oG_BnthGN
o] O
N i) 2-Mesitylenesulfonyl chloride N
g - NH DBU, ACN, RT, overnight s = SN
1 i) NaOBn in BnOH 1
N™ “NH; DMF, RT, 4 hours N™ "NH;
65% over two steps
tzGN o OVeriw P OG-BntZGN

Scheme 3.1 Synthesis of O6-benzyl thieno- and isothiazolo-guanine analogs
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To evaluate whether the alkylated (i.e., the enzyme substrate) and the corresponding parent
heterocycle (i.e., the product) (Figure 3.2a) are photophysically distinguishable, their
spectroscopic properties were evaluated in water. As seen in Figure 2b-c and summarized in Table
1, the absorption and emission spectra of the two families of heterocycles show substantial shifts
when alkylated and offer means to distinguish substrates from reaction products. The guanine
analogs, ™Gy and %Gy, were previously shown to have bathochromic-shifted absorption and
emission maxima when compared to their native counterparts in water (Amax 315 and 320 nm,
Aemmax 439 and 446 nm, respectively).?® The O-alkylation caused additional red-shifting for both
heterocyclic families, showing absorption maxima at 337, 338, 350, and 349 nm for O%-Bn""Gy,
0%-Me"Gy, O5-Bn”Gy, and O%-Me%Gy, respectively. Similarly, fluorescence spectroscopy
shows substantial changes that provide different photophysical fingerprints for each derivative,
with emission maxima at 460, 465, 460, and 459 nm, for O%-Bn""Gy, O%-Me"Gy, O%-Bn“Gy, and

0°%-Me'“Gy, respectively.

Table 3.1 Photophysical data of nucleobase analogs in water

7\"c1bs,maxa 6b 7\‘em,maxa d) 5¢
thGy© 315 3.0£0.1 439 0.40 £0.04 1200
0%Bn"Gy 337 3.2+0.02 460 0.42+0.01 1344
0%-Me"Gy 338 3.1+0.03 465 0.85+0.01 2635
G 320 54+0.1 446 0.07+0.01 378
0%-Bn“Gn 350 5.8+0.02 460 0.83 +£0.01 4814
0°%-Me““Gy 349 5.6+0.03 459 0.83 +£0.01 4648

habs,max @Nd Aemmax are in nm. "gis in 10°> M~ cm™. Measured in triplicate in water. “Previously
reported values.

All derivatives, excluding "Gy, exhibit classically shaped emission bands (Figure 3.1b).
In contrast, the thiophenopyrimidine ™Gy analog populates two tautomeric forms in H-bonding-

capable solvents, such as water, and displays a blue-shifted shoulder. Spectral deconvolution of
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the absorption and emission spectra previously showed that each tautomer can be selectively
excited. The long and short emitting tautomer forms have been attributed to the keto-amino
tautomers "Gy -1H and Gy -3H, respectively (Figure 3.1a).%273% Once "Gy is alkylated at the 06
position, the structure is locked into one favorable tautomeric form thus displaying only the red-
shifted emission band. All alkylated products showed a higher emission quantum yield compared
to the parent non-alkylated heterocycles. O%-Bn"Gy displayed a modest increase to 0.42 from the
non-alkylated precursor ™Gy at 0.40, while O®-Me™Gy showed a substantial increase to 0.85.
Both O%-Bn”Gy and O%-Me”Gy showed much higher emission quantum yield compared to the
non-alkylated precursor “Gy (¢ = 0.83 and 0.07, respectively). The alkylated derivatives portray
comparable molar absorptivity to the non-alkylated parent molecule; however, the increase in
emission quantum yield observed for O®-Me"Gy, O5-Bn“Gy, and O%-Me%“Gy, consequently
produces a substantial relative increase in apparent brightness. The apparent brightness increases
over two-fold for O%-Me™Gy compared to "Gy and over four-fold for O®-Bn*Gy, and O%-Me“Gy

compared to “Gy.
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Figure 3.2 "Gy, “Gy, and alkylated derivative structures and spectra
a) Structures of "Gy—H1, *Gy—H3, O5-Bn'Gy, O%-Me™"Gy, “Gy, O%-Bn”Gy, and O%-Me”Gy

nucleobase analogs. b) Absorption (dashed lines) and emission (solid lines) of "Gy (blue), O°-
Bn"Gy (dark green), O5-Me™Gy (lime). ¢) Absorption (dashed lines) and emission (solid lines)

of ®Gy (red), O%-Bn”Gy (orange), and O%-Me”Gy (yellow).

To test the alkylated derivatives as hAGT and SNAP-tag substrates and assess their utility
to track dealkylation reactions, they were subjected to the corresponding commercially available
recombinant proteins (see Procedures). The reactions were run in DPBS buffer at 37 °C and
monitored by fluorescence spectroscopy via excitation at the isosbestic point of each pair of

compounds under the same conditions. Given the different spectroscopic characteristics of the
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alkylated vs. the non-alkylated parent heterocycles, tracking of the substrate to product conversion
should show a time-dependent change in emission.

Rewardingly, O%-Bn"Gy and O%-Bn*“Gy show a change in emission intensity at a single
wavelength when exposed to hAGT. An increase in emission at 400 nm is seen for O%-Bn'Gy.
This increase is consistent with its transformation to "Gy, and the emission signal associated with
the short emitting tautomer unavailable to the locked reaction substrate. A decrease in emission at
450 nm is seen for O%-Bn"Gy, consistent with transformation to the less bright “Gy. No emission
changes were observed for O%-Me®"Gy and O%-Me”Gy (Figure 3.3). Reaction #1,2 values were
calculated assuming a pseudo-first order reaction kinetics for the dealkylation of both benzylated
analogs to the corresponding “repaired” thiophenopyrimidine or isothiazolepyrimidine nucleobase

(t12 =173 and 50 s for O%-Bn'Gy; and O%-Bn“Gy, respectively, Table 3.2).

Table 3.2 AGT and SNAP-Tag reaction rates

AGT SNAP-Tag

kexca / kmntra kappb t 1/2C kappb 1‘1/2c

O5-Bn"Gn to "Gy 321/400 0.004 173 0.011 63
0%-Me"Gy to "Gy 325/400 NR NR NR NR
05-Bn“Gn to “Gy 334 /450 0.014 50 0.005 139
05-Me"”Gn to “Gy 334/ 450 NR NR NR NR

exe and Amne reported in nm and represent the wavelength for excitation and wavelength
monitored, respectively. kapp pseudo-first order rate constant. “Reaction half-life calculated
assuming pseudo-first-order kinetics. Experiments done in triplicate.
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Figure 3.3 Tracking hAGT and SNAP-Tag reactions via emission change
a) Fluorescence changes upon dealkylation of O%-Bn™Gy to Gy at 400 nm (blue) and O°-
Bn%“Gy to “Gy at 450 nm (red) by hAGT. b) Fluorescence changes upon dealkylation of O°-
Bn"Gy to "Gy at 400 nm (blue) and O%-BnGy to “Gy at 450 nm (red) by SNAP-Tag.

To preliminary demonstrate the utility of the alkylated analogs in the context of real-time
protein fluorescent labeling or cargo delivery using the SNAP-Tag technology, emission intensity
was monitored using the same protocol as for hAGT but with the commercially available SNAP-
Tag purified protein. Similar to reactions with hAGT, the resulting photophysical data showed that
reactions of O%-Bn"Gy and O%-Bn*”Gy are accompanied by a detectable change in emission
intensity (Figure 3.3b). Reactions of O®-Me™"Gy and O%-Me*“Gy do not show a change in emission
signal. Reaction ¢1/2 values were calculated for the reactions (Table 3.2) with the SNAP-Tag protein
(t12 = 63 and 139 s for O*-Bn*Gy and O%-BnGy, respectively).

The changes in emission intensity observed with O%-Bn™"Gy and O%-Bn*“Gy are consistent
with the dealkylation reaction of these substrates with both hAGT and SNAP-Tag. In these
reactions, the restored guanine surrogate is less bright than the O6 alkyl substrate, so a drop in

fluorescence is tracked. Notably, O%-Bn“Gy displays a faster reaction with hAGT than O°-

Bn"Gy, showcasing the increased isofunctionality of the isothiazolopyrimidine analogs, which
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possesses a nitrogen atom in the position equivalent to the N7 position in native nucleobases and
nucleosides. Previous explorations using either crystal structures or AGT mutants have shown
interactions with the nucleobase’s N7, 06, N3 and its exocyclic amine, while substitutions at the
C8 and N9 positions are tolerated.>*>” The necessary protein/nucleobase interactions are retained
in the isothiazolo guanine analog.

Intriguingly, the relative reaction kinetics was reversed for O%-Bn™Gy compared to O°-
Bn"“Gy with the SNAP-Tag protein. This is likely due to the engineering of the SNAP-Tag protein.
From the library of hAGT mutants tested for increased activity and selectivity for benzylated
guanosine derivatives protein mutants containing S159E showed increased efficiency. In hAGT,
Ser159 hydrogen bonds to the basic N7 site. In the SNAP-Tag protein it is mutated to glutamic
acid, which is deprotonated, and the reactive substrate is tautomerized to N7-H instead of the N9-
H.?8 Such tautomerization is not possible for the thiopheno and isothiazolo analogs. However, the
hydrogen at the thiophene C7 position can potentially be better accommodated by the deprotonated
glutamic acid residue.’* Additionally, we note that the higher reactivity of the benzylated analogs
react efficiently while the methyl alkylated do not for both hAGT and the SNAP-Tag. This
consistent with previous data regarding nucleobase reactivity.>*

Following the evaluation of substrate recognition by hAGT and SNAP-Tag via
fluorescence kinetics experiments, O%-Bn™"Gy, O%-Me"Gy, O%-Bn“Gy, and O%-Me“Gy were
incubated with human embryonic kidney (HEK293T) cells to assess whether the chromophoric
properties of these compounds could be utilized for cellular imaging and if hAGT activity could
be determined in cells. Following a one-hour incubation period with 100 uM of the thiophene
substrates and 500 uM of the isothiazole substrates, HEK293T cells were visualized. Fluorescence

signal was observed in the cytosol for cells incubated with O%-Bn™Gy and O®-Bn*Gy, suggesting

70



that cells uptake the benzyl alkylated derivatives. No fluorescence signal was detected with O°-
Me®"Gy or O5-Me®”Gy (Figure 3.4a). To further ascertain the effect of these compounds,
fluorescence change was measured over 30 minutes after an initial 10-minute incubation period in
both HEK293T and CHO-K1 cells. HEK293T cells express hAGT localized in the cytosol,
whereas CHO-K1 cells are AGT deficient.* A decrease in fluorescence intensity was observed
from time 0 to 1020 seconds for both O®*-Bn™"Gy and O%-Bn“Gy in HEK293T cells as shown in
Figure 3.4b and c, consistent with the conversion of alkyl compounds to non-alkylated guanine
derivatives. No change in fluorescence is observed in CHO-K1 cells for either of the benzyl
compounds. The changes in fluorescence are further quantified in 10 regions of interest (ROI) over
time and a decrease in fluorescence is seen in HEK293T cells and not in CHO-K1 cells (Figure
3.5). These results taken together suggest that hAGT activity can be monitored using O%-Bn""Gy

and O%-Bn"Gy for live cell imagining purposes.
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Figure 3.4 Live Cell Imaging of O%-Bn™Gy, O%-Me"Gy, O%-Bn*Gy, and O%-Me“Gy
a) Live-cell imaging of a) O%-Bn™"Gy, O%-Me"Gy, O5-Bn*“Gy, and O%-Me”Gy in HEK293T cells

after 1 hour incubation versus untreated cells. b) Fluorescence images of HEK293T cells and
CHO-K1 cells incubated with 500 uM O%-Me®“Gy and ¢) 100 uM O®-Bn"'Gy at indicated times.
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Figure 3.5 Real-time fluorescence monitoring of O®-Bn?Gy and O®-Bn™"Gy in live cells

Real-time fluorescence monitoring of O%-Bn®”Gy (a) and O%-Bn™Gy (b) in live HEK293T
(black) and CHO-K1 (red) cells. Data points are averages of at least 10 ROIs.

3.4 Conclusion

This study set out to assess the utility of two emissive nucleobase analog families, "N and
N, as substrates for the reaction monitoring of hAGT. We demonstrate that O%-Bn™"Gy and OS-
Bn"”“Gy behave as an isomorphic, emissive surrogates for O%-alkylguanine as hAGT substrates.
The conversion of O%-Bn™"Gy or O%-Bn%“Gy to "Gy or “Gy, respectively, can successfully be
tracked in real-time as the reaction substrate and product will display distinct photophysical
properties. Moreover, this discovery provides a biophysical tool to study the activity of hAGT.
Further, we exemplify the utility of these analogs as substrates for the SNAP-Tag self-labeling
system protein and measured their uptake and cellular fluorescence. Both benzylated derivatives
show uptake by cells, are sufficiently bright for visualization by fluorescence microscopy, and
fluorescence change corresponding to protein activity is suggested by live cell microscopy

experiments.
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3.5 Methods

3.5.1 Synthetic Procedures

Nucleobase analogs ™Gy and “Gy were synthesized based previously reported procedures.

Scheme 3.2 Synthesis of O%-alkylguanine analogs O®-Bn"Gy and O%-Me®"Ga?

.R
O
=< NH a <" SN
=l A ~ SEl A
N > NH, N NH,
thGN

R = /\@ or _CHs

08-BnthG), 05-MethGy
64% 86%
aReagents and conditions: (a) 1) DBU, BOP, DMF, 2.5 h, RT; ii) | M NaOBn in BnOH, RT,
overnight, 64% or 0.5 NaOMe in MeOH, RT, overnight, 86%.
4-(benzyloxy)thieno[3,4-d]pyrimidin-2-amine (O%-Bn""Gy)

To a flame dried flask purged with argon, solid ®Gy (0.040 g, 0.24 mmol) was added and
dissolved in anhydrous DMF (3 mL). DBU (0.054 mL, 0.36 mmol) was then added dropwise
followed by BOP (0.138 g, 0.31 mmol). The solution was allowed to stir at room temperature for
2.5 hours and then 1 M NaOBn in BnOH (0.72 mL) was introduced dropwise. The reaction was
allowed to stir overnight at room temperature and was then partitioned between DCM and water.
The organic extract was washed twice with water and once with brine. The solution was then dried
over sodium sulfate and evaporated to dryness. The resulting residue was subjected to column
chromatography with a gradient of 0—5% MeOH in DCM to yield an off-white powder (0.040 g,

64%). '"H NMR (400MHz, DMSO-de): & 5.53 (s, 2H), 6.44 (s, 2H), 7.08 (s, 1H), 7.35-7.46 (m,

3H), 7.53-7.59 (m, 2H), 8.19 (s, 1H). 3C NMR (100MHz, DMSO-de): & 66.53, 106.72, 117.63,

74



123.40, 128.11, 128.25, 128.29, 135.75, 148.73, 153.64, 159.37, 164.47. ESI-HRMS calculated

for [C13H12N30S]" 258.0696, found 258.0697.

4-methoxythieno[3,4-d]pyrimidin-2-amine (O%-Me®"'Gy)

Solid ™Gy (0.040g, 0.240 mmol) was placed in a flame dried flask and dissolved in
anhydrous DMF (3 mL). DBU (0.054 mL, 0.36 mmol) was then added dropwise followed by the
solid BOP (0.138 g, 0.311 mmol). The solution stirred at room temperature for 2.5 hours before
0.5 M NaOMe in MeOH (1.44 mL) was added dropwise. The reaction was left to stir at room
temperature overnight. The following day the solution was evaporated to dryness and subjected to
column chromatography with a gradient of 0—10% MeOH in DCM, yielding an off-white powder
(0.037 g, 86%). 'H NMR (400MHz, DMSO-ds): & 3.96 (s, 3H), 6.38 (s, 2H), 7.04 (s, 1H), 8.12 (s,
1H). *C NMR (100MHz, DMSO-d¢): 8 54.01, 107.66, 118.24, 122,61, 153.71, 159.67, 164.31.

ESI-HRMS calculated for [C7HsN3OS]* 182.0383, found 182.0383.

Scheme 3.3 Synthesis Gy and O®-alkylguanine analogs O%-Bn”Gy and O%-Me%“Gp?

_R
N 7 a N b N
S, ~ O , Sl N j\l\"l : S/ ~ N N
— — y/ — /)\
NH,+HCI N NH, N NH,

tzg
N R= /\© or CHs

OS-BntZGN OG-MetZGN

aReagents and conditions: (a) Chloroformamidine hydrochloride, DMSO,, 125°C, 2.5 h, 85%. (b)
1) DMAP, 2-Mesitylenesulfonyl chloride, DBU, ACN, RT, overnight; ii) 0.5 M NaOMe in MeOH,
DMF, RT, 30 min, 75% or 1 M NaOBn in BnOH, DMF, RT, 4 hours, 65%.
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5-aminoisothiazolo[4,3-d]|pyrimidin-7(6H)-one (“Gn)
Updated work up for previously published reaction:

Solid DMSO:> (6g, 9.25 mmol) was added to a flame-dried flask and heated to 125°C. A
homogeneous mixture of 4-aminoisothiazole-3-carboxamide hydrochloride salt (0.300 g, 1.54
mmol) and chloroformamidine hydrochloride (0.266 g, 2.31 mmol) was added in 2 batches, 15
minutes apart, to the liquid DMSOxz. The reaction was left to stir for 1.5 hours and then cooled to
room temperature. The solidified reaction mixture was then resuspended in a minimal amount of
water, basified with concentrated ammonium hydroxide, and stirred vigorously for 1 hour. The
solution was then evaporated to dryness, resuspended in a minimal amount of DCM, filtered and
was then thoroughly washed with DCM. The remaining yellow solid was then dissolved in MeOH

and evaporated to afford a light-yellow solid.

7-methoxyisothiazolo[4,3-d]pyrimidin-5-amine (O%-Me%“Gy)

To a flame dried flask purged with argon, solids “Gy (0.122 g, 0.725 mmol), DMAP (0.106
g, 0.870 mmol), and 2-mesitylenesulfonyl chloride (0.178 g, 1.09 mmol) were added and
subsequently dissolved in anhydrous ACN (10 mL). DBU (0.16 mL, 1.09 mmol) was introduced
dropwise, and the reaction mixture was left to stir overnight at room temperature. The suspension
was filtered and the solid washed with ACN and diethyl ether. The orange-red solid was then dried
under high vacuum for 2 hours, and then argon purged. The solid was dissolved in anhydrous DMF
(10 mL) and 0.5 M NaOMe in MeOH (4.36 mL) was added dropwise. After 30 minutes the solution
was partitioned between EtOAc and water. Brine was added to the aqueous phase and extracted
with EtOAc twice more. The organic phases were combined, dried over sodium sulfate, and

evaporated. The remaining residue was subjected to column chromatography with a gradient of 0—
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5% MeOH in DCM to afford a yellow solid (0.099 g, 75% yield). 'H NMR (400MHz, DMSO-ds):
§4.04 (s, 3H), 6.72 (s, 2H), 8.79 (s, 1H). 13C NMR (100MHz, DMSO-de): 5 54.46, 136.49, 143.42,

153.39, 159.94, 162.11. ESI-HRMS calculated for [CsH7N4OS]" 183.0335, found 183.0338.

7-(benzyloxy)isothiazolo[4,3-d]pyrimidin-5-amine (O%-Bn"“Gy)

Solids “Gy (0.052 g, 0.201 mmol), DMAP (0.030 g, 0.241 mmol), and 2-
mesitylenesulfonyl chloride (0.066 g, mmol 0.30) were added to a flame dried flask purged with
argon. The solids were then dissolved in anhydrous ACN (5 mL) and DBU (0.05 mL, 0.302 mmol)
was dropwise introduced. The reaction mixture was left to stir overnight at room temperature. The
resulting suspension was filtered, and the filtrate washed with acetonitrile and diethyl ether. The
solid was then dried under high vacuum for 2 hours, purged with argon, and dissolved in anhydrous
DMF (5 mL). 1 M NaOBn in BnOH (0.60 mL) was added dropwise to the solution. After 4 hours,
the solution was partitioned between DCM and water and the aqueous layer extracted with DCM
twice more. The organic phases were combined and dried over sodium sulfate and evaporated. The
resulting residue was subjected to column chromatography with a gradient of 0-5%MeOH in DCM
to afford a light-yellow solid (got 34 mg, 65%). 'H NMR (400MHz, DMSO-ds): 8 5.54 (s, 2H),
6.76 (s, 2H), 7.35-7.45 (m, 3H), 7.54-7.58 (m, 2H), 8.80 (s, 1H). 3*C NMR (100MHz, DMSO-
de): 8 68.39, 128.93, 129.05, 129.41, 136.28, 136.64, 143.32, 153.58, 159.86, 161.42. ESI-HRMS

calculated for [C12HiN4OS]* 259.0648, found 259.0644.
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3.5.2 Photophysical Properties: General Methods

Absorption spectra were measured on a Shimadzu UV-2450 spectrometer setting the slit at
1 nm and with 0.5 nm resolution. Emission spectra were measured on a Horiba Fluoromax-4 and
measurements were taken with a 1 nm resolution and setting the slits to 1 nm. Emission intensities
were corrected to reflect an optical density of 0.1 at the excitation wavelength. All measurements
were carried out in a 3 mL 10 mm four-sided quartz cuvette purchased from Helma. Both
instruments were equipped with a thermostat-controlled ethylene glycol-water bath, and all
measurements were taken at 37.0 + 0.1°C. Measurements were recorded after a 3-minute

temperature equilibration period. All spectra were corrected for the blank.

Highly concentrated stocks solutions of "Gy, O%-Bn™"Gy, O%-Me"Gy, “Gy, O%-Bn*Gy
and O%-Me”Gy were prepared in DMSO. Samples were prepared from the stock nucleobase
solutions diluted to a total volume of 3 mL in deionized water or DPBS buffer, mixed with a pipet
for 10 seconds, and placed in the cuvette holder to equilibrate for 3 minutes. All samples contain

0.3 v/v % DMSO. All measurements were done in triplicate.

3.5.3 Quantum Yield Measurements

Fluorescence quantum yields were measured on a Horiba Fluoromax-4 with (1 nm
resolution, excitation slit at 1 nm and emission slit at 3 nm). All sample concentrations were
adjusted to have an optical density lower than 0.1 at the excitation wavelength. All measurements
were done in triplicate. The fluorescence quantum yields were measured relative to 2-aminopurine

(0.68 in water, Aex 320 nm) as an external standard by using the following equation:
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¢ =9
Where ¢stp is the fluorescence quantum yield of the standard, I and Istp are the integrated
area of the emission band of the sample and the standard respectively, OD and ODstp are the

optical density at the excitation wavelength for the sample and standard respectively, and n and

nstp are the solvent refractive index of the sample and the standard solutions respectively.

3.5.4 Protein Reaction: Real-Time monitoring of hAGT and SNAP-Tag
reactions via Emission

Recombinant hAGT protein with a His-Tag terminus (MGMT; O-6-methylguanine-DNA
methyltransferase) was purchased from BPS Bioscience and SNAP-Tag purified protein with a C-

terminal DDT moiety was purchased from New England Biolabs.

Reaction conditions were the same for all hAGT and SNAP-Tag reactions monitored by
emission spectroscopy. Concentrated stocks were prepared in DMSO. Samples were prepared in
a 125 pL 10.00 mm four-sided quartz cuvette from Helma. Reactions had a total volume of 125
pL with a nucleobase concertation of 0.5 uM and protein (either hAGT or SNAP-Tag)
concentration of 2.5 uM in DPBS1x buffer. All measurements were taken at 37.0 = 0.1°C and the

protein was introduced after a 3-minute temperature equilibration period. All samples contain 0.01

v/v% DMSO.

Protein mediated conversion of emissive O6-alkylguanine analogs was monitored by
emission spectroscopy. Emission measurements were performed on a Horiba Fluoromax-4,

collecting data at varying time increments and appropriate durations (see table). Real-time
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monitoring of the conversions was done upon excitation at the isosbestic point (see table) for each
pair of compounds in DPBS buffer. The conversions of O*-Bn™"Gy and O%-Me®Gy to "Gy were
followed at 400 nm, setting the excitation slit to 5 nm and the emission slit at 10 nm. The
conversions of O%-Bn?Gy and O%-Me%“Gy to “Gy were followed at 450 nm, setting the excitation
slit at I nm and the emission slit at 10 nm. Each experiment was done in triplicate. Note, there is

a 6 second lag time after protein addition after time 0 measurement.

3.5.5 Mammalian cell culture
HEK293T cells were grown in DMEM, CHO-K1 were grown in DMEM/F12, both media

were supplemented with 10% FCS and 1% penicillin-streptomycin. All cells were grown in a

humidified chamber of 95% air, and 5% CO, at 37 °C.

3.5.6 Live Cell Imaging

96-well microtiter plates and Fluorodish wells used were coated with PDL before use
according to the following procedure:
Wells were covered with PDL solution (0.1 mg/mL, 100 or 120 pl per well for 96 well-plate or
fluorodish-well respectively), and incubated for 3 h at RT. The PDL solution was then removed
by aspiration, and wells were re-sterilized under UV light for 20 min and further dried for an

additional 1.5h. Finally, wells were washed with PBS twice (100 or 120 pl per well).

3.5.7 Working concentrations determination
HEK293T Cells were plated into PDL-coated 96-well microtiter plates (30 x 103 cells per

well) and allowed to adhere for 24 h. The Media was aspirated and solutions of tested compounds
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in growth media (100 uL) were added at final concentrations of: 100, 50, and 1 pM for O®-Me™"Gy
and O%-Bn™"Gy, and 500, 100, 50, and 1 uM for O®-MeGy and O®-Bn“Gy. Cultures were then
incubated for 1.5 h in a humidified chamber of 95% air, and 5% CO» at 37 °C. Cells were then
washed twice with PBS buffer containing Ca and Mg ions and were visualized in this buffer using

an EVOS widefield fluorescence microscope.

3.5.8 Confocal microscopy

HEK293T cells were Plated into PDL-coated Fluorodish wells 10 mm diameter with cover
glass bottom (wpi), fit for live cell imaging and compatible with oil objectives, (100 x 10° cells
per well ) and allowed to adhere for 24 h. The Media was aspirated and solutions of tested
compounds in growth media (100 pL) were added at final concentrations of 500 uM of O%-Me“Gy
and O%-Bn“Gy and 100 pM of O%-Me™Gy and O%-Bn™Gy. Cultures were incubated for 1h.
During this incubation time the nuclear stain NucRed™ Live 647, was added 5 ul to 100 pul culture
and incubated for 30 mins. Wells were then washed with PBS containing Ca, Mg, and 1 mM
HEPES and were visualized in this buffer using Beethoven 100X. All images were taken at the

same microscope settings.

3.5.9 Fluorescence Real-time monitoring of O%Bn-*Gy and O%-Bn-“Gy
in live cells

HEK293T or CHO-K1 cells were Plated into PDL-coated Fluorodish wells (100 x 103 or
40 x 10° respectively) and allowed to adhere for 24 h. NucRed was added (5 pl to 100 ul) and
incubated for 20 mins. The Media was then aspirated and solutions containing tested compounds

and NucRed (5 pl) in media were added at final concentrations of 250 uM of O%-Bn**Gy and 100
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uM of O%-Bn™Gy and were incubated for 10 minutes. Wells were then aspirated and washed with
Fluorobrite supplemented with 10% FCS and were visualized in this buffer using Beethoven 100X.
Timelapse images were taken every 20 and 30 seconds for O%-Bn“Gy and O%-Bn'Gy respectively
for 30 mins. All images were taken at the same microscope settings. Mean fluorescence intensities
of at least 10 different ROIs selected from the images as well as mean fluorescence intensities of

the whole images were measured over time using Imagel.
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3.7 Supplemental Information
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Figure 3.S2 Fluorescence change control for microscopy experiments

Fluorescence change control for microscopy experiments for a) O®-Bn*Gy, b) O®-Bn“Gy, c)
and untreated cells suggests decrease in fluorescence is due to protein activity and not
photobleaching.
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CHAPTER 4: Reflections and Future Directions

4.1 Reflections and Dissertation Summary

The Tor lab has designed a series of isomorphic nucleobase analogs, implemented in the
previously published emissive RNA alphabets. The two notable families are based on either a
thieno[3,4-d]pyrimidine core! ("N) or isothiazole[4,3-d]pyrimidine core (N).? One area that
remained largely unexplored was the use of the unglycosylated heterocycles as nucleobase
surrogates.

In the work described here, we employed guanine-based emissive analogs, ®Gy and “Gy,
for the evaluation of metabolic and epigenetic cellular modifications. We established that the
nucleobase analogs were susceptible to cellular pathways. Our emissive nucleobases were
recognized as substrates as they retained the morphology of their native counterparts and retained
critical molecular contacts. Guanine deaminase can deaminate “Gy to “Xy at rates corresponding
to the native reaction. The findings from this investigation showcased the functionality of the “N
core versus the ™N core, as "Gy does not act as a substrate as N7 recognition is vital for reaction.?
Finally, we showcased the potential of this fluorescent nucleobase surrogate to provide a visible
spectral window for a real-time study of guanine deaminase and its inhibition.

Equally important, both human O%-alklylguanine-DNA-transferase (hAGT) and SNAP-
Tag proteins dealkylate O%-benzylated Gy and “Gy derivatives. Using O%-Bn"Gy and O°-
Bn"Gy as substrates can offer a means through which to visualize the activity of these proteins.
Most importantly, both benzylated derivatives are sufficiently bright for visualization by
fluorescence microscopy in live mammalian cells and fluorescence intensity (FI) change

suggesting protein activity was observed.
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4.2 Future synthetic directions and activity investigation of hAGT

4.2.1 Project shortcomings and further possible experimentation

Chapter 3 is adapted from work currently being prepared for submission. Additional
investigation of hAGT protein activity and proof-of-concept can be achieved via additional
experimentation. The transformation of O®-Bn™Gy or O%-Bn““Gy to the respective dealkylated
products, "Gy or Gy, by hAGT is currently being assessed using HPLC analysis as kinetic
evaluation of protein activity is classically done using HPLC and can be compared to rates derived
via fluorescence intensity (FI) change.

For the first time, the nucleobase probes designed by the Tor lab were visualized in cells.
The brightness of the new alkylated nucleobase analogs can provide a means for tracking protein
activity in cells. The potential to visualize AGT activity has been evaluated in HEK293T cells,
expressing hAGT, and CHO-K1 cells, not expressing AGT. A change in FI was observed in
HEK293T cells but not in CHO cells, as expected, and suggests hAGT protein activity. To expand
on these results, additional cell lines can be explored. HeLa cells express greater quantities of
hAGT than HEK cells.* Using our probes to track FI change in HeLa cells would expand the
working range of AGT activity observed in cells.

Progenitor cancer cells, which are typically used to study hAGT activity in glioblastoma,
can be used to assess the cellular dealkylation activity of hAGT.? Additionally, protein activity
could be localization. As hAGT protein expression is tissue dependent and variable with disease
progression, an assay of hAGT activity could provide a real-time, non-invasive method for
measuring hAGT in cancer cells, deciphering tumorigenic potential of cells, and ultimately provide

a tool for the clinical evaluation of combination regiments for treatment.
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4.2.2 Synthesis of O6-alkyl d"*Gxy and d“Gn nucleosides

As the dealkylation of the nucleobase analogs can be tracked via FI change, the same could
be achieved for the nucleoside equivalents. Using previously described methods for the synthesis
of d"G the O6 position can be alkylated as described in chapter 3 and presented in Scheme 4.1.°
The synthesis of d“G can be achieved via pseudo-Barton-McCombie deoxygenation followed by

alkylation at the O6 position as shown in Scheme 4.2.7
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Scheme 4.2 Synthesis of O%-Med%G.
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4.2.3 Preliminary data of O6-alkyl d*Gy with SNAP-Tag protein
reactions

The preliminary reaction of alkylated deoxy-thiophenoguanosine derivatives was tested
with SNAP-Tag protein. As expected, from nucleobase reactivity, the benzyl derivative showed a

change in FI while the methyl did not (Figure 4.1).
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Figure 4.1 Preliminary data for fluorescence intensity change tracked for O®-Bnd™G and O°-

Med™G reaction with SNAP-Tag protein.

4.3 Future of nucleobase-based probes
Emissive nucleobase probes have come a long way. Their evolution described in Chapter 1

has led to the current isomorphic nucleobase analogs the Tor Lab has published. Although the
pursuit of increased functionality may have come to its peak with the described *“N core, improved
photophysical properties of these small molecules could prove to be useful in continuing imaging
endeavors in live mammalian cells. The evolution of the pyrimidine core could continue as shown

in Figure 4.2 to the design of isoxazolepyrimidine derivatives.
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Figure 4.2 Theoretical further evolution of emissive nucleobase analogs

93



4.4 References

1. Shin, D.; Sinkeldam, R. W.; Tor, Y. Emissive RNA Alphabet. J. Am. Chem. Soc. 2011,
133 (38), 14912—14915.

2. Rovira, A. R.; Fin, A.; Tor, Y. Chemical Mutagenesis of an Emissive RNA Alphabet. J.
Am. Chem. Soc. 2015, 137 (46), 14602—14605.

3. Bucardo, M. S.; Wu, Y.; Ludford, P. T.; Li, Y.; Fin, A.; Tor, Y. Real-Time Monitoring of
human Guanine Deaminase Activity by an Emissive Guanine Analog. ACS Chem. Biol.

2021, 16 (7), 1208-1214.

4. Yu, W.; Wu, T.; Huang, C.; Chen, I.; Tan, K. Protein sensing in living cells by molecular
rotor-based fluorescence-switchable chemical probes. Chem. Sci. 2016, 7, 301-307.

5. Hotta, T.; Saito, Y.; Fujita, H.; Mikami, T.; Kurisu, K.; Kiya, K.; Uozumi, T.; Isowa, G.;
Ishizaki, K.; Ikenaga, M. J. of Neuro-Onco. 1994, 21, 135-140.

6. Park, S.; Otomo, H.; Zheng, L.; Sugiyama, H. Highly emissive deoxyguanosine analogue
capable of direct visualization of B-Z transition. Chem. Comm. 2014, 50, 1573—-1575.

7. Barton. D. H. R.; McCombie, S. W. A new method for the deoxygenation of secondary
alcohols. J. Chem. Soc., Perkin Trans. 1975, 16, 1574—1595.

94





