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“Say: Are those equal, those who know and those who do not know? It is those who are

endued with understanding that receive admonition.” [Qur’an, 39:9]






Abstract

Tyrosine Kinase Inhibitors (TKIs) are small molecules that show antiproliferative activity
against cancer cells. An understanding of the electronic and configurational structure of
how a new TKI behaves in solution and when bound to its target tyrosine kinase is crucial
for further drug development. However, the existing approaches such as NMR and X-ray
crystallography require specialized equipment and/or restrictive conditions that obviate
routine structure determination. Therefore in my study, an alternative approach which
combines ultraviolet-visible spectroscopy with high level computational chemistry has
been undertaken to determine the conformation and electronic properties of TKIs. In
addition, the environment surrounding the immediate vicinity of the drug is explored with
absorption and fluorescence spectroscopy. As a model system for TKIs, AG1478 and
SKF86002 are examined which comprise two major pharmacophores for extensively used

drugs in the clinic.

The literature review and introductory section are presented in Chapter 1. Tyrosine kinase
families are introduced since they exemplify an important anticancer target. The six types
of tyrosine kinase inhibitors along with the two TKIs under study are discussed. The
importance and applications of the applied methodologies of UV-Vis spectroscopy and

computational chemistry are also introduced.

In Chapter 11, the solvatochromism of AG1478 is discussed. The steady-state absorption
and fluorescence measurements revealed a huge stokes shift in AG1478 spectrum by
4536-9210 cm™ upon changing solvent strength. Linear solvation energy relationship
models were applied to qualitatively and quantitatively define the solvent parameters

responsible for altering the electronic configuration of AG1478.

In Chapter 111, the conformational investigation of AG1478 structure is presented. The
assignment of the two characteristic overlapping bands in AG1478 absorption spectrum
was accomplished by coupling quantum chemical calculations to the experimental results.
The ca. 330nm peak was assigned to a coplanar structure of AG1478 while the ca. 340nm
band was assigned to a twisted structure where the aniline moiety is tilted by 49° relative

to the quinazoline ring.



In Chapter 1V, the effect of hydration on AG1478 structure and spectrum is discussed.
The AG1478 solution in binary mixtures of acetonitrile:water disclosed an enhancement
of AG1478 optical density upon increasing water fraction. While an intense fluorescence
quenching (by 80%) was observed by addition of 2% v/v water. An unorthodox
fluorescence enhancement of AG1478 was reported with increasing the temperature of
the binary mixture in contrary to the observation of AG1478 in a neat acetonitrile solution.
It was concluded that a potential AG1478-water complex(s) can be formed when water
molecules are at the vicinity of AG1478. Theoretical calculations proposed that 3-5 water
molecules can favorably bind to AG1478 planar and twisted structures resulting in a more

energetically stable AG1478 hydrates exhibiting distinctive spectral properties.

In Chapter V, the impact of medium pH on AG1478 structure and spectrum is discussed.
Studying AG1478 in media of different pH revealed dependence of AG1478 absorption
on solution pH. Combined theoretical and experimental results unraveled existence of
two twisted isomers of AG1478 (protonated at N1 and N3) in acidic solutions. While the
neutral planar conformer predominates in pH 7-12. At pH> 13, a mixture of neutral and
anionic conformers of the planar and twisted AG1478 structures can exist. Overall,

absorption spectrum of AG1478 is an excellent reporter of the pH of its environment.

In Chapter VI, conformational flexibility of AG1478 and heterogeneity of its binding site
are investigated for AG1478-protein complexes. Excitation spectra revealed existence of
AG1478 in multiple conformations and the predominant conformation is exclusively
dependent on the AG1478 environment (protein). Fluorescence and red edge excitation
shift (REES) spectroscopy revealed the heterogeneity of AG1478 binding site. It was also
found that the extent of ruggedness and polarity of AG1478 binding site is protein-
dependent. Based on Reichardt model, the polarity of AG1478 binding site is estimated
nearly equal to N-methylformamide and 1,4-dioxane for AG1478 in aminoglycoside
phosphotransferase and MAPK14 respectively. A detailed analyses of literature X-ray
data of AG1478 and its analogue in the two proteins were also performed and compared
to our experimental results. Our theoretical calculations were consistent with our
experimental results and literature demonstrating a reasonable reliability of using UV-Vis

spectroscopy in probing AG1478 when bound to a target protein.



In Chapter VII, the solvatochromism and theoretical structural analysis of SKF86002 are
discussed. The SKF86002 fluorescence spectrum was found sensitive to solvent polarity
and H-bonding strength. Theoretical calculations showed that the spatial orientation of
SKF86002 rings significantly alters its absorption spectrum. These findings indicated that
SKF86002 conformation has an impact on the ground and excited states of SKF86002. A
feature that can be exploited for monitoring SKF86002 in biological assays.

In summary, the conducted studies showed that the two TKIs, AG1478 and SKF86002,

can be used as a reporter for their own environment. This can lay the ground for future

studies on the two drug candidates in a more complex environments in vitro and in vivo.
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Chapter 1

General Introduction

1.1. Literature Review

Cancer is one of the most fatal diseases prevalent worldwide. It accounts for more than a
hundred incurable illnesses which place a significant burden on patients, communities
and the health care system. It is estimated to be responsible for one in eight deaths in the
world [1, 2]. Generally, cancer is a rapid abnormal cellular growth owing to a
malfunctioning inherited or acquired DNA. A secondary development of tumor growth
often takes place distant from the cancer origin due to metastasis, which spreads the
malfunctioning infected cells throughout the body through the blood and lymphatic
systems [3-6]. Nowadays, a wide diversity of tumor therapies are available such as
chemotherapy [7-9], hormonal therapy [10-12], radiotherapy [13-15], and surgery [16].
Nevertheless, exploring new targeted therapies with minimal side effects is the ultimate

global goal.

For the targeted cancer therapies, small molecule inhibitors (SMIs) and monoclonal
antibodies (mAbs) are good candidates targeting cancer cells via binding to specific
intracellular domains or trans-membrane antigens, respectively [17]. One of the various
targets for SMIs is tyrosine kinases (TKs) [18]. TKs are abundant enzymes located in
mostly all human cells and are involved in activation of other enzymes and hormones
through transfer of a phosphate group from adenosine triphosphate (ATP) to the tyrosine
moiety of inactive target. Accordingly, protein phosphorylation, triggered by TKs, is
essential for cell proliferation, differentiation, regulation, and apoptosis. However, it has
been discovered that some oncoproteins depend also on the phosphorylation process for

activation, proliferation, cell-invasion, and survival of tumor cells [19].
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Tyrosine kinases play pivotal roles in signal transduction, cell proliferation, and

homeostasis [20]. Three prominent signalling pathways are activated by TKs which are

the Ras/Raf MAPK pathway, the phosphoinositol 3-kinase/Akt (PI3K/Akt) pathway and

the JAK/STAT pathway. In some cancers, TK over-expression or mutation can cause

alteration of its function, hence interruption of these signalling pathways. For example,

TKs associated with cancer promote decreased apoptosis and increased cell proliferation.

The disruption in cellular functions and homeostasis triggers cancer cells growth and

development [21]. Examples of the oncogenic TKs with their associated cancers are

compiled in Table 1.1.

Table 1.1. Oncogenic receptor tyrosine kinases in cancer; adapted from [22].

Oncogenic RTK Cancer (Examples) Oncogenic RTK Cancer (Examples)
(Examples) (Examples)
ALK NSCLC, colorectal cancer, INSR Colorectal cancer, prostate
breast cancer cancer
AXL Lung, colon, breast, AML, CML | INSRR Neuroblastoma
CCK4 (PTK7) Small cell lung cancer, breast KIT AML, melanoma, ovarian
cancer, gastric and colon cancer, carcinoma
AML
DDR1 NSCLC, breast cancer, AML, LTK Gastric cancer, lymphoma
ovarian cancer and leukemia
DDR2 NSCLC, lung cancers, CML, MER Glioblastoma,
breast cancer hepatocellular carcinoma
EGFR1 Breast cancer, hepatocellular MET Hepatocellular carcinoma,
(ERBB1/HER1) | carcinoma, brain cancer CLL, breast cancer
EGFR2 Breast cancer, gastric MUSK Ovarian cancer
(ERBB2/HER2) | adenocarcinomas
EGFR3 Breast cancer, ovarian cancer, NTRKI1 (TrkA) | Colorectal cancer, breast
(ERBB3/HER3) | Squamous cell lung cancer cancer
EGFR4 Breast cancer, melanoma NTRK2 (TrkB) | Neuroblastoma,
(ERBB4/HER4) astrocytoma
EPHAI1 NSCLC, prostate cancer NTRKS3 (TrkC) | Neuroblastoma, breast
cancer
EPHA2 Hepatocellular carcinoma. PDGFRA Lung adenocarcinoma,
colorectal cancer, breast cancer gastrointestinal stromal
tumors
EPHA3 Glioblastoma, lung cancer, PDGFRB Gastrointestinal stromal
melanoma, ALL tumors, glioblastoma
EPHA4 NSCLC, gastric cancer RET NSCLC, medullary thyroid
carcinoma
EPHAS Breast cancer, hepatocellular RON (MST1R) Pancreatic cancer, breast
carcinoma, ALL cancer, NSCLC
EPHBI1 NSCLC, cervical cancer, ROR1 CLL, ALL, AML, MCL,
ovarian Cancer HCL, melanoma
EPHB2 Cervical cancer, breast cancer ROR2 Hepatocellular carcinoma
melanoma, colon cancer
EPHB3 NSCLC, breast cancer, ROS1 NSCLC, ovarian cancer
colorectal cancer
EPHB4 Melanoma, glioma, breast cancer | RYK CML, ovarian cancer

2
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FGFR1 Squamous cell lung cancer, TIE Glioblastoma, breast tumor
breast cancer

FGFR2 Squamous cell lung cancer, TEK Bladder cancer,
breast cancer, thyroid cancer glioblastoma, AML

FGFR3 Bladder cancer, squamous cell TYRO3 Melanoma, thyroid cancer,
carcinoma breast cancer, colon cancer

FLT3 AML, acute promyelocytic VEGFR1 Ovarian cancer, NSCLC,
leukemia (FLT1) colorectal carcinoma

IGF1IR CLL, breast cancer, pancreatic VEGFR2 (KDR) | Renal cell carcinoma,
cancer breast cancer

IGF2R Breast cancer, prostate cancer, VEGFR3 Thyroid carcinoma, breast
colorectal carcinoma (FLT4) cancer

Because of the importance of protein kinases in cellular regulation, protein kinases
pathways and inhibition mechanisms have been intensively and extensively studied by
academia and pharmaceutical companies. Pharmaceutical research, directed toward
designing and characterizing protein kinase inhibitors, has accelerated in the last decade,
putting protein kinases as the second largest pharmaceutical target behind G-protein
coupled receptors [23]. Accordingly, researches have been conducted to discover and
develop SMIs capable of inhibiting or blocking the phosphorylation process mediated by
kinases in cancer cells through three main approaches; a) Inhibiting ATP binding to the
kinase’s catalytic domain, b) Modifying the conformation of allosteric sites required for
activation of certain kinases, and c¢) Blocking TKs dimerization, ligand binding or

receptor internalization [24].

A myriad of tyrosine kinase inhibitors have been synthesized, having molecular weight
average of about 500 Dalton [22]. They are classified as Type-I to Type-V inhibitors and
covalent inhibitors depending on the nature of binding site of the protein kinase to which
the inhibitor binds. The first generation of TKIs includes the first drugs developed and
are mostly used as the first line medications. Drugs, demonstrating higher potency and
tolerability in patients resistant to the first line treatment, are categorized as the second
generation of TKIs. The third generation shows more efficacy against most types of
mutations, including T3151 mutation [25]. All types of tyrosine kinases are discussed in

detail in the next section.
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1.1.1. Types of Tyrosine Kinases

Historically, Src protein was discovered in 1911 by Rous, and is regarded as the oldest
known oncogene. Later in 1980, the protein was isolated and characterized as the first
tyrosine kinase [26, 27]. The isoquinoline sulphonamide derivatives were later developed
by Hiroyoshi Hidaka as the first synthesized TKIs [28]. Genetically, the human genome
encodes for two types of kinases, lipid kinases and protein kinases. Protein kinases are
encoded by around 2% of genes in human kinome. Human kinome is the complete set of
protein kinases encoded in its genome [23, 29]. Approximately, 518 kinase members
comprise the protein kinase superfamily, from which eight subfamilies are emerged;
tyrosine kinases (TK), tyrosine kinase-like (TKL), protein kinase A, protein kinase G and
protein kinase C related (AGC), casein kinase 1 (CK1), Ca*'/calmodulin-dependant
kinase, STE20 STE11 STE7 related (STE), Cdk MAPK GSK and Cdk-like related
(CMGC), and finally receptor guanylyl cyclase (RGC) [29]. All kinases exert the same
function which is to facilitate the transfer of y-phosphate group from the nucleoside
triphosphate (ATP or GTP) to the hydroxyl group of amino acid moieties viz. serine,

threonine or tyrosine of the protein substrate [30].

Ofthe isolated and characterized 90 tyrosine kinases, 58 receptor tyrosine kinases (RTKs)
are grouped under 20 subfamilies, while the 32 non-receptor tyrosine kinases (nRTKs)
are placed into 10 subfamilies, refer to figures 1.1 and 1.2 [31]. As the name indicates,
RTK is a transmembrane receptor consisting of an extracellular ligand-binding domain
linked to an intracellular kinase domain, while nRTK is embedded into the cytoplasm or
located superficially on the cytoplasmic membrane or translocated on the nucleus. The
structure of RTK reveals an extracellular ligand-binding domain linked through a single
transmembrane helix to a cytoplasmic ATP-binding domain. Upon agonist binding,
dimerization or oligomerization of the RTK occurs which is essential for auto-
phosphorylation [32]. In case of targeting a kinase with antagonist like tyrphostin, the
tyrphostin binds to the cytoplasmic domain of RTK after crossing the plasma membrane.
Consequently, it suppresses the catalytic activity of the enzyme through the interference

with the binding of ATP or the natural substrate [33].
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Figure 1.1. Domain organization of the 20 subfamilies of Human Receptor Tyrosine
Kinases. The prototypic receptor for each family is indicated above the receptor, and the
known members are listed below. Reproduced with permission from the publisher of [34].
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Over the past decade, over 130 inhibitors have undergone preclinical and clinical trials
[35, 36]. Thirty-eight SMIs of kinase inhibitors have been approved by FDA for effective
cancer treatment, all of them are either classified as Type I or II inhibitors [37, 38].
Classification of TKIs is based on the active kinase domain to which they bind, and to the
reversibility of interaction as summarized in Table 1.2. Type I, Type II, Type III, Type
IV, Type V and covalent inhibitors are the main classes of TKIs [39]. A brief description

of the mechanism of binding of each type is provided below.

Table 1.2. Comparison between the different types of tyrosine kinase inhibitors; adapted
from [39].

Type 1 Type I Type 111 Type IV Type V Covalent
inhibitor
Binding Reversible | Reversible | Reversible | Reversible | Reversible Irreversible

mechanism
Binding Site | ATP site ATP  site | Allosteric Allosteric ATP site and | ATP site
and DFG | (by  ATP | (substrate substrate

pocket pocket) binding binding
domain) domain
ATP- Yes Yes No No No No
competitive
Selectivity Low High Very High | Very High | The highest Low
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Tvpe I inhibitors

ATP-competitive inhibitors represent the first type of TKIs. The structure of a type I
inhibitor typically consists of a heterocyclic ring system residing in the purine binding
site of the hinge region. Type I inhibitor serves as a scaffold bearing a side chain capable
of'binding with the hydrophobic region of kinase. It acts via binding to the phosphorylated
active conformation “DFG-in” motif of tyrosine kinase, mimicking the purine ring of

adenine moiety of ATP cofactor [40].

One to three H-bonds are formed during binding of the inhibitor to the ATP-binding site
of a kinase. Furthermore, hydrophobic interactions can be observed at the adjacent
hydrophobic region. The hydrophilic region targeted by the ribose moiety of ATP can be
exploited in improving the inhibitor bioavailability by incorporating polar groups for
increasing solubility in the blood serum [41]. On the other hand, type I inhibitors exhibit
low selectivity toward kinases, thus more side effects are reported [42]. This is attributed
to the highly conserved ATP-binding site in almost all kinases, making further
development of selective/specific type I tyrphostins extremely difficult [43].

Tvpe II inhibitors

Type II inhibitors are ATP competitive inhibitors which bind to the active site of non-
phosphorylated kinase conformer. They display reversible interaction with both the ATP
binding site and the hydrophobic region adjacent to the ATP pocket blocking the kinase
in “DFG-out” state [44]. They exploit the conformational change in the phenylalanine
residue of the activation loop to form one to three H-bonds with the lipophilic pocket of
TKs. Therefore, type II inhibitors gain a higher degree of selectivity toward kinases
superior to type I, because these interactions cannot take place in the phosphorylated

“DFG-in” form of the enzyme [39].

Unlike type I, type II inhibitors attain selectivity through binding solely to the
hydrophobic pocket created by DFG “out” motif, and preventing the kinase from adapting
DFG “in” conformation. On the other hand, both type I and II are affected by mutations
within the hinge region. For example, one of various clinically relevant mutations occurs
when the threonine amino acid of the gatekeeper residue is mutated. The access to the

ATP binding pocket is restricted resulting in resistance to the two types of inhibitors [45].
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Tvype I1I (Allosteric) inhibitors

Allosteric inhibitors are non ATP-competitive inhibitors where the binding interaction
occurs in a site other than ATP-binding site. Like type II inhibitors, type III inhibitors
bind to the hydrophobic pocket created by DFG motif in the “out” state, but not extending
into the hinge region as with type II. Stabilization of the inactive conformation of TK
results in skewing of a glutamate residue in such a way preventing autophosphorylation
of'the protein [45]. However, this kind of interaction induces a conformational change of

the ATP-binding site preventing autophosphorylation of TK [23].

The DFG motif is composed of three consecutive amino acids, Asp-Phe-Gly positioned
close to the activation loop of TK enzyme. Aspartate and phenylalanine moieties can
change their positions resulting in two different conformational states of TKs, “DFG-in”
and “DFG-out”. This conformational rearrangement creates an extremely important
hydrophobic pocket, adjacent to ATP-binding domain, representing an attractive target
for developing TKIs. The higher selectivity of type III inhibitors over Type I and II is
attributed to the less conserved nature of amino acids surrounding the DFG domain, see
figure 1.3. Despite higher selectivity, the poor aqueous solubility is the major problem of
using type III tyrphostins. Several approaches are being developed to improve the

pharmacokinetics and bioavailability of type III inhibitors [44].

(a) (b) (0
Typelll
inhibitor
‘ < — 2 B PD318088
2 ) — Benzamide i§\ h/ . bl%d:g
) portion of 1/ N
- / 0" ol STI-571 /‘\
oRY -» d %y :
P - - $-r%m ‘
competitive
; 1QCF 1FPU ® oo 159J)
Adenosine binding pocket HCK-PP1 AbI-STI571 MEK1-PD

Figure 1.3. Type I, II, and III inhibitors bound to different conformational states of TKs
(DFG-in and DFG-out conformers). Reproduced with permission from authors of [46].

(a) Type I inhibitor occupies adenosine binding pocket (blue) forming H-bonds with
kinase hinge region (shown is the PP1 inhibitor docked into HCK (PDB ID 1QCF)). (b)
Type Il inhibitor induces a configurational change of DFG residue termed “DFG-out”
where the D of DFG is flipped 180° relative to the active state confirmation (shown is
STI-571 docked into Abl (PDB ID 1FPU)). (c) Type Il inhibitor binds to a site adjacent
to ATP binding pocket (green) (shown is the PD318088 inhibitor docked into MEKI
(PDB ID 159J))
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Type 1V (substrate-directed) inhibitors

The fact that only a small number of natural kinases substrates can bind unselectively to
various kinases paved the way for developing a more selective type of TKIs. Type IV
inhibitors can bind to the unique kinase substrate binding site offering a high degree of
selectivity [39]. The substrate binding pockets of TKs are commonly less conserved than
ATP-binding site. Since the natural kinases substrates exist in concentrations much lower
than ATP concentrations, type IV inhibitors become more potent and more selective than

other previously listed types of TKIs [28].

Further developments of type IV inhibitors are hindered by a variety of challenges. There
is still a significant lack of data obtained for characterization and structure elucidation of
the isolated TK proteins. Furthermore, the substrate binding site is often shallow and

solvent exposed making rational design of new TKIs really difficult [45].

Type V inhibitors

All protein kinases are bisubstrate enzymes which bind to both specific protein substrate
and the cofactor ATP. A worthy challenge is to search for inhibitors capable of targeting
a specific kinase of more than 500 kinases discovered in human. A bisubstrate inhibitor
is designed by linking an ATP-competitive small molecule to a non ATP-competitive
ligand for the kinase of interest. By targeting two distinct binding sites on a tyrosine

kinase, the selectivity, specificity, and potency of an inhibitor can be improved [47].

Type V inhibitors are divided into two subgroups, bisubstrate inhibitors (type Va) and
bivalent inhibitors (type Vb). Type Va inhibitors target both the ATP binding site and the
substrate binding pocket concurrently, while type Vb inhibitors target any two sites
whether catalytic or regulatory. Thus, designing a type V inhibitor requires previous

knowledge and understanding of the various types of TKIs and their protein targets [45].
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Covalent inhibitors

Covalent inhibitors bind irreversibly via covalent bond to the catalytic nucleophile of
kinase active site. Protein-binding takes place through trapping of cysteine moiety either
by displacement of a good leaving group via Sx2 mechanism or through interacting with
a Michael acceptor of the inhibitor molecule. This kind of suicide inhibition results in a

longer duration of action [48].

Covalent inhibitors show a plethora of advantages of having longer dissociation half-
lives, reducing the drug exposure, and minimizing the off-target effects [49]. Oral
administration of covalent TKIs showed a potent antitumor efficacy in overexpressed
ErbB receptors overcoming the double mutation L858R/T790M. The irreversible
inhibitors can be used as a second-line treatment for patients with drug-induced resistance

[50, 51].

In the last two decades, extensive research has been conducted to develop new
generations of selective tyrosine phosphorylation inhibitors (Tyrphostins) with higher
potency and resistance to TKs mutations. One of these promising tyrphostins is AG1478

which will be discussed next.
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1.1.2. Tyrphostin AG1478

Several small molecule inhibitors have been synthesized and their inhibitory activity on
the epidermal growth factor receptor was reported [52, 53]. Gazit and co-workers were
the first to introduce “Tyrphostins” as a name for the class of compounds capable of
blocking EGF-dependent autophosphorylation [53]. The hydroxyl-cis-benzylidene-
malononitrile pharmacophore was responsible for the antiproliferative activity, whereas
the molecular modification of this moiety led to more selective tyrosine kinase inhibitors
[54]. Later, Barker synthesized and evaluated the antineoplastic activity of some
quinazoline derivatives, where AG1478 proved itself as a potent drug candidate for

leukemia, bladder, breast, colon, lung, ovarian, pancreatic, prostatic and rectal cancers.

The chemical structure and nomenclature of AG1478 are depicted in figure 1.4. Many
preclinical studies on AG1478 have been conducted. AG1478 showed selectivity and
efficacy toward hepatocellular carcinoma through inhibition of epidermal growth factor
receptor [55]. It also inhibited autocrine growth in human lung and prostate cancer cell
lines. It was also found that AG1478 can bind irreversibly to the extracellular-regulated
kinase (ERK) and Akt/protein kinase B [56]. Cisplatin-resistant human lung adeno-
carcinoma (A549/DDP) can be effectively treated by AG1478 since these cells were
found more sensitive to AG1478 than A549 cell line [57]. AG1478 also inhibited the
proliferation of nasopharyngeal carcinoma CNE2 cells without reducing expression of
EGFR [58]. AG1478 with the retinoid derivative deguelin had a synergistic effect on
inhibiting the head and neck squamous cell carcinoma (HNSCC). This was mediated

through inhibition of Akt pathway in Ca9-22 and HSC-4 cell lines [59].

7~ N
~ LA

Figure 1.4. Chemical structure of N-(3-chlorophenyl)-6,7-dimethoxyquinazolin-4-amine
(AG1478).
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Not only is AG1478 a potent antitumor drug candidate, but it can also exert many
pharmacological effects. For instance, AG1478 was found effective in reducing
neutrophil infiltration and mucus hypersecretion in rat nasal epithelium in vitro which
means AG1478 can also be used as an anti-inflammatory agent [60]. AG1478 also
showed antiviral activity as it retarded viral replication of encephalo-myocarditis virus
(EMCYV) and hepatitis C virus (HCV). The antiviral activity was attributed to inhibition
of a cellular target other than EGFR, that is, lipid kinase phosphatidylinositol 4-kinase II1
alpha (PI4KA) [61]. AG1478 promoted optic nerve protection and regeneration [62, 63].
It increased retinal ganglion cell survival in a chronic glaucoma model for seven months

[62]. It also increased the neural regeneration in an optic nerve crush injury [63].

Due to the diverse biological functions of AG1478, it has been formulated in various
dosage forms depending on the treatment target. For instance, the nanostructured lipid
carriers loaded with AG1478 were prepared for the parenteral delivery of the drug to an
infected liver [64]. Lavik and co-workers fabricated biodegradable polymeric
microspheres achieving a sustained intraocular delivery of AG1478 over six months [63,

65].

Despite of the broad treatment spectrum of AG1478, some side effects have been reported
for using AG1478 in vivo. For instance, acute interstitial pneumonia is one of the
complications of the treatment with tyrosine kinase inhibitors targeting EGFR. It is due
to the upregulation of interleukin-6, collagen and o—pectin [66]. Other complications
include skin toxicity manifested by dry skin with pruritus, papular or pustular folliculitis
and hair/nail abnormalities [67]. Preclinical studies of AG1478 on normomagnesemic rats
reveal that AGI1478 causes significant hypomagnesemia, oxidative stress and
cardiotoxicity. Since the elderly and the hospitalized cardiac patients are more liable to
hypomagnesemia, AG1478 with a magnesium-wasting side effect would trigger

deleterious cardiovascular dysfunctions [68].

Study of the binding interactions between AG1478 and its target protein can be exploited
to optimize drug efficacy and reduce side effects. AG1478, as one of TKIs, binds to the
ATP binding site of protein kinases. It was designed to mimic the purine moiety of ATP
cofactor, so that it can specifically bind to the ATP binding pocket [69]. It was found that
R —)
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AG1478 binds selectively to EGFR/ErbB-1 inducing structural and functional
abnormalities in the tyrosine kinase. AG1478 demonstrated alternation of the post-

transitional processing (biosynthesis) of EGFR and disruption of EGFR glycosylation
[70].

Since ATP-binding site is highly conserved and expressed in all kinases [43], studies on
proteins other than EGFR have been conducted to unravel the mechanism of AG1478-
protein binding. Aminoglycoside O-phosphotransferase APH(3")Ia is one of the antibiotic
kinase family which activates the antibiotic substrate through ATP-catalyzed
phosphorylation. X-ray crystallography of the refined co-crystals of APH(3")la with
AG1478 was performed [71]. As represented in figure 1.5, the N(1) quinazolyl atom of
AG1478 was found to form a H-bond with the amide of Ile101. The 6-methoxy group
was docked in the vicinity of deoxyribose-binding site for ATP. While the 7-methoxy
moiety accommodated the cavity formed by Pro102. The quinazoline core along with the
m-chloroaniline moiety were found almost coplanar forming hydrophobic interactions
with Phe53, 11e205 and Ile215 amino acids [71]. Topology of AG1478 and its binding
site on APH(3")la were found quite similar to the docking results of AG1478 into other
protein kinases, providing the molecular evidence of the conserved binding between

AG1478 and the ATP-binding pocket in all kinases [71].

lle101A “

Figure 1.5. Representative 2D structure of AG1478 (PDB ID: 0TO) showing interactions
with the surrounding amino acids in APH(3")-Ia (PDB ID: 4FEX). The dashed line
indicates hydrogen bonding while continuous green lines refer to the hydrophobic
interactions; adapted from [72].
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Unlike AG1478, SKF86002 is an imidazothiazole-based protein kinase inhibitor.
SKF86002 represents another class of TKIs with a pronounced anti-inflammatory
activity. In the next section, a deeper insight into SKF86002 structure and biological

activities is provided.
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1.1.3. SKF86002

Most pyridyl-imidazole derivatives were explored as potential MAPK inhibitors and were
classified as non-steroidal anti-inflammatory drugs (NSAIDs), or more specifically,
cytokine suppressive anti-inflammatory drugs (CSAIDs) [73, 74]. SKF86002 was first
synthesized by Lantos ef al in 1988 [73]. A few years later, it was reported to inhibit
interleukin-1 beta and arachidonic acid metabolism [75]. The 2D chemical structure is

depicted in figure. 1.6.

—

\_/

//):>

Figure 1.6. Chemical structure of 6-(4-fluorophenyl)-2,3-dihydro-5-(4-pyridinyl)-
imidazo[2,1-b]thiazole (SKF86002).

The central pharmacophore connects to a vicinal pyridine and fluorophenyl rings. Several
inhibitors fulfilling these criteria have been introduced to clinical trials [76]. The 4-
fluorophenyl and 5-pyridyl ring moieties have been identified as being responsible for the
interaction of SKF86002 with the ATP-binding pocket of MAP kinase [76, 77]. It was
found that SKF86002 lacks intrinsic fluorescence but becomes fluorescent upon binding
to MAPK. Hence, the crystals of SKF86002 with various kinases show a strong
fluorescence [78]. Accordingly, the pan kinase inhibitor, SKF86002, has been
demonstrated as a fluorescent tracer for binding of different ATP-competitive inhibitors
to the target kinases [78]. However the fluorescent probing feature of SKF86002 have not
been linked to the structural changes in SKF86002.

SKF86002 was also found to target the p38a MAP kinase. The p38a kinase is activated
by phosphorylation in presence of ATP cofactor as a result of external stimuli [79].
Activation of p38a MAP kinase is associated with the release of proinflammatory
cytokines, which are the key mediators of immune or inflammation process [79, 80]. By
inhibiting the phosphorylation of p38a MAPK, SKF86002 can suppress the production
of cytokines, hence the inflammation. Due to its relatively low affinity and specificity,
SKF86002 can bind to other kinases such as PIM1, ASK1, AMPK and HCK [78].
R —)
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Parker et al identified the crystal structure of apo-Pim1 complexed with SKF86002 (PDB
ID: 4LL5) [78]. Crystallography of the structurally similar molecule, SB203580,
suggested that the pyridyl nitrogen acts as a hydrogen bond acceptor for the backbone
NH of Met109, while the neighbouring fluorophenyl has a less specific interaction with
a hydrophobic pocket [76, 81]. Selig et al reported the great impact of conformational
effects on the inhibitor potency which is caused by the steric hindrance of the S—methyl

group in the well-known class of pyridyl thioimidazoles of SKF86002 derivatives [76].

The two TKIs, AG1478 and SKF86002, have been selected to conduct my research
project. The question raised now is, which techniques can be exploited, what kind of

information can be extracted and how useful the information is?
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1.2. Absorption/Fluorescence Spectroscopy

Light plays a vital role in our daily lives. Without light, human beings cannot exist on the
earth. Photosynthesis, a process where light is consumed for formation of C-H bonds, is
a milestone for life for all creatures on the earth. Likewise, the scattering of sun’s rays
through raindrops to form a rainbow is a noticeable example of light interaction with
matter, where the white light is separated into visible spectra of its primary colors. Light
is an electromagnetic wave and the propagation of such waves relies on the generated
electric and magnetic forces. However, in spectroscopy, only the effects exerted by the

electric component of the light are of a major concern [82, 83].

In optical spectroscopy, light is used to probe properties of a compound which absorbs or
transmits light over a certain range of wavelengths. While spectrophotometry is any
technique that uses light to measure the concentration of a compound. One of the most
well-known techniques for studying spectroscopy or spectrophotometry is the ultraviolet-
visible (UV-Vis) spectroscopy. UV-Vis spectroscopy utilizes light in the near UV and
visible regions of 200-800 nm [84]. Below a wavelength of 200 nm, the high energy
photon is sufficient to induce ionization and photochemical decomposition. Meanwhile,
only vibronic transitions are allowed using wavelengths above 800 nm as the photon

energy becomes insufficient to promote electronic transitions [85].

Appropriate (quantized) photon energy promotes (i.e. excites) electrons in the valence
shell of a molecule to the excited states producing an absorption and/or excitation
spectrum. The main difference between absorption and excitation spectra is the technique
of how it is recorded. To obtain an absorption spectrum, the monochromator collects the
transmitted light from which absorption can be calculated. The excitation spectrum can
only be recorded for fluorescent molecules where the emission wavelength is fixed while
scanning the excitation monochromator over a specified wavelength range. In
fluorescence spectroscopy, electrons are first excited by light of a specific wavelength to
the excited states of a molecule. When radiation is emitted upon transitions of electrons
from the first excited state to the ground state, the emission spectrum of a compound is
obtained [86]. The optical responses, either absorbance or fluorescence are effectively

used to obtain information about the electronic configuration of compounds or cells [87].
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UV-Vis spectroscopy has become one of the most employed techniques due to its
simplicity, sensitivity, accuracy, reliability, reproducibility [87]. Therefore, it is often the
analytical method of choice in many research aspects viz. physical chemistry,
biophotonics, forensic medicine and analytical chemistry. UV-Vis spectroscopy
encompasses many techniques such as steady-state spectroscopy and red edge excitation
shift (REES) spectroscopy. Steady-state spectroscopy is the spectroscopic techniques for
measuring the optical density, fluorescence excitation and fluorescence emission using
continuous irradiation by a beam of light. The absorption, excitation and emission spectra

are measured as a function of wavelength [88, 89].

Red edge excitation shift (REES) spectroscopy is a reliable qualitative measure for the
conformational heterogeneity of a fluorophore environment [90]. REES is a phenomenon
where a low-energy excitation beam selectively excites discrete fluorophore molecules,
hence potentially reflects the conformational equilibrium of a fluorophore ground and
excited states [91, 92]. The emission wavelength becomes independent of excitation
wavelength when the fluorescence lifetime is greater than environmental relaxation time.
But in a rigid environment, the delayed solvent relaxation causes a blue-shifted
fluorescence spectrum, when excited in the blue, due to emission from the solvent-
unrelaxed excited state of the fluorophore. While a red-shifted emission is observed when
the fluorophore is excited in the red due to the emission from solvent-relaxed state.
Therefore, REES can be observed with fluorophores in viscous solutions or complexed

with folded proteins [93, 94].

Steady-state absorption and fluorescence spectroscopy along with REES spectroscopy
but to a lesser extent were exploited in my study. Some principal terms used in UV-Vis
measurements are defined next. Absorption/emission maximum refers to the
wavelength at which the maximum signal intensity of absorption/fluorescence is
observed. The bathochromic (red) shift indicates the change in spectral band position
of the absorption or emission spectrum to a longer wavelength. While the hypsochromic
(blue) shift designates the change in band position to a shorter wavelength. The
difference in energy between the absorption and emission maximum is denoted by stokes
shift. The two most common causes of stokes shift are attributed to a) non-radiative decay

to the lowest vibrational energy level of fluorophore excited state and b) the electron
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occupies a higher vibrational level of fluorophore ground state upon releasing fluorescent
photon. As a result of energy loss in a) or gain in b), the emission spectrum is red-shifted

relative to the absorption spectrum [95].

The efficiency of light absorption by a compound is called the extinction coefficient. The
greater the extinction coefficient is, the greater the absorbing power of a molecule is.
Fluorescence quantum yield is indicative for the efficiency of emission process. It is
defined as the ratio of emitted photons to absorbed photons. Therefore it is calculated
relative to a strongly fluorescent reference compound and takes values from 0 to 1. The
attenuation of emission signal is called fluorescence quenching. The quenching process
is subdivided into dynamic quenching and static quenching. Dynamic quenching is
attributed to collisions between fluorophore and quencher molecules. Fluorophore-ion
complex formation (exciplex), aggregation of excited fluorophore molecules (excimer)
and H-bond formation with fluorophore molecules can result in static quenching. Unlike

dynamic quenching, the static quenching takes place in fluorophore ground state [95].

Compounds containing chromophores are capable of either absorbing or emitting a
photon or both. Such compounds are called fluorophores or fluorochromes. When a
fluorophore is irradiated with UV-Vis light, an electron from its outer shell is expelled to
a higher electronic level (excited state). Since every electronic level has different
vibrational and rotational levels, the absorption spectrum is a summation of all transitions
from various levels in the electronic ground state (GS) to different levels in the electronic
excited state (ES). Absorption and excitation processes are almost identical involving the
transition of outermost electron from GS to ES. Therefore, absorption and excitation

spectra are identical or nearly identical in most cases.

In order to measure a fluorescence (emission) spectrum, the wavelength of maximum
absorption is preferably selected to illuminate the fluorophore. Transition (excitation) of
outermost electron takes place from GS to ES on a sub-femtosecond time. This transition
is usually followed by electronic relaxation to lower vibronic states from which a photon
is released upon translocation of the excited electron back to the GS. This results in loss
of part of the electron energy, hence the fluorescence spectrum is red shifted (lower in

energy) relative to the absorption spectrum. Jablonski diagram (figure 1.7) illustrates
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electronic transitions during absorption and fluorescence processes.
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Figure 1. 7. Jablonski diagram for absorption and fluorescence process [96].

Since most of the tyrosine kinase inhibitors are small aromatic molecules, their extended
conjugation and ionizable groups are often chromophores rendering them a good
candidate for UV-Vis spectroscopy tool. Hence probing some of the physicochemical
properties of TKIs becomes feasible [97]. In literature, UV-Vis spectroscopic
measurements of TKIs have been explored utilizing a) the spectral change upon
modifying the local environmental of TKI e.g. solvent polarity and pH [97-102], b) the
fluorescence quenching of TKI or its protein complex [103-106], c) the TKI-catalyzed
redox formation of a fluorescent dye [107], and d) a fluorescent dye for kinase labelling
and probing [108]. However only a few UV-Vis spectroscopic studies have been reported
for AG1478 and SKF86002 so far.

Clayton et al have employed fluorescence titration analysis to quantify the binding
interaction between AG1478 mesylate salt, with and without cyclodextrin carrier, and
human serum albumin (HSA) [109]. The increase in fluorescence quantum yield of
AG1478 upon binding to albumin was measured at excitation wavelength of 350 nm. The
steady-state fluorescence data were tested by a single-site and two-site models. The better
fit to the two-site model speculated that AG1478 can interact with at least two different
binding sites on albumin molecule. The combined fluorescence and ultracentrifugation
data suggested formation of a ternary or higher order complexes between AG1478 and
carrier protein [109]. In the next section, a brief introduction is given for the

computational methods applied in this thesis.
R —)
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1.3. Computational Chemistry

The golden rule in chemistry is “structure dictates properties”. In spectroscopy, the
electronic and structural information of a molecule is encoded in the measured spectra,
which can only be decoded using quantum mechanics. In this thesis, a number of
experimental spectroscopic measurements i.e. absorption and fluorescence spectroscopy
are combined with quantum mechanical calculations, in order to reveal the structure-

property relationship of AG1478 and SKF86002.

Computational chemistry is the use of mathematics and computer processing power to
define the chemical and physical properties of a compound. The behaviour of an electron
revolving around an atom in a molecule can be described by the Schrodinger equation.
When the Schrédinger equation is solved for its energy and wavefunction, other

properties of the molecule can be calculated.

Various approaches can address theoretical chemistry problems such as quantum
mechanical methods and many other methods. Quantum mechanical methods are
primarily concerned with computing the electronic properties and interactions at atomic
level. The established methods of quantum chemistry are based on molecular orbital
theory. Various quantum mechanical models such as density functional theory (DFT)
have been progressively developed and built in a range of computational chemistry
software for research use such as Gaussian package software. While the other
computational methods deals with the formulation of analytical expressions, empirically

and/or semi-empirically, for the properties of molecules and their reactions [110].

The quantum and classical mechanics as well as statistical physics and thermodynamics
are the foundation for most of the computational chemistry theories and simulation
software. These computational methods calculate the electronic and geometrical
properties of atoms and molecules using quantum mechanics or other approximations.
Computational chemistry software can be used for computing important molecular
properties such as [110]:

= Bond length, bond angle, molecular volume and reaction energies

= Potential energy surfaces (PES)
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= Structures of the ground-, excited- and transition-states

= Atomic charges, dipole moments and electrostatic potentials

= Transition energies and intensities for UV-Vis spectrum

= Vibrational frequencies (IR and Raman) and NMR chemical shifts

= Protein calculations (Docking)

= Rate constants for chemical reactions (Reaction kinetics)

* Thermodynamic calculations, e.g. Enthalpy, Entropy, energy of activation, ...etc

= Many other molecular and bulk physical and chemical properties

Methods derived, in part or in whole, from the basic laws of quantum mechanics are
studied under a more specific discipline of computational chemistry called quantum
chemistry. Quantum chemistry is divided into two broad areas depending on how the
wavefunction in Schrodinger equation is treated. The electronic structure approaches
(employed in this thesis) which treat a molecule nuclei as stationary particles surrounded
by moving electrons. While chemical dynamics methods (not employed in thesis)
simulate molecular behaviour over time for both electrons and nuclei. It combines laws
of quantum physics (quantum dynamics) or classical newtonian mechanics (molecular

dynamics) or a combination of both (semi-classical dynamics) [111].

To perform a quantum chemical computation, one has to set up a model chemistry. A
model chemistry defines all calculation specifications such as theoretical method, basis
set, density fitting set, solvation model,....etc. One important thing to be considered is to
employ the identical model chemistry for comparing the chemical and physical properties
of the ground state (GS) and the excited state (ES) energies of the same molecule or for

a comparative study of different molecules [111].

Theoretical methods, referred to as levels of theory, compile different approximations to
Schrodinger equation with varying accuracy, resource requirement and computational
cost. Families of theoretical models include Hatree-Fock, semi-empirical methods,
Moller-Plesset perturbation theory, density functional theory, coupled cluster methods
and compound models. Only density functional theory is discussed here, since it is

exclusively employed in all calculations in the thesis [111].
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Density functional theory (DFT) has been used extensively for computational calculations
on medium and large size molecules (20-200 atoms) [112, 113]. It is the most widely
applied model for calculating ground state properties of molecules and clusters. Due to
continuous improvements of exchange-correlation functionals [114, 115], DFT becomes
the most reliable model and the blockbuster approach in chemistry and physics [116]. To
account for the excited state properties of molecules, time-dependent (TD) nature of
electromagnetic waves has to be taken into account in solving Schrodinger equation
[117]. This leads to time-dependent DFT which is increasingly employed owing to its

outstanding accuracy/cpu-cost ratio [116].

The second component of a model chemistry is the basis set. A basis set compiles a group
of mathematical functions for defining the quantum mechanical wavefunction of a
molecular system. Basis sets assign a collection of basis functions to each atom within a
molecule. Each basis function is composed of a linear combination of numerous gaussian
functions, known as primitives, giving a mathematical approximation for electronic
orbitals. Larger basis sets impose fewer constraints on the probability of finding an
electron around the nucleus. The fewer constraints leads to a more accurate description

of'a molecular wavefunction, but with a higher computational cost [111].

Given that the electron probability distribution within an isolated atom is completely
different than in a molecule. Quantum Chemists prompted to define multiple functions
with different gaussian exponents known as zeta values. To represent the polarization of
electronic orbitals, consideration of higher angular momentum is required to account for
formation of molecular bonds. Three major sets of basis sets are currently used which are
split-valence, polarized and diffuse functions. Split-valence denotes basis sets where
valence orbitals are defined by two or more basis functions of different size but retaining
the same orbital shape. In polarized basis sets, orbitals with a higher angular momentums
definition are used. For instance, polarized basis sets add “d” functions to carbon atoms.
A larger sized versions of s- and p-type functions are used in diffuse functions. Basis sets
with added diffuse functions are ideal for modelling systems where electrons are
relatively far from the nucleus such as in anions, excited states and molecules with lone

pairs of electrons [111].
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The basis set, used mainly in the thesis, is 6-311+G* which is equivalent to 6-311+G(d).
It stands for the 6-311G split valence basis set with one additional polarization function
(d) on heavy atoms (non-hydrogen atoms) and diffuse function (+) on heavy atoms. The
6-311G is a triple zeta function where the core orbitals are represented by 6 contracted
gaussian-type orbitals (GTO), the inner part of the valence atomic orbitals is composed
of 3 contracted GTO and each of the medial and outer part of valence orbitals is described
by 1 GTO. So the main model chemistry employed in my thesis is B3LYP/6-311+G* that
showed a reasonable high accuracy and computational cost for the studied small and

medium sized molecules [118-123].

Since molecular properties can vary with even small changes in molecular structure, it is
necessary to locate the equilibrium geometry of a studied molecule. A geometry
optimization (energy minimization) locates a point on a potential energy surface (PES)
of'a molecule where the forces on nuclei are almost zero. A geometry optimization must
be followed by a frequency calculation to evaluate whether the optimized structure is a
true local minimum or a saddle point (transition structure) [111]. The PES scan of
AG1478 molecules showed one local minimum structure besides the global minimum
structure, as can be seen in figure 1.8. The local minimum structure (A) has the anilino
moiety tilted relative to the quinazoline ring while the global minimum (B) is in a planar
form. In the local minimum (twisted) structure, the characteristic intramolecular H-bond
is broken and this is proposed the reason behind destabilization of the twisted structure
by 1.58 kcal/mol relative to the planar structure. This will be discussed in detail in

Chapter I11.

k-]
L

- th -] =1 (]
1 1 1 | |

AL (keal/mol)

// \\}%/

(A)

g /
B) _/f

0 “m-mT

T T
0 60 120 _ . 180 240 300 360
Dihedral angle (°)

Figure 1.8. A potential energy surface scan of AG1478 (Ch. III).
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The next calculation is td-DFT calculation to predict the absorption spectrum in question
and to compare it with the observed spectrum. A significant deviation of absorption
maximum (Amax) from experiment is emerged due to simulating the molecule in isolation
(vacuum). Since the solution environment has a significant impact on the calculated
chemical properties of a molecule, therefore the chemical environment should be
considered. Hence energy re-optimization of a molecule is performed in a selected solvent

followed by td-DFT calculations.

To simulate experimental condition, the surrounding medium of a studied molecule can
be treated by two different approaches. Explicit and implicit models are mainly used in
DFT and td-DFT theories. In the former, all molecules of a solvent are explicitly treated
so that hydrogen-bond formation between solvent and fluorophore is taken into account.
In the latter, the solvent is treated as dielectric structureless continuum giving the same
macroscopic properties of the solvent as in experiments [116, 124]. One of the most well-
known schemes of implicit models is the conductor-like polarizable continuum model
(CPCM). Despite the continuum models lack a description of the specific solute-solvent
interactions such as H-bonding, ion pairing and z-interactions, solvent effects are

adequately calculated with relatively limited computational cost [116].

By applying a model chemistry, the electronic absorption (excitation) transition energies
with the corresponding oscillator strengths are obtained. The electronic transitions
represented by vertical bars when fitted to gaussian model gives the characteristic
(polynomial shape) absorption spectrum. Various features can be calculated which cannot
be obtained experimentally. For instance, the molecular orbital contribution is easily
calculated for each electronic transition. In addition, the absorption spectra from the
global minimum structure and local minima structures can be calculated individually
which helps in assigning the experimental spectrum with the appropriate geometrical

conformer of the molecule.

In consideration of computational chemistry importance, it has been used in the last two
decades for prediction of the electronic and molecular properties of many compounds.
Literature revealed that computational chemistry applications provided a reliable

platform for studying tyrosine kinase inhibitors and their target proteins [125-127].
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We have noticed that a quite few computational studies were conducted on AG1478 and
SKF86002 molecules. Santillan and co-workers have investigated some of the structural
and electronic properties of AG1478 with other TKIs [128]. The structure of AG1478
was optimized using AM1 calculations and allowing two free rotations around the NH
linker. The conformational analysis revealed that AG1478 adopts a fully coplanar
conformation, hence the loss in chirality of NH moiety. The study was also concerned
with calculating the net atomic charges of AG1478 heteroatoms. In addition, studies on
the influence of substituents on the atomic charge of NH linker were performed on other
TKIs sharing the same quinazoline pharmacophore with AG1478. The dipole moment,

electron affinity and ionization potential were also calculated [128].

Later, molecular dynamics simulations were performed for TKIs tested in vitro against
Myt1 kinase [129, 130]. In these studies, AG1478 docking into the binding pocket of the
well-defined Mytl kinase was investigated using single protein-ligand complex model.
The inhibitory constant (K;) value was estimated at 26uM [130]. Several docking
parameters were calculated, however AG1478 conformation was not tackled in the
article. Thus, understanding the inherent conformational flexibility of AG1478 and when

it binds to a target protein is our concern.

Due to scarcity of quantum mechanical studies of the structure and property relationship
of AG1478 and SKF86002, the current research aimed to employ the experimental UV-
Vis spectroscopy and computational chemistry to unravel some properties of the two
anticancer drug candidates. Our study demonstrated that combination of UV-Vis
spectroscopy and theoretical calculations is a powerful tool to identify conformational
signature of a fluorophore accounting for its absorption spectrum. In addition,
determination of atomic charges and electronic transitions become feasible which cannot
be obtained by experiments. For example, each of the theoretical global minimum
(planar) structure and local minimum (twisted) structure of AG1478 gives only one major
electronic transition in 300-360 nm region. This transition is due to the transition from
the highest occupied molecular orbital to the lowest unoccupied molecular orbital
(HOMO-LUMO transition). Thus the simulated spectra of AGI1478 structures
demonstrated that the experimental spectrum is ascribed to two conformers, rather than

one structure, of AG1478 (planar and twisted rotamer), as can be seen in figure 1.9.
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Exp.
Planar
m— Twisted

331336

1.0 4
Twisted

0.5

Normalized absorbance

0.0 T
300 325

T g "
Wavelel31§9h (nm) 378 0

Figure 1.9. Normalized spectra of the observed and calculated absorption in the 300-400
nm region of AG1478 in methanol using B3LYP/6-311+G* model. The calculated
spectrum of AG1478 planar conformer coincides with the 332 nm experimental band (-1
nm) while the twisted rotamer of AG1478 shows good agreement (-4 nm) relative to the
measured band at 340nm (Ch. III).

It is worth mentioning that only absorption spectra are calculated in the thesis.
Fluorescence spectrum calculation is somehow complex and tedious, and td-DFT model
cannot accurately describe the electron transitions from ES to GS. Other methods such as
CCSD are developed to allow electron relaxation to the lowest vibronic state of ES from
which the electron returns to the GS. Therefore the calculated fluorescence spectrum is
shifted to longer wavelength (lower energy) relative to the absorption spectrum due to the
energy loss during electron relaxation. Generally, computational chemistry is indeed a
useful tool for calculating chemical and physical characteristics of a molecule with
avoiding usage of harsh chemicals. In the next section, aims and motivations of the thesis

are listed.
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1.4. Objectives of the Thesis

1.4.1. Aims and Motivations

An understanding of the structure of how a new TKI behaves in solution and when bound
to its target tyrosine kinase is crucial for further drug development. However, existing
approaches such as X-ray crystallography or nuclear magnetic resonance (NMR) require
specialized equipment and/or restrictive conditions that obviate structure determination
in vitro and in vivo. Therefore I propose, in this thesis, an alternative approach which
combines UV-Vis spectroscopy with high level computational chemistry to explore the
electronic and structural changes encountered for the two TKIs, AG1478 and SKF86002.
My studies pave the way for understanding the structural requirements of drug-protein
interactions of two different chromophores targeting the pharmaceutically important
ATP-binding pocket. This might help in exploring the mechanism of remedial functions

and lessening side effects. The aims and outcomes of my study are listed as follows:

Aim 1: To investigate the change in AG1478 conformation upon varying medium
polarity, H-bond strength, hydrophilicity, pH and temperature. The results will help to
define AG1478 structure and polarity of AG1478 binding pocket in two protein kinases
APH(3")Ia and MAPK14. In more detail, we aimed to:

- Determine the dependence of absorption and fluorescence spectra of AG1478 on
medium polarity using various solvent models (experimentally)

- Determine the structure of AG1478 conformations and assign the UV-Vis
spectrum to the corresponding conformer (computationally)

- Study the effect of water molecules and solution pH on AG1478 conformation
and spectra (experimentally and computationally)

- Examine AG1478 conformation and the physicochemical nature of AG1478-
binding pocket in complex with proteins (experimentally and computationally)

Aim 2: To determine the fluorescence and conformational characteristics of SKF86002.
This would help to clearly understand and define SKF86002 role in probing ATP-
competitive inhibitor candidates of MAPK.
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Overall, my study gives deep insights into the spatial and electronic characteristics of two
different classes of the promising TKIs. The findings would pave the way for exploring
and understanding the binding interactions of two anticancer candidates at the atomic and
molecular levels. This would open the door for lead optimization and designing new

generations of TKIs with higher potency/selectivity and resistance to EGFR mutations.
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1.4.2. Thesis Outline

The overall structure of thesis takes the form of eight chapters, outlined as follows:

Chapter I. The introduction begins with providing an overview of the development of
tyrosine kinase inhibitors and highlighting the various types of TKIs. A brief introductory
section on UV-Vis absorption and fluorescence spectroscopy, and computational

chemistry are also given. The objectives of the thesis are presented at the end.

Chapter II. A detailed examination of the absorption and fluorescence spectra of
AG1478 in twenty-one solvents of different polarity and hydrogen-bonding strength is

presented. Solvatochromic analyses using different solvent models are also performed.

Chapter III. A detailed computational study of AG1478 conformations and absorption

spectra in different solvents are discussed.

Chapter IV. This chapter demonstrates the intermolecular interaction between AG1478

and water and the structural characterization of AG1478-hydrates.

Chapter V. The different prototropic states of AG1478 are experimentally and

theoretically studied in the context of this chapter.

Chapter VI. This chapter displays the conformational flexibility of AG1478-protein
complex using fluorescence and REES spectroscopy. It also includes analyses of the
previously published X-ray data of crystals of AG1478 and its analogue. Information
about AG178 conformation, AG1478-protein free-energy landscape and polarity of the

binding pocket are discussed.

Chapter VIL. It provides a detailed solvatochromic study on SKF86002 (experimental)

along with the conformational analysis of its structure (computational).

Chapter VIII. It gives a summary of the thesis research outlining the importance and

outcome of the study.
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Chapter 11

Solvatochromism of AG1478

Over the last few decades, studies on the photophysical properties of fluorescent probes
have been the subject of intensive investigation owing to their potential applications in
fluorescence sensors, optoelectronics and biomedical imaging [131-133]. It was found
that the optical spectroscopic measurements of a fluorophore can be influenced by the
change in physicochemical properties of the surrounding medium. Solvatochromism is
the term used to define this phenomenon and firstly introduced by Hantz-schlater [134].
The change in compound absorption/emission spectrum is manifested by one or more
alternations in the band position, intensity or shape [135-139]. The hypsochromic (blue)
shift of the fluorescence band relative to the absorption band is commonly known as
negative solvatochromism. While positive solvatochromism is the term given for the

bathochromic (red) shift of the fluorescence band [140].

Solvent affects the structure and spectroscopic behavior of a fluorophore. Generally,
solvatochromism is observed due to the differential solvation of the ground and excited
states of a fluorophore. Despite its wide applications, the process of solvatochromism
remains ambiguous due to the complex coupling of many static and dynamic interactions
[141]. In negative solvatochromism, the molecule in its ground state is more stabilized
than in the excited state upon increasing solvent polarity. When the excited state is more

stabilized than the ground state, it results in a positive solvatochromism [140].
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Solvatochromism is commonly used in many research aspects to characterize the nature
of bulk environment [141]. Studying solvent effects on a fluorophore is commonly
utilized to estimate the photophysical properties of a fluorophore. Fluorophore interaction
with its environment can be triggered through specific interactions between fluorophore
and solvent molecules e.g. H-bond formation and non-specific interactions. Electrostatic
interactions, driven by the change in solvent dipole moment, refractive index, relative
permittivity (formerly known as dielectric constant), polarizability and viscosity, can

induce a significant change in fluorophore electronic configuration and spectrum [142].

A number of empirical solvent models have been developed for the solvatochromic
analysis of organic molecules. It can be divided into approaches in which solute-solvent
interaction is driven solely by solvent polarity/polarizability terms and models that
account for solvatochromic effects by a colligative non-specific and specific interactions.
In the later approach, a separate analysis of the polarity contribution and H-bonding
interaction is feasible [143]. Linear solvation energy relationship (LSER) models have
been proven to reliably define the interactions between solute and solvent molecules.
Models developed by Bilot-Kawski [144] Lippert-Abboud-Mataga (L-M) [145, 146],
Bakhshiev [147] and Kawski-Chamma-Viallet [148, 149] are among the most commonly
used LSER models for solvatochromism analysis. In some cases, these models can
demonstrate linear correlations between the measured spectral parameter of a fluorophore

and the empirical solvent polarity function [150, 151].

The solvent scale proposed by Reichardt, ef a/ [152] is more favourably used for studying
solvatochromic dyes. It can also account for specific solute-solvent interactions because
of using betaine probe as a reference which has H-bond acceptor and donor sites [140].
The microscopic solvent polarity E1(30) is defined as the transition energy (kcal.mol™)
of the pyridinium-N-phenoxide betaine dye for the longest wavelength band measured in
a defined solvent [140]. While the normalized parameter EY has been developed
considering water and tetramethylsilane as the extreme polar and non-polar reference
solvents, respectively [ 153]. Owing to the fact that betaine dye forms H-bonds with protic
solvents [154, 155], both E1(30) and EY scales are more adopted for the evaluation of

fluorophore solvatochromism in both aprotic and protic solvents.
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Abboud-Abraham-Kamlet-Taft (AAKT) model is one of the empirical methods used to
quantify solute-solvent interactions [156]. By using AAKT model, solvent parameters
can be quantified using the equation v= vo + aa + bf + sz, where a and f measure the
hydrogen bond donating and accepting ability of the solvent and 7z refer to solvent
polarity/polarizability. One major drawback of AAKT scale is that the z* parameter does
not separate dipolarity and polarizability of solvent effect [157-159]. To overcome this
limitation, Catalan has reparametrized the linear solvation energy relationship into a more
robust model [160]. Another database of solvent parameters has been recently proposed
by Laurence et al, describing the empirical solute-solvent interactions. Approximately,

300 solvents were used for establishment of this novel database [161].

Hereafter, we investigate the potential of AG1478 as a fluorescent reporter of its own
environment. To this end, we have carried out a detailed examination of the absorption
and fluorescence spectra of AG1478 in twenty-one solvents of different polarity and
hydrogen-bonding strength. Detailed solvatochromic analyses using different solvent

models were also performed.

This chapter is presented in the form of the published paper, Muhammad Khattab, Feng
Wang and Andrew H.A. Clayton, UV-Vis spectroscopy and solvatochromism of the
tyrosine kinase inhibitor AG-1478, Spectrochim. Acta A Mol. Biomol. Spectrosc. 164
(2016), 128-32.
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The effect of twenty-one solvents on the UV-Vis spectrum of the tyrosine kinase inhibitor AG-1478 was
investigated. The absorption spectrum in the range 300-360 nm consisted of two partially overlapping bands
at approximately 340 nm and 330 nm. The higher energy absorption band was more sensitive to solvent and
exhibited a peak position that varied from 327 nm to 336 nm, while the lower energy absorption band demon-
strated a change in peak position from 340 nm to 346 nm in non-chlorinated solvents. The fluorescence spectrum
of AG-1478 was particularly sensitive to solvent. The wavelength of peak intensity varied from 409 nm to 495 nm
with the corresponding Stokes shift in the range of 64 nm to 155 nm (4536 cm™ ! t0 9210 cm ™ !). We used a num-
ber of methods to assess the relationship between spectroscopic properties and solvent properties. The detailed
analysis revealed that for aprotic solvents, the peak position of the emission spectrum in wavenumber scale
correlated with the polarity (dielectric constant or Er(30)) of the solvent. In protic solvents, a better
correlation was observed between the hydrogen bonding power of the solvent and the position of the emission
spectrum. Moreover, the fluorescence quantum yields were larger in aprotic solvents as compared to protic
solvents. This analysis underscores the importance of polarity and hydrogen-bonding environment on the
spectroscopic properties of AG-1478. These studies will assume relevance in understanding the interaction of
AG-1478 in vitro and in vivo.
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1. Introduction

Cancer is a fatal proliferative disease causing a high rate of mortality.
Mutation or over-expression of protein tyrosine kinases such as the epi-
dermal growth factor receptor is linked to over 20% of cancers [1,2].
Tyrosine kinases play an important role in protein phosphorylation
necessary for cell division, differentiation, signal transduction, and
regulation [3]. Nevertheless, the functioning of many oncogenic
proteins depends on kinase-catalyzed phosphorylation; hence blocking
tyrosine kinase activity in tumor cells was and is still a promising
strategy to halt tumor growth [2,3]. Pharmaceutical research, directed
toward designing and characterizing protein kinase inhibitors, has

Abbreviations: AG-1478, tyrphostin 4-(3-chloroanilino)-6,7-dimethoxyquinazoline;
UV-Vis, ultraviolet-visible light; R, Pearson's correlation coefficient; R?, coefficient of de-
termination; tert-But, tert-butanol; 1-But, 1-butanol; allyl, allyl alcohol; iPrOH, 2-
propanol; EtOH, ethanol; MeOH, methanol; EG, ethylene glycol; Gly, glycerol; NMF, N-
methylformamide; Diox, 1,4-dioxane; Tol, toluene; CHCls, chloroform; EtAc, ethylacetate;
DCM, dichloromethane; DCE, 1,2-dichloroethane; Pyd, pyridine; Act, acetone; ACN, aceto-
nitrile; DMF, N,N-dimethylformamide; DMSO, dimethylsulfoxide.

* Corresponding authors.

E-mail addresses: mkhattab@swin.edu.au (M. Khattab), fwang@swin.edu.au

(F. Wang), aclayton@swin.edu.au (A.H.A. Clayton).

http://dx.doi.org/10.1016/j.saa.2016.04.009
1386-1425/© 2016 Elsevier B.V. All rights reserved.

recently accelerated, putting protein kinases as the second largest
pharmaceutical research target behind G-protein coupled receptors [4].

In the 1980s, Gazit et al., synthesized a series of small molecule
tyrosine kinase inhibitors called “Tyrphostins” [2]. These compounds
showed promising in vitro and in vivo antiproliferative activity and
gained global interest due to their potent and broad biopharmaceutical
activities [5].

While these studies and others are very encouraging, some cancers
appear to develop resistance to long-term tyrosine kinase inhibitor
treatment. Understanding the spatial and temporal distribution of
tyrosine kinase inhibitors is therefore of paramount importance to see
whether these drugs are getting to the target of interest. An important
step in this process is to first determine whether the inhibitors have
spectral signatures that might assist in determining the relevant targets
and interactions.

Photophysical studies have recently received much attention, since
the spectral parameters are very sensitive to the change in
microenvironment [8]. Environment-sensitive fluorophores are a
special class of chromophores that could allow for deeper understand-
ing of biological binding and function of candidate drugs. They can
demonstrate changes in electronic configuration upon binding to target
proteins, hence acting as biological marker for screening small molecule
inhibitors [6,7]. 2-Propionyl-6-dimethylaminonaphthalene (PRODAN)
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Fig. 1. Molecular structure of N-(3-chlorophenyl)-6,7-dimethoxyquinazolin-4-amine
(AG-1478).

[8], 4-dimethylamino phthalimide (4-DMAP) [9], and 4-amino-1,8-
naphthalimide derivatives [10] are well known applied examples of
biological probes.

The present investigation is concerned with the tyrphostin AG-1478,
with the molecular structure depicted in Fig. 1. In vitro studies
demonstrated its reversible ATP-competitive inhibition on EGFR kinase
domain [11]. Moreover, AG-1478 has structure similarities with
Erlotinib and Gefitinib, which implies its potent antitumor application
[12,13]. The focus of this study is to investigate the potential of AG-
1478 as a fluorescence reporter of its own environment. To this end,
we have carried out a detailed examination of the absorption and
fluorescence of AG-1478 in twenty-one solvents of different polarity
and hydrogen-bonding strength. Our analysis reveals that the fluores-
cence of AG-1478 is sensitive to both the polarity and hydrogen-
bonding environment of the solvent. We therefore anticipate its use as
a reporter of environment in vitro and in vivo.

2. Experimental
2.1. Materials

Solvents used in the experiments were selected to cover a broad
range of dielectric constants (from 2.2 to 182.4) and proticity. Twenty-
one solvents of spectroscopic or HPLC grade were used. Dimethyl sulfox-
ide, cyclohexane, dichloromethane, ethanol, 2-propanol and 1-butanol
were purchased from Sigma-Aldrich Pty Ltd. Methanol, tert-butanol, N-
methylformamide, ethylene glycol, allyl alcohol, pyridine, acetonitrile,
N,N-dimethylformamide, 1,2-dichloroethane, 1,4-dioxane, ethylacetate,
chloroform, acetone, toluene, glycerol and 9,10-diphenylanthracene

Table 1

Electronic UV-Vis absorption and emission maxima of AG-1478 in selected aprotic sol-
vents (non-polar & polar). Stokes shifts are calculated in wavelength and wavenumber
units.

Absorbance Emission® Stokes shift

SOlVEl’ltd 7\1 )\2 )\3 )\em )\em - )\1 Av
(nm) (em™1)

Diox 3425 329 =€ 4415 99 6547
Tol =€ =€ =€ 409.5 =€ =€
CHCl3 350.5 =€ 256 440.5 90 5829
EtAc 340 327 252 44254 102.5 6813
DCM 342 329 249 438¢ 96 6409
DCE 352 =€ 255 =€ =€ =€
Pyd 345 330 =€ 409 64 4536
Act 3435 336 =< 456.5 113 7206
ACN 342 328 248 476.5 134.5 8253
DMF 342 331 =€ 465.51 1235 7757
DMSO 346 332 =€ 47554 129.5 7871
¢ Solvents are listed in order of increasing dielectric constants.
b Fluorescence excitation at 350 nm using slit width = 6.
¢ Not determined.
d

Slit width = 3.

Table 2
Electronic UV-Vis absorption and emission maxima of AG-1478 in selected polar protic
solvents. Stokes shifts are calculated in wavelength and wavenumber units.

Absorbance Emission® Stokes shift
Solvent® ), A As Aem Nem— N1 AV
(nm) (cm™1)

tert-But 341 329 248 480.5 139.5 8514
1-But 345 333 248 484 139 8324
Allyl 3435 334 250 430 86.5 5856
iPrOH 343 3315 249 487.5 144.5 8642
EtOH 344 332 249 489 145 8620
MeOH 340 332 249 495 155 9210
EG 342 332 276 4455 103.5 6793
Gly =€ 334 255 448 1144 7619
Water =€ 336 250 =€ =€ =€
NMF 3435 330 261 487.5 144 8599

2 Solvents are listed in order of increasing dielectric constants.

Fluorescence excitation at 350 nm using slit width = 6.
¢ Not determined.
Fluorescence excitation at 350 nm using slit width = 3 nm.

b

were purchased from Thermo Fisher Scientific Inc. Tyrphostin AG-1478
was obtained from Sapphire Bioscience Pty Ltd. A matched pair of quartz
cuvette was purchased from Starna Pty Ltd with a path length of 1 cm.

2.2. Methods

All solutions of AG-1478 were prepared on the same day for
absorbance, excitation and emission measurements. Quartz cuvette
was loaded with a fixed concentration (3 pM) of AG-1478. The electron-
ic absorption spectra of AG-1478 were recorded at room temperature
(293 K) on a Perkin-Elmer LAMBDA 1050 UV/Vis/NIR spectrophotome-
ter. The absorbance at 300-360 nm band was typically <0.1. Excitation
and emission measurements were conducted on a Perkin Elmer LS55
Fluorescence Spectrometer at 293 K. Spectra were scanned with three
replicates at a speed of 266.75 nm/min for absorption spectra and
200 nm/min for both excitation and emission spectra. The background
absorbance, scatter and fluorescence were corrected using blank
samples containing solvent only. Fluorescence quantum yields were
measured relative to 9,10-diphenylanthracene as a reference (¢ = 1)
in a cyclohexane solution [14].

3. Results and discussion
3.1. Absorbance and fluorescence spectra
The photophysical properties of AG-1478 are collected in Tables 1, 2

and 3. A typical absorption spectrum of AG-1478, recorded in tert-
butanol, is displayed in Fig. 2. The absorption spectrum of AG-1478

Table 3
Fluorescence quantum yield (&) and molar absorptivity (gmax) in L mol~! cm™! of AG-
1478 in aprotic solvents (left panel) and in protic solvents (right panel).

Solvent @ Emax (x10%)? Solvent P Emax (x10%)?
Diox 0.029 268 tert-But 0.043 1.49
Tol 0.057 - 1-But 0.012 428
CHCl; 0.012 1.89 Allyl 0.005 220
EtAc 0.047 7.69 iPrOH 0.002 3.01
DCM 0.028 9.11 EtOH 0.005 3.19
DCE -b 1.17 MeOH 0.001 2.95
Pyd 0.001 1.88 EG 0.005 1.53
Act 0.105 0.87 Gly 0.055 1.06
ACN 0.085 0.88 Water - 258
DMF 0.022 8.23 NMF 0.010 231
DMSO 0.016 7.70

@ Calculated using Beer-Lambert law (¢ = A/IC), where A = maximum absorbance at
A2, | = path length (1 cm), C = concentration in mol-L™".
P Not determined.
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Fig. 2. Representative absorption spectrum of AG-1478 solution in tert-butanol.

consists of two partially-overlapping bands in the 300-360 nm region
(Amax1 =~ 340 nm; Amax2 =~ 330 nm) and a shorter-wavelength band
near 250 nm. The two low energy bands exhibited changes in spectral
position and in relative absorbance in different solvents (Tables 1 and
2, Fig. 3a, b). The Apmax1 varied from 340 to 346 nm, and Anax2 varied
from 327 to 336 nm. We were unable to find a single solvent parameter
that could account for the changes in peak positions or peak intensities
in the absorption spectra as noted in Supplementary materials Table S1.

The emission spectra, recorded at excitation wavelength 350 nm, are
shown in Fig. 4. In general, the fluorescence spectra were broad and
unstructured but displayed quantum yields and peak positions that
varied significantly (i.e. by a factor of 100 in quantum yield, and shifts
in emission maxima up to (0.5 eV). The wavelength of peak intensity
varied from 409 nm to 495 nm with the corresponding Stokes shift in
the range of 64 nm to 155 nm (4536 cm™ ' to 9210 cm™!). The
magnitudes of the Stokes shift are indicative of a large electronic
rearrangement in the excited-state relative to the ground state.

To explore the relationship between spectroscopy and solvent
polarity we plotted the emission maximum (in wavenumber) against
the solvent polarity function Er(30). As can been seen in Fig. 5, a
negative correlation between emission wavenumber and Ey(30) was
found for the selected aprotic solvents (R = —0.89, R> = 0.79,
slope = —196.34 and intercept = 30085.90). Protic solvents were
also negatively correlated with Er(30) but with a different slope and
intercept to the aprotic solvents (R = —0.86, R*> = 0.74,
slope = —40.48 and intercept = 22568.11). The Stokes' shift was also
correlated with the solvent polarity function Ex(30) which enabled a
calculation of the dipole moment difference between excited-state
and ground state. For the aprotic solvents this dipole moment difference
was calculated to be 3.6 + 0.4 D (with slope = 5660 + 1430 cavity
radius = 4.2 A, R = 0.87) while for protic solvents the dipole moment
difference was smaller at 1.6 4 0.6 D (slope = 1279 + 890, cavity radius

a)

014 .
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4.2 A, R = 0.62). The different dependencies of emission wavenumber
on solvent polarity for protic and aprotic solvents and the correspond-
ingly different calculated dipole moment differences provides evidence
that hydrogen-bonding interaction plays some role in the excited state
of AG-1478, in addition to solvent polarity.

Solvent polarity functions developed by Lippert-Mataga [15,16],
Bakhshiev [17] and Kawski-Bilot [18,19] were also tested. Correlations
between AG-1478 Stokes shift in aprotic solvents and polarity functions
of Lippert and Bakhshiev models were obtained with R = 0.69 and 0.76,
respectively. While R = — 0.76 for the plot between the mean summa-
tion of absorption and emission wavenumber and Kawski function. For
protic solvents, Lippert-Mataga plot showed a positive correlation with
R = 0.83, however very weak correlations were observed using other
two models R < 0.5. Therefore, we can conclude that solvent H-
donating strength play significant role in the photophysics of AG-1478.

To account for the hydrogen-bonding and polarity solvent effects on
the emission of AG-1478, we used the Kamlet-Taft linear solvation
relationship. According to this model, a given spectroscopic observable
can be parameterized in terms of a linear combination of the solvent
polarity/polarizability, solvent acidity and solvent basicity. For 14 of
the solvents, we found a linear correlation between AG-1478 emission
wavenumber and Kamlet-Taft solvent parameters viz,

Vem(ct, 3,1) = 24714—1596a—2319B—185511(R2 - 0.93)4 (1)

The analysis in Eq. (1) reveals that the hydrogen-bond donating
power and hydrogen bond accepting strength of the solvent account
for 28% and 40% of the solvent effects on AG-1478 emission, while
solvent polarity accounts for 32% of the solvent effects.

The quantum yields of AG-1478 in different solvents are listed in
Table 3. Generally, the fluorescence quantum yield values of AG-1478
were found comparatively low, varying from 0.001 to 0.105, relative
to a solution of 9,10-diphenylanthracene in cyclohexane. In most
cases, larger quantum yields were observed with aprotic solutions
than with protic solutions. This observation points to the possibility of
a hydrogen bonding effect between a hydrogen bond donor solvent
and the tyrosine kinase inhibitor AG-1478.

In accordance with this proposal, it was found that the quantum
yield of AG1478 emission in protic solvents was negatively correlated
(R = —0.82) with the hydrogen-bond donating power of the solvent
(from Kamlet and Taft). This observation suggests that hydrogen bond
formation from the solvent to the AG1478 may cause an additional
non-radiative decay path for the excited-state of AG-1478 and thereby
a decrease in fluorescence quantum yield. It was also found that solvent
viscosity positively correlated with the quantum yield of AG-1478 in
protic solvents with R = 0.86, as summarized in Supplementary
materials Table S2. This observation suggests that the rate of molecular
rearrangement of solvent molecules in the solvation shell of AG-1478
plays significant role in stabilization of emissive state and retardation
of non-radiative decay. Taken together, these results suggest that the
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Fig. 3. Absorbance spectra of AG-1478 measured at concentration of 3 pM in the selected a) aprotic solvents and b) protic solvents at room temperature.
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strength and dynamics of solute-solvent interactions may play an
important determinant of the emission quantum yield of AG1478.
Determination of the relative effects on radiative and non-radiative
processes will require further investigations using time-resolved
spectroscopy.

With aprotic solvents, a correlation between quantum yield and
dispersion induction (DI) solvent parameter, developed by Laurence et
al. [20], was observed with R = —0.88. Correlations were also
established for quantum yield with solvent refractive index (n) and
solvent polarity (SP) of Catalan scale [21] with R values —0.87 and
—0.84, respectively. Altogether, the intrinsic (solute) and extrinsic
(solute-solvent) electrostatic interactions are required for stabilization
of the emissive state. Which means polarity, polarizability and induction
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Fig. 5. The correlation of Reichardt solvent transition energy parameter with the emission
maxima in wavenumber for aprotic solvents (blue squares) and protic solvents (red
circles).

polarization play prominent role in variability of AG-1478 quantum
yield in aprotic solvents.

In order for tyrosine kinase inhibitors to be effective, they must be
able to bind to the cognate tyrosine kinase with high affinity without
significantly interacting with other cellular components such as
membranes, carbohydrates, nucleic acids or other proteins. At the or-
ganismal level, the bioavailability of tyrosine kinase inhibitors is also
important and binding to plasma proteins, such as serum albumin,
may increase the half-life of the tyrosine kinase inhibitors in sera. The
results shown here suggest that AG-1478 fluorescence is well-suited
as a spectroscopic marker of interactions of AG-1478 with other
biological macromolecules. For example, in a previous study the
fluorescence from AG-1478 was found to increase markedly upon
interaction of AG-1478 with human serum albumin [22]. This is in line
with the strong dependence of AG-1478 fluorescence on polarity and
hydrogen-bonding environment.

4. Conclusion

Solvent polarity and hydrogen-bonding interactions are both
important factors in studying the solvatochromism of AG-1478. The
change in optical density and band shape proves that the solvent can
have a measurable effect on UV-absorbance of AG-1478 and the
electronic stabilization of its ground state. Fluorescence spectral
analyses showed that solvent hydrogen-bonding plays important role
in solvatochromism, showing synergistic effect with solvent polarity
in stabilizing the excited state. Fluorescence quantum yields were
found to be influenced by solvent H-bond donor ability, being higher
in aprotic than in protic solvents.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.

doi.org/10.1016/j.saa.2016.04.0009.
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Supplementary materials

Table S1. List of Pearson’s correlation coefficient (R) and coefficient of determination (R?) of the best fitted line
(sorted in descending order) of correlations drawn between absorption, emission and stokes shift wavenumbers

and solvent parameters under study

Protic” Aprotic’

Plot description

R R R R
SdP/Av* 0.98¢ 0.97 &/Vem -(0.96) 0.91
SP/Av* -(0.96) 0.92 MV -(0.94) 0.89
Bi/Vem 0.95 0.91 E@30)/ven -(0.89) 0.79
¥/ Vem -(0.94) 0.89 EX/Vem -(0.89) 0.79
a/Vem -(0.92) 0.85 ES/ve -(0.89) 0.79
SA/Vem -(0.92) 0.84 &/Av 0.87 0.76
a1/Vem -(0.89) 0.79 HIAY 0.85 0.73
PVem 0.89 0.78
E30)/ven -(0.86) 0.74
EN/vem -(0.86) 0.74
SB/Vem 0.86 0.73
F(&,n)/Vem -(0.85) 0.72
AN/vyy, -(0.84) 0.72
SdP/ver, -(0.84) 0.71

SdP (Catalan solvent dipolarity); SP (Catalan solvent polarizability); £, (Laurence solvent basicity); #* (Kamlet-
Taft solvent polarity/polarizability); o (Kamlet-Taft solvent acidity); SA (Catalan solvent acidity); a; (Laurence
solvent acidity); /# (Kamlet-Taft solvent basicity); E(30) (Reichardt transition energy); EY (normalized transition
energy); SB (Catalan solvent basicity); F(e,n) (Reynold’s reaction field); AN (acceptor number); & (dielectric

constant); u (dipole moment); and ES (Laurence electrostatic force parameter)

“ aforementioned protic solvents excluding ethylene glycol, glycerol, allyl alcohol, and water
> aforementioned aprotic solvents excluding pyridine, toluene, chloroform, and 1,2-dichloroethane

¢ NMF data is not available



Table S2. Pearson’s correlation coefficient (R) and coefficient of determination (R*) of the best fitted line of

correlations drawn between quantum yield (QY) and solvent parameters under study

Aprotic” Protic’
Plot description
R R R R
QY/DI -(0.88) 0.78 QY/y 0.86 0.73
QY/n -(0.87) 0.76 QY/a -(0.82) 0.67
QY/SP -(0.84) 0.71 QY/AN -(0.81) 0.65

DI (Laurence dispersion-induction parameter); n (refractive index); SP (Catalan solvent polarizability); #

(viscosity); a (Kamlet-Taft solvent acidity); and AN (acceptor number)

“ aforementioned protic solvents excluding ethylene glycol, glycerol, allyl alcohol, and water

> aforementioned aprotic solvents excluding pyridine, toluene, chloroform, and 1,2-dichloroethane









Chapter 111

Geometric and Electronic
Characterization of AG1478

In the previous chapter, we revealed that polarity and H-bond strength of medium have a
great impact on the spectra of AG1478. In this chapter, we reveal how the geometric
structure of AG1478 can affect the measured spectra. Our density functional theory (DFT)
based quantum mechanical calculations reported two conformers of AG1478 with a small
energy difference. As such, the finding of AG1478 conformer pair helped to assign the

two peaks of the measured absorption spectra to the two discovered conformers.

We utilized DFT to perform a potential energy surface scan of AG1478 in its ground
electronic state. Results revealed that AG1478 has two distinct conformations with
different anisotropic characteristics. The most stable structure, the global minimum
structure, has the aniline and quinazoline moieties coplanar (in the same plane). The
second structure, a local minimum structure, is a twisted rotamer where the aniline group
is tilted by ca. 49° with respect to quinazoline plane. By employing time-dependent DFT,
we calculated the absorption spectrum for each conformer. We have used B3LYP/6-
311+G* model chemistry to compute the UV-Vis spectra because this model have given
reliable results in a good agreement with the experiment [162-165]. The simulated spectra
aided us to understand the electronic configuration of AG1478. The lowest energy
absorption peak at 340-346 nm is ascribed to the So—S: transition of the twisted
conformer. While the absorption band in 327-336 nm range is attributed to the So—S:
transition of the planar structure of AG1478.
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CHAPTER IIT

This chapter is presented in the form of the published paper, Muhammad Khattab,
Subhojyoti Chatterjee, Andrew H.A. Clayton and Feng Wang, Two Conformers of a
Tyrosine Kinase Inhibitor (AG-1478) Disclosed Using Simulated UV-Vis Absorption
Spectroscopy, New J. Chem. 40 (2016), 8296-304
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Two conformers of a tyrosine kinase inhibitor
(AG-1478) disclosed using simulated UV-Vis
absorption spectroscopyf

Muhammad Khattab,? Subhojyoti Chatterjee,” Andrew H. A. Clayton*® and
Feng Wang*°

AG-1478 (N-(3-chlorophenyl)-6,7-dimethoxy-4-quinazolinamine) shows promising in vitro and in vivo
antiproliferative activity and has gained global interest due to its potent and broad biopharmaceutical
activities. An important step towards understanding its spatial and temporal distribution is to determine
whether the inhibitors have spectral signatures that might assist in determining the relevant targets and
interactions. Its UV-Vis absorption spectra in various solutions have been measured [Khattab et al.,
Spectrochimica Acta A, 2016, 164, 128]. The present study correlates the UV-Vis spectral signatures with
the structure of the drug. Two stable conformers AG-1478B and AG-1478A with close energy values
(AE = 1.58 kcal mol™) were located on the potential energy surface through rotation of the single
C-N bond of the C-NH-C chain of the drug. The present density functional theory (DFT) study reveals
that both conformers contribute to the measured UV-Vis absorption spectrum of AG-1478. The
conformers, AG-1478B and AG-1478A, were subjected to further study using molecular orbital theory.
Received (in Montpellier, France) It is found that although the conformers are close in energy, the anisotropic properties, such as the

17th June 2016,
Accepted 4th August 2016

shape in three dimensional (3D) space, the dipole moment and the orbitals, are apparently different. The
excess orbital energy spectrum (EOES) indicates that six core orbitals exhibit significant conformational
DOI: 10.1039/c6nj01909a changes, exhibiting the signatures of the N atoms, i.e., the NH linker N25) and the quinazoline Nz). The
valence orbitals with significant configurational changes are either due to the local distribution (30a) or

www.rsc.org/njc delocalization (46a, 76a and 82a (highest occupied molecular orbital (HOMO))).

Tyrphostin N-(3-chlorophenyl}-6,7-dimethoxyquinazolin-4-amine
(AG-1478; CAS 175178-82-2) is a competitive small molecule tyrosine
kinase inhibitor (TKI) of the adenosine triphosphate (ATP)

1. Introduction

Due to the high prevalence of gene mutations, cancer becomes

intolerant to many known inhibitors. Dysregulation of the
epidermal growth factor receptor (EGFR) family is associated with
a large number of epithelial cancers so the signalling pathway
has, therefore, become a major target for drug discovery." For this
reason, several types of known inhibitors with various degrees of
selectivity, such as quinazoline based anti-HER2 (human epidermal
growth factor receptor 2), have been synthesized.>™ Quinazolines
were designed to mimic epidermal growth factor receptor (EGFR or
ErbB-1) targeted chemotherapies,>* such as Gefitinib, Erlotinib
and Lapatinib,>™* as well as tyrphostin 4-(3-chloroanilino)-6,7-
dimethoxyquinazoline (AG-1478, Fig. 1).

“Centre for Micro-Photonics, Faculty of Science, Engineering and Technology,
Swinburne University of Technology, Melbourne, Victoria 3122, Australia.
E-mail: aclayton@swin.edu.au

b Molecular Model Discovery Laboratory, Department of Chemistry and Biotechnology,
School of Science, Faculty of Science, Engineering and Technology, Swinburne University
of Technology, Melbourne, Victoria 3122, Australia. E-mail: fwang@swin.edu.au

1 Electronic supplementary information (ESI) available. See DOI: 10.1039/c6nj01909a
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binding site in the EGFR/HER1 kinase domain. It is a highly
potent and specific small molecule inhibitor of EGFR (ErbB1)
tyrosine kinase™® and a potential anticancer agent.>”® For
example, AG-1478 demonstrated potent antiproliferative activities
against various cancer cell lines both in vitro and in vivo.> ™" It
was found to augment the cellular sensitivity to other cytotoxic
drugs such as Doxorubicin and Cisplatin.'>*® The effective
inhibitory concentration of AG-1478 is within a nanomolar
range and is sufficient to inhibit the overexpressed tyrosine
kinases." In xenograft models obtained from a nude mouse
tumor, AG-1478 inhibited the proliferation of a human glioma
xenograft that showed an increased number of mutant EGFRs.
It sensitized the cells of the xenograft to the cytotoxicity of
Temozolomide and Cisplatin. It synergistically enhanced the efficacy
of the monoclonal antibody mAb 806.”"> Other studies demon-
strated that AG-1478 is able to lessen the radio immunotherapy dose
required to kill squamous cancer cells in mouse xenografts.®
The preliminary pharmacokinetics and pharmacodynamics

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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AG-1478A

AG-1478B

Fig. 1 The chemical two dimensional (2D) structure of N-(3-chlorophenyl)-
6,7-dimethoxyquinazolin-4-amine (Tyrphostin AG-1478). In the lower panel,
the three-dimensional ball and stick molecular models of the two most
stable conformers of AG-1478 in vacuum are shown; (a) the local minimum
(conformer A) showing the steric hindrance between Cs—H and Cy—H and
(b) the global minimum (conformer B) showing the bond length and angle of
a potential six-membered intramolecular H-bond. The atomic numberings
are shown in the 2D structure.

data of AG-1478 have been preclinically evaluated in mice using
drug/B-cyclodextrin formulations.’

The important chemical features of AG-1478, required for its
binding affinity* and potent activity toward EGFR, include the
topology of quinazoline nitrogens and the NH linker.'® Being
synthesized to mimic the purine moiety of the kinase cofactor
(ATP), AG-1478 can bind to the ATP-active site of a protein
forming one to three H-bonds with the ‘hinge region’ of protein.
Extra interactions dominated by the hydrophobic chlorophenyl
side chain were also predicted."® It was observed to covalently bind
to the sulfhydryl group of Cys773 of EGFR.*® The two methoxyl
groups were incorporated to increase the aqueous solubility and
were discovered to interact with the kinase hydrophilic region,
which anchors the ribose moiety of ATP.™

Many biomolecules such as quinazoline based derivatives
are inherently fluorescent.*" The conjugated aromatic core of
AG-1478 renders it a good candidate for studying its electronic
absorption experimentally. Moreover, AG-1478 possesses five
H-acceptor sites and one H-donor group, which are proposed to
have a dramatic impact on the molecular structure and electro-
nic transitions. As a result, it is important to study its topology
and electron density distribution; hence, a rationale for the
UV-Vis absorbance patterns of AG-1478 can be reached.*! In
addition, the moiety of AG-1478 is contained in the EGFR/HER1
family of inhibitors such as gefitinib, erlotinib, lapatinib etc.*
Study of the UV-Vis absorption spectroscopy in silico at the
molecular level will help one to understand the major UV-Vis
absorption band at approximately 330 nm of the same class of
drugs. It provides information on shifting the absorption band

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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(and therefore the color of the spectra) by changing the highest
occupied molecular orbital-lowest unoccupied molecular orbital
(HOMO-LUMO) gap through modifications of its molecular
structure, which hereby provides the foundation for rational
drug design; the same principles have been applied in other
molecular studies.*>*?

Limited studies of the UV-Vis absorption spectra of drugs
have been carried out at molecular level.***?* In this paper, the
UV-Vis absorption spectrum of AG-1478 in methanol solution is
studied in silico using quantum mechanical time-dependent
density functional theory (TD-DFT) in order to correlate the
structure and property relationship. The theoretical calcula-
tions together with our earlier experimental measurements’
shed light on the molecular structure and spectral properties of
TKI AG-1478.

2. Computational details

Density functional theory (DFT) based Becke three-parameters
Lee-Yang-Parr hybrid functional (B3LYP)*® in combination
with the 6-311+G(d) basis set was employed in the calculations.
The geometry of AG-1478 was originally optimized using the
B3LYP/6-31G(d) model and reoptimized using the B3LYP/6-311G(d)
model. The UV-Vis spectrum in methanol solution was calculated
using TD-DFT and the conductor-like polarizable continuum
model (CPCM).?” Absorption UV-Vis spectra in methanol solution
were calculated for the lowest 60 excited states of singlet-singlet
transitions. Absorption profiles were simulated using a half-
width half-maximum (HWHM) of 4428 nm (0.28 eV). All calcu-
lations were performed using a Gaussian 09 computational
chemistry package®® on the Swinburne University Supercomputing
Facility.

3. Results and discussion

3.1. Discovery of AG-1478B (global) and AG-1478A (local) from
potential energy scan

The 2D chemical structures and nomenclature of the AG-1478
(CAS 175178-82-2) are given in Fig. 1 (top). The quinazoline and
the chlorophenyl rings are connected through a single bond
NH linker, Cg-N(,5H-C14). A full geometry optimization using
the DFT based B3LYP/6-311G(d) model leads to a minimum
structure of AG-1478, i.e., AG-1478A. The single C-N bonds of
the NH linker are able to rotate to produce possible rotational
conformers. As a result, based on the AG-1478A structure, a
potential energy scan that rotates the N(;5-C(14) bond while
freezing the whole structure led to a more stable global mini-
mum structure, AG-1478B. Fig. 2 presents the potential energy
curve locating the two minimum energy structures of AG-1478A
and AG-1478B.

Fully relaxed reoptimizations of the AG-1478A and AG-1478B
structures were carried out. Shown as 3D structures in Fig. 1, the
“global minimum” energy structure of AG-1478B is deduced to
be more energetically stable than the local minimum energy
structure AG-1478A conformer by a small energy difference

New J. Chem., 2016, 40, 8296-8304 | 8297
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Fig. 2 Potential Energy Scan (PES) curve of AG-1478 through rotation of
the £ Nu2—Cg—N@s—Cuq) angle of AG-1478A using the B3LYP/6-311G*

level of theory.

Table 1 Comparison of the selected geometrical parameters and other
properties of the AG-1478B (global) and AG-1478A (local) structures using
the B3LYP/6-311+G(d) model

Parameters AG-1478B AG-1478A
R1¢ 8.370 8.368
R2° 8.442 8.449
R3“ 8.206 8.200
Bond length (A)

C-Nas) 1.367 1.363
Cs)~Npz) 1.324 1.327
Cis~Ns) 1.376 1.393
Cr0y-Nz) 1.351 1.348
C(1o)*N(13) 1.310 1.314
Cray-Nps) 1.406 1.412
C6)~O(2s8) 1.356 1.354
Cra07-Ops) 1.419 1.421
Cr10y~Clas) 1.761 1.760
C3)-C 1.416 1.422
Bond angle (°)

N12)=C(g)N(25) 119.57 114.59
Cre7-C14Npas) 124.42 122.60
C5)N(25)-Cp14) 131.92 128.12
Cie)~Op8)-Ca0) 118.66 118.38
Dihedral angle (°)

Cray~C(s)"Ni25-Caa) —180.00 49.19
Cay~C(s)Niz5-Hzo) 0.02 ~163.46
N12)=C(g)"N(25-C14) 0.00 —135.49
Na2)-Ce-Nisy-Hze) ~179.97 11.86
Cas-C14Ni25-Ci) 179.94 —167.44
C15)~C(14)"N(25-H26) —0.08 46.23
Cr16~C14N(25-Cs) —0.07 14.52
Cra6)-C14)-N(2s)-Hze) 179.91 —131.82
(R?) (a.u.) 10395.1156 7611.6811
1 (D) 5.83 3.08

E (En) —1393.276879 —1393.274497
ZPE (kcal mol %) 173.51499 173.59588
E + ZPE (Ey) —1393.000366 —1392.997854
HOMO-LUMO gap (eV) 4.25 4.26
Rotational const. A (GHz) 0.5882 0.3470
B (GHz) 0.1126 0.1855
C (GHz) 0.0946 0.1447

@ perimeters of the hexagon rings.*®
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of 1.58 kcal mol . Table 1 compares the selected geometries
and other electronic properties of the two conformers, such as
ring perimeters,* electronic spatial extent, dipole moment,
rotational constants and HOMO-LUMO energy gaps. For the
complete list of geometric parameters, see Table S1 in the ESL.¥

The major differences between the two conformers are
obtained due to the rotation of the N35-C(14 bond locally,
which does not apparently affect the other bond lengths or most
of the bond angles. For example, the ring perimeter of the three
aromatic rings changes by less than 0.01 A. The variations of the
bond angles local to the NH linker are also small. Only the NH
linker related dihedral angles changed significantly (all include
N(25)). For example, the dihedral angle of Cy~C(s)~N(25)~C14)
exhibited significant conformational changes from planar to
twisted by 49.19°. In addition, the proposed hydrogen bond in
AG-1478B as marked in Fig. 1 could contribute to its further
stability. A possible H-bond between the C(;6-H-- N1z of
AG-1478B (bond length = 2.24 A) helps to stabilize the
AG-1478B structure and to adapt the flat configuration as
shown in Fig. 1. Breaking this H-bond needs approximately
5 keal mol™" energy as indicated in Fig. 2.

Folding over the NH linker changes the shape of the AG-1478B
structure and leads to the reduction of its size and dimensions in
space. For example, the electronic spatial extent (R*), which
conveys roughly the molecular volume (size) of a molecule,
changes significantly from the (R*) of 10395 a.u. (AG-1478B) to
7,612 a.u. (AG-1478A). The difference in molecular size was also
revealed by their rotational constants at equilibrium. The rota-
tional constants of A, B and C of conformer AG-1478B were given
by 0.5882 GHz, 0.1126 GHz and 0.0946 GHz, whereas the same
rotational constants for the AG-1478A rotamer were calculated as
0.3470 GHz, 0.1855 GHz and 0.1447 GHz, respectively. In addition,
one of the most noticeable property divergences between the two
rotamers is the change in the dipole moment. Dipole moment
values of 5.83 D and 3.08 D were calculated for AG-1478B and
AG-1478A, respectively. As a result, the structural changes between
AG-1478A and AG-1478B would cause one of them to dock appro-
priately into the protein active pocket. The lowest energy confor-
mer is not necessarily the most potent drug; however, the higher
energy conformer of a drug can be more potent as found in
azidothymidine (AZT).*°

3.2. Spectral signatures of AG-1478A (local minimum
conformer) in the UV-Vis spectra

The conjugated ring system of AG-1478 makes it a good
candidate for studying its UV-Vis spectrum. The measured
UV-Vis absorption spectrum in the region of 200-400 nm of
AG-1478 in methanol solution is compared with the simulated
spectra of the conformers in Fig. 3. Four bands at 222 nm,
249 nm, 332 nm and 340 nm were determined from the
measured UV-Vis spectrum (black) of AG-1478 in methanol
solution. As seen in the measured spectrum, the bands form
two clusters, which were distinctly separated from each other.
In the same figure, the simulated UV-Vis spectra of AG-1478A
(red) and AG-1478B (blue) in the region of 200-400 nm are also
presented in this figure.
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Fig. 3 The observed (solid, black) and calculated (dashed, colored) UV-Vis
spectra of AG-1478 in methanol using B3LYP/6-311+G*. The calculated
spectrum of AG-1478B coincides with the high energy absorption band of
the experimental spectrum (=1 nm) and contributes significantly to the
249 and 222 nm bands. The theoretical spectrum of AG-1478A shows a
good agreement (—4 nm) with the measured band at 340 nm. AG-1478A
contributes more to the 222 nm band than to 249 nm band. The combi-
nation spectrum (green) qualitatively simulates the experimental spectrum.

Interestingly, the more stable conformer AG-1478B showed
three bands at approximately 212 nm, 258 nm and 331 nm,
whereas the less stable conformer, AG-1478A exhibited two
bands at 219 nm and 336 nm, respectively. Indeed, the measured
AG-1478 spectrum seems to contain the collective features of
AG-1478A as well as AG-1478B, as shown in Fig. 3 (green
spectrum). As a result, superposition of the spectra (red and blue)
of the two conformers (green) presents reasonably the experi-
mental UV-Vis spectrum (black) of AG-1478.>" This indicates
that both the AG-1478A and AG-1478B structures appear in the
solution phase and contribute to the spectral properties of
AG-1478, and, hence, may affect its protein binding and bio-
logical functions.

Table 2 compares the measured®' and calculated major
bands (above 300 nm) of the UV-Vis spectra of AG-1478 in
various protic and aprotic solvents. The TD-DFT calculations
were performed for the UV-Vis spectra of AG-1478B and
AG-1478A using the CPCM model in silica. As seen in this table,
the measured major band is a broad band consisting of two bands
A1 and /4, with approximately 10 nm splitting. The simulated
major band of AG-1478B represents the measured band at 4, well,
whereas the simulated major band of AG-1478A reproduces the
measured /1, band. The simulated wavelength maxima of
AG-1478B were calculated as 4 = 331 &+ 1 nm, while those of
AG-1478A were given by 4 =336 + 1 nm in various solutions. For
instance, the UV-Vis spectrum of AG-1478 in methanol solution
revealed a band maximum at 4, of 332 nm, which agrees well
with the theoretical value of AG-1478B at 331 nm, whereas a
band maximum of AG-1478A at 4, = 336 nm well reproduces the
measured value of 340 nm. It is noted that all the calculations
were carried out at 0 K, whereas the measurements were obtained
at room temperature.

The UV-Vis absorption spectrum of a compound is the result
of transitions among the occupied molecular orbitals and the
virtual orbitals.®" Fig. 4 reports the TD-DFT simulated UV-Vis
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Table 2 Comparison of the experimental and theoretical UV-Vis absorp-
tion spectral maxima (2, nm) of AG-1478 in two sets of different solvents®

21

. . a « Exp.
Dielectric AG-1478B AG-1478A
Solvent constant (&) /4 A n A
Protic:
Methanol 32.61 331 336 332 340
Ethanol 24.85 331 336 332 344
2-Propanol 19.26 331 336 333 343
tert-Butanol 12.47 331 336 329 341
1-Butanol 17.33 331 337 333 345
N-MFA 181.56 332 337 330 343.5
Aprotic:
Ethylacetate 5.98 330 336 327 340
Acetonitrile 35.68 331 336 328 342
DCM 8.93 331 337 329 342
DMF 37.21 332 337 331 342
Pyridine 12.97 332 337 330 345
DMSO 46.82 332 337 332 346
“ TD-DFT/B3LYP/6-311+G(d) model.
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Fig. 4 Simulated UV-Vis spectra of AG-1478 in methanol at the B3LYP/
6-311+G* level of theory showing the oscillator strength of electronic
transitions as vertical solid lines. (HWHH = 0.28 eV).

spectra of AG-1478B and AG-1478A in methanol solution in a
broader region of 150-450 nm. The major transitions with
oscillator strength f > 0.20 are given in Table 3. As shown in
the spectra, the major band at wavelengths longer than 300 nm
is the result of a strong single transition (as shown by the
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Table 3 Transitions of the absorption bands maxima of AG-1478B and AG-1478A with oscillator strengths (f > 0.20) and electronic transition

configurations (>5%) (nm)?

AG-1478B

AG-1478A

Excitation energy (nm) Oscillator strength Major contributions

Excitation energy (nm) Oscillator strength Major contributions

331.02 0.6533 H - L (97%)
262.55 0.2051 H-1 - L (35%)
H - L+1 (26%)
H — L+2 (22%)
H-2 — L+1 (5%)
256.23 0.2591 H - L+3 (85%)
230.14 0.2190 H-2 — L+1 (45%)
H—1 — L+1 (10%)
H—1 — L+3 (10%)
H-3 - L (7%)
217.69 0.2726 H-1-1L+3 (48%)

H-L+8 (17%)
H-2-1+2 (11%)
H-2-L+1 (6%)

“ B3LYP/6-311+G(d) model.

calculated vertical spectral line) in AG-1478B and AG-1478A,
respectively. For example, the transition at 331.02 nm (f= 0.65)
of AG-1478B, and at 336.65 nm of AG-1478A ( f= 0.31) are both
dominated by the HOMO-LUMO transitions with major contri-
butions of 97% and 96%, respectively, as indicated in Table 3.

The band at 331 nm with a larger oscillator strength of 0.65
for AG-1478B and the other band at 336 nm with a smaller
oscillator strength of 0.31 for AG-1478A qualitatively represent
the measured overlapping bands at 332 nm and 340 nm (refer to
Fig. 3). Other bands in the region under 300 nm are contributions
from many other transitions among the low energy frontier
orbitals, such as HOMO—N and LUMO+M, where N and M are
small integers (1, 2,...8), representing low energy levels (transi-
tions shown in Table 3 are those >5%). The band positions in
this region cannot be determined simply using any single transi-
tions, but need to be determined by the same fitting program
used for experimental measurements. However, we simply deter-
mine the positions at the top of the peak positions at 212 nm and
258 nm for AG-1478B and 219 nm for AG-1478A.

Fig. 3 and 4 suggest that the measured UV-Vis spectrum of
the AG-1478 in methanol solution could be a mixed contribu-
tion of the AG-1478 conformers dominated by AG-1478B and
AG-1478A, as they are the most energetically stable and therefore
the most populated conformers in the experimental conditions.
The present calculation using the Boltzmann distribution at the
experimental room temperature of 298.15 K gives the approxi-
mate ratio of 93% and 7% for AG-1478B and AG-1478A, respec-
tively, indicating that at room temperature, AG-1478A can be less
populated in vitro.

Fig. 5 provides the frontier orbital diagrams (from HOMO—2
to LUMO+2) of AG-1478B and AG-1478A calculated in methanol
solution, together with their corresponding orbital density
distributions. As shown in this figure, the energy gaps between
the HOMO and the LUMO are very small (4.25 eV for AG-1478B
and 4.26 eV for AG-1478A). The frontier orbitals and their
energies of AG-1478B and AG-1478A are in good agreement
with the calculated electronic transitions in Table 3. The
smaller the A¢ energies between the virtual orbitals (LUMO+M)
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336.65
212.74

0.3148
0.2206

H — L (96%)
H-3 — L+2 (34%)
H-5 — L (26%)
H — L+6 (13%)

and the occupied orbitals (HOMO—N), the larger the probability
of the transitions.

As shown in Fig. 5 and Table 3, the HOMO-LUMO energy
gaps of AG-1478B and AG-1478A are the minimum energies
needed for transitions from the occupied to the virtual orbitals.
Therefore, HOMO — LUMO transitions dominate the absorption
bands of AG-1478B and AG-1478A at 331.02 nm (97%) and at
336.65 nm (96%), respectively. However, other orbitals energies,
such as HOMO-—1, are very different between the two conformers.
For example, the HOMO—1 — LUMO transitions need 4.25 +
0.76 eV for AG-1478B and 4.26 + 0.63 eV for AG-1478A. As
indicated in Table 3, the large contributions from the transitions
in this region are due to a number of other transitions among
low lying frontier orbitals, such as the band at 262.55 nm of
AG-1478B due to four major transitions, HOMO—1 — LUMO
(35%), HOMO — LUMO+1 (26%), HOMO — LUMO+2 (22%)
and HOMO—2 — LUMO+1 (22%).

3.3. Electronic property differences between the AG-1478B
and AG-1478A conformers

It is no surprise that in many potent drugs, the less stable con-
former can often be more potent, depending on the shape of the
drug conformer in vivo.*® 1t is therefore important to understand
the electronic structural differences and their shape between
AG-1478A and AG-1478B, which may relate to their properties such
as drug potency. Molecular electrostatic potential (MEP) maps that
estimate the electronic density distribution of two conformers are
depicted in Fig. 6. The electron density changes from negative (red)
to positive (blue). The distributions of the MEP are quite different:
AG-1478B is flat and AG-1478B is not. The latter (AG-1478A) is
more packed as the chlorophenyl ring folds over in AG-1478A.
The highly condensed electron density areas are localized over
the atoms with electron lone pairs. For example, the regions
around Cl(z4), N(12), N(13), Ozg) and Oz in AG-1478B show a
more dense electron localization. However in AG-1478A, the
twisting of the chlorophenyl ring lessens only the electron
density around Cl;4) as shown in Fig. 6. The most significant
change between AG-1478B and AG-1478A is the shape — when

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 5 Energy differences (in eV) between the HOMOs and LUMOs of AG-1478 in methanol at the B3LYP/6-311+G* level of theory. The positive electron

density is shown in green, while the negative one is shown in red.

the chlorophenyl ring folds over in AG-1478A, it makes the N atoms,
Ne2s) and Ny;5), with a larger potential in space for binding.

The conformation results in different electron distribution
and therefore the hydrogen bond networks of AG-1478A and
AG-1478B. For this reason, the natural bond orbital (NBO)
charges for all heavy (no hydrogen) atoms are compared for
two conformers and are given in Fig. S2 in the ESI.{ As seen in
this figure, negative charges are significantly accumulated on
the nitrogens and oxygens. The NBO charges of all the Ns and
Os of AG-1478B are over —0.50e, whereas the NBO charge on
chlorine Cl is rather small at —0.020e. In AG-1478A, a noticeable

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016

increase in the electron density of N(;5) is obtained due to the
localization of the lone pair of electrons. The NBO charges of
—0.55%¢ and —0.605¢ were calculated for N(,5) of AG-1478B and
AG-1478A, respectively, indicating that this nitrogen atom in the
local minimum energy conformer AG-1478A may be a strong
electron donor for binding.

It is desirable to understand which orbitals are responsible
for the conformation changes of AG-1478 in addition to their
shape. The measured UV-Vis spectrum in methanol solution
suggests that the AG-1478 can be a mixture of two conformers,
AG-1478B and AG-1478A. For this reason, the recently developed
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Fig. 6 Comparative molecular electrostatic potential (MEP) maps of AG-1478B in methanol solution (left); and AG-1478A (middle and right).

excess orbital energy spectrum (EOES)*> has been applied to
identify the orbital dependent changes of the two conformers.
Fig. 7 reports the EOES of AG-1478 using Ae; = &f — &, where
&} is the ith orbital energy of AG-1478A and &} is the ith orbital
energy of AG-1478B.

The ground electronic state of AG-1478 has 82 occupied
molecular orbitals, with 26 core orbitals and 56 valence orbi-
tals. The EOES of AG-1478 shows the near distribution of the
orbital energy differences around the 0O-line. The short red
dashed lines in the EOES at AE + 1.58 kecal mol™" indicate
the total electronic energy difference between AG-1478A and
AG-1478B. As shown in the EOES spectrum, approximately one
third of the occupied orbitals (24 MOs) have an orbital energy
difference larger than their conformational energy difference,
|Ag;] > 1.58 kecal mol™", indicating that the conformational
change induced orbital changes are significant and cannot be
neglected.

The EOES exhibits that some orbitals experience profound
changes (outside the 42.5 kcal mol " range) with respect to the
conformational changes. A total of six such orbitals show
significant conformational changes: two core MOs, 4a and 5a,

91 MO4
4 A

(Ae kcal.mol’l)

3]

Orbital order

Fig. 7 Excess orbital energy spectrum (EOES) of AG-1478 in methanol
(En — Ep) at the B3LYP/6-311+G* level of theory (The x-axis is the orbital
order from the innermost orbital as MO1 to the HOMO as MO82).
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that is, MO4 and MOS5, and four valence MOs (30a, 46a, 76a
and 82a), as indicated in Fig. 7. The orbital density distribu-
tions of these six MOs of the two conformers are given in Fig. 8.
Interestingly, it is further discovered that among the core
orbitals with significant changes, MO4 (4a) is dominated by
Nz5) of the NH linker and MO5 is dominated by the quinazoline
nitrogen N(;,) (see Fig. 1 for the numbering). The former MO4(4a)
is part of the NH linker, which rotates to form AG-1478A and the
latter MO5(5a) is involved in hydrogen bonding with H-C(;¢) of
the chlorophenyl ring, that is, Nyz) - -H-Cyg) (refer to Fig. 1).
Hence, the hydrogen bond indeed has a noticeable impact on the
core shell structure of the compounds.®* The valence orbitals that
exhibit significant energy changes as identified by the EOES are
either local at the NH linker area, such as orbital 30a, or
delocalized in the entire molecule, such as orbitals 46a, 76a
and 82a (HOMO), where the conformation of AG-1478B and
AG-1478A influences the electronic distribution and the appar-
ently different molecular structures of AG-1478B and AG1478A
in 3D space indeed warrant such differences. Finally, the
chlorine Cl atom does not significantly contribute to conforma-
tional changes.

4. Conclusions

UV-Vis absorption spectra of TKI AG-1478 in methanol solution
have been calculated using TD-DFT. Potential energy scans led
to the disclosure of a stable conformer AG-1478B and a less
stable conformer AG-1478A with a small energy difference of
1.58 keal mol . The simulated UV-Vis spectrum of AG-1478 is
the contribution of AG-1478B and AG-1478A conformers, which
well reproduces the four measured spectral bands at 222 nm,
249 nm, 332 nm and 340 nm. As the shape of the drug plays an
important role in the drug potency, further quantum mecha-
nical study of the AG-1478 conformers revealed that properties
such as shape (electronic spatial extent, rotational constants
and MEP), dipole moment and electronic transitions are indeed
different. EOES®” indicates that six occupied orbitals exhibit
substantial conformational changes. Among them, two core orbi-
tals (MO4 and MO5) reveal that the signature of the N5 linker

This journal is © The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2016
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Fig. 8 Orbital charge densities of selected orbitals where energy differences between orbitals of two conformers are more than 2.5 kcal mol™t in Fig. 7.
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Table S1: Molecular parameters of AG-1478 obtained by geometry reoptimization using the B3LYP/6-311+G* model of the
three local minimum structures of PES at 6-311G*

Parameters AG-1478B AG-1478A Parameters AG-1478B AG-1478A
Bond length gA! Bond angle (°)

Ci)-Cp 1.3750 1.3748 C2)-C1)-C 119.64 119.83
C1)-Ceo) 1.4365 1.4402 C)-C1)-Oqar 125.31 125.23
C1)-O¢ 1.3510 1.3498 C6-C1)-Oqr) 115.04 114.93
C)-Cg3 1.4166 1.4176 C1y-C2-Cg) 121.16 120.95
Cp)-Her 1.0816 1.0815 Cay-Cy-Hpy) 121.96 122.02
C3)-C 1.4163 1.4216 Ci)-Cp-He) 116.88 117.02
Ci3)-Na3s) 1.3666 1.3627 C)-Ci)-C) 119.38 119.21
C4)-Css 1.4208 1.4209 C)-Ci)-Nas) 118.26 118.51
C4)-Cs 1.4392 1.4269 Cu)-Ci)-Nas) 122.36 122.25
C5Ceo) 1.3766 1.3743 Ci)-Cu-Ces) 118.96 119.23
Cs-Hy) 1.0827 1.0795 Ci)-Cu-Ces) 115.34 115.18
C6"Oqs) 1.3555 1.3536 C5-C)-Cs) 125.71 125.54
Ci)-Naz) 1.3235 1.327 C4-C5-C) 121.12 120.82
Cs)-N@s) 1.3764 1.3928 C4-Cs-H) 120.74 119.32
Cao-Hayy 1.0870 1.0868 C6)-Cs-Hyo) 118.14 119.85
Cuo-Naz) 1.3505 1.3479 C1)-C)-Cs) 119.73 119.85
Co-Nas) 1.3101 1.3136 C1y-C6-Os) 114.89 114.82
Cu4-Cas) 1.406 1.4023 C5)-C6-Oqs) 125.38 125.32
Cu4-Cas) 1.4016 1.4005 Cu-Ci)-Nay 121.30 121.57
Cu4-Nes) 1.4059 1.4118 C4)-Cs)-Nes) 119.13 123.66
Cas-Car 1.3873 1.3896 Na2)-Cs)-Nes) 119.57 114.59
Cas-Has) 1.0869 1.0852 Hu1-Ca0-Naz) 115.17 115.51
Cue-Cao) 1.3910 1.3904 H1-C0)-Nas) 116.99 117.08
Cae-Hpo) 1.0776 1.0818 Na2-Cao-Nas) 127.84 127.4
Can-Can 1.3942 1.3945 Cs)-Na2-Co) 117.43 117.42
Can-Hpy) 1.0849 1.085 C3)-Na3)-Co) 115.74 115.93
Cu9-Cany 1.3894 1.3905 Cus-Caa-Cae) 119.14 119.27
C19-Cl a4 1.7611 1.7602 Cas-Caa-Nes) 116.44 118.1
Cai-Hps) 1.0827 1.0828 Ca6-Caa-Nes) 124.42 122.6
Neas)-He) 1.0061 1.0126 Cas-Cas-Car 120.66 120.27
O07)-Cg3) 1.4231 1.4228 Ca4-Cas-Has) 119.80 119.39
O¢s)-C29) 1.4185 1.4214 Can-Cas-Has) 119.54 120.34
C29-Hgzo) 1.0881 1.0881 Ca4-Cae-Cayo) 118.69 119.21
Co-Hany 1.0954 1.0943 Ca4-Cae-Hzo) 120.14 120.85
Co-Hpay 1.0954 1.0949 C9-Ce-Hizo) 121.18 119.93
Cia-Hggy 1.0879 1.0879 CasCan-Ca 120.81 120.97
Cia-Hgs) 1.0941 1.0942 CasCan-Hez 119.54 119.56
Ci3-Hge) 1.0941 1.0942 Cany-Can-Hez 119.65 119.46
Bond angle (°) Dihedral angle (°)

Ca6Cao-Ceny 122.86 122.15 Cu)-Cs-Naz-Cao) 0.00 -3.5
C6-C9)-Clg 118.23 118.62 N25-C8-N12)-C10) 180.00 -178.93
Ca1)-C9)-Clag) 118.91 119.22 C4)-C3-Nps)-C1) -180.00 49.19
Ca7-Ca-Cay) 117.84 118.1 C4)-C8-N@s-Hz) 0.02 -163.46
Ca7n-Can-Hps) 121.40 121.34 Na2)-C8)-N2s)-Cag 0.00 -135.49
C19-Ca1-Hasy 120.76 120.57 N2)-Cs)-Nas)-He) -179.97 11.86
Cs-Nasy-Cag) 131.92 128.12 H11)-C10-Na2)-Cs) 180.00 179.72
Cs-Ns-Hzg) 114.94 110.24 Na3-Ca0-Na2)-Cs) 0.00 -1.46
Ca4-Nas-Hs) 113.14 114.08 H11)-C10-Na3)-Cg) -180.00 -177.46
C1)-0a7-Cgs) 118.26 118.37 Na2-Ca0-Na3-Cg) 0.01 3.73
C6-0@s)-C9) 118.66 118.38 Ca6-Cas-Cas-Car -0.01 -0.14
O¢s)-C29y-H o) 105.76 105.65 Cu6Caa-Cas-Has) 179.99 -179.61
O¢s)-C9-Hgn) 111.36 111.27 N@s-Ca4-Cas-Can 179.99 -178.25
O¢s)-C9-H 111.36 111.27 N@s-Ca4-Cas-Has) -0.02 2.28
H)-Ca9)-Hn) 109.29 109.54 C5-C4-Ca6-Car) 0.00 1.34



Dihedral angle (°)

Ho-Coy-Her)
Hi1-CaoyHe
O@7-Ce3-Hgs
O@7-Cp3-Hgs)
O@7-Ce3-Hge)
Hs)-Ciz3-Hgs)
H4)-Ci33-He)
Hs)-Ciz3-He)
CoCa-Cp-Co)
Co-Cay-CorHp
O0@7-Ca)-C-Cg)
O0@7-Ca)-CCp)
CorCayCe-Ces)
CoCay-Ce-Oqs)
0@7-Ca)-CeCes)
O0@7-Ca1)-Ci6"Os)
C-Cay-Oar-Cas)
Co-Ca-Oan-Ce)
CiyCparCp-Cay
CyCeCpe-Nas)
H7)-Ca)-Ci3-Cea
H7)-Ca)-C3-Nas)
CorCiyCu-Ces)
CorCiyCu-Ces)
Na3)-Ca-Cy-Ces)
Na3)Ca-C-Ces)
C-Ci3~Naa-Cao)
C-C3~Na3-Cao)
CarCuyCe-Ce
C-Cay-Ces-Hp)
C»Cu-Ci-Cos)
C»-Cu-Cs-Hp
CCw-Ce-Naz
Ci3C-C-Nes)
CsC-Ce-Na)
CCayC-Nes)
Cw-Cs-Co-Cay
CCsC-Oqs)
H)-C5-Cs-Car)
Hy)-C5-Ci6-Os)
C1)-Ci6O28Cias)
C)-C60as-Cos)

109.29
109.68
105.63
111.17
111.17
109.60
109.60
109.59
0.00
-180.00
180.00
0.00
0.00
180.00
-180.00
0.00
0.01
-179.99
0.00
-179.99
-180.00
0.00
-0.01
180.00
179.99
0.00
180.00
0.00
0.00
-179.99
-180.00
0.01
0.01
-179.99
-179.99
0.01
0.00
180.00
179.99
-0.01
180.00
0.00

109.42
109.6
105.63
111.19
111.17
109.57
109.6
109.59
0.68
-178.04
179.77
1.04
-1.72
178.03
179.1
-1.15
0.79
179.91

-176.02
-179.22
2.77
-3.63
178.89
174.3
-3.18
176.84
-1.11
2.64
-176.65
179.84
0.55
5.56
-179.43
-171.74
3.27
0.03
-179.69
179.31
-0.41
179.08
-1.18

Cas-Cas-Cae-He)
Nes)-Caa-Cae-Cao)
Nes)-Caa-Cae-Heo)
Cas-Cas~Nes-Cs)
Cas-Cas~Nes-Hes
C6-Caa-Nes-Ces)
C16-Caa-Nes-Hee)
Cay-Cas-Carn-Can
Cas-Cas-Car-Hep
H5-Cas-Car-Ca
Hs-Cas-Cary-Hea)
Ca4-CaeCao-Can
Ca4-Cae-Cro-Clas)
H0-Cae-Caoy-Can
H0-C16-C19y-Cliag)
Cas-Can-Can-Cay
Cas-Can-Can-Hes)
H)-Ca7-Can-Cao)
H)-Car-Cay-Hes)
Cae-Cas-Can-Car
C6-Cao-Can-Hes)
Cla4-Ca9y-Ce1yCar)
Cla4-Cro-Ceiy-Hes)
Ca)-O@r-Ceia-Hay
C)-O@7-Cea-Hes)
C)-O@7-Ce3-Hae)
C6-Oqs-C0-Hpo)
Ce-Oqs-CoHan
Ce-O@s-CoHe)

<R?> (a.u.)

p (D)

Ey, (a.u)

ZPE (kcal.mol ™)
E, +ZPE (a.u.)

HOMO-LUMO gap (eV)

Rot. Const. (GHz) A
B
C

-179.99
-179.99
0.02
179.94
-0.08
-0.07
179.91
0.00
-180.00
-179.99
0.00
0.00
180.00
179.99
-0.01
0.00
180.00
-180.00
0.00
0.00
180.00
180.00
0.00
179.99
-61.20
61.18
-179.99
-61.37
61.39

10395.1155
5.8297
-1393.2768
173.5149
-1393.0003
4.25

0.5882
0.1126
0.0946

-177.95
179.36
0.07
-167.44
46.23
14.52
-131.82
-1.05
179.8
178.41
-0.74
-1.4
179.44
177.89
-1.26
1.01
-179.16
-179.84
-0.01
0.23
-179.6
179.38
-0.45
179.39
-61.83
60.57
-178.94
-60.14
62.4

7611.6811
3.0792
-1393.2744
173.5958
-1392.9978
4.26
0.3470
0.1855
0.1447
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Figure S1: Atomic charge analysis of heavy atoms of AG-1478B and AG-1478A using Natural Bond Order (NBO) analysis at the
B3LYP/6-311+G* level of theory.






Chapter 1V

Microhydration of AG1478

Local environment and conformation of AG1478 are not the only determinant of drug-
protein binding interaction. Most human proteins, if not all, contains clustered water
molecules. The confined water molecules create dipolar field acting as a solvent for the
drug at protein binding site [91]. In addition, water molecule can act as H-bond donor or
acceptor which can impart extra stability to either the ground state or excited state of a
fluorophore. Therefore water molecules at the vicinity of AG1478 were expected to alter
AG1478 conformation and electronic configuration. Hence I was motivated to explore
the microsolvation of AG1478 by waters contained in a moderately polar environment.
In this study, AG1478 molecules in their free form are proposed to form H-bonds with

water molecules. However the existence of AG1478 aggregates could be possible.

The binary mixture (acetonitrile/water) approach was employed to investigate the H-
bonding interactions and conformational changes of AG1478. Analysis of fluorescence
quenching using a binding model disclosed three potential sites for forming H-bonds
between AG1478 and water molecules. The theoretical results were consistent with the
experimental results and revealed that AG1478 might exist in equilibrium of planar and
twisted structures bound to a varying numbers (3-5) of water molecules. All of the
AG1478-nH,0O complexes, identified from calculations, exhibited absorption energies
within the experimentally observed values (330-360 nm). In contrast to the isolated
AG1478, the hydrated twisted complexes were predicted to be more energetically
favoured than their planar counterparts. In this regard, AG1478 can serve as a
microsolvation probe and lay the ground work for future studies of AG1478 in more

complex environments such as proteins.
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CHAPTER IV

This chapter is presented in the form of the published paper, Muhammad Khattab, Feng
Wang and Andrew H.A. Clayton, Micro-Solvation of Tyrosine-Kinase Inhibitor AG1478
Explored with Fluorescence Spectroscopy and Computational Chemistry, RSC Adv. 7

(2017), 31725-35.
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Tyrosine kinase inhibitors (TKI) are an important class of molecules. Specific interactions of TKI with water
are of interest since they appear in high resolution X-ray structures of TKI-protein complexes and are
thought to be important determinants of drug efficacy. Methods for determining the specific interactions
of TKI with water molecules in solution are therefore highly desirable. Recently, we revealed that the TKI,
AG1478, exhibits absorbance and fluorescence spectra which are sensitive to the conformation of the
molecule and the polarity of the surrounding environment. In the present work, we investigated the
potential hydrogen bond binding sites of AG1478 using spectroscopic measurements of acetonitrile—
water solutions. UV-Vis absorbance spectroscopy of AG1478 revealed H-bond interactions between
water molecules and AG1478 in the ground state, as evidenced by changes in spectral shape and optical
density with increases in water fraction. The fluorescence spectra of AG1478 in acetonitrile were also
greatly influenced by water interactions, revealing fluorescence quenching (by 80%) with the addition of
2% by volume of water. The AG1478 fluorescence quantum yield decreased with increasing temperature
in neat acetonitrile but revealed an unorthodox increase with increasing temperature in acetonitrile—
water solution. Taken together, these changes are consistent with a specific complex or complexes
formed between AG1478 and water molecules. Potential AG1478-water clusters were investigated using
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DOI 10.1039/c7ra04435f ab initio calculations. The effects of explicit hydrogen bonding on vertical excitation, topology and

rsc.li/rsc-advances electronic configuration of AG1478 were examined computationally.
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1. Introduction

Several theories and models have been developed to describe
the complex process of solvation of solutes in binary
mixtures.™ Solutes can be preferentially solvated by either
solvent, nevertheless the solvent-solvent interactions can
significantly influence solute-solvent interactions (sol-
vatochromic parameters).” Preferential solvation occurs when
a solute molecule has, at its vicinity, more of one solvent than in
the bulk environment. Hence the understanding of this
phenomenon plays a role in unravelling the spectroscopic,
kinetic and thermodynamic behaviour of solute molecules.®
Binary mixtures containing water as a cosolvent have been
successfully deployed to quantify the number of H-bonding
interactions between solute and water molecules. This is
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accomplished by application of various spectroscopic experi-
ments and/or theoretical calculations using explicit water
models.”™ Hence the organic solvents which are miscible with
water are ultimately used for these kind of experiments.

Acetonitrile is characterized by good UV transparency,
aqueous miscibility, low viscosity and low chemical reactivity.
In addition, it has a relatively high dielectric constant and
a small autoprotolysis constant.”> Water can solubilize ionic and
dipolar solutes and its colligative properties have a large
bearing on vast number of biological and chemical systems
through its ability to form intermolecular hydrogen bonds.'>*?
It has been reported that the structure of pure water is signifi-
cantly altered upon mixing with other solvents generally and
with acetonitrile specifically.’**” Therefore, binary mixtures of
acetonitrile with water are solvents of choice in physical organic
chemistry.>" A number of studies have attempted to address
the impact of microhydration on the geometrical and electronic
properties of solute molecules by dissolving them in acetoni-
trile-water solutions.

For instance, the excited state H-bond dynamics of coumarin
102 were investigated in acetonitrile-water binary mixtures by
Wells et al.” The experimental and simulation data revealed that
two water molecules, acting as H-bond donors, can form H-
bonds at the carbonyl site of coumarin 102.” This finding gave

RSC Adv., 2017, 7, 31725-31735 | 31725
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a more robust clue for estimating hydrogen bond strength of C
102 molecule. It was found that clustered water molecules can
also turn on the bright emission of a molecule and the lifetime
of the excited state was dependent on the number of water
molecules in first solvation shell. Studies conducted on the
adenine analogue, 2-aminopurine, have also led to similar
conclusions.”™* Studies of Lobsiger and co-workers showed
that the lifetime of 2-aminopurine increased systematically with
the number of water molecules. They also found out that
position of bound water molecules was important. The excited-
state lifetime was much longer when one water molecule
interacted with the NH, group of 2-aminopurine.*®

In general, spectroscopic measurements of drugs in
aqueous-organic binary mixtures provide a controllable model
system to investigate the interaction of water molecules with
drugs. Water molecules are highly translocated at protein
binding sites and found essential for drug-protein intermo-
lecular interactions and stability. Therefore, binding interac-
tions between explicit water molecules and drugs affects the
nature and diversity of drug chemical structures and properties.
Mastering the gain in protein-drug binding affinity can be
achieved by targeting or neglecting H-bonding with clustered
waters.>’

AG1478 is a tyrosine kinase inhibitor, synthesized to
mimic the purine ring of adenosine triphosphate (ATP)
cofactor.> It possesses five H-acceptor moieties and one H-
donor group, acting as a potential H-bonding target. Given
that it can bind to the protein hinge region of tyrosine kinases
through one to three H-bonds,* it is therefore important to
explore the impacts of H-bonding statics and dynamics on the
electronic and geometric properties of this TKI.

Our earlier experimental®® and computational®” studies
showed that the absorbance of AG1478 was sensitive to the
molecular conformation (twisted versus planar), while the

21-23

fluorescence was influenced by the polarity and hydrogen-
bonding power of the solvent.”* We have also observed exten-
sive fluorescence quenching of aqueous AG1478 solution
compared to other non-aqueous AG1478 solutions.*® In the last
few decades, spectroscopic studies have been performed on
probes in different media such as binary solvent mixtures,
micelles, reverse micelles and ionic liquids.”®*** When studies in
pure water are not feasible, solvent-water binary mixtures
provide a controllable environment in which to probe the
influence of water against a moderately polar host solvent.?*?*
Therefore, we used the binary mixture approach to investigate
the intrinsic and extrinsic H-bonding interactions of AG1478 in
the ground and excited states.

In this article, the steady-state UV-Vis spectroscopy of
AG1478 in acetonitrile solution containing water as a co-solvent,
was investigated to reveal the spectral properties of AG1478 in
the presence of water molecules. We also performed
temperature-dependent fluorescence experiments to delineate
the influence of dynamic versus static quenching between
AG1478 and water molecules. In addition, time-dependant
density functional theory (TD-DFT) was utilized to examine
possible complexes of AG1478 with different numbers of water
molecules.

31726 | RSC Adv., 2017, 7, 31725-31735
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2. Experimental

2.1. Materials

Spectroscopic grade acetonitrile was purchased from Thermo
Fisher Scientific Inc. and was used without further purification.
Deionized water (Millipore) was used to prepare the aqueous
solutions. Tyrphostin AG1478 was purchased from Sapphire
Bioscience Pty Ltd and used as received. A matched pair of quartz
cuvettes with a path length of 1 cm was obtained from Starna Pty
Ltd.

2.2. Methods

2.2.1. UV-vis spectroscopy. The absorption spectra of
AG1478 were scanned using a Shimadzu Recording Spectropho-
tometer UV-1601. Excitation and emission measurements were
performed with a Perkin Elmer LS55 Fluorescence Spectrometer.
The temperature (25-70 °C) was regulated using Perkin Elmer
Peltier Temperature Programmer PTP-1. The background absor-
bance, scatter and fluorescence were corrected using blank
samples.

Solutions containing acetonitrile and water were prepared by
adding a small volume of water to acetonitrile (in the range 0-16%
v/v). Dilute solutions of AG1478 were prepared for spectroscopic
measurements (AG1478 concentration was 10> M (absorbance)
and 10~° M (fluorescence)). The optical density of 300-360 nm
band was adjusted to be above 0.1 for absorption experiments and
was lower than 0.05 for excitation and emission measurements to
minimize inner filter effect. All spectra are averages of nine scans.

2.2.2. Computational details. The geometries of ground and
excited state structures were optimized by DFT and TD-DFT
calculations, respectively, at the B3LYP/6-311+G* level of theory.
No imaginary frequencies at the optimized structures were ob-
tained, indicating that the corresponding geometries are true local
minima. The Becke's three-parameter hybrid exchange-correlation
functional (B3LYP)*** with 6-311+G* basis set was employed in all
calculations. Implicit solvent effect was considered in our calcu-
lations. Hence, the conductor-like polarizable continuum model
(CPCM)* with the dielectric constant of ¢ = 37 was used (which is
assumed to be the dielectric constant of acetonitrile water
mixture). All calculations were performed using GAUSSIAN 09
Revision C.01 (ref. 37) on Swinburne supercomputing facilities.

First, we screened for the best possible position(s) (giving most
stable complex) for binding of n = 1-7 water molecules to AG1478.
That means an explicit water molecule(s) was included at prox-
imity (1.7 A) to different H-bond acceptor sites of AG1478.
Secondly, we determined the most stable geometry for each
complex and performed single point energy calculations in
dielectric continuum with the dielectric constant of 37 using the
CPCM model. We also computed the corresponding vertical exci-
tation energy including state-specific solvation correction. Here-
after, the planar structure complexed with water molecules were
referred as P-nw, where n = 1-7, and the twisted rotamer exhib-
iting intermolecular H-bond with water molecules were referred as
1-7. Full geometric coordinates, structural
properties and energies are contained in the ESI Tables S1-S5 and
Fig. S1-84.1

T-nw, where n =

This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Graphs of (a) absorption spectra of AG1478 (10 uM) in acetonitrile—water solutions. Legend in (a) indicates % v(water)/v(acetonitrile) of
added water and (b) relative optical density of two characteristic absorption peaks as a function of water concentration. The red vertical lines

indicates error bars.

3. Results and discussion

3.1. Impact of water H-bonding on AG1478 ground state

Our previous work assigned the UV-Vis absorption bands of
AG1478 to transitions from their respective ground electronic
states of the conformers (planar and twisted) to their electronic
excited states, respectively, that is, the HOMO-LUMO of
a conformer.”” To study the impact of water on these transi-
tions, we examined the absorption spectra of AG1478 in aceto-
nitrile as a function of added water. As shown before,* the
absorption spectrum of AG1478 in neat acetonitrile solution (no
added water) was comprised of four major bands as shown in
Fig. 1a. The lowest energy bands at 342 nm and 330 nm are
assigned to S, to S, transitions in the twisted and planar
conformation, respectively.>” Consecutive addition of water (up
to 0-16% v/v) to acetonitrile solution of AG1478 resulted in very
small perturbations to the AG1478 absorption spectra (Fig. 1a):
no significant effects on the absorption spectra but small
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attenuation in the regions of A <240 nm and near 370 nm. We
stress that while these changes to the absorption spectra are
very small in magnitude, and therefore should not be over-
interpreted, they do provide evidence for interaction of the
AG1478 with water in the ground state.

In particular we note the progressive linear increase of
optical density of the 330 nm band relative to that of 342 nm
peak (Fig. 1b (R*> = 0.99)). We propose that the planar and
twisted conformations interact with water differently (the
planar conformation has an intramolecular hydrogen bond
which become available to the solvent in the twisted confor-
mation). As we will see in the next section, the fluorescence
properties of AG1478 are more sensitive to water interaction.

3.2. Impact of water H-bonding on AG1478 excited state

To determine the effect of water on the AG1478 excited-state, we
measured the fluorescence excitation and emission spectra of
AG1478 in acetonitrile as a function of added water. The
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(a) Excitation spectra of 1 uM AG1478 in acetonitrile/water binary solutions monitored at A.,, = 400 nm. Legend indicates water

concentration in % v(water)/v(acetonitrile). (b) Correlation plot between relative excitation intensities of AG1478 in acetonitrile/water mixtures
and molar concentration of added water. The red vertical lines indicates error bars.
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fluorescence excitation spectra of 1 uM AG1478 after subse-
quent addition of 2% v/v of water to acetonitrile solution
revealed a noticeable attenuation of fluorescence (by 87-83%)
across the range 220-350 nm as shown in Fig. 2a and the
augmentation of a new band near 370 nm. The shape of the
fluorescence excitation spectra was also perturbed by addition
of water resulting in changes to the relative amplitudes (but not
positions) of the 328 nm and 340 nm bands. Analyses showed
a good (R> = 0.91) linear correlation between the relative
intensity of 328 nm and 340 nm bands and water concentration
as shown in Fig. 2b. The change in the ratio of amplitudes
suggests that either the population of the planar form or the
quantum yield of the planar form or both was diminished by
addition of water relative to the twisted form of the molecule.
Nevertheless, the changes in the ratio of the two bands are of
the order of a few percent, in contrast to the much larger change
in the amplitudes of the two bands.

In order to explore water interactions with AG1478 in the
excited state, we also measured the fluorescence spectra at Aey.
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= 330 nm of 1 uM AG1478 in binary mixtures of acetonitrile/
water. By adding consecutive fractions of water in the range
0-2% v/v to the acetonitrile solution with increment of 0.2%, we
observed a red shift of the emission peak and a decrease in the
fluorescence quantum yield as shown in Fig. 3. A red shift of
8.5 nm was observed after addition of 0.2% v/v of water with
a total bathochromic shift of 23 nm with 2% v/v of water; data
are compiled in inset of Fig. 3.

The decrease in fluorescence quantum yield with increasing
water concentration is shown in Fig. 4a. Again, with 2% v/v of
water, the quantum yield decreased by 80%. Based on the
dielectric constants of acetonitrile (¢ = 36) and water (¢ = 78),
a 2% v/v water-acetonitrile solution would have an average
dielectric constant of 37. An increase in dielectric constant from
36 to 37 cannot solely account for the changes in spectra
observed. Taken together, the magnitudes of the bathochromic
shifts and fluorescence quenching with water addition which
are larger than expected based on bulk solvent properties alone,
therefore it can be concluded that the changes in fluorescence
are due to specific interactions of AG1478 with the water in the
acetonitrile-water solution.

Preferential solvation studies, in which fluorophore mole-
cules are explicitly solvated by water molecules in aqueous—
organic medium, have been reported.**** For instance, the
tautomerism of alloxazine to isoalloxazine was triggered by
water-facilitated intramolecular proton transfer owing to
specific interactions between alloxazine and water molecules.*
Acetonitrile-water mixtures covering the entire range of 0.1-
90% v/v of water were used. It was found that lower water
compositions upto 0.1-20% v/v can facilitate this process where
water molecules were favourably bound with fluorophore
through H-bonding (microsolvation). The detailed study
revealed that the interaction was most likely to take place in the
excited state. Beyond this concentration, the intrinsic H-
bonding of water molecules would be strongly favoured form-
ing large clusters with extensive water networks. Hence, fluo-
rophore-water interactions is weakened in water rich media.*

b)
5
Parameter | Ki | Kz | K3 SSR
Linear 291 0] 0 ]1.67x101
+4 Quadratic 12.1]0.9| 0 |2.09x 103
Cubic 24103(04]4.75x10*

4 0.6 0.8 1.0 1.2
Water [M]

0.0 0.2

(a) Intensity of emission maxima of AG1478 as a function of water added to acetonitrile solution. (b) Stern—Volmer plot of the fluorescence

guenching of AG1478 in acetonitrile due to presence of increasing amounts of water. Fo/F is the emission intensity ratio of AG1478 in absence
and presence of water, respectively.* See residual plot for each functional fitting in Fig. S5 in ESI.¥
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Barbosa et al. studied five standard buffers in acetonitrile-
water binary mixtures.” It was found that the proton (solute)
was preferentially solvated by water molecules evidenced by
lower pH(s) than expected if hydrogen ion was solvated by
acetonitrile molecules.”® On the contrary, studies done by
Wakisaka and coworkers found that phenol was preferentially
solvated by water at higher mole fraction of water = 0.85.*
Preferential solvation of acetate ions was triggered by water in
mixed solvents of water and acetonitrile as reported by Barbosa
et al.”* It was concluded that water molecules had a greater
tendency to be in vicinity of acetate ions than to acetonitrile
molecules reaching its maximum at water mole fraction of 0.20-
0.25.** All these studies support our suggestion that the change
in absorption and emission spectra of AG1478 upon adding
minute amount of water to medium was due to preferential
microsolvation of AG1478 by water molecule.

The strong decrease in fluorescence excitation and emission
with added water suggests that water might be thought of as an
efficient quencher of AG1478 fluorescence. Therefore, one way
to understand the interaction between AG1478 and water was to
quantify the water-induced fluorescence quenching by
employing the Stern-Volmer equation**

D1+ KalQ) o

where F, and F are the fluorescence intensities in the absence
and presence of quencher, Kgy is the quenching constant, and
[Q] is the molar concentration of quencher.

A linear Stern-Volmer plot indicates the involvement of only
one kind of quenching mechanism, either static or dynamic.
However the deviation from linearity reveals the contribution of
two mechanisms to quenching process.*>*¢ The Stern-Volmer
plot for AG1478 fluorescence quenching as a function of water
concentration (in acetonitrile) is depicted in Fig. 4b. Of partic-
ular note is that the Stern-Volmer plot revealed departures from
linearity, as revealed by poor fits to a linear function. This
implies either a combination of dynamic and static quenching
or possibly a complex binding process. The distinction between
static/binding processes and dynamic quenching cannot be
decided from the Stern-Volmer plot alone. However, measure-
ments of fluorescence as a function of temperature can some-
times be used to distinguish between these two classes of
quenching.

3.3. Temperature effect on AG1478 emission

Static and dynamic quenching mechanisms have been report-
edly investigated utilizing their varying dependence on
temperature, measurement of excited state lifetime or transient
absorption spectrum in the presence of quencher.*””** To
distinguish between dynamic and static/binding mechanisms
of water-induced AG1478 fluorescence quenching, measure-
ments of fluorescence as a function of temperature were carried
out. Temperature-dependant emission spectra (Aexc = 330 nm)
were recorded in the temperature range of 25-70 °C for AG1478
in acetonitrile/water solution, as shown in Fig. 5a. A remarkable
increase in AG1478 fluorescence quantum yield, in addition to

a blue shift, was observed upon increasing solution

This journal is © The Royal Society of Chemistry 2017
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temperature. A plot of fluorescence intensity as a function of
varying temperature is depicted in Fig. 5b showing unorthodox
behaviour.

In the context of fluorescence quenching models, an
increase in fluorescence intensity with temperature is consis-
tent with a static quenching/binding model for the AG1478-
water interaction in acetonitrile-water solution. We interpret
the increase in fluorescence with increasing temperature as due
to a temperature-induced dissociation of water from the local
vicinity of the AG1478, or alternatively a temperature induced
rearrangement of the first solvation shell. In contrast, AG1478
fluorescence in neat acetonitrile (Fig. 5¢ and d), revealed
a decrease with increasing temperature, as expected, owing to
the normal increase in temperature-dependent non-radiative
deactivation pathways.

Studies of Ghosh et al. on binding interaction between
chloramphenicol (Clp) and B-lactoglobulin (BLG) disclosed
fluorescence quenching of BLG with increasing concentration
of Clp and the Stern-Volmer plot exhibited also an upward
curvature.” The non-linear SV plot may arise due to either (1)
simultaneous static-dynamic quenching process and/or (2)
high extent of quenching (only static) at higher quencher
concentration.”*® The lifetime measurements excluded the
occurrence of dynamic quenching due to undeviating
measurements upon increasing quencher concentration.
Therefore it was concluded that Clp quenched the target protein
fluorescence due to high extent of static quenching.

Generally, the quenching efficiency should decrease with
increasing temperature owing to destabilization of fluo-
rophore—quencher complex at ground state.** However an
increase in the Clp-BLG binding constant with increasing
temperature was observed. The rationale for this anomaly was
revealed by Arrhenius plot.>®** Where it was concluded that the
increase in binding (quenching) rate constant overweigh its
decrease due to instability of complex with increasing temper-
ature.” At first glance, this seems contradictory with our
experiments, due to lack of time-resolved equipment and data,
however it is line with our measurements and predictions.
Taken into account, we have observed fluorescence quenching
of AG1478 in neat solution of acetonitrile which contains traces
of water (viz. micromolar concentration) while enhancement of
emission intensity was noticed in acetonitrile/water (1% v/v =
0.55 M) solution. Given that the concentration of AG1478 was
within micromolar range (1 uM), the AG1478 quenching would
be due to solely static mechanism exerted by high concentration
of the water quencher (=10° fold abundance). However in our
case, the effect of instability of AG1478-water complex is ex-
pected to overweigh the fluorophore-quencher binding
constant.

3.4. Estimation of the number of water molecules
coordinated to AG1478

Because the AG1478 fluorescence quenching due to water
appears to be of a static-type rather than a dynamic-type we can
reinterpret the quenching in the context of a water binding
model. To estimate the number of water molecules in complex

RSC Adv., 2017, 7, 31725-31735 | 31729
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Inset lists solution temperature and its corresponding emission maximum. (b) and (d) Plots of fluorescence intensity of AG1478 in acetonitrile as
a function of increasing solution temperature in presence and absence of water, respectively.

with the AG1478, we interpreted the Stern-Volmer plot as
a purely static binding model with n water molecules bound.
The form of the Stern-Volmer plot for this model is

FolF = 1 + K{[H,0] + K5[H,OP* + ...K,[H,O]" (2)

Fitting the data in Fig. 4b to this model yielded a best fit with
a water coordination number of n = 3 (cubic function).
Importantly n = 1 (linear function) or n = 2 (quadratic function)
gave fits to Fig. 4b which were of poorer quality (as judged by
sum of squared residuals) than n = 3, refer to ESI Fig. S5.1
Adding higher terms to eqn (2) than n = 3 did not improve the
fits further. Thus the quenching of the AG1478 fluorescence can
be accounted for by binding of (at least) three water molecules.
In other words, AG1478 is predicted to bind to target protein via
three H-bonds and this binding interaction could be monitored
by quenching of AG1478 fluorescence emission.

All these observations and conclusions were consistent with
that reported by Magalhaes and coworkers for 1,8-naph-
thalimide derivative.*® The 4-phenoxy-N-methyl-1,8-
naphthalimide has almost the same spectral properties as
AG1478. A negligible change in its absorption spectra upon
modifying the solvent nature was observed compared to the

31730 | RSC Adv., 2017, 7, 31725-31735

discernible change in emission spectra. It also exhibited
a broad non-structured emission spectrum with low fluores-
cence quantum yield. In addition, a large stokes shift was noted
which was augmented by increasing solvent polarity.*

The experimental studies on 4-phenoxy-N-methyl-1,8-
naphthalimide revealed the occurrence of bathochromic shift
and fluorescence quenching upon adding a little amount of
water to its solution in dioxane.*® The Stern-Volmer plot showed
an upward curvature indicating that the quenching process was
triggered by both dynamic and static pathways. The author
concluded that the non-linear fluorescence quenching could be
attributed to combination of (1) non-radiative deactivation of
excited state exerted by the protic (aqueous) solvent shell and (2)
dynamic quenching by collision with free water molecules.*®
Since literature assured we are on track for the analyses of
binding interactions between AG1478 and water molecules. We
next investigate possible AG1478-water complexes using
computational chemistry.

3.5. Computational study

We were the first to report the existence of AG1478 in two
different geometrical conformations, twisted (t-AG1478) and

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c7ra04435f

Open Access Article. Published on 21 June 2017. Downloaded on 21/06/2017 22:11:42.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper
Planar
Frontal view S.i de
view
;(" o$9
1
(.) ¥ 3‘)
W 2.2404
119.1°
u
9
& PRy |

View Article Online

RSC Advances

Twisted
Side

Frontal view View

/ y \

4 ! HN Cl 3 1
bi o L JJ 9 5
“‘J‘ < \N l' :’ 4‘ ‘
VN | /) P ‘ & ‘uu

\ \\o N L, K ‘ J

v N A y
0 0% e

el Tmm=e- - 9
i T @a--" Jd)

Fig. 6 Frontal and side views of the optimized geometries of conformers ground state of AG1478 at B3LYP/6-311+G* in vacuum. Strong H-
bonds (<2.5 A) are shown as dotted lines delineating bond length and angle.

planar (p-AG1478), and to link these conformers with distinct
absorption bands in the AG1478 UV-vis absorption spectrum.”
In the present study we sought to examine the effect of water on
AG1478 using computational methods. We therefore generated
potential AG1478-nH,O complexes containing different
numbers of water molecules, at different H-bond acceptor sites
of AG1478, and calculated energies, geometries and spectro-
scopic properties of these complexes. Structures and obtained
data are included in ESI Tables S1-S5 and Fig. S1-S4.7 For the
sake of brevity, we present here the salient results for the energy
optimized complexes containing n = 1-7 water molecules in
each of the twisted and planar conformers. Fig. 6 depicts the
frontal and side views of the optimized planar and twisted
rotamers in vacuum together with a schematic showing sites of
water-docking to AG1478.

Since the N(25)-H linker group is the main acidic moiety
(Lewis acid) in AG1478, it is therefore, expected that H-bonding
with water molecules at the vicinity of the N(25) position will
result in the stretching of bond length of N(25)-H. Hence, we
calculated some geometric parameters and atomic charges of
AG1478 as a function of number of water molecules in the
AG1478-water complex. Fig. 7 depicts a plot of the N(25)-H
bond length as a function of added water molecules (for twisted
and planar AG1478 conformer). The N(25)-H bond length of the
twisted AG1478 conformer system (marked in red in Fig. 7) is
always longer than the planer conformer system. It is seen from
this plot that as the number of water molecules increases (from
0 to 7 water molecules per AG1478), the N(25)-H bond length

This journal is © The Royal Society of Chemistry 2017

increased until it reached a plateau, indicting a saturation with
respect to the added waters. The planar AG1478 conformer was
saturated by 3 water molecules - p-AG1478-3H,0 - at which the
plateau was reached, whereas the twisted AG1478 conformer is
able to bind upto 5 water molecules, i.e., t-AG1478-5H,0. This
may explain that the twisted conformer of AG1478 is possibly
a more potent drug structure as the twist shape in space
enhances binding, comparing to its planar conformer which
can be less flexible in this regard.

It is known that orientation of AG1478 affects the ability to

bind water molecules due to their three-dimensional
1.030
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Fig. 7 Graph showing bond length of N(25)-H(26) as a function of
increasing number of explicit water molecules of the optimized planar
and twisted AG1478 structures in dielectric continuum of 37 at B3LYP/
6-311+G*.
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structures.’> Hydrogen bond formation requires containment of
a covalently bonded hydrogen atom between two electronega-
tive atoms. The AG1478 molecule has five electron-donating
centres (three nitrogens and two oxygens). Therefore, we
examined the electronic charges of some selected heteroatoms
of AG1478. In Fig. 8a, NBO charges of electronegative atoms
(three nitrogens and one chlorine—which serve as hydrogen
bond acceptors) were plotted as a function of number of explicit
water molecules in the AG1478-water complex. Charges of two
oxygen atoms on the AG1478 compound were not examined
because they are unlikely to form H-bond with water molecules
in AG1478. Our quantum mechanical calculations indicated
that the AG1478-water complexes were not formed through
water molecule hydrogen bonding with the oxygen atoms of
AG1478. It is seen in Fig. 8a and b that it is unlikely the chlorine
atom of the AG1478 would be able to bind a water molecule as
the NBO charge on Cl remained unchanged. However, the NBO
charges on the nitrogen atoms indeed changed, depending on
the AG1478 conformer shape and the number of water mole-
cules in the complexes.

In the planer conformer case in Fig. 8a, the NBO charges of
three nitrogen atoms in the AG1478 compound are all in the
vicinity of —0.6e when AG1478 forms complexes with up to 3
water molecules. A dramatic increase in negative charges of
N(13) is observed when p-AG1478 form a complex with three
water molecules. The NBO charge of N(13) drop from approxi-
mately —0.6e to —1.4e in p-AG1478-3H,0. Interestingly, when
the number of water molecules, n # 3, the NBO charges on
N(13) remain almost the same (ca. —0.6¢e) for p-AG1478-nH,0. It
is also noted that the NBO charges on N(25) and N(12) of the p-
AG1478-nH,0 complexes are very different for n <3 and n = 3
complexes.” However, in the t-AG1478 case, the NBO charge of
N(13) shows a significant drop (more negative), from ca. —0.6e
for t-AG1478-nH,0 (n # 5) to —0.8e t-AG1478-5H,0. That is,
when forming a complex with five water molecules (n = 5), the
charge of N(13) exhibit significant changes in t-AG1478-5H,0,
in agreement with the N(25)-H bond length change in Fig. 7.

31732 | RSC Adv., 2017, 7, 31725-31735

We also estimated the binding energy between water mole-
cules and AG1478. The graph of water binding energy as
a function of number of water molecules in complex with
AG1478 is shown in Fig. 9. Addition of n = 1-3 water molecules
caused a progressive stabilization of the AG1478-nH,0
complexes (relative to isolated constituents) as evidenced by the
decreased binding energy. The figure shows that when binding
with upto n = 7 water molecules, the complex AG1478-nH,0
may be stable as the binding energy with respect to the AG1478
compound is negative. However, binding three water molecules
(n = 3), AG1478-3H,0 complexes, either planar or twisted, can
be the most stable complex for n = 1-7, as the binding energy is
the most negative at n = 3. Further addition of more than three
(n = 4-7) water molecules will reduce the stability of the
AG1478-nH,0 complexes. In addition, the t-AG1478-3H,0
complex is more stable than the p-AG1478-3H,0 complex as the
former exhibits larger bonding energy than the latter in Fig. 9.

The computed absorbance properties (transition energy and
oscillator strength) of the first excited-state of AG1478 as
a function of the number of added water molecules are listed in
Table 1 for the planar and twisted conformations. The
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Water binding energy (kcal/mol)
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No. of water molecules
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Fig. 9 Binding energy of explicit water molecules to AG1478-nH,0 (n
= 1-7) complexes calculated using the DFT based B3LYP/6-311+G*
model.

This journal is © The Royal Society of Chemistry 2017


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
http://dx.doi.org/10.1039/c7ra04435f

Open Access Article. Published on 21 June 2017. Downloaded on 21/06/2017 22:11:42.

This article is licensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

View Article Online

RSC Advances

Table 1 Ground to first excited state vertical excitation (including state-specific solvation correction) of AG1478 structures complexed withn =

1-7 explicit water molecules in dielectric continuum of 37

P P-1w P-2w P-3w P-4w P-5w P-6w P-7w
E (nm) 331 333 332 352 340 341 342 341
Osc. str. 0.5229 0.5475 0.4748 0.4206 0.4281 0.4492 0.4559 0.4601

T T-1w T-2w T-3w T-4w T-5w T-6w T-7w
E (nm) 342 340 346 366 369 354 334 328
Osc. str. 0.2476 0.2511 0.2515 0.2278 0.2269 0.2386 0.2329 0.2349

calculated S, to S; transition wavelength of free planar structure
was 331 nm. Addition of one water molecule, caused a red-shift
from 331 nm to 333 nm (by 2 nm) and a slight increase in
oscillator strength. However, a very large red-shift by 21 nm to
352 nm was observed when three molecules of water were
complexed with AG1478. Further additions of water (4-7 water
molecules) caused a blue shift (from 352 nm) back to 340-
342 nm. It was also notable that P-3w structure exhibited the
lowest oscillator strength among other hydrated isomers Since
AG1478-3H,0 exhibited the lowest energy absorption transition
among other hydrated complexes, therefore it has the smallest
HOMO-LUMO energy gap. Hence it was again concluded that
the trihydrated complex is the most stable structures of AG1478.
The low oscillator strength of absorption transition of
AG1478-3H,0 might in part contribute to the observed fluo-
rescence quenching.

The AG148 in the twisted configuration showed a different
trend, where the excitation energy of free AG1478 was computed
at 342 nm. By adding one water molecule, there was a blue-shift
by 2 nm followed by 6 nm red-shift with 2 water molecules. As
for the planar configuration, addition of 3-5 waters produced
complexes with red-shifted absorption bands, calculated at
366 nm, 369 nm and 354 nm, respectively. Further additions of
water caused a blue shift in the calculated absorbance bands to
334 nm (6 waters) and 328 nm (7 waters). It may be coincidence,
but it appeared that the planar and twisted absorbance bands
underwent an inversion, particularly at high water hydration.

Moreover, while we do not expect exact agreement in the
prediction of relative absorbance of the 330 nm and 340 nm
bands by theory, the prediction of an inversion of the twisted
and planar absorbance bands at high hydration might be
related to the inversion of the relative amplitudes of the 330 nm
and 340 nm bands seen in the experimental absorbance
spectra. The prediction from the computation studies of a red-
shifted absorption band may also have some relevance to the
experimental absorbance and excitation spectra, both showing
a shoulder or extra band near 370 nm over a limited range of
water concentrations. The shoulder at 370 nm has higher
optical density due to promotion of absorption from T-3w and
T-4w structures at 366 nm and 369 nm, respectively at lower
water concentration (till 4% v/v of added water). While at higher
water concentration (=8% v/v), the higher water complexes of
both planar and twisted structures showed absorbance in the

This journal is © The Royal Society of Chemistry 2017

range of 328-354 nm (refer to Table 1) resulting in reduction in
amplitude of the 370 nm shoulder, as observed experimentally.

To summarize, the geometric properties, heteroatom
charges, energetics of stabilization and computed absorbance
spectra as a function of added water pointed to 3-4 molecules as
having largest effect on AG1478 properties. These results are in
good agreement with the spectroscopic results showing that
about 3 water molecules have the largest influence on fluores-
cence quenching. It is important to stress that we are not sug-
gesting that only three water molecules make up the solvation
shell of AG1478 but rather hydrogen bonds between the water
and AG1478 are important determinants of the spectroscopy of
this molecule. In an ensemble of AG1478 in solution, we would
expect a distribution of micro-solvation states containing zero,
one, two, three or more water molecules and acetonitrile
molecules as well. The distribution will be dictated in part by
the water fraction and by the relative energetics of the relevant
solute-solvent and solvent-solvent interactions. In our work we
have attempted to simplify the system theoretically by treating
the acetonitrile as a dielectric continuum and the water
explicitly. This is clearly an approximation.

It is important to address some important differences
between the theory and experiment. The theoretical calcula-
tions do not address temperature or configurational averaging
which are also important. On the other hand, the spectroscopic
experiments are ensemble averages which occur in equilibrium
at room temperature. To relate the two studies more precisely
would require knowledge of the precise configurations and their
population distributions. Nevertheless, the computational
study here has allowed us to identify specific sites of H-bonding
from water that are important determinants of AG1478
spectroscopy.

Literature studies have emphasized that enzyme activity
constitutes an intricate function of clustered water molecules in
organic solvents. The conformational flexibility and enzymatic
activity relies on the water content of the protein.**-** Taken into
account that preferential solvation is a well-established explicit
model that can describe qualitatively and quantitatively the
protein surface occupancy by water (hydration/solvation) and
cosolvent (solvation) molecules.”®*” Our experiments and theory
are of great relevance to understanding micro-solvation and H-
bonding interactions in the quinazoline class of TKI. In struc-
tures of TKI complexed with proteins, H-bonding to water in the
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protein binding site and to amino acids inside the protein are
typically observed.’®*® Given the high sensitivity of AG1478
fluorescence to hydration (as observed here from the acetoni-
trile-water mixtures), we would predict that fluorescence will be
a useful probe of water-TKI interactions in protein binding
sites. More detailed study of micro-solvation of AG1478 can be
revealed using molecular dynamics (MD) which is out of the
scope of this study.

4. Conclusion

Spectroscopic analysis of AG1478 in acetonitrile-water binary
mixtures was a successful strategy to quantify sites available for
H-bonding of AG1478. Analysis of fluorescence quenching
using a binding model disclosed three potential sites for
forming H-bonds between AG1478 and water molecules. The
theoretical study was consistent with experimental results and
revealed that AG1478 might exist in equilibrium of planar and
twisted structures bound to varying number (1-7) of water
molecules. All of the AG1478:water complexes exhibited
calculated excitation energies within the experimentally
observed values. The hydrated twisted structures were predicted
to be more energetically favoured than hydrated planar coun-
terparts, in contrast to dehydrated AG1478. In this regard, we
predict that the extend of hydration of the drug binding site in
the protein may be an important determinant of whether planar
or twisted drug conformation is populated in the drug-protein
complex. The studies conducted here show that AG1478 can be
used as a micro-solvation probe and lay the ground work for
future studies of AG1478 in more complex environments such
as proteins.
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0.10340900
-1.10645800
-0.96793900

-0.96030700

-0.40496900

-1.17869900
-1.67022600

-0.15561500
0.02615900

-0.55374900

-1.36766800

-1.84836400

-2.25980200

-2.63290700

-1.03485600

-0.14670600

-0.40532800
0.93092300

-0.68215600
2.88928700
2.74961800
2.09992400
3.44888800
3.26899800
4.25317400
1.23082300
1.16181700
2.07015000

-0.20374000
0.57772500
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2.10457500
1.39686800
2.11126400
3.48045100
4.02255600
-0.02950100
1.58182700
0.16573900
-0.35944900
-0.61820200
1.46801600
-2.19912600
-2.90323000
-2.88529500
-4.26614500
-2.37593100
-4.24795600
-2.36540800
-4.96383800
-4.79692500
-6.02676900
-5.09663400
-0.80666900
-0.37506000
5.53720200
4.24915200
3.60127900
4.39885400
2.92133900
3.05064100
6.32243200
7.35295100
6.21074000
6.04652800
-0.09198300
-0.70724200
0.71385900
-2.58584000
-3.49777900
-2.01399600
-1.85019000
-2.10803500
-1.81138000
0.24419500
-0.05870300
0.13377900

-4.07808500
-3.49711600
-2.09637800
-1.28232500
-1.88821200
-3.25332400
-4.09337800
0.13202700
-1.27793900
-0.25326600
0.18419500
0.61859000

-1.55981300
-0.54069800
0.37912600
0.29845000
-2.41911300
-0.54310700
1.16926300
-2.37584800
-3.09373900
-1.45025900
-2.49259300
0.34058600
1.55067400
-0.86639600
1.55234500
2.48527800
-0.83009800
-1.81175100
0.35934900
2.49607400
0.35557900
-2.36134800
0.38926400
1.28806500
-0.71861800
1.13157300
2.16799300
2.71265100
1.74678700
2.84068700
-1.70666800
-1.50177200
-1.62061300
-2.71314500
3.71715400
3.13499000
3.79909700
-0.40118600
-0.50000800
-0.83282200
2.16609100
1.24085100
2.23368800
3.06381500
3.76579800
3.37658000

0.03384700
1.18514300
1.27391400
0.16350400
-1.01264400
-1.08841200
2.04713900
0.33828300
-1.86960500
2.47517300
3.39090700
1.48678200

0.70353100
0.01747900
-0.79179000
-0.90659100
1.11457900
0.18537800
-1.30280100
1.56385400
2.18880700
0.96815300
1.48195700
-0.65802400
-0.74733600
-0.86030700
-1.02449700
-0.59900400
-1.12373200
-0.81459900
-1.21048700
-1.08862700
-1.41655400
-1.37185500
-0.45128400
-0.67867700
-0.38029900
-1.64998400
-2.39204500
-2.89192300
-3.13764800
-1.73057900
0.29438700
0.01484400
1.37788200
-0.02928100
1.92455300
2.42695600
2.44630500
2.73481700
2.43798400
2.05896200
3.32721000
3.10850800
4.28741700
-0.69776300
-1.28374400
0.22983900

-0.54631500
-0.05878500
0.10454400
-0.23014100
-0.73950500
-0.89839300
0.20750600
-0.04801700
-0.98173500
0.71093000
1.09935400
0.43348400
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-1.55820800
2.39766400
3.19276700
2.99917000
4.56386600
2.73005100
4.37188600
2.40781500
5.17768900
5.16661400
6.24608400
5.11439700
1.00297200
0.65052000

-5.40189600

-3.92189300

-3.16392300

-3.89457400

-2.48580500

-2.59375300

-6.29203300

-7.28929300

-6.22350000

-6.08105100

-3.08802800

-2.55889100

-2.75868600
0.32004500
0.90462900

-0.52224600
2.59917300
3.51050800
2.02133800
2.00267200
2.21000600
1.99107700
0.16534600
0.56457300
0.21769100

-3.75981100
-3.38401800
-2.02008500
-1.02945500
-1.42582900
-2.75698500
-4.11953600
0.33458300
-0.67918100
-0.40623100
-0.13073300
0.61925200
-1.68710400
2.72022400
3.69588400
3.11488500
5.04040100
3.39439500
4.46580100

2.44557800
-0.56566700
-1.68035400

0.57712400
-1.64879900
-2.56718900

0.58037000

1.44219400
-0.51314300
-2.51773300
-0.48087200

2.03001900
-0.66897700
-1.62868600
-0.14422500
-2.16551300
-3.31191200
-4.04339800
-3.06458000
-3.71630900

0.92673400

0.55771200

1.17552100

1.81171900

4.76060400

3.96729000

5.48952000
-3.11284100
-2.38499500
-3.02056400

1.17363400

1.22788500

1.33955600
-1.15518600
-0.31530400
-0.96158000
-3.36714800
-4.18657500
-3.35962800

-0.84635400
0.39983200
0.72067500

-0.25085700

-1.52823500

-1.83214700
1.16099100
0.16301100
-2.28154300
2.22729200
3.21267700
1.39070100
1.97856300

-0.35707100

-1.30997000
0.85532900

-1.05032600

-2.25125600
1.08762500

0.57664000
-0.53895600
-0.23587200
-1.08635900
-0.46767000

0.17982600
-1.29450400
-1.34710600
-0.99469300
-0.22680800
-1.16728300
-1.98147300
-0.36000400
-0.32154700

-0.73469900

-1.37578600
-1.77226600

-2.10926800

-2.59350400

-0.93293500
-0.40245400
-0.62873000

0.65916200
-1.00735200

1.28292300

1.03897500

0.74515200

2.89280000

3.20638200

3.35151400

2.46885100

2.15859200

1.69018200

3.78180600

3.31127800

4.72540000

0.18682900
-0.12459200

1.17068900

-0.58348300
-0.12852800
0.05308000
-0.23457900
-0.70478000
-0.87684800
0.09307200
-0.05568600
-0.90641000
0.63647500
1.00236500
0.39188600
0.49280400
-0.53351400
-0.20699800
-1.11826100
-0.45138300
0.23608500
-1.33864400
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2.38338000
5.44855500
5.78404200
6.49496800
4.94541500
1.36407900
1.17974000
-5.03156900
-3.23316700
-2.29270400
-2.88933200
-1.65086600
-1.67815400
-6.09050400
-7.00830900
-6.10256800
-5.99664800
-3.51421400
-2.87459900
-3.05205100
1.31109200
1.73099600
0.52049300
2.62884000
3.50594400
2.02759600
2.54755400
2.56926800
2.50998800
1.00855800
1.50634400
1.12473000
-6.06817900
-5.15952300
-6.65559600

-3.57194600
-3.00530000
-1.60070000
-0.77257400
-1.36733300
-2.73464400
-3.62107500
0.64421900
-0.74669800
0.24073300
0.67164000
1.12320300
-1.06817900
2.90974900
3.74620700
3.45786300
5.10735000
3.32439900
4.82219200
2.83227600
5.66911700
5.74340100
6.72977700

1.59939900
0.15793000
-1.79591500
0.36832200
2.62225200
-0.69118200
-1.69522100
-1.24269100
-3.02062800
-4.04205800
-4.89486000
-3.71831900
-4.31704700
-0.31394900
-0.84410800
-0.01747100
0.56948600
4.01359800
3.30301700
4.85595900
-3.15900600
-2.31338500
-3.27765400
1.50590700
1.75594400
1.53442800
-0.85883800
-0.00872600
-0.64329100
-3.47048300
-4.22630600
-3.43599700
3.96952200
3.97407100
3.67852800

-0.15377800
1.04922800
1.18235500
0.06807600

-1.15957800

-1.27679000
1.91303500
0.28667500

-2.01920200
2.46819100
3.42201900
1.47990300
2.40021400

-0.60211000

-1.66277500
0.50043100

-1.61675500

-2.51850900
0.52113300
1.32152900

-0.51873200

-2.44336300

-0.47437800

-1.39669300
-1.01496600
-0.19178400
-1.19713000
-2.07319300
-0.33931000
-0.26910300
-0.79224000
-1.31807400
-1.66200300
-1.97698300
-2.48581700
-0.80190600
-0.53493000
-0.77668800
0.51646000
-1.17049600
1.19289800
0.93799500
1.11914100
2.99430700
3.27431000
3.53202000
2.41476400
2.10204600
1.63634000
3.79034400
3.29363600
4.72847400
0.30675000
-0.02312000
1.28451600
0.16100500
0.53137800
0.86719500

-0.28739500
0.07606400
0.16045600
-0.12534000
-0.51088200
-0.59181400
0.28945900
-0.02409700
-0.71506800
0.57972900
0.87169700
0.34369100
0.50875700
-0.53535600
-0.16019800
-1.20664300
-0.44335400
0.35275100
-1.46304500
-1.52390600
-1.09343500
-0.14594900
-1.30651800
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5.49846200
1.52444700
1.19694500
-4.89775500
-3.39931500
-2.63426100
-3.36373900
-2.01546600
-2.00572400
-5.80679500
-6.80185000
-5.68658600
-5.65164600
-2.59203600
-2.03045600
-2.12815200
1.06355700
1.64313500
0.24145500
3.17829300
4.07941000
2.57708100
2.72790400
2.88057600
2.75135900
0.77630900
1.19307500
0.88060000
-5.09447000
-4.22767400
-5.76552300
-5.40244700
-6.92516600
-6.20327900

2.89761800
3.14745400
2.18000800
0.91855000
0.68735000
1.64490000
4.09210100
-0.00485100
-0.24615100
1.60078900
1.86348000
0.35813000
2.51082000
-2.24877400
-3.32257300
-2.18253300
-4.31089100
-3.37378100
-3.17203800
-1.38177800
-4.24419100
-5.13898700
-5.00413300
-3.06934200

1.92019400
-0.72222600
-1.68400900
-0.38525500
-2.40814300
-3.57013800
-4.34312600
-3.37527500
-3.88493500

0.65382000

0.25551300

0.87772900

1.56147800

4.72760900

3.92380000

5.47382900
-2.96585700
-2.20487700
-2.85971300

1.35598200

1.43983900

1.45535200
-0.90737800
-0.09416900
-0.65064100
-3.39504100
-4.21577800
-3.32478500

4.13388100

4.41679600

4.38860300
-2.55199900
-2.41239400
-3.05035100

-0.90609000
0.35652100
1.38452800
1.09067100

-0.20552100

-1.18726800
0.60802600
2.18104400
-0.41580600
3.57219600
4.58850300
3.41000200
2.64346900
1.06678100
0.94054200
0.23441800

-0.01071600
1.58599300

-0.72335400
0.33731900

-0.86523800

-0.10009600

-1.61699200

-1.77547400

-2.30520900
-0.29648600
-0.17380000
-0.39425000
-0.94524000
-1.29119300
-1.51948900
-2.17037400
-0.45614100
-0.00009500
-0.18209400
1.06239700
-0.58424000
0.93625400
0.79765800
0.54030900
3.13566400
3.36989900
3.62684700
2.33215200
1.99949200
1.56051600
3.80700100
3.27324700
4.73519300
0.46287400
0.17897400
1.44023500
-0.03927600
0.32461500
0.60372800
-1.17255200
-1.41916400
-1.40284200

-0.01708300
0.47019600
0.35455700
-0.23038600
-0.76322500
-0.66829000
0.93282600
-0.28082500
-1.26214300
0.57548700
0.85788300
0.08246900
0.77170900
-0.54046900
-1.43141900
0.58357400
-1.20322400
-2.30143100
0.77138100
1.30400600
-0.10226600
-1.89769000
0.06997400
2.18536100
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-1.28952900
-1.68463600
3.75742900
1.52399300
0.31581100
0.43950100
-0.54729000
0.16842500
5.03059900
5.54066300
5.60859300
4.91210900

3.13934400
3.19732300
2.07770500
0.86347100
0.82852100
1.93208000
4.10075200
-0.22646900
-0.07165300
1.17457700
1.27878000
-0.03923800
2.22001000
-2.24819700
-3.28174200
-2.03734400
-4.08680900
-3.44444700
-2.84223000
-1.26750900
-3.87146000
-4.88488000
-4.48649000
-2.55708600
-1.49122000
-2.05101900
4.15363300
1.99885300
0.84286900
1.12131300
-0.00373100
0.57273100
5.38879700
6.04084800
5.83396200
5.24072400
-2.46033200
-1.54515300
-2.43047000

3.40734200
3.10035700
1.77534000
0.74119500
1.07860200

2.07766400

2.98748300
-1.94427800
-2.44629400
-2.80217300
-3.84176000
-2.70883100
-2.18492900
-1.74394400
-2.70195400
-0.98334700
-1.45831500

-0.69125800
0.56980000
1.43475900
0.97335500

-0.31459700

-1.13437200
0.94565600
1.90090900
-0.64859500
3.49156100
4.52217200
3.15672600
2.70891200
0.43960000
0.17692700

-0.43088400

-0.94547000
0.85233800

-1.55684700
-0.22869800

-1.83567200
-1.14019600
-2.71846200

-2.65392500
1.62222100
2.46202700

-1.58029700

-2.36928900

-2.87767400

-3.86689300
-2.95892300

-2.24557700

-1.21353100

-2.07592800

-0.34751400

-1.00041700
4.42779600
4.29620000
5.10919800

0.07485200
1.29507600
1.79185100
0.99843100
-0.23847800

-0.78514300
-0.98924900
0.04089100
-1.15332100
-1.82890500
-2.12279500
-1.16495200
-2.71895800
0.66320200
0.59975100
0.13288600
1.71112800

-0.07109600
0.47830900
0.43274300
-0.14374500
-0.74102500
-0.71652400
0.93895700
-0.12201300
-1.23320800
0.77902400
1.10741900
0.29950600
0.91058400
-0.42454400
-1.33289300
0.65211900
-1.16965700
-2.16546700
0.77533600
1.38510400
-0.11728600
-1.87761900
0.00413000
2.12913000
-0.59551800
-0.74214800
-0.07972400
-1.26844100
-1.93815000
-2.29352800
-1.25168300
-2.78812300
0.54391700
0.42999600
0.04843600
1.60516400
-0.38351100
-0.05365700
-1.06467500

-0.11702500
0.44174600
0.41794400

-0.14574700
-0.75646900
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2.37404400
3.85990600
-0.57744800
0.30990500
0.31234900
0.11499700
-0.76094000
1.54355800
-2.04160000
-2.92657600
-1.58249400
-3.33420400
-3.28577000
-1.98907000
-0.92805200
-2.86263900
-4.01850900
-3.16650100
-1.38974600
-1.69768600
-2.49759500
4.63749200
2.79211500
1.82794100
2.37964300
1.04941600
1.37576100
5.72035700
6.59442300
5.88519500
5.53264000
-3.19632200
-2.32273500
-3.04684500
-4.10864800
-4.94196100
-4.00081500

-3.54574500
-2.90403500
-1.49170500
-0.72796100
-1.40231300
-2.77545300
-3.45480400
0.69413700
-0.82681200
0.40126000
0.88460100
1.23452500
-0.90585500
1.56004600
2.30052300
0.87963800
2.34252100
2.84268900
0.92578800
0.33297500
1.64643200

-0.69913300
1.91827100
1.55935600

-0.81856600
3.48771500
4.50171600
2.81265800
3.04993500

-0.45127300

-1.04619400

-1.19090700

-2.36374700

-0.47240900

-2.51160600

-0.74103500

-3.12054600

-2.81509700

-4.15090000

-3.43557700
0.90535000
1.50376600

-0.47745200

-1.85796700

-2.67999000

-3.54349100

-3.00748400

-2.15228600
0.23243800

-0.40087000
1.19276600
0.38855500
4.26136700
3.79995100
5.17621700
2.40786300
1.97716300
3.17537300

-0.93880500
-2.01367700
-2.10390100
-1.04773000
0.03389600
0.09762300
-2.82732700
-1.20214900
0.80662200
-3.29344000
-4.19919000
-2.33548300
-3.23565700
1.12800300
1.95884000
1.69700600
3.33062200
1.51680200
3.07354100
1.07724000
3.91317800

-0.75189800
0.89379700
-0.10169900
-1.24249800
0.79503800
1.13322900
0.33219700
0.90356800
-0.37309700
-1.28260400
0.72507900
-1.10118400
-2.12934000
0.86642300
1.46031000
-0.02828100
-1.81128900
0.10730400
2.24726900
-0.55892400
-0.79041300
-0.14561000
-1.31507500
-1.97687300
-2.34073300
-1.28318900
-2.82071000
0.46489400
0.33525100
-0.02932100
1.52978000
0.50850400
0.49096800
0.24447700
-1.23548600
-1.01406600
-0.63117500

-0.14232700
0.43073400
0.42081900

-0.14372000

-0.76898300

-0.77877600
0.88269100

-0.09230400

-1.25476300
0.82799000
1.18435300
0.36658100
0.91750400

-0.34691700

-1.20255600
0.73981500

-0.98154300

-2.03016000
0.92053800
1.43842100
0.07910500
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2.91803700
1.66789900
0.05155000
1.57779200
2.45629400
-4.88240100
-3.50704200
-2.81674800
-3.59194600
-2.17472800
-2.22142600
-5.71974500
-6.73841100
-5.59175700
-5.50780800
3.82371300
2.95243400
3.84755000
3.99205800
4.70206500
3.85819700
5.76848500
5.15401500
6.51101500

-3.85477800
-3.18881000
-1.78632500
-1.05112000
-1.75463000
-3.12092500
-3.71503800
0.36818900
-1.21066500
0.09920100
0.58652000
0.91172100
-1.18875500
1.21544500
1.83671700
0.66466500
1.89503400
2.26818600
0.71747200
0.21152300
1.32613800
2.37800900
1.35694400
0.00458900
1.23017700
2.13795100
-5.18599400
-3.87749800
-3.22453700
-4.01403300
-2.50645500
-2.71983100
-5.98807900
-7.00819700

3.96182800
4.98281100
3.77170900
-0.25849900
-0.62679500
-0.76713200
1.07716700
2.13103200
2.78871400
2.68519700
1.73970300
-1.75777000
-1.40657300
-2.72705400
-1.84646800
-2.86732200
-2.62324600
-2.50133100
-0.97422300
-1.45830200
-1.42302800
-2.33005400
-2.53986000
-1.83641300

-0.88187600
-1.99534500
-2.11436800
-1.04899800
0.07530400
0.16854000
-2.81888800
-1.23429100
0.85956500
-3.36970700
-4.30672100
-2.41225700
-3.28305300
1.10509500
1.96553100
1.63307600
3.33200800
1.55628400
3.00452200
0.98465800
3.87426500
3.98911900
4.93928600
3.65610800
-0.28125700
-0.62596600
-0.68391900
1.19300800
2.26972100
2.96586000
2.76793900
1.91598200
-1.69097900
-1.31714400

-1.65012900
0.24550400
2.28890900
-0.57376400
-0.95554300
-0.18589800
-1.36067100

-2.03666100
-2.42243200
-1.34737500
-2.86569600
0.42014200
0.27588200
-0.06729900

1.48822300
1.39447300
0.99843500
2.28556700

-1.96317100
-1.48280700
-2.80539700
-0.40585600
0.33625600
-0.04057700

0.02618000
0.48707500
0.34074400
-0.24288900
-0.75039600
-0.62797800
0.95024200
-0.32952700
-1.25310900
0.50127000
0.75808500
0.00498100
0.72812700
-0.55325400
-1.46898700
0.62253000
-1.21544700
-2.37518800
0.83575000
1.36108000
-0.06273200
-1.93042900
0.13011700
2.31486100
-0.81667500
-1.15676000
0.11221600
-1.08920100
-1.76608700
-2.03896400
-1.10984600
-2.66882900
0.73827400
0.69998100
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-5.92128900
-5.68787800
3.58798900
2.63218900
3.62895700
3.85335200
4.50899800
3.94159900
5.73801300
5.31604100
5.67007000
5.56863500
4.72179700
6.04483600

-3.77814900
-2.94792200
-1.54328200
-0.98542700
-1.84950400
-3.21215600
-3.33905500
0.44216400
-1.42931100
0.53270800
1.17216000
1.18247200
-0.76083400
0.83099100
1.31004700
0.11581400
1.06820400
1.86684000
-0.13061900
-0.23349700
0.33479100
1.44387100
0.13317900
-1.04716400
1.13436900
2.08568200
-5.12336400
-4.11283800
-3.62970600
-4.51461800
-3.08707100
-2.98597100
-5.76426200
-6.83056500
-5.46942400
-5.52951400
3.34241400
2.63540600
3.08289400
3.78426800
4.61734200
3.80119400
6.05689100
5.57026800

-2.63592200
-1.83767900
-3.22368300
-2.96531700
-4.17163100
-0.98960400
-0.45197900
-1.89127200
0.19303600
-1.91757200
-0.49179300

1.04828800
-2.49122900
-2.46439700

-1.42747800
-2.36836500
-2.20555800
-1.03316900
-0.09079100
-0.27266700
-3.26550600
-0.93306700
0.77140200
-3.04444100
-3.85029500
-1.95594300
-3.21437200
1.52004900
2.47200000
1.94433500
3.82514800
2.14580500
3.30033900
1.23032100
4.25968100
4.55402800
5.31133800
3.81705000
0.15807100
-0.02133300
-1.49745700
0.56038700
1.72094400
2.23082000
2.37915900
1.44223300
-2.62031000
-2.45731000
-3.55236200
-2.66594800
-1.28227800
-1.47516800
-1.69737500
-0.07572000
0.21682100
0.25328000
0.34106700
-1.98497300

0.19407000
1.77841800
-0.14381100
-0.06135000
-0.31319000
-1.80629600
-1.31476100
-1.44804000
-0.12534200
1.55975400
0.57767700
0.28527900
1.02898700
1.87314000

-0.12862000
0.43896400
0.41159800

-0.16458800

-0.78188400

-0.77497800
0.89913100

-0.13011000

-1.27578900
0.79645100
1.14694700
0.32029100
0.90516600

-0.39271400

-1.30272500
0.73537200

-1.08945700

-2.17298300
0.90764700
1.46982300
0.01487600

-1.79926900
0.17535300
2.32602300

-0.60676300

-0.93238500
-0.15749700

-1.34635700

-2.02791500

-2.40099800

-1.34485500

-2.86611100
0.45845400
0.32376700
-0.02907400
1.52436300
2.24399800
1.59620400
3.07459100

-1.95350600

-1.50884900

-2.85926400

-0.55363700
0.75223600
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5.99435600
6.14471100
4.90183400
5.04926100
3.77610700
2.90455800
3.72701500

-3.55803300
-2.59120100
-1.26218000
-0.90546000
-1.91957700
-3.21852500
-2.82334100
0.48001900
-1.67258300
0.82404400
1.52765400
1.29697700
-0.36406300
0.70590500
0.90045000
0.26564000
0.64557500
1.24527200
-0.00388000
0.14124700
0.17962400
0.79818000
-0.03360100
-0.57753100
1.04588800
2.02305800
-4.84997500
-4.25479100
-4.00295300
-4.96205000
-3.28718500
-3.63390900
-5.26993800
-6.32803900
-5.13184700
-4.72475700
4.02000400
3.03256300
4.24358000
3.90570300
4.19792000
4.18299000
4.60755100
4.62280800
4.49717800
2.94713300
3.52648200
3.52697900
4.64544900
5.49292900
3.97798800

-0.47217900

1.09900800
-1.75121100
-2.42130000
-1.88875600
-2.69276400
-2.74937000

-1.31548500
-2.29652400
-2.01314000
-0.68707600
0.30456600
0.00931900
-3.31299300
-0.47097500
1.29885100
-2.74580500
-3.56471500
-1.52426600
-3.04768400
1.97796000
3.17431000
2.01314800
4.39365400
3.14213100
3.24286800
1.09896800
4.44342200
5.31756200
5.38936200
3.27659800
0.75747800
0.74078900
-1.49136300
0.88071400
2.21472800
2.72507700
2.71960700
2.21928500
-2.78481600
-2.68493400
-3.53262700
-3.08144100
-1.72884800
-1.68197100
-2.38396100
1.03671300
1.20619000
0.12266200
-1.73026600
-0.76679600
-1.85567700
-3.20890600
-3.69040000
-2.66981400
1.13886100
1.53113200
1.55125500

0.00771100
0.03492600
1.42883300
0.04509800
-1.68048000
-0.70111300
-1.21661900

-0.14128800
-0.11654900
-0.50688100
-0.86630300
-0.92665800
-0.58449500
0.17116800
-1.17623400
-1.26456200
-1.03490700
-1.16052800
-1.33822900
-0.56489200
-0.72816700
-1.42611600
0.60050300
-0.80436900
-2.45323800
1.18753400
1.16621600
0.50873900
-1.35121700
0.99085400
2.85658000
-1.37130500
-1.68879000
0.20164000
-0.62867000
-1.07641600
-1.03082400
-0.42273500
-2.10535300
0.64959600
0.87824200
-0.13475100
1.54859100
-1.89318600
-1.81050800
-2.56375800
-1.83566400
-0.92219700
-2.03212200
0.84171900
0.98406100
-0.12158300
2.43297700
3.03363000
1.84541000
0.94185400
1.18713600
1.50490000
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0.53314100
1.36366400
0.11244400

3.25755100
3.34998400
2.22301700
0.96786900
0.89704200
2.00475000
4.28730500
-0.13141700
-0.03605900
1.33169600
1.46057100
0.08764500
2.39098300
-2.08094900
-2.88150800
-2.00593100
-3.59173800
-2.93500300
-2.70694900
-1.44339500
-3.50274300
-4.21064000
-4.04222800
-2.60274500
-1.41184800
-2.05231400
4.27560400
2.03149200
0.83029100
1.08478300
0.03714700
0.49598900
5.55883500
6.20573800
5.94886700
5.50524300
-1.88900600
-1.13453200
-1.57830100
-3.53986800
-4.22943200
-3.13227500
-3.12572200
-3.90732800
-2.68661300
-1.39189300
-0.77832800
-1.99915800
-5.29394400
-6.14379600
-5.46984500
6.08292900
5.98027700
5.61753000
4.79163600

-4.56451400
-4.06775800
-4.19068300

-1.64035000
-0.26679400
0.54552500
-0.05662300
-1.47246600
-2.25545000
0.22500500
0.84268600
-1.94466600
2.61989800
3.69754200
2.16812300
1.90710200
-0.69666500
-1.46854500
-0.99573400
-2.55122300
-1.22343900
-2.09585700
-0.35876200
-2.88485400
-3.15111500
-3.73396600
-2.48869300
0.44238800

1.16411000
-2.49396200
-3.60827200
-4.29446100
-5.35163500
-4.10626600
-4.00014600
-1.95561600
-2.81636400
-1.33890600
-1.36996500

4.14339700

3.50786100

5.02898700

2.25436800

2.08746400

3.10610100

3.31764300

2.84912900

3.71757500

1.55313300

2.04984800

2.20691900

1.94158300

2.39924200

1.04213600

2.86909500

3.67208200

3.02256600

3.27642600

1.89331300
2.03041300
1.10086500

-0.32486700
-0.27290100
-0.53249900
-0.80621500
-0.89205600
-0.66334500
-0.05164000
-1.03594100
-1.15351500
-0.85795700
-0.91220000
-1.08910500
-0.55382000
-0.75042900
-1.59662600
0.61519100
-1.08288400
-2.65119000
1.09320700
1.28823600
0.26767200
-1.74091200
0.66882900
2.81221300
-1.28131900
-1.63453400
-0.09757600
-0.73352100
-1.09345000
-1.09107700
-0.36549700
-2.09165500
0.24046800
0.39016100
-0.57260200
1.16105900
-0.93097000
-1.03573500
-1.14951400
-2.09007000
-1.42326300
-1.84582000
1.44330900
1.10000600
0.66666100
2.68190200
3.23453200
2.26923000
0.15597700
0.14070800
0.45983400
2.35017800
2.87275300
1.49994500
-0.04566600

13



T T

5.32764100 3.25850500 -0.84626200
3.95873900 2.77654400 -0.23714000
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Table S1. Selected spatial parameters and energies of ground state of four structures of AG1478 rotamers complexed

with one water molecule (P-1w) in the gas phase (optimized at B3LYP/6-311+G*).

P-1w
Parameter 1) ?2) A3 “4)
<R2> (a.u.) 11540.3537 10967.7902 10797.8090 12233.6722
u (D) 5.1725 7.6347 6.8047 3.6749
E, (a.u.) -1469.735099 -1469.729833 -1469.731679 -1469.730528
ZPE (kcal/mol) 188.783040 188.576890 188.857020 188.292300
E, +ZPE (a.u.) -1469.434254 -1469.429317 -1469.430716 -1469.430466
Rotational Const. (GHz) A 0.4173 0.4680 0.4697 0.5160
B 0.1073 0.1074 0.1116 0.0953
C 0.0855 0.0930 0.0923 0.0805
HOMO-LUMO gap (eV) 3.6791 4.2993 4.2580 4.2942
HOMO (Ha) -0.20141 -0.2266 -0.2117 -0.2351
LUMO (Ha) -0.06620 -0.0686 -0.0552 -0.0773
AEr, (keal/mol) 0.00 3.10 2.22 2.38
T-1w
1) 2 3 C)
<R2> (a.u.)? 8841.5171 8532.2868 8230.0944 8864.7514
u (D)P 4.1200 3.0395 2.0863 3.5443
E, (a.u.)¢ -1469.732375 -1469.734892 -1469.725746 -1469.728043
ZPE (kcal/mol)? 189.008020 189.277610 188.681290 188.339290
E, +ZPE (a.u.) -1469.431171 -1469.433259 -1469.425063 -1469.427905
Rotational Const. (GHz) A 0.3190 0.2687 0.2841 0.2840
B 0.1548 0.1830 0.1653 0.1659
C 0.1246 0.1283 0.1463 0.1230
HOMO-LUMO gap (eV)*© 4.2838 4.2253 4.4403 4.3282
HOMO (Ha) -0.2261 -0.2209 -0.2309 -0.2290
LUMO (Ha) -0.0687 -0.0657 -0.0677 -0.0699
AEry (keal/mol)f 1.31 0.00 5.14 3.36

2 Electronic spatial extent in hatree

b Dipole moment in debye

¢ Total molecular energy in hatree

4 Zero-point energy in kcal/mol

¢ Energy gap between highest occupied molecular orbital and lowest unoccupied molecular orbital in eV
fEnergy destabilization relative to the most stable isomer in kcal/mol
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Table S2. Selected spatial parameters and energies of ground state of six structures of AG1478 rotamers bound to two water molecule

(P-2w) in the gas phase (optimized at B3LYP/6-311+G*).

P-2w
Parameter 1) (2) A3) “) 5) (6)
<R2> (a.u.) 12117.2735 12059.9573 13349.7041 11413.1724 12948.6809 12683.1339
u D) 6.9528 7.9356 2.5857 9.7131 5.2900 5.3348
Ey (a.u) -1546.188112 -1546.190484  -1546.188902 -1546.186428 -1546.183234  -1546.186196
ZPE (kcal/mol) 204.034340 204.278200 203.759310 203.966190 203.387380 203.751800
E, +ZPE (a.u.) -1545.862963 -1545.864946  -1545.864191 -1545.861387 -1545.859116 -1545.861497
Rot. Const. (GHz) A 0.3557 0.3397 0.3604 0.3751 0.4251 0.4228
B 0.1027 0.1068 0.0929 0.1069 0.0906 0.0945
C 0.0838 0.0827 0.0739 0.0908 0.0782 0.0783
HOMO-LUMO gap (eV) 4.3102 4.2993 4.2672 4.3021 4.3080 4.2980
HOMO (Ha) -0.2299 -0.2145 -0.2267 -0.2175 -0.2309 -0.2148
LUMO (Ha) -0.0715 -0.0565 -0.0698 -0.0594 -0.07258 -0.0568
AE7 (kecal/mol) 1.24 0.00 0.47 2.23 3.66 2.16
T-2w
()] () 3 @ (©)) ©
<R2> (a.u.) 9783.5510 9782.9577 10014.4313 9663.9626 9825.5268 9476.0802
u (D) 2.5945 2.5706 2.8414 2.1291 3.1990 2.0927
Ey (a.u) -1546.192652 -1546.192652 -1546.186083 -1546.199183 -1546.188237 -1546.178980
ZPE (kcal/mol) 204.622710 204.614520 203.800130 205.393300 203.948760 203.389040
E, +ZPE (a.u.) -1545.866565 -1545.866578 -1545.861307 -1545.871868 -1545.863224 -1545.854859
Rotat. Const. (GHz) A 0.2495 0.2495 0.2420 0.2213 0.2326 0.2403
B 0.1537 0.1537 0.1500 0.1716 0.1600 0.1480
C 0.1118 0.1118 0.1092 0.1128 0.1112 0.1254
HOMO-LUMO gap (eV) 4.2068 4.2065 4.3004 4.2000 4.2316 4.4806
HOMO (Ha) -0.22445 -0.22441 -0.23116 -0.2200 -0.22595 -0.2375
LUMO (Ha) -0.06985 -0.06982 -0.07312 -0.0656 -0.07044 -0.0728
AE 1y (kcal/mol) 3.33 3.32 6.63 0.00 5.42 10.67

2 Electronic spatial extent in hatree

b Dipole moment in debye

¢ Total molecular energy in hatree
d Zero-point energy in kcal/mol

¢ Energy gap between highest occupied molecular orbital and lowest unoccupied molecular orbital in eV
f Energy destabilization (relative energy difference) relative to the most stable isomer in kcal/mol
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Table S3. Selected values of dipole moment (debye) and energies of ground state of four structures of AG1478 rotamers

bound to three water molecules (P-3w) in the gas phase (optimized at B3LYP/6-311+G*).

Parameter 1) ) A3) “)
u D) 6.6372 6.6376 7.6747 4.3679
HOMO-LUMO gap (eV) 4.2683 4.2683 4.2870 4.1809
E, + ZPE (a.u.) -1622.302610 -1622.302604 -1622.302645 -1622.310945
AE7, (keal/mol) 5.230 5.234 5.208 0.000

() 2 (©)) C))
u D) 2.8020 1.3456 3.5662 1.3473
HOMO-LUMO gap (eV) 4.1918 4.0672 4.1382 4.0675
E, + ZPE (a.u.) -1622.298358 -1622.309341 -1622.293538 -1622.309343
AE e (kcal/mol) 6.893 0.001 9.918 0.000
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Table S4. Selected values of dipole moment (debye) and energies of ground state of four structures of AG1478 rotamers

bound to four water molecules (P-4w) in the gas phase (optimized at B3LYP/6-311+G*).

Parameter 1 2) 3 “)
u D) 8.8133 4.8159 5.0003 3.8824
HOMO-LUMO gap (eV) 4.2484 4.2846 4.2353 4.2111
E, + ZPE (a.u.) -1698.73301 -1698.733285 -1698.739464 -1698.750851
AE7, (keal/mol) 11.195 11.023 7.145 0.000

() 2 (©)) @
u D) 2.6920 1.3674 2.3107 1.6350
HOMO-LUMO gap (eV) 4.2294 4.1872 4.2772 4.0759
E, + ZPE (a.u.) -1698.731925 -1698.732469 -1698.739131 -1698.746396
AE e (kcal/mol) 9.081 8.739 4.559 0.000
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Table SS. Selected values of dipole moment (debye) and energies of ground state of four structures of AG1478 rotamers

bound to five water molecules (P-5w) in the gas phase (optimized at B3LYP/6-311+G*).

P-5w
Parameter a ?2) 3 “)
u D) 4.6015 4.0680 3.4410 4.3375
HOMO-LUMO gap (eV) 42702 4.2887 4.1888 4.2503
E, + ZPE (a.u.) -1775.170932 -1775.162351 -1775.184644 -1775.164725
AE7, (keal/mol) 8.604 13.989 0.000 12.499

T-5w

() 2 (©)) C))

u D) 4.2740 2.4043 6.3786 6.3779
HOMO-LUMO gap (eV) 42702 4.2909 4.2332 4.1192
E, + ZPE (a.u.) -1775.172324 -1775.174615 -1775.172291 -1775.179012
AE7 (keal/mol) 4.197 2.759 4217 0.000

19



Figure S1. Structural configuration of the most stable planar conformers complexed with n=1-7 water molecules in gas

phase at B3LYP/6-311+G*.
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Figure S2. Structural configuration of the most stable twisted conformers complexed with n=1-7 water molecules in gas

phase at B3LYP/6-311+G*.
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Figure S3. Structural configuration of the most stable planar conformers complexed with n=1-7 water molecules in DMF

at B3ALYP/6-311+G*.
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Figure S4. Structural configuration of the most stable twisted conformers complexed with n=1-7 water molecules in

DMF at B3LYP/6-311+G*.
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Figure S5. Residual plot for a) linear fitting, b) Quadratic fitting and c) Cubic fitting of Stern-Volmer plot

a) b)
n
0.2+
o X -
@ @ 0.02 .
= kol
3 2
< %] [ ]
L} u
P 014 5
o & = n
= > 0.00
=} o
2 ‘®
[7} [0}
O
¥ 0.0 n: [] .
— L} (0]
o =
3 L] (=)
(5]
5 . & -0.02-
o - -
0.1
L]
| | T T T
: " : " T ) 0.0 0.5 1.0
0.0 05 1o Independent Variable
Independent Variable
¢)
m 0.01 L
@ = n
[}
) .
— L]
o
©
3 0.00 =
§ u
] - L
=
g
u
X .0.01 "
T T T
0.0 0.5 1.0

Independent Variable

24






Chapter V

Prototropic States of AG1478

For cancer cells diagnosis and targeting, various fluorescence-labelling probes [166-169]
and functionalized nanoparticles [170, 171] have been developed. However the synthesis
of such probes and nanoparticles is quite complicated and expensive. Their usage has
several disadvantages such as system instability, non-ignorable background signal and
photobleaching [172]. Thus it is a great advantage if an anticancer ligand can be a self
pH-reporter of its microenvironment. This would help in monitoring drug distribution in
cells and organs and predicting the binding interactions with the target macromolecule.
In addition, it helps in studying drug cellular metabolisms and gaining insights into the

pH-dependent physiological and pathological processes [173-175].

The pH of physiological fluids varies greatly from acidic to weak basic 1.5-8.5 in human
body. Moreover, the pH differs intracellularly in a typical mammalian cell from 4.7 in
lysosome to 8.0 in mitochondria [176, 177]. It was found that cancer cells are
characterized by abnormal intracellular acidic pH values [171, 178]. During transit of
AG1478 to its cognate kinase, it will encounter different pH environments that could have
a major influence on the structural and electronic configurations. To address this, we
report the UV-Vis spectroscopic and computational studies on AG1478 as a function of

solution pH.
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CHAPTERV

Absorption spectrum of AG1478 was found sensitive to solution pH. Optical density and
absorption maximum of AG1478 varied significantly with the change in pH as can be
seen in figure 5.1. The acid dissociation constant (pKa) of AG1478 was estimated, for
the first time, at 5.58 + 0.01. On the basis of computational spectra and transition energies,
the experimental spectra of AG1478 in acidic solution were assigned to a two twisted
conformers protonated at N(1) and N(3) of the quinazoline moiety. At pH 7—12, only the
neutral planar conformer contributed to the observed spectra. The absorption spectra at
pH> 12 were fitted to a mixture of two neutral and two deprotonated conformers of
AG1478. Hence, our study revealed a pH-induced changes in the conformational and

electronic configurations of AG1478.

Ab. Max

e
-
=

Optical density
o
EN

Figure 5.1. The 2D contour plot of AG1478 optical density and absorption maximum as
a function of solution pH. The arrows on 2D structure of AG1478 refers to the protonation
sites while the inserted labels denotes the prototropic state of AG1478 within a specified
pH range.

This chapter is presented in the form of the published paper, Muhammad Khattab, Feng
Wang and Andrew H.A. Clayton, 4 pH-induced conformational switch in a tyrosine
kinase inhibitor identified by electronic spectroscopy and quantum chemical calculations,

Sci. Rep. 7 (2017), 16271.
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A pH-induced conformational
switch in a tyrosine kinase
“inhibitor identified by electronic
e spectroscopy and quantum
st chemical calculations

Muhammad Khattab®?, Feng Wang{®?3* & Andrew H. A. Clayton!

. Tyrosine kinase inhibitors (TKIs) are a major class of drug utilised in the clinic. During transit to their
cognate kinases, TKls will encounter different pH environments that could have a major influence

© onTKlI structure. To address this, we report UV-Vis spectroscopic and computational studies of the

. TKI, AG1478, as a function of pH. The electronic absorption spectrum of AG1478 shifted by 10 nm

. (from 342 nm to 332 nm) from acid to neutral pH and split into two peaks (at 334 nm and 345nm) in
highly alkaline conditions. From these transitions, the pKa value was calculated as 5.58 +-0.01. To

: compute structures and spectra, time-dependent density functional theory (TD-DFT) calculations

. were performed along with conductor-like polarizable continuum model (CPCM) to account for implicit
solvent effect. On the basis of the theoretical spectra, we could assign the AG1478 experimental
spectrum at acidic pH to a mixture of two twisted conformers (71% AG1478 protonated at quinazolyl
nitrogen N(1) and 29% AG1478 protonated at quinazolyl nitrogen N(3)) and at neutral pH to the neutral
planar conformer. The AG1478 absorption spectrum (pH 13.3) was fitted to a mixture of neutral (70%)

: and NH-deprotonated species (30%). These studies reveal a pH-induced conformational transitionin a

© TKI.

Determination of acid dissociation constant (pKa) of drugs gains paramount significance from the perspective
* of dosage form formulation, pharmaceutical analysis, and studying drug pharmacokinetics2. Drug solubility,
. lipophilicity, protein binding and membrane permeability are also influenced by its pKa value®. For instance, basic
. drugs with pKa > 7.4 (blood pH) are ionized displaying slower diffusion rates across cellular membranes?. Hence
. the drug ionization constant is one of its very important physicochemical properties.

Several techniques* have been used for pKa determinations such as potentiometric titration>°, UV-Vis
spectroscopy”?®, reverse-phase high performance liquid chromatography’, and capillary electrophoresis'®. UV-Vis
spectroscopy takes advantage over other techniques since it is accurate, precise, reproducible and cost-effective
using only micromolar concentrations of samples. It has been used for exploring electronic properties of the

- ground and excited states of fluorophores! 2. It has helped in studying physicochemical phenomena like FRET",

. proton transfer'*!® and solvatochromism!®!’. The two prerequisites for successful determination of pKa by

. UV-Vis spectrophotometry are a) presence of chromophore near to ionization centre and b) change in absorb-
ance spectrum as a function of compound ionization?. For this reason, optical pH probes have gained a wide
range of applications in analytical and biomedicinal chemistry’®. These probes have been used for measuring
intracellular pH'*?° and monitoring blood pH?!. Such probes are cornerstone for the development of chemical
sensors used in cell biology, biomedical diagnostics and environmental monitoring®>?.
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Figure 1. Molecular structure of AG1478 in its planar and twisted conformations®. White, grey, blue, red and
green colors of atoms denotes to hydrogen, carbon, nitrogen, oxygen and chlorine atoms respectively. Dashed
line and label refers to the intramolecular hydrogen bond and its length.

Numerous studies reported that the protonation pattern of a chromophore can affect its UV-Vis absorption
and fluorescence spectrum”®?%, Protonation in some cases causes a bathochromic shift of absorption maxima
with varying optical densities of absorbance bands?*-?’. Accordingly, the acid-base properties of a chromophore
can be evaluated by means of absorption/fluorescence spectroscopy®. A number of theoretical studies have
also been performed to investigate the protonation processes?®*, the electronic and geometric structures of the
excited prototropic states’*-3? and protonation microequilibria®*4,

Tyrosine Kinase Inhibitors (TKIs) are organic compounds showing anti-proliferative activity against cancer
cells*. In the last two decades, extensive research has been conducted to develop new generations of selective
TKIs with higher potency and resistance to tyrosine kinase mutations®*-*%. 4-anilinoquinazoline-based TKIs have
been intensively studied, leading to a number of FDA-approved drugs such as Afatinib®, Erlotinib*’, Gefitinib*',
Lapatinib*?, and Vandetanib®.

AG1478 is one of the tyrosine kinase inhibitors**** besides being a potential DNA intercalating agent*. It
inhibits cell growth through binding to epidermal growth factor receptor. Preclinical and clinical studies showed
its selectivity and efficacy to inhibit hepatocellular carcinoma®, autocrine growth in human lung and prostate
cancer cell lines?, cisplatin-resistant human lung adenocarcinoma*, and proliferation of nasopharyngeal carci-
noma CNE2 cells®. Studies on active pharmaceuticals which bind to cell DNA emphasised that the cationic form
of a drug intercalates with DNA bases more strongly than neutral species, while the anionic form of a chromo-
phore is a poor intercalating agent due to the columbic repulsion between negatively charged DNA backbone and
drug®-.

Our own studies on AG1478 have revealed that the spectroscopic properties are sensitive to both environmen
and AG1478 conformational state®. For example, two conformers- one planar and the other twisted- were iden-
tified based on quantum chemical calculations and experimental absorption spectra®. Structures of AG1478 in
its planar and twisted conformations are depicted in Fig. 1. Two nitrogens on the quinazoline ring are denoted N1
and N3, respectively, while the aniline ring amino moiety is denoted by NH linker.

However, the detailed optical properties and electronic structure of prototropic forms of AG1478 have not
been reported so far. In this article, we probe the UV-Vis spectral properties of AG1478 as a function of solution
pH. A theoretical investigation of protonated, neutral and deprotonated forms of AG1478 is also performed.
Based on our theoretical calculations, we assign the observed AG1478 spectra gaining insights into the geometry
and electronic excitations of the prototropic forms of AG1478. We discuss the implications of our findings to drug
pharmacodynamics.

t53,54

Results

Absorption spectroscopy study. Absorption spectra of AG1478 in different pH-buffered solutions (pH
0.3 to 13.3) were measured. Figure 2 depicts selected absorption spectra for AG1478 at pH 2, 8.3 and 13.3. The
recorded absorption spectra in strongly acidic conditions at pH 0.3-2.3 (0.3, 0.6, 0.9, 1.2, 1.6 and 2) exhibited a
prominent peak in the 300-400 nm region with X,,, at 342 nm. Spectra of AG1478 in alkaline solutions at pH
7.3-12 had relatively reduced optical densities in the 300-400 nm region compared to acidic conditions and were
shifted to the blue with a X, at 332nm. The highly alkaline solutions of AG1478 (pH 13.3) displayed two over-
lapping peaks at 334 nm and 345 nm with enhanced absorbance in 380-400 nm region with respect to AG1478
spectrum at pH 8.3, as indicated in Fig. 2.

A plot of the longest wavelength absorption peak of AG1478 in all studied buffer solutions is depicted in Fig. 3.
The absorbance maximum of AG1478 was ca. 342 nm in pH 0.3-2.3 buffered solutions. A hypsochromic shift
0f 0.0+ 0.4nm, 0.34+0.3nm and 1.6 = 0.4 nm was observed by changing pH 2.3 t0 3.2,3.2to 4.2 and 4.2 to 5.2,
respectively. This systematic blue shift continued reaching its maximum at pH 7.3 (10.0 & 0.4 nm, relative to pH
2.3), refer to Fig. 3. The absorption maximum was then constant at ca. 332 nm over the pH range of 7.3-12. The
broad absorption band of AG1478 at pH 13 and 13.3 showed two absorption maxima at ca. 334 nm and 345 nm.
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Figure 2. Representative absorption spectra of AG1478 in aqueous buffered solutions at pH 2, 8.3 and 13.3.
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Figure 3. Wavelength absorption maxima in 300-400 nm region of AG1478 in aqueous buffered solutions at
pH ranging from 2.3 to 13.3. Values were determined from the average of five scans. Error bars indicate 95%
confidence interval widths.
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Figure 4. (A) Plot of influence of solution pH on the optical density of AG1478 at 333 nm and 343 nm and (b)
Plot of 333/343 nm absorbance ratio as a function of solution pH. Data points (marked red) at pH 13 and 13.3
were excluded from Boltzmann function fit.

A plot of the optical density of AG1478 at 333 nm and at 343 nm as a function of solution pH is illustrated in
Fig. 4a. The 333 nm and 343 nm wavelengths were selected as a measure for the absorbance due to the planar and
twisted conformers, respectively. At both wavelengths, the optical densities remained relatively constant in the
pH range 1-4, decreased in the pH range 4-7 and then plateaued from pH 7-12. These features are consistent
with an equilibrium transition from one protonation form to another. Using a Boltzmann function to fit the data
in the pH range 1-12, we extracted a pKa of 5.58 +0.01 for the AG1478 molecule. Further changes to AG1478
optical density at the very end and beyond the practical pH scale viz. pH > 12 and pH < 0.6 can be seen in Fig. 4a,
but these values were not analysed further. We also plotted the change in ratio of AG1478 absorbance at 333 nm
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Figure 5. Potential energy surface scan of (a) "N(1)H"N(3)H, (b) *N(1)H, (c) "N(3)H and (d) deprotonated
structures of AG1478 at B3LYP/6-31 G in vacuum. Arrows refers to the 3D structure of AG1478 at a
corresponding point on PES surface. White, grey, blue, red and green colors of atoms denotes to hydrogen,
carbon, nitrogen, oxygen and chlorine atoms respectively.

to 343 nm as a function of pH, Fig. 4b. The transition at acid pH is very clearly visible from this plot as well as
a second transition at pH > 12. The pKa values extracted from Fig. 4b (pKa AG1478 =5.7) agreed well with the
values obtained from Fig. 4a (pKa AG1478 =5.6).

To summarize, it is clear that the protonation state of AG1478 influences significantly its spectroscopic prop-
erties. However based on the experiments alone it is not possible to assign the spectra to specific species. The
changes in AG1478 spectral properties upon changing solution pH could be attributed to a proton-induced
change in AG1478 conformation and/or a change in AG1478 electronic configuration. Therefore, we aim to com-
putationally explore the geometrical structures and vertical excitation energies of neutral and various ionic spe-
cies of AG1478 in the next section.

Computational study. In our theoretical study, we considered five prototropic structures of AG1478. We
performed potential energy surface (PES) scan for four AG1478 structures in gas phase, diprotonated at N(1)
N(3), monoprotonated at each N(1) and N(3) and deprotonated at NH linker as shown in Fig. 5a,b,c and d. PES
scan of neutral form of AG1478 was published earlier by Khattab et al.>> All PES scan plots are depicted in Fig. 5
together with 3D structures of the global minimum and local minima.

PES of diprotonated AG1478 (Fig. 5a) showed one global minimum with calculated energy difference of
~7 kcal/mole with the second local minimum. All diprotonated structures had anilino group twisted relative to
quinazolyl moiety.

The PES of the protonated AG1478 at N(1) exhibited a global minimum and two local minima with a very
small energy difference (=2 kcal/mole), as shown in Fig. 5b. Unlike the diprotonated species, the global minimum
structure of protonated AG1478 at N(1) had the quinazoline and aniline rings in a planar conformation. Similar
to the diprotonated form, the aniline group was twisted relative to quinazoline ring in the highest energy local
minimum.

The PES of AG1478 monoprotonated at N(3) had a global minimum and two local minima with a nearly
similar energy difference to the PES di-protonated at N(1)N(3) (a6 kcal/mole). The two local minima at step 17
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Structure GM LM1 LM2
*N()H*N(3)H —315.99 —315.77 —311.54
N(HH —168.67 —168.47 —165.79
*N(3)H —164.99 —164.99 —161.07
Deprotonated 292.20 292.22 297.26

Table 1. The proton binding energy values (kcal/mole) of ionic forms of AG1478 in water at B3LYP/6-3114+-G*.
*GM, global minimum; LM, local minimum.

and 21 were almost identical and therefore we attributed these to one structural form of AG1478. All protonated
structures at N(3) were identified as twisted conformers similar to N(1)N(3) protonated structures as indicated
in Fig. 5c.

In case of deprotonated structure of AG1478, PES scan showed two higher energy local minima than the
global minimum (>10kcal/mole) as can be seen in Fig. 5d. Minima at step 16 and 22 are almost structurally sim-
ilar, therefore one of them was considered. Deprotonated AG1478 were identified as planar, pseudo-planar and
twisted structures as calculated for monoprotonated N(1) structures.

The global minimum and the first local minimum structures in Fig. 5b and d were planar and pseudo-planar
conformers respectively. Generally, planar conformations of AG1478 is energetically favoured when a proton at
N(1) site is added or abstracted. However, addition of proton to N(3) site results in breakage of intramolecular
H-bond responsible for maintaining structural coplanarity and extra stability of planar conformation over the
twisted one. Therefore, N(3) protonated structures adopted only twisted configurations.

Global minima (GM) and local minima (LM) geometries were re-optimised using B3LYP/6-3114+G* model
and dielectric constant of water. A list of molecular coordinates of all studied structures is in Supplementary
Materials Table S1. We calculated the binding energy for formation of prototropic states of AG1478 which are
listed in Table 1. The proton binding energy was calculated by subtracting summation of total molecular energy
(incl. zero point energy correction) of global minimum structure of neutral AG1478 and no/one/two proton(s)
from total molecular energy of deprotonated/monoprotonated/diprotonated structures respectively.

Formation of diprotonated structure was theoretically calculated as the most favourable prototropic structure
of AG1478. The maximum energy difference between minima structures was estimated <5kcal/mole. Binding
energy values exhibited small energy difference between monoprotonated AG1478 structures with energetic pref-
erence to N(1) protonation. A small energy gap (<4kcal/mole) between different minima was revealed suggesting
easy interconversion between conformers of same protonated structures. Also, the energy difference between
different minima of *N(1)H and *N(3)H structures was less than 8 kcal/mole. In contrary, deprotonation of NH
linker required spending energy (endothermic process). The order of structural stability based on binding energy
calculations is as follows "N(1)H™N(3)H > *N(1)H > *N(3)H > deprotonated.

An earlier study on quinazoline moiety is in line with our results. Sawunyama and coworkers calculated
the proton binding affinity to each nitrogen of quinazoline®. Results revealed that protonation proceeds at
any of quinazolyl nitrogens with binding affinity difference by 0.1-1.3 kcal/mole depending on applied model.
Diprotonation at two nitrogens had a greater binding energy than one bound proton. It was concluded that
quinazoline protonation proceeds as follows dication >> N3 monocation > N1 monocation. In contrary to our
results, N3 monocation is slightly energetically favoured than N1 counterpart®. It might be due to the lack of
4-substituent group which would alter electron density of quinazoline ring.

Absorption spectra of protonated AG1478 were calculated deploying TD-DFT and the dielectric constant
of water (¢ =78.35) in CPCM model. Complete spectra of various prototropic forms of AG1478 are depicted in
Supplementary Materials Fig. S2. The lowest excitation energy transitions along with the corresponding oscil-
lator strength and molecular orbital (MO) transitions are listed in Table 2. The maximum wavelength of the
lowest lying electronic transitions of AG1478 ranged from 322 to 386 nm, depending on protonation state and
conformation, however the number of transitions and MO contribution also varied to some extent. In contrary
to all other studied structures, the diprotonated form exhibited two transitions in 300-400 nm region where
HOMO — LUMO contributed to the lowest energy transition (S, — S,) at 355-364 nm and HOMO — LUMO+1
and HOMO-2 — LUMO contributed to the higher energy transition (S, — S,) at 321-327 nm. For the monopro-
tonated, neutral and deprotonated structures, HOMO — LUMO transition was the main contributing transition
for only one electronic transition as indicated in Table 2.

To assign the experimental spectra, we exploited solver tool in excel to find the minimal value of sum of
squared residuals between observed spectrum and theoretically fitted spectrum within the 300-400 nm region.
In Fig. 6, the normalised experimental spectrum of AG1478 in acidic (pH 3.2), alkaline (pH 9.3) and strong
alkaline (pH 13.3) solutions are depicted along with the best fit to the sum of theoretical spectra within region of
300-400 nm. To fit theoretical spectra to experiment at pH 3.2, the neutral and deprotonated forms of AG1478
were excluded since they cannot experimentally exist at low pH (AG1478 pKa = 5.6). The diprotic structures
were excluded from the fit because the calculated diprotonated structures exhibited two transitions at ca. 360 nm
and 324 nm while the experiment showed only one absorption maximum at 342 nm. Thus, monoprotic forms of
AG1478 were only used to fit the experimental spectrum. We found that the combination of 71% of monoproto-
nated AG1478 (N1-LM2) and 29% of monoprotonated AG1478 (N3-LM1) accounted for the AG1478 spectrum
at pH 3.2. The two structures adopted twisted conformations as can be seen in Fig. 6a.

The absorption maximum of AG1478 at pH 9.3 was observed at 332 nm while the lowest energy transitions of
the deprotonated structures were calculated at 371 nm, 368 nm and 386 nm. We therefore excluded the anionic
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Structure Exc.E (nm) | Osc.str. | No. of transitions | Transition contribution
0.3279 H—L (91%)

NIN3-GM 355321 2
0.1346 H—L+1 (79%), H-2—L (16%)
0.3335 H—L (92%)

NIN3-LM1 | 356 322 2
0.1373 H—L+1 (81%), H-2—L (15%)
0.2010 H—L (89%)

NIN3-LM2 | 364 327 2
0.1435 H—L+1 (76%), H-2—L (15%)

N1-GM 363 0.7613 1 H—L (98%)

N1-LM1 356 0.6740 1 H—L (98%)

N1-LM2 347 0.3198 1 H—L (96%)

N3-GM 322 0.2761 1 H—L (91%)

N3-LM1 326 0.3103 1 H—L (92%)

N3-LM2 347 0.2828 1 H—L (95%)

Neut-GM 331 0.6556 1 H—L (97%)

Neut-LM 337 0.3158 1 H—L (96%)

De-GM 371 0.7830 1 H—L (98%)

De-LM1 368 0.6127 1 H—L (98%)

De-LM2 386 0.2769 1 H—L (97%)

Table 2. Wavelength, oscillator strength and molecular orbital transition contribution of the longest
wavelength excitation bands in the 300-400 nm region for AG1478 in water using B3LYP/6-3114+G* model.
Only transition contribution > 10% is considered significant and listed in the table. *GM, global minimum; LM,
local minimum; H, HOMO; L, LUMO; Neut, Neutral.

forms of AG1478, especially the plateaued AG1478 absorbance at pH 7.2-12 (Fig. 4a) indicated presence of only
one prototropic state. The absorption maximum of GM and LM structures of neutral AG1478 were computed
at 331 nm and 337 nm respectively. However, only the neutral planar (GM) conformer was reasonably fit to the
experimental spectrum at pH 9.3 as shown in Fig. 6b.

The observed spectrum of AG1478 at pH 13.3 exhibited two absorption maxima at 334 and 345 nm. From
the pH titration plot in Fig. 4b, we have a mixture of species at pH 13 (transition region). The calculated absorp-
tion maxima lie within 331-337 nm and the 368-386 nm for neutral and deprotonated structures respectively.
Therefore, the experimental spectrum was fit to a mixture of neutral and deprotonated species. A mixture of
neutral (GM), neutral (LM), deprotonated (GM) and deprotonated (LM2) forms contributed collectively by 28%,
42%, 26% and 4% respectively to the measured spectrum as indicated in Fig. 6¢c. Note that the deprotonated LM1
form was considered in the fitting to the spectrum but had a negligible contribution (<0.1%). It is noteworthy
that the twisted neutral conformation (Neut-LM) was 1.5 fold more populated than the planar configuration
(Neut-GM). However, the planar structure of deprotonated AG1478 contributed by more than 6-fold compared
to its twisted counterpart.

Discussion

By studying the pH-dependent spectral properties of the tyrosine kinase inhibitor AG1478 and combining these
observations with theoretical calculations, we obtained new insights into acid/base interactions and geometrical/
electronic configurations of the drug. Based on theoretical calculations, we identified the protonation sequence
of AG1478 nitrogens and how it is correlated to experiments. The acid dissociation constant of the AG1478
molecule was determined from the experimental pH-titration curve. Combined experimental and theoretical
studies enabled us to assign each experimental spectrum to the relevant contribution of AG1478 structures. We
also identified structural conformations of AG1478, whether the aniline and quinazoline moieties are coplanar or
twisted, at different pH values which has not been reported so far.

AG1478 contains three potential protonation sites at two quinazolyl nitrogens and amino moiety. At pH 0.3-
3.2, the absorption maximum of AG1478 in 300-400 nm region was observed at 342 nm. The observed spectrum
at pH 3.2 was assigned to two monoprotonated structures of AG1478 adopting twisted configurations. One struc-
ture is protonated at N(1) and the other one is protonated at N(3) and both contributed by 71% and 29% respec-
tively. The absorption spectra of AG1478 exhibited a systematic dependence on solution acidity at pH 3.2-7.3.
Starting from pH 7.3 to 12, the absorption peak was observed at 332 nm. The spectrum obtained at pH 9.3 was
solely assigned to neutral planar conformer of AG1478. At pH 13 and 13.3, emergence of two overlapping bands
were observed at 334 nm and 345 nm. The measured spectrum at pH 13.3 was assigned to the sum of neutral (pla-
nar (28%) and twisted (42%)) and deprotonated (planar (26%) and pseudo-planar (4%)) forms of AG1478. These
results indicated that the coplanarity of aniline and quinazoline rings are favoured for neutral and deprotonated
forms of AG1478 in alkaline solutions, while AG1478 adopts twisted configurations in acidic solutions.

The results of our study both complement and extend earlier studies on related molecules. Gefitinib, a
4-anilinoquinazoline-based tyrosine kinase inhibitor®”*, has the same chromophore and biological function
as AG1478. The UV-Vis absorption measurements revealed that the diprotonated form (protonation at only
one quinazolyl nitrogen) of Gefitinib prevails in acidic solutions of pH < 3, giving rise to an absorption band
at 340 nm. The neutral form of Gefitinib predominates in alkaline solutions at pH > 7.2 showing a blue-shifted
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Figure 6. Fits of theoretical spectra to experimental spectra of AG1478 in (a) acidic (pH 3.2), (b) alkaline (pH
9.3) and (c) alkaline (pH 13.3) solution. White, grey, blue, red and green spheres denotes hydrogen, carbon,
nitrogen, oxygen and chlorine atoms respectively.

absorption peak at 331 nm®. These results are in a good agreement (2 nm) with our experiments. The absorp-
tion maxima of AG1478 in the acidic (pH 0.3-3.2) and alkaline (pH 7.2-12) solutions were 342 nm and 332 nm
respectively. In addition, the acid dissociation constant of AG1478 (pKa=5.6) was very close to that of Gefitinib
(pKa=5.4)%.

Our spectral assignments agree well with conclusions based on experimental and theoretical studies of quina-
zoline. In acidic conditions quinazoline consists of a mixture of monocations protonated at N1 or N3 and this
has been rationalised theoretically by the similar protonation affinities at N1 and N3°¢. According to our experi-
ments and theory N1 and N3 are both significantly populated at acid pH and have similar protonation affinities.
Our assignment of neutral AG1478 at neutral to slightly alkaline pH agrees well with experimental studies on
quinazoline®®. The lack of di-protonated AG1478 or mono-protonated (*NH, linker) AG1478 populations in our
spectral assignments is consistent with the very low pKa for formation of these protonation states in the parent
chromophores (pKa (di-protonated quinazoline) =—5.5%-%, pKa(*NH, aniline) < 0)*.

Our results have potential implications for the pharmacodynamics of quinazoline-based drugs. Iressa®,
Tarceva®, Tykerb®, Tyverb®, Gilotrif® and Caprelsa® are oral dosage forms of 4-aminoquinazoline-based tyros-
ine kinase inhibitors. Our results point to the prototropic and geometric forms of AG1478 during its journey
in the gastrointestinal tract. According to our analysis, the monocationic twisted structure of AG1478 would be
mainly populated in the gastric juice (pH = 2) of the stomach and duodenum (pH = 4.6). The neutral planar form
of AG1478 would be the dominant (uncomplexed) drug species in the blood plasma and intestinal fluids (pH
7.4-7.6).

The cellular and sub-cellular environments of cancer cells can also vary in pH and this may influence AG1478
conformations, drug-cell interactions and cellular dynamics. In this context, the changes in pH of the microen-
vironment as the molecule transits from the vicinity of a cancerous cell (acidic) in the outer membrane to the
nuclear interior (slightly basic) also gains relevance. For example, cancer cell membranes tend to be negatively
charged, and so would be expected to preferentially bind the positively-charged AG1478 as opposed to the neu-
tral AG1478. The twisted versus planar conformer of AG1478 might also confer different membrane binding,
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membrane translocation and intracellular trafficking properties. These speculations await further experimental
enquiry. Overall, our study paves the way for understanding the conformation of anticancer drugs in different
environments.

Conclusion

By combining theory with experiment we have identified the conformations and protropic forms of AG1478
across the pH range 2.3-13.3 for the first time. The electronic absorbance spectrum of AG1478 was found to be
an excellent reporter of the pH of its microenvironment and undergoes significant pH-induced transitions in
amplitude and spectral position. Our calculations reveal that the structure of AG1478 undergoes a transformation
from planar to twisted upon solution acidification. Overall, our results have ramifications for drug formulation
and for understanding pharmacokinetics in the different pH environments encountered in the body and in cells.

Materials and Methods

Materials. N,N-Dimethylsulfoxide, phosphoric acid, boric acid, acetic acid and sodium hydroxide were pur-
chased from Sigma Aldrich Pty Ltd. AG1478 was obtained from AdooQ Bioscience company. Millipore deionized
water was used in preparation of universal buffer solutions ranging from pH 2.3-12. Universal buffer was pre-
pared by adding equal volumes of 0.04 M phosphoric acid, 0.04 M boric acid and 0.04 M acetic acid and titrating
the solution with 0.2 M NaOH to the required pH. The strong acidic (pH < 2) and alkaline (pH > 12) solutions
were prepared by using 1 M HCl and 1 M NaOH, respectively. pH was measured using Mettler Toledo SevenEasy
S20 pH meter to & 0.01 pH resolution. A pair of matched quartz cuvettes of 1 cm path length was deployed in all
experiments.

Methods

UV-Vis spectroscopy. Absorption measurements were conducted as described earlier®. Equal volume of
buffer solution was added to both sample and reference cuvette. Since AG1478 is partially soluble in water, it was
preferred to use another vehicle to deliver AG1478 into buffer solution and without affecting the characteristics
of bulk aqueous environment. Therefore, we added 10 L of 2mM AG1478 in DMSO to the sample cuvette and
10 pL of pure DMSO to the reference cuvette. The final solution contained 10uM AG1478 in 99.5% (aqueous
buffer): 0.5% DMSO (v/v). Solutions were shaken and left 10 minutes for equilibrium. Absorption maxima were
obtained using originlab software. Values of mean, standard deviation and confidence interval were determined
using Excel. Regression analysis of experimental spectrum was done using solver function in Excel. The observed
absorption maxima were calculated at 95% confidence interval.

Computational details. Relaxed potential energy surface scan was performed for four prototropic struc-
tures of AG1478 in vacuum using B3LYP/6-31 G model, the same model employed in our previous study. The
potential energy surface was built by varying N(12)-C(8)-N(25)-C(14) dihedral angle from 0° to 360° in 10°
stepwise rotation. Density functional theory (DFT) and time-dependent DFT were deployed for geometry opti-
mization of the ground state and for excitation energy calculations of excited state structures, respectively. Becke
three-parameters Lee-Yang-Parr hybrid functional (B3LYP)®*% in combination with 6-311 + G(d) basis set was
employed in all other calculations. The calculated vibrational frequencies showed that all re-optimized structures
are true local minima. The conductor-like polarizable continuum model (CPCM)®” with € =78.35 was used to
approximately describe the polarity of bulk environment. The UV-Vis absorption spectra of different ionized
AG1478 states in water were then calculated for the singlet-singlet transitions of the lowest 45 excited states. All
simulations were performed using GAUSSIAN 09 Revision C.01% on swinburne supercomputing facilities.
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Table S1. Molecular coordinates of optimised protonated structures of AG1478 using B3LYP/6-311+G* model

N(1)N@3)-GM

-0.00401400 -0.00456400 0.02425200
0.09236100 0.34471200 1.36471800
1.34382400 0.39703300 1.97091400
2.52735100 0.10507000 1.25489300
2.42057200 -0.24104000 -0.10884800
1.18842200 -0.30103000 -0.72778600
-0.79244900 0.57387100 1.94178800
3.77245300 0.16538900 1.95582700
3.30474500 -0.46147900 -0.68834200
2.60184400 0.80397600 3.93765000
2.65029100 1.07686300 4.98146300
3.73214100 0.52594200 3.28369000
1.45287900 0.74190600 3.31685200
6.21802200 -0.05618900 2.12396100
6.87929100 1.16229700 2.26382000
6.75847000 -1.24669400 2.60964100
8.10920200 1.18582300 2.91884600
6.44502800 2.06948500 1.86128700
7.98960900 -1.19138400 3.25374200
6.23062600 -2.18369400 2.48582700
8.67133800 0.01248100 3.41561700
8.63745800 2.12439700 3.03688400
9.62895800 0.03243700 3.92093100
8.69315000 -2.67472100 3.87461600
495377300 -0.10757100 1.42571100
497941900 -0.40221000 0.45813400
-1.13905100 -0.09371900 -0.65566600
0.98085200 -0.62012000 -2.00788000
2.10469900 -0.94313100 -2.84355900
1.68134900 -1.16751200 -3.81830500
2.78314300 -0.09150200 -2.92216200
2.63141100 -1.81842600 -2.45845100
-2.39133700 0.16957200 0.00692600
-3.15114200 0.02595100 -0.75531900
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N
C
C
C
C
C
C
H
C
H
C
H
N
N

C
C
C
C
H
C
H
C
H
H
C
N
H
(6}
(6]
C
H
H
H
C
H
H
H
H
H

N
C

C
C
C
C
C
H
C
H
C
H
N
N
C
C
C
C
H
C
H
C
H
H
C
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N
H
O
O
C

-2.54525500
-2.41962000
4.60321100
0.61328600

()N3)-LM1

0.00000000
0.00000000
1.21124281
2.44919629
2.43991939
1.24932181
-0.92861078
3.64844415
3.36710830
2.33125301
2.30496536
3.51188594
1.22402641
6.09652001
6.83877519
6.52301484
8.03509365
6.48563839
7.71745485
5.94508254
8.48020699
8.62576402
9.40935137
8.27316428
4.87408212
4.97270045
-1.08828460
1.13375121
232190114
1.96884987
2.91983278
2.90979735
-2.39024812
-3.09579774
-2.53165370
-2.51738095
4.35021918
0.34296072

(D)N(3)-LM2

0.85644300
0.33598600
1.13308000
2.48199600
2.99010200
2.21176900

-0.68537800
3.22184000
3.99875300
1.26929500
0.81675900
2.53846300
0.58834700
5.53472800
5.98643400
6.13351700
7.05228300
5.50882200
7.18949300
5.78672600
7.65750700
7.41387900
8.48398200
7.95162700
4.48478200
4.79153800
0.19176800
2.60650200
3.94590000

-0.53624900

1.19693700
0.57753000
0.95275900

0.00000000
0.00000000
0.00000000
0.00072084
0.00204104
-0.00303133
-0.00165814
0.00945681
0.01287501
0.00097185
-0.00172813
0.00616905
0.00108025
0.06606742
-1.09982145
1.29304365
-1.03136597
-2.03783088
1.32726104
2.19354297
0.17895224
-1.92788650
0.22876759
2.85811476
0.01649488
-0.03578095
0.00368196
-0.00778572
-0.02662090
-0.04120089
0.87029027
-0.92399485
0.01580006
0.01841516
-0.87867502
0.91678813
0.00061827
0.00346484

0.13940000
0.69492800
0.79257100
0.34770100

-0.23248100

-0.34123600

1.04760600
0.48503900

-0.60579000
1.41855800
1.82716100
1.01501000
1.32404000

-0.21728000

-1.53390000
0.77175400

-1.87092400

-2.27811400
0.40288500
1.79646500

-0.90796600

-2.89205200

-1.17159100
1.62634100
0.15823500
0.22133700

-0.00038900

-0.87509400

-1.37994900

0.82452400
0.37279600
3.80573400
3.84859000

0.00000000
1.38866019
2.07339637
1.39112924
-0.01957566
-0.71765038
1.94203293
2.16930853
-0.57295097
4.16279177
5.24249757
3.53890540
3.46679486
2.43854272
2.61443678
2.94707903
3.32455961
2.20360053
3.65993434
2.78180300
3.85287282
3.47095507
4.40694982
431410576
1.67018082
0.66449459
-0.75764540
-2.04805413
-2.85677498
-3.88380405
-2.68406861
-2.65444712
-0.13953396
-0.96480527
0.46865563
0.46228068
4.11379495
3.97191490

0.17661300
0.98467300
2.11882900
2.13234100
0.94631300

-0.18753400

1.01987400
3.35126200
0.92569100

4.39491400
5.28646800
4.43368500
3.28409900
2.68237900
2.67213000
1.90329500
1.84029700
3.29773600
1.07687300
1.94429800
1.03546200

1.81598700
0.38724800
0.07387300
3.59925300
4.56462500

-1.31418900
-1.34815800

-1.47083700



4.02019400
4.67300100
4.11541900
-1.17575000
-1.47749900
-1.80355000
-1.23903300
3.02323100
-0.37664300
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(1)-GM
0.00252200
-0.00083500
1.21473200
2.45304500
2.43873500
1.25234800
-0.92947600
3.64014600
3.36265100
2.38149600
2.30821000
3.56356300
1.23128500
6.16909100
7.21108500
6.47045800
8.53420600
6.98567700
7.80771500
5.68599600
8.85313200
9.32845000
9.88330600
8.17828300
4.85818200
4.85527400
-1.09137100
1.14202400
2.33631800
1.99918000
2.93052700
2.93027300
-2.38542600
-3.09904700
-2.52065500
-2.52041100
0.35673800

IZTIIQONZTOQOOO0OIZAOTNITQIQIQAQQAQZZIATZQAIOAOCQQCQOZ

(1)-LM1
-0.06622000
0.07770400
1.34750800
2.49182100
2.32715700
1.08594400
-0.77677000
3.74639600
3.17605000
2.72058900
2.76507700
3.82093400
1.51495800
6.20842800
6.49449800
7.24915800
7.82179100
5.69645400
8.56254400
7.03520400
8.87153000
8.04355700
9.90200400
9.86567600
4.88792900

ZQ:I::I:‘OIOIOOOOZZIOIOIOOOOOOZ

-1.74951800
-0.58149500
-2.19741200
0.44672800
0.22965600
-0.10620500
1.51952200
1.13816300
1.64149100

0.00019600
0.00016900
-0.00002700
-0.00020700
-0.00014600
0.00004600
0.00030600
-0.00043000
-0.00022400
-0.00016200
-0.00011000
-0.00035800
-0.00002900
-0.00085500
-0.00104300
-0.00080800
-0.00118000
-0.00107900
-0.00094400
-0.00067000
-0.00113000
-0.00132400
-0.00123400
-0.00088000
-0.00072700
-0.00088300
0.00037000
0.00011800
-0.00002000
0.00006600
0.89605800
-0.89628100
0.00055500
0.00064000
-0.89581500
0.89697900
0.00009900

-0.60845900
0.62555200
1.05126600
0.25154300

-1.01146100

-1.44511400

1.26780200

0.79083600

-1.66239700
2.69479000
3.67107200
2.00023600
2.27884000
0.41874600
1.08487000

-0.02481600
1.31802200
1.41299200
0.21605100

-0.54514500
0.89028300
1.83429100
1.07087800

-0.34499700
0.09300200

-2.48959400
-1.31279800
-0.76766300
-1.40510800
-2.42526100
-0.70509900
-1.21789300
5.31747700

3.28498600

0.00061400
1.38336400
2.07898100
1.40586900
-0.00969200
-0.71041900
1.93779100
2.22805100
-0.56958000
4.13920100
5.21980900
3.57424900
3.46089500
2.18624300
1.24529400
3.55386800
1.66453400
0.18389300
3.93710900
4.29140600
3.02240600
0.92680600
3.35535100
5.66197000
1.65038100
0.64142200
-0.76858900
-2.05118600
-2.84315300
-3.87623700
-2.64989800
-2.64996400
-0.14567000
-0.96485300
0.46268600
0.46266000
3.97261800

0.39563300
1.00337800
1.41340600
1.22251200
0.60436000
0.19266000
1.16819100
1.68508900
0.45350100
2.42528600
2.89262000
2.27802300
2.02528000
1.93563900
3.13099700
1.11122900
3.48009300
3.77960600
1.49233500
0.18523000
2.66864100
4.40736700
2.94794600
0.44737600
1.52394000



4.82527000
-1.22485000
0.83195900
1.92034600
1.47724400
2.65851300
2.39273500
-2.43023000
-3.22036600
-2.62795300
-2.36690600
0.71173900

TTZTTZTTQOZZTTZTQO0O0m

(1)-LM2
0.63714600
0.25239100
1.21034800
2.57940700
2.94931200
2.01383300
-0.78327500
3.47120300
3.97700600
1.71436900
1.32454400
2.99619200
0.82714600
5.71443500
6.72322800
5.62873300
7.64477600
6.77926000
6.55003400
4.86550100
7.56281800
8.43001000
8.27342800
6.44002700
4.81603500
5.24032000
-0.18946800
2.26936400
3.61175000
3.57192800
3.95821000
4.28547800
-1.58502900
-2.03585800
-1.72589100
-2.03264400
-0.14864100
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(3)-GM
0.00938700
0.10438000
1.35391900
2.53004100
2.43030100
1.20138800
-0.77346700
3.77252900
3.31593800
2.52710300
2.62028100
3.71392100
1.37820800
6.23006600
7.05393500
6.62198500
8.29041900
6.72871600
7.85689100
5.98262300
8.69898500
8.94104300
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-0.74429300
-1.11857000
-2.62529400
-3.52510900
-4.39269600
-3.07164100
-3.82649100
-0.35593700
-0.97048700
-0.17499300

0.58940400
2.87645900

-0.42927400
0.10380800
0.69510100
0.72514700
0.20328900

-0.35591600
0.08953300
1.33312900
0.26251600
1.96162600
2.47423700
1.99438400
1.30729000
0.51807900
1.10073000

-0.87040600
0.28510600
2.17946800

-1.66001100
-1.32128300

-1.10258900
0.73250200
-1.73796400

-3.41072700
1.36166700
1.96417900
-1.01208900

-0.86106400

-0.81229800

-1.26522300
0.22046500
-1.38512500
-1.12335200
-1.63174400
-1.71662600
-0.13486700

1.30733400

0.00900900
0.31296800
0.36233800
0.09430700
-0.21413500
-0.25851300
0.51999100
0.15201700
-0.42099100
0.71512200
0.95462500
0.46710600
0.67261100
-0.02310500
1.08767400
-1.09458800
1.12373900
1.90680400
-1.02610000
-1.96090600
0.07008700
1.98035000

0.96453300
-0.03534000
-0.40165600
-0.64471500
-1.12629200
-1.31032200
0.29307100
0.13140100
-0.29086600
1.18970500
-0.41099900
2.17937200

0.33921600
1.55606900
2.38838300
2.03724100
0.77149200
-0.06925800
1.86682500
2.98824100
0.45366900
4.32395800
5.19489600
4.07491400
3.56484500
2.17762500
1.41025600
2.30833300
0.75759600
1.32311300
1.63103600
2.92979300
0.85552900
0.15913800
0.34167800
1.77891500
2.90025100
3.59693000
-0.53474700
-1.29181200
-1.78954700
-2.77672700
-1.87238600
-1.14848300
-0.21313700
-1.06080700
0.69245500
-0.09374400
3.83648000

0.02842700
1.37343400
2.01443000
1.26853000
-0.10912900
-0.73061600
1.96921900
1.97219800
-0.69303500
3.93626000
4.98832900
3.28872800
3.36045900
2.09615700
1.91964500
2.90011500
2.55998100
1.28942600
3.53728900
3.01483300
3.37574800
2.42816200



9.65832200
8.36483200
4.96490700
4.98994100
-1.13471100
0.99756400
2.12959400
1.72215600
2.80458800
2.66434200
-2.37587900
-3.14684900
-2.52593400
-2.40477800
4.57463900

—

TZTTZTTOQOZZTZTQO0OO0OTZAQT

(3)-LM1
-0.07398200
0.13891400
1.43495500
2.53558600
2.31556200
1.04201800
-0.67901900
3.82915000
3.14451300
2.76999000
2.95674900
3.88839400
1.57927500
6.27736500
6.90201400
6.92041400
8.18603700
6.39807600
8.20689800
6.42355500
8.84881500
8.68071400
9.84988800
9.03393900
4.95963700
4.87832900
-1.26993300
0.72674100
1.77825300
1.28799300
2.48464200
2.30007400
-2.44180600
-3.27303900
-2.56768900
-2.38798700
4.78628900
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(3)-LM2
0.63530100
0.27330100
1.23892900
2.61648800
2.97447700
2.01802800
-0.76019800
3.54806400
4.00582600
1.67293000
1.39018700
3.01863500
0.78984800
5.75565100
6.76183300
5.63547900
7.65003400
6.84230600
6.52246000
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0.10061900
-2.36544700
-0.08291200
-0.26098900
-0.06394700
-0.54066400
-0.81853200
-1.00761100

0.03964200
-1.70363900

0.17777200

0.05919300
-0.55055300

1.19221300

0.53266000

-0.49433300
0.61849200
0.97254100
0.17256500
-0.96082600
-1.30065000
1.24725800
0.57080600
-1.57061500
2.41433200
3.28700800
1.68829000
2.10128400
0.29955400
1.39908200
-0.45767700
1.75089200
1.96148000
-0.09263400
-1.30792100
1.00724700
2.60332000
1.27593300
-1.04108200
-0.09106700
-0.97296800
-0.90842300
-2.35394900
-3.20997200
-3.97590700
-2.65662600
-3.67464300
-0.16648800
-0.68926300
-0.16099900
0.85565800
1.99852100

-0.39620800
0.24918100
0.85782600
0.77850000
0.14522300

-0.42984800
0.32229900
1.40678100
0.12653600
2.14668300
2.72730900
2.08988700

1.54841400
0.48412400
0.94595600

-0.87454200
0.03349100
2.00455800

-1.76404200

3.87735900
4.55636300
1.41332800
0.41984800
-0.66425500
-2.03095300
-2.86398200
-3.85361000
-2.90233800
-2.51152100
0.01572000
-0.74070700
0.81517500
0.41816600
3.82107600

0.42345100
1.21529300
1.62720000
1.22628600
0.40816500
0.00736900
1.53814700
1.68364000
0.07865800
2.78155100
3.39515400
2.44752500
2.41030800
1.82755500
1.23896000
2.80776900
1.65092700
0.46159400
3.18779400
3.25780600
2.62467700
1.20026300
2.93857600
4.41544800
1.40817500
0.92310400
-0.01476300
-0.76938000
-1.23258400
-1.82763000
-1.85579100
-0.39276000
0.35590900
-0.10925700
1.44037300
-0.02390400
2.80265100

0.33994700
1.50692100
2.32547200
1.96739100
0.75017100
-0.05506600
1.81519800
2.84689500
0.43953500
4.15076100
5.02019100
3.89797100
3.43059900
2.10583900
1.25826400
2.40442800
0.69384300
1.04067300
1.80958400



4.87330400
7.53394400
8.43461800
8.21780200
6.36974100
4.89090100
5.37213400
-0.21351700
2.25829400
3.60682300
3.55079600
4.01378900
4.23913300
-1.61484400
-2.08696500
-1.79203900
-2.01050500
3.63833800
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eut-GM
-4.00873800
-3.35370600
-1.93990300
-1.18796600
-1.87345300
-3.24942700
-3.89599800
0.24344500
-1.32775200
-0.03097400
0.46204200
0.79720600
-1.34262000
244118000
2.92864900
3.35556100
429332200
223143200
4.71621700
3.00314200
5.21546400
4.64830400
6.28149400
5.85338200
1.04422700
0.55366800
-5.35015400
-3.98751900
-3.30786300
-4.08968400
2.69033900
-2.69060700
-6.17385600
-7.19845100
-5.99656400
-5.99620000
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eut-LM
2.89681300
3.14737300
2.18046400
0.91875900
0.68685200
1.64392100
4.09226700
-0.00422700
-0.24675400
1.60246500
1.86580000
0.35965500
2.51203200
-2.24809600
-3.32065400
-2.18278700
430875300
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-1.22748500
-1.32998900

0.38499300
-2.04112300
-3.48043200

1.43689100

2.13130000
-1.00007900
-1.04338200
-1.11335700
-1.64400900
-0.11280700
-1.66867800
-1.01295000
-1.56224800
-1.52418000

0.00368800
2.53993500

-0.23157100
-1.44275400
-1.50699200
-0.30634800
0.93648000
0.98787000
-2.37864300
-0.46875300
1.87006000
-2.74116400
-3.71029700
-1.67599500
-2.74132900
0.79538500
2.11557200
-0.26858200
2.36529700
2.94768700
0.02145500
-1.28658900
1.31678000
3.39001700
1.50568000
-1.33307300
0.64481000
1.52464200
-0.07383800
2.12377200
3.38100400
4.13667200
3.49334200
3.49355100
-1.24424000
-0.88060700
-1.84581600
-1.84596800

-0.90709200
0.35549700
1.38396600
1.09067500

-0.20545300

-1.18768400
0.60644000
2.18149900
-0.41535200
3.57210800
4.58838000
3.41046700
2.64293600
1.06724000
0.93986000
0.23580000

-0.01178700

3.08751600
0.95731600
0.03384700
0.51091700
2.16557000
2.73457700
3.29305400
-0.49924400
-1.22921600
-1.70848200
-2.65532700
-1.87124300
-1.01215200
-0.18409100
-0.99392900
0.76402500
-0.14563500
4.56213600

0.00029000
0.00005000
-0.00016800
-0.00011900
0.00009900
0.00029800
0.00001300
-0.00027900
0.00009100
-0.00061300
-0.00084600
-0.00054000
-0.00042400
-0.00026400
-0.00061500
0.00003400
-0.00066100
-0.00084800
-0.00003300
0.00028500
-0.00037500
-0.00093600
-0.00042500
0.00035600
-0.00014900
0.00001400
0.00051500
0.00050900
0.00055500
0.00075800
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Figure S1: Theoretical absorption spectra of studied AG1478 structures in water using B3LYP/6-311+G* model.

All spectra are plotted using the same scale.
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Chapter VI

Probing Structural Flexibility
of AG1478 in Kinase Domain

Results obtained from the previous chapters give valuable information about AG1478
conformations and the impact of environment on AG1478 spectra. For instance, the
AG1478 conformation (planar or twisted) was inferred from the fluorescence excitation
spectrum and the polarity of the local environment of AG1478 was deduced from the
fluorescence emission spectrum. This information are exploited herein to investigate the
structure of AG1478 and the polarity and heterogeneity of AG1478 binding site in two
AG1478-protein complexes.

Based on excitation and emission spectra of AG1478 complexed with two different
proteins, the conformational states of AG1478 and binding site polarity were found quite
different in the two protein complexes. The red-edge excitation shift (REES) probed the
heterogeneity of the binding site (protein conformation and hydration) distributions in the
protein conformational ensemble which differed significantly in the two protein
complexes. The results were compared with X-ray crystal data of AG1478 and its
structural analogue in the two proteins. A good agreement between our results,
computations and literature was deduced demonstrating that our tool of combining UV-
Vis spectroscopy with quantum chemical calculations is effective for probing the spatial
and electronic properties of the environmentally-sensitive tyrosine kinase inhibitor,

AG1478.
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CHAPTER VI

This chapter is presented in the form of a submitted paper, Muhammad Khattab, Feng
Wang and Andrew H.A. Clayton, Conformational Plasticity in TKI-kinase Interactions

Revealed with Fluorescence Spectroscopy and Theoretical Calculations.
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Abstract

To understand drug-protein dynamics, it is necessary to account for drug molecular flexibility and binding site plasticity.
Herein, we exploit fluorescence from a tyrosine kinase inhibitor, AG1478, as a reporter of its conformation and binding-
site environment when complexed with its cognate kinase. Water-soluble kinases, aminoglycoside phosphotransferase
APH(3")-Ia and mitogen activated protein kinase 14 (MAPK 14), were chosen for this study. Based on our prior work,
the AG1478 conformation (planar or twisted) was inferred from the fluorescence excitation spectrum, the polarity of the
AG1478 binding site was deduced from the fluorescence emission spectrum, while red-edge excitation shift (REES)
probed the heterogeneity of the binding site (protein conformation and hydration) distributions in the protein
conformational ensemble. In the AG1478-APH(3")-Ia complex both twisted (or partially-twisted) and planar AG1478
conformations were evidenced from emission wavelength-dependent excitation spectra. The binding site environment
provided by the APH(3")-Ia was moderately polar (Amax= 480nm) with evidence for considerable heterogeneity (REES=
34nm). In contrast, in the AG1478-MAPK 14 complex, AG1478 was in a predominantly planar conformation with a lower
degree of conformational heterogeneity. The binding site environment provided by the MAPK 14 protein was of relatively
low polarity (Amex= 430nm) with a smaller-degree of heterogeneity (REES= 11nm). The results are compared with
available literature x-ray data and discussed in the context of our current understanding of TKI conformation and protein

conformational ensembles.

Keyword: Tyrosine kinase inhibitor; Anticancer drug; UV-Vis spectroscopy; Red edge excitation shift (REES); Quantum

mechanical calculations; Structural heterogeneity; Occupancy factor; B-factor; Protein ruggedness.



1. Introduction

The free energy landscape (FEL) model of a protein structure defines the molecular heterogeneity as an array of
equilibrated energetic minima on a multidimensional free energy surface.! Proteins exhibiting various conformational
states have a rugged FEL, hence understanding how FEL is altered upon agonist/inhibitor binding is crucial for

modulating biological/remedial function of a protein.?

Kinase conformational plasticity is a paramount factor for understanding ligand binding, enzymatic switching and
biological function. Kinases were found adopting extensive array of conformations in their crystal structures.>* Flexibility
of activation loop regulates substrate/inhibitor access to ATP-binding site, hence conformational perturbations in a part
or in a whole of kinase structure would alter kinase activity.>® Upon binding of a kinase inhibitor to the target protein, a
perturbation of dynamic ensemble of kinase conformations and biased stabilization of distinct conformation(s) can take
place.” For instance, epidermal growth factor receptor (EGFR) plasticity enables it to accommodate Gefitinib in multiple
conformations. Gefitinib exhibits 20-fold higher affinity to the active conformation of mutant EGFR than to the wild
type.®® Similarly, binding of ATP-competitive inhibitors to mitogen-activated protein kinase (MAPK14) is modulated
through conformationally selective inhibition.!®!! Therefore, many patients develop resistance against ATP-competitive
kinase inhibitors due to conformational/hydrophobicity changes in the kinase gatekeeper triggered by single-point

mutation. These changes were found introducing a steric clashes for an inhibitor to access and bind to the gatekeeper.'?

The domain motion at hinge region (gatekeeper) is in fact constrained unless the kinase is phosphorylated.'> Upon
phosphorylation, conformational changes of target protein that precede ligand binding impede or accelerate the inhibitor-

receptor association. Intriguingly, it was found that the binding rate is pH-dependent while the binding affinity is not.”

Identifying inhibitors that target distinct conformation is a cumbersome task and requires detailed conformational analysis
of the inhibitor and protein-binding site.” Several approaches are extensively applied to address this problem such as
fluorescent labels in kinases (FLiK),'*! optical second-harmonic generation,?*22 NMR residual dipolar coupling,?* and
surface plasmon resonance studies.?**> In FLiK method, a fluorophore that is a reporter to its local environment is
exploited to probe kinase conformational changes.” All the aforementioned techniques are used as a binding assay for in
vitro studies. But for studying changes in drug conformations and medium heterogeneity in solution, REES measurements

have been widely applied in literature for solutions of drug-protein complexes.??¢2



Steady-state red edge excitation shift (REES) spectroscopy is a reliable quantitative measure for protein FEL and
conformational equilibria of ligand-protein complexes.? REES is a phenomenon where low-energy excitation beam
selectively excites discrete fluorophore molecules hence potentially reflects the conformational equilibrium of a
fluorophore and its binding site.?®*° REES is observed depending on the rate of solvent relaxation during excitation and
the triggered changes in a fluorophore dipole moment following excitation. The emission wavelength becomes
independent of excitation wavelength when the environmental relaxation is faster than the fluorescence lifetime. But in a
rigid environment, the delayed solvent relaxation causes a blue-shifted fluorescence spectrum when excited in the blue
due to the emission from solvent-unrelaxed excited state of the fluorophore. While a red-shifted emission is observed
when the fluorophore is excited in the red due to the emission from solvent-relaxed state. Therefore, REES can be
observed with fluorophores in viscous or cooled solutions or complexed with a folded protein states.?!*2 Hence, REES is

a powerful tool for tackling contemporary challenges in biophysics and structural biology.

On the other hand, it has been revealed that small molecules do not necessarily adopt the global minimum conformation
upon binding to their receptors.’>3% Analyses of myriad ligand-protein cocrystals have reportedly demonstrated that many
of ligand molecules do not even adopt the local minima structures.*®3” Data from a library of 100 ligand-protein crystals

showed that bound ligand structures are nearly identical to the local minima conformations.®

Aminoglycoside phosphotransferases are group of enzymes responsible for phosphorylation/activation of aminoglycoside
antibiotics.**’ Many studies have been concerned with characterization of interaction modes between enzyme, nucleotide
substrate and aminoglycoside. Detailed analyses revealed structural conservation of nucleotide triphosphate, ATP or GTP,
binding site in the studied aminoglycoside phosphotransferases.'*> A high structural similarity of nucleotide triphosphate
binding site was noted between aminoglycoside phosphotransferases and eukaryotic protein kinases.*® Therefore, the
inhibition potential of protein kinase inhibitors has been tested against aminoglycoside phosphotransferases.*®*” One of

these studies was conducted using AG1478 as a potential inhibitor for aminoglycoside phosphotransferase APH(3")-Ia.*

AG1478 (Fig. 1) is a tyrosine kinase inhibitor**>" and its electronic and conformational properties have been studied by
our group.’'* Our studies revealed that the medium pH, polarity and hydration significantly affects AG1478
conformation. We have also evaluated the topological and electronic properties of AG1478 under different conditions.
Therefore our earlier results can be exploited to estimate the polarity of AG1478-binding site and structural flexibility

(conformations) of AG1478 when bound to a target protein.



Figure 1. Molecular structure of N-(3-chlorophenyl)-6,7-dimethoxyquinazolin-4-amine (AG1478).
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In the present work, we probe the binding environment of AG1478 in two proteins. The two proteins are aminoglycoside
phosphotransferase and MAPK14. The x-ray crystal structure of aminoglycoside phosphotransferase APH(3")-Ia in
complex with AG1478 and kanamycin has been published previously.*® Although AG1478 was proven as an inhibitor to
MAPK14 (p38-a) through competitive binding to ATP-binding pocket (ICso= 560 nM),*> no x-ray data on this complex
has been reported. However, the x-ray crystal structure of MAPK14 with MSQ (an AG1478 analogue) has been

published.>

We aim to examine conformational plasticity and polarity of AG1478-binding site utilizing our previous spectroscopic
results of AG1478 in various solvents. To this end, we performed steady-state fluorescence spectroscopy including REES
measurements. We also conducted analyses for amino acids of AG1478 binding site using PDB data such as B-factor. In
addition, a comparative theoretical study between different structures of AG1478 in the co-crystal forms deposited in
PDB were performed. Our study provides a deep insight into the intrinsic and extrinsic structural and electronic property

changes in AG1478 molecules at ATP-binding site helping to understand the nature of AG1478-binding pocket.

2. Materials and Methods

2.1. Materials

AG1478 was purchased from AdooQ Bioscience. Recombinant danio rerio aminoglycoside phosphotransferase domain-
containing protein 1 (APH(3")-la) and mitogen-activated protein kinase 14 isoform 2 (MAPK14) were obtained from
MyBioSource, Inc. and used as received. Millipore deionized water was used in reconstitution of proteins. A pair of

matched quartz cuvette of 1cm path length was purchased from Starna Pty Ltd.

2.2. Methods
2.2.1. UV-Vis spectroscopy
Solutions of the two proteins, APH(3")-Ia and MAPK 14, were prepared according to the manufacturer’s instructions. The

lyophilized powder of APH(3")-Ia was reconstituted as specified in the product datasheet by adding 2mL deionized water
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to give a final concentration of 8 uM APH(3")-Ia. Reconstitution of MAPK 14 was performed by adding 1mL 20mM Tris-
HCI buffer (pH 8.0) to give a concentration of 5 uM MAPK14. We also prepared a 4mM stock solution of AG1478 in
DMSO. The APH(3")-Ia -AG1478 complex was formed by adding 3.3uL of 4mM AG1478 stock solution to the 2mL of
the 8 uM APH(3")-Ia solution. The MAPK14-AG1478 complex was formed by adding 1.7uL of 4mM AG1478 stock

solution to the 2mL of the 5 uM APH(3")-1a solution.

Fluorescence and REES measurements were conducted on a Perkin Elmer LS55 spectrophotometer. Fluorescence spectra
were recorded using a fixed excitation wavelength (in Snm intervals in the range of 330nm-360nm) and scanning the
emission from 400-600nm. Two types of spectral information were obtained from the fluorescence spectra recorded as a
function of excitation wavelength. 1) The average fluorescence spectrum was obtained by integrating (or summing up)
the individual fluorescence spectra recorded at different excitation wavelengths. 2) REES plots were obtained by plotting
the emission maximum of the fluorescence spectrum as a function of the excitation wavelength. Fluorescence excitation
spectra were recorded using a fixed emission wavelength (in 10nm intervals in the range of 400nm-550nm) and scanning
the excitation from 300-390nm. The temperature (10-37 °C) of the sample was regulated using Perkin Elmer Peltier
Temperature Programmer PTP-1. All spectra were corrected for background scatter from proteins and buffer.
Fluorescence maxima, spectra averaging and error bars were obtained using Originlab software. Normalized spectra were

produced by normalizing the wavelength maximum of excitation and emission to one.

2.2.2. Computational details

Structure coordinates were downloaded from Protein Databank www.rcsb.org. The missing hydrogen on the nitrogen
linking quinazoline to anilino moiety was added using Gaussview software. Energy optimization was performed only for
the added hydrogen while keeping all other atoms frozen. Five entries of AG1478 (four X-ray resolved structures + one
calculated structure (entry-5)) were used with no further geometry optimization for calculating excitation spectrum. Time
dependant density functional theory (TD-DFT)*” was used for excitation energy calculation using the same model and
basis set employed for AG1478 in our previous published studies.’?>** Becke three-parameters Lee-Yang-Parr hybrid
functional (B3LYP)*®*%° in combination with 6-311+G* basis set and conductor-like polarizable continuum model
(CPCM)®® were employed in all calculations. Dielectric continuum of water (e= 78.3) was used to approximately describe
the polarity of AG1478 environment. We used the dielectric continuum of water as approximation for AG1478
environment since our earlier results showed trivial changes in excitation energy calculations with varying the dielectric

constant of implicit model.>> The UV-Vis excitation (absorption) spectra of AG1478 structures were calculated for the



singlet—singlet transitions of the lowest 60 excited states. All simulations were performed on the uncomplexed AG1478

structures using GAUSSIAN 09 Revision C.01°' on Swinburne supercomputing facilities.

3. Results

3.1. Spectroscopy study

3.1.1. AG1478-aminoglycoside phosphotransferase complex

Our previous work reported that the UV-Vis spectrum of AG1478 in solution consisted of two bands in the 300-360nm
region, one at 330nm attributed to the planar conformer of AG1478 and a second band at 340nm attributed to the twisted
conformer.*? To determine the distribution of twisted versus planar conformer of AG1478 when bound to a protein kinase,
we measured the excitation spectra of AG1478-APH(3")-Ia complex in a buffer solution of pH 8 as a function of emission
wavelength. The excitation spectrum of the AG1478-APH(3")-Ia complex consisted primarily of two bands, one at 333nm
and the other at 344nm, as expected. However, the relative proportion of the two band intensities was dependent on the
monitoring wavelength of emission. A significant change (i.e. by 30%) in the relative intensity of 333nm and 344nm can
be seen in the normalized excitation spectra depicted in Fig. 2a and in the plot of the ratio of the two band intensities
shown in Fig. 2b. These results reveal that the AG1478 exists in different conformations within the ensemble of proteins.
In the context of our prior work, our results could be interpreted as the twisted conformer being dominant relative to the
planar conformer near the blue-edge of the emission (400-450nm), while both conformers contribute to the emission

nearly equally from 460nm-550nm.

Figure 2. A) Normalized excitation spectra of AG1478-APH(3")-Ia complex scanned at different emission wavelengths
(400-550 nm); B) Plot of relative intensity of 333/344 nm bands as a function of emission wavelength fitted to Boltzmann
model.
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Our prior work also revealed the exquisite sensitivity of the fluorescence emission of AG1478 to solution polarity.>! We
use this sensitivity here to examine the environmental heterogeneity and dynamics provided by the protein close to the

AG1478 moiety in the protein binding pocket.

Integrated fluorescence spectra of the AG1478-APH(3")-1a complex are shown in Fig. 3a recorded at several temperatures
and information about the intensity of emission and position of the emission maximum are depicted in Fig. 3b and Fig.
3c. Interestingly, the intensity of fluorescence increased from 10 to 15 to 20 °C but then decreased from 20 to 30 to 37
°C. A decrease in fluorescence due to an increase in temperature is expected based on an increase in the non-radiative
rates of deactivation from the excited state or dynamic quenching processes. An increase in fluorescence with temperature
is unusual but was reported by us previously for the AG1478-water complex in acetonitrile:water solutions due to a release
of static quenching.>® This unorthodox temperature dependence of emission could be tentatively explained by both static
and dynamic quenching mechanisms in the binding site of the protein or a temperature-dependent conformational change.
However, we note that more work is needed to properly explain this behaviour. The wavelength of emission maximum
revealed an increasing shift by 8nm with increasing temperature from 10 °C to 37 °C. This could result from an increase
in solvent relaxation around the probe with increasing temperature, or alternatively, an increase in the hydration of the
binding pocket with increasing temperature. To distinguish these two possibilities, we turn to REES measurements to
gain an idea about the relative dynamics of the protein around the AG1478 probe, the relative dynamics of the excited-

state and the nature of the protein FEL sensed by the AG1478 probe.

Emission spectra were recorded as a function of excitation wavelength in the range 330-360nm. The results are depicted
in Fig. 3d. It is remarkable that the emission spectrum is highly dependent on the excitation wavelength with shifts
exceeding 30nm. A slight increase in REES magnitude was observed upon changing temperature from 10, 15 to 20 °C
but a decrease was observed from 20 to 25 then a plateau. Aside from the measurements at 20 °C, the REES measurement
were nearly independent on temperature. An increase in dynamics of the protein with temperature should increase solvent
relaxation giving a red-shifted emission but a smaller REES value, however temperature appears to affect the emission
wavelength but not the REES value. This could be explained when the temperature increases, the hydration of the binding
site is also increased (due to a conformational change opening up the binding pocket) but the dynamics of the protein
matrix is too slow to cause significant solvent relaxation about the AG1478 chromophore during the excited-state lifetime.

A temperature insensitive REES is consistent with a rugged landscape of the FEL sensed by the AG1478 probe.



Figure 3. A) Normalized summed spectra for all emissions of AG1478-APH(3")-Ia complex obtained by exciting at 330,
335, 340, 345, 350, 355 and 360 nm at six different temperatures. B) and C) Plots of fluorescence intensity and
fluorescence maximum as a function of temperature respectively. The solid line is to ease data points tracking. D) Plot of
fluorescence maximum as a function of excitation wavelength of AG1478-APH(3")-Ia complex recorded at different
temperatures. Error bars are obtained from three replications. Inset indicates fitting of a selected plot to Boltzmann
function. AATS* defines the shift of emission maximum at Aexe= 360nm relative to that obtained from Aexce= 330nm.
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It was found that REES data fits well (R?>= 0.99) with a Boltzmann model A = A, + —— %% where A4 stands for
1+ exp dx

measured fluorescence, A; for minimum value for A4y, 4> for maximum value for 4,4, x for excitation wavelength, x, for
the excitation wavelength value at midpoint between the maximum and minimum values of fluorescence maximum and
dx for the width in (nm) of the most significant change in fluorescence. The calculated parameters from fitting of AG1478-
APH(3")-Ia complex fluorescence to Boltzmann model are summarized in Table 1. We noticed that the increase in
temperature yielded increase in the min and max emission wavelength (A; and A,) values. However REES magnitude

was almost constant (around 34nm) insensitive to temperature change.



Table 1. Boltzmann fitting parameters calculated from the observed emission of AG1478-APH(3")-la complex at
different temperatures.

10°C 15°C 20°C 25°C 30°C 37°C
Al 4734+ 1.8 473.1+0.9 473.1+3.5 477.1+3.5 478.2+0.8 4782+ 1.5
A2 506.1+1.0 507.5+0.5 5123+2.0 509.7+ 1.8 508.8+0.4 509.0+0.7
X0 341.3+0.7 3414+0.3 342.0+ 1.1 341313 3414+0.3 340.6 £ 0.6
dx 33+0.6 45+0.3 59+13 43+13 42+0.3 4.7+0.6

3.1.2. AG1478-MAPK14 complex

The excitation spectra of AG1478 in the AG1478-MAPK 14 complex are depicted in Fig. 4a. The predominant band is at
330nm consistent with a predominant planar conformation of AG1478 in the AG1478-MAPK14 complex. The 340nm
band appears as a shoulder in the excitation spectrum. The relative proportion of the two bands is somewhat dependent
on emission observation wavelength, varying from 1.26 to 1.38 or by 10% across the range of emission as shown in Fig.

4b. This suggests some degree of conformational heterogeneity of AG1478 in the population of protein-drug complexes.

Figure 4. A) Normalized excitation spectra of AG1478 bound to MAPK14 in Tris buffer solution recorded at different
emission wavelength (400—550 nm). B) Plot of relative intensity of 333nm and 344nm bands as a function of emission
wavelength. Solid line is used to guide reader’s eye.
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The emission spectrum of AG1478 in the AG1478-MAPK14 complex revealed an emission maximum near 427nm at all
temperatures examined (Fig. 5a). Increase in temperature resulted in a decrease in emission from AG1478 consistent with
conventional dynamic-type quenching processes (Fig. 5b). However, the position of the emission spectrum only changed
slightly from 427nm at 15 °C to 426 nm at 37 °C (Fig. 5¢). Taken together, these results suggest that the binding site for

AG1478 in MAPK 14 is relatively low in polarity.



The REES experiments on AG1478-MAPK 14 revealed interesting behaviour as shown in Fig. 5d. The magnitude of the
REES was only 11-14 nm and a slight increase in REES was observed upon heating the solutions. These observations are
consistent with a rugged FEL, however we interpret the smaller REES and blue emission compared to AG1478-APH(3")-
Ia complex owing to a reduced polarity of the binding site in MAPK 14. The existence of significant REES could be due

to water molecules in an otherwise non-polar binding pocket.

Figure 5. A) Normalized summed spectra for all emissions obtained by exciting at 315, 320, 325, 330, 335, 340, 345,
350, 355 and 360 nm at six different temperatures. B) and C) Plots of fluorescence intensity and fluorescence maximum
as a function of temperature respectively. Solid line is to guide reader’s eye. D) Plot showing fluorescence maximum of
AG1478 bound to MAPK 14 in Tris buffer solution as a function of excitation wavelength. Error bars are obtained from
three replications. Inset indicates fitting of a selected plot to Boltzmann function. AAT3* defines the shift of emission
maximum at A= 360nm relative to that obtained from Acxc= 330nm.
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We also found that REES data of AG1478-MAPK 14 fits well (R?>= 0.99) to Boltzmann model. The calculated parameters
from fitting of AG1478-MAPK 14 complex fluorescence to Boltzmann model are summarized in Table 2. In contrast to
data of AG1478-APH(3")-1a complex, we noticed a decrease in A; and A, values with the increase in temperature. In the

next section we make a quantitative estimation of the binding site polarity of the two proteins.
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Table 2. Boltzmann fitting parameters calculated from the observed emission of AG1478-MAPK 14 complex at different
temperatures.

15°C 20°C 25°C 30°C 37°C
Ax 4242 +0.9 4232 +0.8 422.8+0.8 419.1+2.0 420.5+23
Az 4463+ 11.2 444.7+£5.6 4429 +4.1 450.1 +£9.8 438.6+2.6
Xo 357.9+7.6 3553+ 1.1 3545+3.5 3572+7.2 345.8+2.0
dx 7.7+£3.1 62+13 9.5+22 13.8+4.4 6.6+2.7

3.1.3. Estimation of binding site polarity using Reichardt E1(30) scale

In our earlier published manuscript,’! emission energy of AG1478 fluorescence in hydrogen-donating and aprotic solvents
exhibited a good correlation with Reichardt transition energy Et(30) scale. It is well known that Reichardt model takes
into account both the solvent polarity and hydrogen bonding strength.5>-6* Therefore, we herein exploited our published
model to determine E1(30) of AG1478 binding site within APH(3")-Ia and MAPK 14 proteins. By extrapolating the best
fit model of AG1478 in aprotic solvents and using the maximum emission wavelength of AG1478-protein complex (Aexc=
350) at 25 °C, we obtained £1(30) of 52.8 and 34.8 kcal/mol for AG1478 bound to APH(3")-Ia and MAPK 14 respectively.
These values mean that colligative properties of AG1478 binding site in APH(3")-Ia and MAPK14 closely resembles N-
methylformamide and 1,4-dioxane respectively. However, we could not use AG1478-protic model to estimate E1(30) of
AG1478 in complex with the two proteins. This is because extrapolation of the fit line lies below the minimum value of
the extreme nonpolar solvent (trimethylsilane) E1(30)= 30.7 kcal/mol and the maximum value of the most polar solvent

(water) E1(30)= 63.1 kcal/mol.

Figure 6. Emission wavenumber of AG1478 in cm™! as a function of Reichardt transition energy Er(30) in kcal/mol of
AG1478 in two sets of solvents, aprotic and protic, adopted from °!. Extrapolation of fitted lines is done to calculate
E1(30) of AG1478-APH(3")-1a and AG1478-MAPK14 complexes. AG1478-APH(3")-1a and AG1478-MAPK14 emit at
430nm and 507nm respectively using Aexe= 350 at 25 °C. The figure is reproduced from 3!,
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3.2. Computational study-comparison with x-ray crystallography models

3.2.1. Average conformation of AG1478

The two lowest energy excitation maxima were calculated for the five entries of AG1478 coordinates downloaded from
PDB for AG1478 (PDB ID: 0TO) complexed with APH(3")-Ia (PDB ID: 4FEX). The topological difference between
AG1478 structures is due to the difference in torsional angle between quinazoline and aniline moiety. In spite of small
variations in dihedral angle, a significant difference in excitation maxima was calculated as indicated in Table 3. The
lowest energy excitation maximum was computed within 348-364 nm range while the second transition was calculated
at 335-350 nm. The experimental excitation spectrum maxima of AG1478-APH(3")-Ia complex was observed at 333nm
and 344nm. By comparing the excitation spectra maxima of our experiment and entry-4 structure, we noticed a good
agreement between our experimental results and the calculated excitation maxima for the obtained x-ray crystal structure
(entry-4). The observed lowest energy transition and the second transition in AG1478-APH(3")-Ia complex are shifted by

4nm and 2nm to the blue relative to entry-4.

We noticed that the entry-5 structure is substantially different from AG1478 x-ray structures regarding its geometrical
and electronic properties as indicated in Table 3. Despite the entry-5 structure represents the most energy minimized
structure (global minimum), it is far likely to be populated in AG1478-APH(3")-1a crystal. Only one major electronic
transition was calculated in 300-360 nm range which cannot account for the experimental spectrum. By examining the
oscillator strength and the main molecular orbital contribution to the electronic transitions within the four x-ray entries,
entry-4 showed distinct electronic characteristics. In contrary to all other entries, the oscillator strength of lowest energy
transition is lower than that of the higher energy transition. In addition the molecular orbital contribution to the two
electronic transitions are quite different in entry-4 from other entries, refer to Table 3. Calculations revealed that HOMO-
1—LUMO transition in entry-4 contributes to the first and second electronic excitations unlike in other entries. By taking
entry-1 energy as a reference, energy calculations showed that the entry-5 structure is the most energetically stable

structure while entry-2< entry-4< entry-3 are less stable than entry-1 in the same order.
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Table 3. Comparison of excitation maxima and torsional angle calculated for AG1478 structures retrieved from PDB
(four experimental entries + one calculated entry).®> Exp. (AG1478-APH(3")-Ia) denotes the observed excitation maxima
of AGI1478 bound to aminoglycoside phosphotransferase. e-transition (L) and (H) denote electronic transitions
encountered in the lowest and higher energy excitation maximum respectively. AE stands for change in molecular energy

relative to entry-1.

PDB entries Entry-1 Entry-2 Entry-3 Entry-4 Entry-5
Torsion angle -15.1 -13.5 -15.7 -10.1 32.8
Excit. max. (nm) 341/351 350/364 346/357 335/348 338
Osc. str. 0.1718/0.1894 0.1542/0.2048 0.1195/0.2529 0.2733/0.1214 0.3834
e-transition (L) H—L (61%) H—L (68%) H—L (74%) H-1-L (53%) H—L (89%)
H-2—L (26%) H-2—L (27%) H-2—L (17%) H-L (42%)
e-transition (H) H—-L (36%) H-2—L (62%) H-2—L (57%) H-L (54%)
H-2—-L (31%) H—-L (30%) H—L (23%) H-1-L (39%)
H-3—L (18%) H-4—L (13%)
AE (kcal/mol) 0.00 1.97 11.21 7.53 -28.62
Exp. (AG1478-  Excit. max. (nm) 333/344

APH(3))-Ia)

3.2.2. Heterogeneity of AG1478 conformations

We searched for anilinoquinazoline-based compounds deposited in PDB to scrutinize the coplanarity between quinazoline
core and aniline moiety in this family of active compounds. Compound name, protein name, and torsional angle between
quinazoline and aniline rings for every PDB entry structure are compiled in Supplementary Materials Table S1. Four out
of thirty-nine PDB entries showed a torsional angle less than 10° indicating that the planar conformation is not favoured
and that the twisted conformation is the conformationally favoured protein-bound structure for anilinoquinazoline class
kinase inhibitors. The four X-ray entries of AG1478 exhibited torsional angles in range of (-10.1°) — (-15.7°) revealing
existence of AG1478 in twisted conformations at ATP-binding pocket of APH(3")-Ia protein. The same finding was
obtained from our experimental excitation spectra (Fig. 2a and 2b). The structural heterogeneity of AG1478 may also

contribute to the observed REES i.e. if different conformers have distinct absorbance and emission spectra.

Occupancy and temperature (Debye-Waller) factors are essential parameters to evaluate X-ray crystals. Occupancy factor
has values ranging from 0 to 1, where values closest to 1 indicate a precise positioning of atom in the crystal. The
temperature factor is defined as the mean-square displacement of an atom from its position in the model. It is an isotropic
measure of static and dynamic disorder within the crystal. The static disorder is mainly due to different conformations of
the drug in different unit cells of the protein. While the dynamic disorder originates from the atomic vibrations and

translocations in the crystal. Lattice defects, restraints and model errors contribute also to calculation of temperature
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factor.60-68

Although the X-ray crystal resolution is 2.71A and data collection was performed at temperature of 100K, it
was noted that individual and average values of temperature factor are greater than 50A? (rmsd> 0.90A) indicating high
structural disorder (heterogeneity) of AG1478 atoms within protein-binding site, refer to Table 4. It is in agreement with
our experimental excitation spectra, since the structural flexibility of AG1478 atoms point out the existence of multiple

conformations of AG1478 in two proteins accounting for the change in relative intensity of 333nm and 344nm excitation

bands as a function of emission wavelength.

Table 4. Occupancy and temperature (B-factor) values in (A?) for non-hydrogen atoms of four copies of AG1478 (PDB:

0TO) obtained from its X-ray cocrystal with APH(3")-Ia (PDB: 4FEX).

Atom type Entry-1 Entry-2 Entry-3 Entry-4

Occupancy  B-factor Occupancy  B-factor Occupancy  B-factor Occupancy  B-factor

C 0.74 62.84 0.79 76.27 0.83 72.47 0.87 78.62
C 0.74 74.15 0.79 81.74 0.83 88.69 0.87 85.47
Cl 0.74 82.11 0.79 86.89 0.83 89.30 0.87 80.81
C 0.74 67.68 0.79 76.13 0.83 77.89 0.87 65.99
C 0.74 75.27 0.79 76.93 0.83 82.56 0.87 74.35
C 0.74 76.06 0.79 73.40 0.83 77.80 0.87 72.86
C 0.74 62.77 0.79 76.79 0.83 66.75 0.87 63.67
N 0.74 54.99 0.79 74.21 0.83 63.06 0.87 53.42
C 0.74 62.28 0.79 73.97 0.83 63.93 0.87 58.36
N 0.74 60.25 0.79 65.33 0.83 64.95 0.87 52.88
C 0.74 55.94 0.79 63.48 0.83 57.57 0.87 56.73
N 0.74 50.00 0.79 68.53 0.83 53.70 0.87 50.11
C 0.74 56.84 0.79 65.70 0.83 56.09 0.87 61.68
C 0.74 46.34 0.79 62.61 0.83 51.54 0.87 50.99
C 0.74 60.87 0.79 71.06 0.83 63.39 0.87 59.11
C 0.74 65.60 0.79 78.53 0.83 68.24 0.87 64.08
(0] 0.74 77.28 0.79 74.87 0.83 63.66 0.87 78.97
C 0.74 63.77 0.79 64.95 0.83 73.05 0.87 67.21
C 0.74 67.93 0.79 77.49 0.83 67.50 0.87 60.73
C 0.74 60.66 0.79 67.43 0.83 54.74 0.87 50.91
(0] 0.74 63.72 0.79 65.02 0.83 66.57 0.87 66.83
C 0.74 55.00 0.79 73.98 0.83 56.82 0.87 59.74
Average - 64 - 72 - 67 - 64
r.m.s. (A) --—- 0.91 -—- 0.96 --- 0.93 --—- 0.91

The 4-anilinoquinazoline compound (PDB-ID: MSQ) complexed with MAPK 14 (PDB-ID: 1DI9) showed occupancy
value of 1 for all of its atoms as depicted in Supplementary Materials Table S2. The average temperature factor value is
28A2 (rmsd 0.60A) indicating presence of MSQ, hence possibly for AG1478, in a more rigid (less disordered)

environment than with APH(3")-Ia (PDB-ID: 4FEX).
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3.2.3. Average polarity of the AG1478 binding site from X-ray data

Five structurally and functionally identical copies comprises the asymmetric unit of aminoglycoside phosphotransferase
APH(3")-Ia. These copies are named chain A, B, C, D and E. Four different copies of AG1478 were resolved from chain
A, C,D and E. A trivial change in amino acids sequence was noted at AG1478 binding site. The amino acid (aa) sequence
similarity relative to binding site within chain A is given in Table 5. Although the binding site within four chains are
highly conserved, a small change in binding site polarity, hydration and hydrophobicity might also be a contributing factor
for variations in the excitation maxima of four AG1478 entries if included in calculations. Since molecular dynamics
calculations are not within the scope of this manuscript, the interactions between AG1478 and protein are not discussed.
Hereafter, we shed the light on some isolated physicochemical properties of AG1478 binding pocket in various chains of

APH(3")-Ia and in MAPK 14 protein.

Table 5. Amino acid (aa) sequence of binding pocket within four chains of aminoglycoside phosphotransferase APH(3")-
Ia involved in interactions with the four entries of AG1478. Data in bold are for aa not found in chain A. Data are retrieved
from PDB.%

Parameter Chain A Chain C Chain D Chain E
V33 140 D31 E51
140 F53 140 F53
F53 K55 F53 K55
K55 E68 K55 E68
E68 L72 E68 L72
L72 P82 L96 P82
P82 T98 T98 T98
T98 T99 T99 T99
T99 A100 A100 A100
A100 1101 1101 1101
1101 G103 P102 P102
G103 K104 G103 G103
K104 T105 K104 K104
T105 Q108 T105 T105
D202 D202 Q108 Q108
1205 1205 1205 D202
1215 1215 1215 1205
D216 D216 D216 1215
-—-- - -—-- D216
Sequence similarity 100% 899, 78% 89%
No. of polar aa 8 9 9 10
No. of non-polar aa 10 9 9 9
No. of waters 1 (flexible) 0 0 1 (restricted)
Hydrophobicity®
(Kcal/mol) -0.26 -0.29 -0.29 -0.42
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The binding site in chain A contains 10 non-polar aa and 8 polar aa. While chain E is marked with the highest distribution
of polar (10) aa relative to 8 non-polar aa. Chain C and D have equal distribution of polar and nonpolar aa. AG1478-
binding site in chain A and E comprises one molecule of confined water. Water molecules was resolved at vicinity of
methoxy groups and chlorine atom in chain A and E respectively. Hydrophobicity scale developed by Wimley et al was
utilized to calculate hydrophobicity of AG1478 binding site. The hydrophobicity parameter (free energy of partitioning
of aa) ranges from (1.85) for the most hydrophobic tryptophan to (-2.02) for the most hydrophilic glutamic acid.®® The
midpoint of the scale is at (-0.085). The average hydrophobicity of binding site aa in chain E has a value of (-0.42) which
is lower in magnitude than in chain A (-0.26), chain C (-0.29) and chain D (-0.29) indicating that AG1478-binding site in
chain E is significantly more hydrophilic than in other chains. The average hydrophobicity of AG1478-binding site in
chain E was found identical to asparagine (-0.42). Whereas the average hydrophobicity of binding sites in chains A, C
and D is intermediate between alanine (-0.17) and asparagine (-0.42). The polarity deduced from the analysis of the side
chains proximal to AG1478 agrees well with our experimentally measured polarity from the AG1478 fluorescence
spectrum. The emission maximum of AG1478 in the protein complex was similar to that observed for AG1478 in DMF

and N-methylformamide.

X-ray crystallographic data of AG1478 with MAPK 14 is not deposited in PDB. Fortunately, we found a structurally
similar compound (PDB ID: MSQ), where the chlorine atom of AG1478 is replaced with methylsulfanyl group, deposited
in PDB. Structural analysis of inhibitor-binding site revealed that MAPK 14 (PDB ID: 1DI9) binding site is significantly
less polar than APH(3")-Ia inhibitor-binding site. The ratio of nonpolar to polar amino acids at inhibitor-binding site is
12:5 respectively as depicted in Table 6. The binding site within MAPK 14 is more hydrated than in APH(3")-Ia. Two
confined water molecules were resolved at the vicinity of N(3) and 4-anilino substituent of MSQ. The hydrophobicity
scale confirmed that inhibitor-binding site in the single chain crystal of MAPK 14 is more hydrophobic (-0.18) than in all
chains of APH(3")-Ia. The average hydrophobicity of binding pocket is closely similar to alanine hydrophobicity (-0.17).
This agrees also well with our results where the polarity of AG1478-MAPK 14 complex was estimated lower than the

polarity of AG1478-APH(3")-1a.
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Table 6. Amino acid (aa) sequence of binding pocket of structurally and functionally similar compound to AG1478 (PDB-
ID: MSQ) in MAPK 14 protein. Data are adopted from protein data bank website.®

4-[3-Methylsulfanylanilino]-6,7-Dimethoxyquinazoline (MSQ)

Parameter MAPK14
V30
G31
V38
AS51
V52
K53
E71
L75
184
L104

V105
T106
H107
L108
M109
L167
D168

No. of polar aa 5
No. of non-polar aa 12
No. of waters o)

Hydrophobicity® 018
(kcal/mol) )

3.2.4. Disorder of AG1478-binding site from X-ray structure

It is noteworthy that the majority of aa atoms at AG1478 binding site in APH(3")-Ia and MAPK 14 are assigned occupancy
value of 1. This means the crystal backbone is precisely fortified, whereas the inhibitor (AG1478) atoms are disordered
(occupancy factor 0.87-0.74) in APH(3")-1a (Table 4). In MAPK 14, the inhibitor (MSQ) occupancy factor was equal to

1 indicating precise positioning and restricted movement of inhibitor within a well-defined binding pocket (Table S2).
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We examined the B-factor values, deposited in PDB, of aa comprising AG1478 binding site in APH(3")-Ia and MSQ in
MAPK 14. The average value of B-factor in APH(3")-la is 52A2 (rmsd> 0.84A) indicating a significant structural disorder
(heterogeneity) of AG1478-binding site in APH(3")-Ia. This structural disorder in AG1478- binding site could be a factor
that contributes to the observed REES. The average value of B-factor for binding pocket in MAPK 14 is estimated at 18A>
(rmsd> 0.47A). This value implies slighter structural disorder within binding site which might account for the lesser

magnitude of REES with AG1478-MAPK14.

We found that aa in APH(3")-Ia have higher B-factor values than in MAPK 14 as can be seen in Fig. 7, however the crystal
data were collected at the same temperature (100K) and the resolution was nearly equal (2.71A for AG1478-APH(3")-1a
and 2.60A for AG1478-MAPK14). This indicates that the environment around AG1478 in APH(3)-Ia is more
conformationally disordered than for MSQ in MAPK14. While in case of MAPK14, atoms vibrational movement are
more constrained. Referring to our experimental results, this can account for the higher REES magnitude in AG1478-
APH(3")-Ia complex than in AG1478-MAPK14 complex. Because when the medium surrounding AG1478 is more
disordered, it somehow reflects increase in environment dynamics which in turn affects emission process (REES and
fluorescence quenching). Overall, binding site polarity and disorder (occupancy factor and B-factor) are both responsible

for the red shifted emission with AG1478-APH(3")-1a than in MSQ-MAPK 14.

18



Figure 7. Color map of temperature (B-factor) factor of amino acid residues in AG1478-binding site in APH(3")-1a (upper
panel) and MSQ-binding site in MAPK 14 (lower panel).

AG1478-binding site
Av. B-factor (52A2)
r.m.s. (0.844)

MSQ-binding site
Av. B-factor (18A2)
r.m.s. (0.474)

4. Discussion

The conformational states of AG1478, and the environment (structural plasticity and polarity) of the AG1478 protein
binding site in two enzymes, APH(3")-Ia and MAPK 14, were examined using fluorescence spectroscopy techniques. We
compared our fluorescence data with AG1478 conformers proposed in the literature using quantum chemical calculations.
We also performed detailed analysis of X-ray data obtained from PDB to unravel polarity, hydrophobicity, and disorder

of amino acids constituting the inhibitor binding site of APH(3")-la and MAPK14. Our analyses on PDB data can be
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taken as approximations for studying AG1478 conformations and environment in MAPK 14 and should be exercised with

caution. This is because we used the AG1478 derivative (MSQ) and its binding site on MAPK 14 instead of AG1478.

The conformational states of AG1478 were deduced from the fluorescence excitation spectrum of the AG1478 in complex
with each protein. In accordance with our prior work, an absorbance near 330nm is associated with a planar form of
AG1478 while the presence of an additional band near 340nm is evidence for a twisted conformation of AG1478. In the
APH(3")-Ia-AG1478 complex both transitions were present, which is evidence for some degree of twisting in the AG1478
structure. Comparison of AG148 five conformers from the literature X-ray crystal structures of the APH(3")-1a-AG1478
complex revealed that the excitation spectrum from td-DFT calculations was very sensitive to AG1478 conformation, as
expected. However, we found that one conformer, with a torsional angle of -10.1 degrees gave a better agreement with
the observed wavelength positions of the experimental transitions, than the other conformers (with torsional angles of -
14, -15, -16 and +33 degrees). Conformational heterogeneity was observed experimentally in the APH(3")-1a-AG1478
through an emission wavelength-dependent excitation spectrum. Both transitions at 330nm and 340nm persisted as a
function of emission wavelength, but their relative amplitudes differed markedly with monitoring emission wavelength.
This is evidence that there are multiple conformations of AG1478 in the APH(3")-Ia-AG1478 complex in solution

probably contributed by mixtures of planar and twisted (or slightly twisted) AG1478 structures.

The corresponding fluorescence excitation spectrum of AG1478-MAPK14 complex differed from the APH(3")-Ia-
AG1478 complex which is an indication for a different conformation or conformational distribution of AG1478 in the
AGI1478-MAPK14 complex. Based on the relatively larger 330nm band amplitude compared to the 340nm band
amplitude in the excitation spectrum, we reasoned that the AG1478 conformation is more biased towards the planar
conformation in the AG1478-MAPK 14 complex. Moreover, the heterogeneity of conformations were less than in the
APH(3")-Ia-AG1478 complex as deduced from the fluorescence excitation spectrum as a function of emission
wavelength. Examination of the X-ray B-factors for an AG1478 derivative in complex with MAPK 14, showed that the
AG1478 derivative was fairly rigid in the binding site, while the corresponding B-factors for AG1478 in the APH(3")-Ia-
AG1478 indicated more conformational disorder. These results suggest that AG1478 can adopt different conformational

distributions depending on the target enzyme.

The environment provided by the protein at the AG1478 binding pocket was assessed by several spectroscopic parameters.

Polarity was inferred from the wavelength of the emission peak, while a distribution of solvent environments around the
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AG1478 (protein conformations, water) was deduced from red-edge excitation shift experiments. The emission from
APH(3")-Ia-AG1478 indicated a moderately polar environment surrounding AG1478, consistent with an analysis of the
amino acid side chains comprising the binding site in the APH(3")-1a-AG1478 complex. The APH(3")-1a-AG1478
complex showed a significant REES of 34-39 nm indicating a distribution of micro-environments around the AG1478 in
the protein complex suggestive of multiple conformational states of the protein. This conclusion is supported by the large
B-factors in the X-ray crystal structure of the APH(3")-Ia-AG1478 complex. In contrast for AG1478-MAPK14, the
emission was more indicative of a less polar environment around the AG1478, in good qualitative agreement with an
analysis of the amino acid side chains comprising the binding site in a AG1478-derivative in complex with MAPK14.
Moreover, the REES observed in the AG1478-MAPK14 was markedly less (11-14 nm) than for AG1478- APH(3")-la
perhaps indicating a lower degree of heterogeneity of binding site environments (protein conformational states). This
latter conclusion is consistent with the smaller B-factors in the X-ray crystal structure of the AG1478 derivative-MAPK 14

complex.

It is important to note that for both AG1478-protein complexes, the REES values were largely independent of temperature
over the temperature range examined. In analogy with Demchenko’s analysis of tryptophan-containing proteins,’®”! this
suggests that solvent relaxation (i.e. protein) around the AG1478 is restricted somewhat on the fluorescence timescale of
nanoseconds. This is in agreement with other reports of conformational plasticity of kinases. The combined millisecond
molecular dynamics with Markov state models revealed conformational plasticity of the apo kinase domain of Bruton
tyrosine kinase (BTK).” Simulations predicted several conformations for Imatinib (a tyrosine kinase inhibitor) binding
site on Abelson tyrosine kinase (Abl). It was found that kinase domain (ATP binding site) plasticity modulates various
landscapes available for binding with ligands. Based on free energy surface calculations, four main populations of the
kinase were inferred along with other intermediate states pertaining conformational plasticity to the kinase.”? The diversity
in conformational states of kinase domain was earlier reported for many tyrosine kinases such as MAPK 1473, ERK?2,"3
Aurora kinase A7 and protein kinase A.”> Taken together, these results indicate that the free energy landscape of solvated
kinase domain is diffuse (rugged) which agrees well with our REES observations for AG1478 in APH(3")-Ia and

MAPK14.
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Conclusions

Our experimental results are consistent with computations and literature demonstrating reasonable reliability and accuracy
of using UV-Vis spectroscopy in probing fluorophore environment. The interplay between our applied methodologies
(UV-Vis spectroscopy and quantum chemical calculations) introduced a new tool to monitor the spatial and electronic

scenes for important class of anticancer drugs in the free and bound forms to target protein.

Plasticity of structural elements of ATP-binding site is critical for determining inhibitor conformation and binding mode.
The binding interaction of AG1478 with either APH(3")-Ia or MAPK14 can result in a discrete change in AG1478
conformation on a rugged matrix of protein backbone. Our UV-Vis spectra reveal that the interactions between AG1478
and APH(3")-Ia protein are different from the interactions between AG1478 and MAPK 14 protein. The former indicates
that AG1478 exists in two distinguishable and competitive conformations at APH(3")-Ia binding pocket. The presence of
the conformers of AG1478 shows dependence on the emission wavelength. While in MAPK 14 binding site, the AG1478
ligand may experience distortion with more than one conformers which are not very different from the most stable
structures, and they are not very much emission wavelength dependent. The results suggest that AG1478 binds to ATP-
binding site where conformational selection is protein-dependent. Polarity and hydrophobicity of amino acids at vicinity
of AG1478 play significant role in determining AG1478 structure. To this end, our results along with extensive analyses

of PDB data pave the way for studying the molecular dynamics of AG1478 binding to ATP pocket.
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Table S1. Ligand and protein names along with the corresponding PDB-ID and torsion angles between quinazoline
moiety and aniline group of the reported 4-anilinoquinazoline based tyrosine kinase inhibitors retrieved from protein data
bank.® Terms between brackets indicate mutation within protein sequence. The red highlights within 2D structure denotes
measured torsional angle. R

HN@
R1ﬁ§N

I
R. N/)

2

3

Torsion angle

Compound PDB- Protein PDB- Entry- Entry- Entry- Entry- Entry- Entry-
1D ID
1 2 3 4 5 6
Afatinib OWN  EGFR (T790M) 4G5P 12.3 1.9
0OWM EGFR 4G5J
AG1478 0TO  APH(3)-la 4FEX -15.1 -13.5 -15.7 -10.1
Dacomitinib 1C9 EGFR 4123 28.5 27.2 44.0
EGFR (T790M) 4124
Erlotinib AQ4 EGFR 1M17 41.2 39.5 41.6
EGFR (V924R) 4HJO
Gefitinib IRE EGFR (T790M, L858R, V948R) 4122 52.9 49.1 35.5 353 45.7 55.2
EGFR 4WKQ
EGFR (G719S, T790M) 3UG2
EGFR (T790M, L858R, V948R) 4117
EGEFR (G719S) 2ITO
EGFR 2ITY
EGFR (L858R) 2ITZ
Lapatinib FMM ErbB-4 3BBT 68.1 67.1 553
EGFR 1XKK
PD168393 DJK  EGFR (L858R) 4L.QM 34.6 30.8 32.8 324 -0.5 -0.7
EGFR (S345C) 2HWP
EGFR (T338M, S345C) 3LOK
YUN EGFR 4LRM
EGFR (T790M, L858R) 4LL0
Sarcatinib H8H  Mytl 5VCX 524 50.4 66.3 52.3
Mytl 5VD3
MST3 4QMX
SRC1 2H8H
Vandetanib ZD6 RET 2IVU 61.1
WHI-P180 DTQ TTBKI1 4BTK 36.0 -34.4 42.5 0.5
RET SAMN
CDPK1 INYV
a MSQ P38-a 1DI9 57.4
b PFE FBP (E20Q, S96T, D199N) 1KZ8 323 37.0
c 6U7 KSR2 5KKR 92.3
d ONS5 GImU 4E1K -50.7

 4-[3-Methylsulfanylanilino]-6,7-Dimethoxyquinazoline
b [4-[3-[(6,7-diethoxyquinazolin-4-yl)amino]phenyl]-1,3-thiazol-2-ylJmethanol

¢ 6,7-dimethoxy-N-(2-methyl-4-phenoxy-phenyl)quinazolin-4-amine
4 N-[4-[(6-methoxy-7-oxidanyl-quinazolin-4-yl)amino]phenyl]benzamide
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Table S2. Occupancy and temperature (B-factor) values for non-hydrogen atoms of PDB-ID: MSQ obtained from its X-
ray cocrystal (PDB: 1DI9). Occupancy value ranges from 0—1 and indicates the amount of each conformation observed
in the crystal. Given a value of 1 means that the atom is found in all of the molecules in the same place in the crystal,
while lower values denotes uncertainty for atom position. B-factor is indicative for atomic motion and smearing of
electron density. Values under 10 indicates sharp positioning of the atom in all molecules in the crystal while values
greater than 50 indicates the dynamic movement of the atoms.

Atom type Occupancy  B-factor

23.98
26.59
27.52
28.34
27.62
25.72
29.70
30.67
30.34
29.33
25.53
24.30
2491
25.78
25.23
25.74
2498
30.22
27.37
32.32
31.38
31.89
30.60
Average 28

r.m.s. (A) 0.60

aZ

oleNoleNol NoloNoNoNoNol doNoNoNoNoNoRo -
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Figure S1. Emission spectra of AG1478-APH3I" complex collected at different temperatures a) 10° C, b) 15° C, ¢) 20°

C, d) 25°C, e) 30° C, and f) 37° C using excitation wavelengths between 315-360 nm.
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25°C

Figure S2. Normalized fluorescence spectra (upper panel) and excitation spectra (lower panel) of AG1478 bound to

MAPK14 in Tris buffer solution at 25 °C, 30 °C and 37 °C.
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Chapter VII

Solvatochromism and Conformational
Analysis of SKF86002

Another important ligand in the TKIs class is SKF86002 (PTC299). It exhibits anti-
inflammatory and protein kinase inhibitory activity. Its hydrogenated imidazo-thiazole
pharmacophore besides the fluorophenyl and pyridine rings play important role in binding
to target proteins. Solvatochromism studies revealed that SKF86002 absorption and
fluorescence are sensitive to solvent media. As a result, SKF86002 can be used as a self-
reporter of its own environment. The fluorophenyl and pyridine moieties are connected
to the chromophore through single bonds. Hence potential energy surface scan is required
to identify the most stable conformers of SKF86002. The simulated UV-Vis spectrum of
the two calculated structures were compared together with one structure from protein data
bank and another from pubchem. Computations revealed that SKF86002 ground and
excited states are conformation-dependent. Therefore, studying the electronic and
geometrical properties of SKF86002 gave insights into predicting the anisotropic and
topological changes occurring at SKF86002-binding pocket.

The experimental part was done by Muhammad while mentoring Madeline on her project.
All theoretical calculations were performed by Madeline and included in her honours
thesis. I greatly acknowledge her contribution to the work done on SKF86002. This

chapter is presented in the form of two published papers,
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We studied the spectroscopic characteristics of SKF86002, an anti-inflammatory and tyrosine kinase inhibitor
drug candidate. Two conformers SKF86002A and SKF86002B are separated by energy barriers of
19.68 kJ-mol~" and 6.65 k]-mol~! due to H-bonds, and produce the three major UV-Vis absorption bands at
325 nm, 260 nm and 210 nm in cyclohexane solutions. This environment-sensitive fluorophore exhibited emis-
sion in the 400-500 nm range with a marked response to changes in environment polarity. By using twenty-two
solvents for the solvatochromism study, it was noticed that solvent polarity, represented by dielectric constant,

ng‘f;fggﬁmmism was well correlated with the emission wavelength maxima of SKF86002. Thus, the SKF86002 fluorescence
Photophysics peak red shifted in aprotic solvents from 397.5 nm in cyclohexane to 436 nm in DMSO. While the emission max-
UV-Vis spectroscopy imum in hydrogen donating solvents ranged from 420 nm in t-butanol to 446 nm in N-methylformamide.
SKF86002 Employing Lippert-Mataga, Bakhshiev and Kawski models, we found that one linear correlation provided a sat-

Kinase inhibitor
Anti-inflammatory drug

isfactory description of polarity effect of 18 solvents on the spectral changes of SKF86002 with R? values 0.78,
0.80 and 0.80, respectively. Additionally, the multicomponent linear regression analysis of Kamlet-Taft (R* =
0.94) revealed that solvent acidity, basicity and polarity accounted for 31%, 24% and 45% of solvent effects on
SKF86002 emission, respectively. While Catalan correlation (R*> = 0.92) revealed that solvatochromic change
of SKF86002 emission was attributed to changes in solvent dipolarity (71%), solvent polarity (12%), solvent acid-
ity (11%) and solvent basicity (6%). Plot of Reichardt transition energies and emission energies of SKF86002 in 18
solvents showed also a linear correlation with R* = 0.90. The dipole moment difference between excited and
ground state was calculated to be 3.4-3.5 debye.

© 2016 Published by Elsevier B.V.

1. Introduction

SKF86002, given a IUPAC name 6-(4-fluorophenyl)-2,3-dihydro-5-
(4-pyridinyl)-imidazo[2,1-b]thiazole, is a low molecular weight hetero-
cycle. It was first synthesized by Bender et al., and was tested for its anti-
inflammatory activity [1,2]. Later, it was identified as p38c inhibitor [3].
Pargellis et al., demonstrated that SKF86002 can act as a fluorescent
marker upon binding to the ATP active pocket of p38a [4]. It was re-
vealed that not only is SKF86022 able to bind to the mitogen-activated
protein kinase (p38a), but also to other kinases viz. Pim1, ASK1, HCK
and AMPH [5]. Hence, SKF86002 is a small kinase inhibitor, able to act
as a self-fluorescent reporter and/or probe for candidate ATP-competi-
tive inhibitors [5].

Photophysical studies have recently received much attention,
since the spectral parameters are very sensitive to the change in

* Corresponding authors.
E-mail addresses: mkhattab@swin.edu.au (M. Khattab), fwang@swin.edu.au
(F. Wang), aclayton@swin.edu.au (A.H.A. Clayton).

http://dx.doi.org/10.1016/j.saa.2016.07.027
1386-1425/© 2016 Published by Elsevier B.V.

microenvironment [6]. Therefore, different models have been progres-
sively developed for analyzing the photophysical properties of fluores-
cent compounds. Lippert-Mataga (L-M) [7,8], Bakhshiev [9], and Bilot-
Kawski [10,11] (often called Kawski-Chamma-Viallet) [12,13] models
are commonly applied to investigate solvent effects on the spectral
characteristics of dye molecule and to estimate the change in dipole mo-
ment between the ground and excited state [14]. They are easily
employed, however cannot account for stabilization of dyes based on
hydrogen bonding [15,16]. However, it was later discovered that if apro-
tic and protic solvents were plotted separately using Kawski model,
then dipole moment differences for H-bond and non-H-bond environ-
ments could be evaluated [17,18] This has opened the door for studying
compounds capable of strong H-bond formation [19].

Models which can separately evaluate different modes of solute-sol-
vent interactions have also been developed. By using Kamlet-Taft and
Catalan models, one can qualitatively and quantitatively investigate
the specific (H-bond) and non-specific (due to change in dipolarity
and polarizability) interactions [20]. Since SKF86002 is an ATP compet-
itive inhibitor, investigating the mechanism of its binding to target pro-
tein relies on understanding of its physicochemical characteristics. This
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would be beneficial for optimizing the drug efficacy and minimizing
side effects for newly developed drugs.

To the best of our knowledge, there are no detailed UV-Vis spectro-
scopic studies on SKF86002 (Fig. 1). The reported studies showed that
SKF86002 exhibits fluorescence which was greatly enhanced upon
binding to the target protein [21]. Therefore, we present an intensive
spectral study on SKF86002 in solvents with varying polarity and hydro-
gen bond strength.

2. Experimental and computational
2.1. Materials

All solvents were of spectroscopic or HPLC grade. They were selected
to cover a broad range of solvent polarity and hydrogen bond strength.
Cyclohexane (CH), dichloromethane (DCM), ethanol (EtOH), 2-
propanol (iPrOH), and dimethyl sulfoxide (DMSO) were purchased
from Sigma-Aldrich Pty Ltd. Methanol (MeOH), t-butanol (t-But), ethyl-
ene glycol (EG), allyl alcohol (allyl), N-methylformamide (NMF), tolu-
ene (Tol), xylene (Xyl), pyridine (Pyd), acetonitrile (ACN), N,N-
dimethylformamide (DMF), 1,4-dioxane (Diox), tetrahydrofuran
(THF), ethylacetate (EtAc), 1,2-dichloroethane (DCE), acetone (Act),
and chloroform (CHCl3) were obtained from Thermo Fisher Scientific
Inc. Water used was double-distilled deionized water. SKF86002 was
purchased from Sapphire Bioscience Pty Ltd. Quartz cuvettes with a
path length of 1 cm were purchased from Starna Pty Ltd.

2.2. Methods

All solutions of SKF86002 were prepared and left overnight for equil-
ibration. A matched pair of quartz cuvette was loaded with a 3 uM of
SKF86002 for absorbance measurement. For excitation and emission
measurements, 0.3 pM solutions of SKF86002 were used. The absorption
measurements were conducted at room temperature using a Perkin-
Elmer LAMBDA 1050 UV/Vis/NIR spectrophotometer. While the excita-
tion and emission experiments were done on a Perkin Elmer LS55

Fluorescence Spectrometer at room temperature as well. Blank samples
devoid of SKF86002 were used for background absorbance, scatter and
fluorescence corrections.

2.3. Computational details

Density functional theory (DFT) based Becke three-parameters Lee-
Yang-Parr hybrid functional (B3LYP) [25] in combination with B3LYP/6-
31 + G(d) basis set was employed in the calculations. The geometry of
SKF86002 was originally optimized using B3LYP/6-31G(d) model and
reoptimized using the B3LYP/6-31 + G(d) model (B3LYP/6-31G(d)//
B3LYP/6-31 + G(d)). The UV-Vis spectrum in cyclohexane solution
was calculated using time dependent density functional theory (TD-
DFT) and conductor-like polarizable continuum model (CPCM) [26]. Ab-
sorption UV-Vis spectrum in methanol were calculated for the lowest
30 excited states of singlet-singlet transitions. All calculations per-
formed using Gaussian 09 computational chemistry package [27] on
Swinburne University Supercomputing Facility.

3. Results and discussion

3.1. The UV-Vis absorption spectrum in cyclohexane solution and the role of
hydrogen bond

The measured absorption spectrum of SKF86002 is composed of
three absorption bands. The wavelengths of absorption maxima are
listed in Table 1. Using a 3 uM solution of SKF86002 in cyclohexane,
we could reveal only two absorption peaks at 253.5 nm and 216.5 nm,
as shown in Fig. 2 (solid black spectrum). These two maxima have a
high optical density in all studied solvents ranging from 0.5 to 3.2, how-
ever we observed a small band around 320 nm (OD < 0.1). Therefore, we
used a higher concentration of SKF86002 which helped to resolve it into
a distinct absorption peak, refer to the inset of Fig. 2. Generally,
SKF86002 absorption maxima in different solvents can be shown, with
an order of increasing optical density, at approximately N; = 325 nm,
N2 = 260 nm and N3 = 210 nm.

\

/N
NE~

S

Two-dimensional (2D) chemical Structure

Optimized 3D structure of SKF86002 isomer A.

Optimized 3D structure of SKF86002 isomer B.

Fig. 1. Chemical structure of SKF86002 (2D) and quantum mechanically optimized isoenergy isomers (A) and (B) of SKF86002 in three-dimensional (3D) space in cyclohexane solution
(pale blue shows the positions of the possible H-bond). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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Table 1

Absorbance and emission wavelength maxima (at excitation wavelength = 350 nm) of
SKF86002 in studied solvents and stokes shift in both wavelength (nm) and wavenumber
(cm™1') units. Solvents are listed in order of increasing dielectric constants.

Solvent Absorbance Emission Stokes shift

Aab Nem AUC AN Av

(nm) (em™1)

Aprotic
CH 328 3975 10,280 69.5 5331
Diox 3285 412 68,534 83.5 6170
Tol 3335 412 54,265 78.5 5713
Xyl 332 4115 63,687 79.5 5819
CHCl3 329 4135 38,258 84.5 6211
EtAc 319 414 36,221 95 7193
THF 3285 414 67,220 85.5 6287
DCM 326 415 56,195 89 6578
Pyd - 434 60,312 - -
Act - 418 67,423 - -
ACN 319 420 33,291 101 7538
DMF 326.5 426 61,082 99.5 7154
DMSO 329 436 56,396 107 7459
Protic
t-But 329.5 420 90,372 90.5 6539
Allyl 327.5 438.5 299 111 7729
iPrOH 328 436 36,217 108 7552
EtOH 325 438 1117 113 7938
MeOH 3225 439 322 116.5 8229
EG 330 440.5 96 110.5 7602
Water 322 415 78 93 6960
NMF 325.5 446 11,009 120.5 8300

The structure of SKF86002 as shown in Fig. 1 consists of a
fluorophenyl ring, a pyridinyl ring and a imidazo[2,1-b]thiazole ring
which are connected by two C—C bonds as C(7)—C(11) and
C(10)—C(12). Rotation of these C—C bonds will produce local minima
conformers, SKF86002A and SKF86002B. Among all the atoms in the
conformers, N(4) in both conformers exhibit the most negative atomic
charge of —0.534e for SKF86002A and — 0.536e for SKF86002B (Mulli-
ken) and form strong hydrogen bond with the hydrogen in the
fluorophenyl ring. The H-bond distance of C(16)—H(29)---N(4) is
2.643 A for SKF86002A whereas the H-bond distance of
C(15)—H(28)--N(4) is 2.633 A for SKF86002B, as marked on the struc-
tures in Fig. 1. Rotation of the C(7)—C(11) bond connecting the pyridyl
ring with the imidazo[2,1-b]thiazole ring involves the formation and
breaking of a hydrogen bond and therefore, producing an energy barrier
of approximately 19.68 k]-mol ™~ 1. The conformers can also be produced
through rotation of the C(10)—C(12) bond connection of the pyridinyl

Absorbannce (arbt. unit)

0.0

.0 v T -
200 250 300 350 400

Wavelength (nm)

Fig. 2. Representative of the measured absorption spectrum of 3 pM solution of SKF86002

in cyclohexane; inset shows the absorption maximum in the 290-400 nm region using

higher concentrated solution of the compound.

ring and the imidazo[2,1-b]thiazole thiazole ring, but with a lot lower
energy barrier of approximately 6.56 kJ-mol~! using the same model
in the calculations. The spectral band positions are calculated at \; =
345 nm, N, = 255 nm and N3 = 225 nm for SKF86002A and \; =
344 nm, N\, = 255 nm and \3 = 228 nm for SKF86002B. All the absorp-
tion transitions N1, A\ and A3 are dominated by frontier orbitals with \;
is purely due to the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) of the compound.

3.2. Solvent effect on absorption and fluorescence spectra

In solvents of differing polarities, the low energy absorption band
varied from 322 to 333.5 nm (shift of 1071 cm™!), while the higher en-
ergy absorption peak varied from 253.5-263.5 nm (shift of 1497 cm™ ).
The shortest wavelength absorption band can only be shown in cyclo-
hexane, 2-propanol and water, due to the higher UV cut-off of other sol-
vents, where the absorption maxima were recorded at 216.5 nm,
216 nm and 201 nm, respectively.

Emission spectra of SKF86002 measured at excitation wavelength of
350 nm are shown in Fig. 3. The emission maximum recorded in the
non-polar cyclohexane was at 397.5 nm, while it was at 446 nm in N-
methylformamide, the most polar of studied solvents. Therefore, a
total solvatochromic shift of a magnitude of 2736 cm™~! discloses the
environmental impact on SKF86002 fluorescence. Also, it was noticed
that the bathochromic shift of fluorescence maxima increases with the
increase in the solvent dielectric constant. This was observed in both
aprotic and protic solvents except with pyridine (aprotic) and water
(protic) solvents, as compiled in Table 1. The heteroaromatic nature of
pyridine may contribute to additional specific interactions with
SKF86002 and the dual H-donating and accepting behaviour of water
molecule may contribute to two opposite solvatochromic effects.

In aprotic solvents, the solvatochromic shift of emission peak was es-
timated 2221 cm™ ', from 397.5 nm in cyclohexane to 436 nm in DMSO.
While the emission maxima in hydrogen donating solvents were re-
corded between 420 nm and 446 nm, giving rise to a solvatochromic
shift of 1388 cm™ . Moreover, SKF86002 fluorescence was observed
highly quenched in protic solvents relative to aprotic solvents as indi-
cated by area under the curve (AUC) of fluorescence spectra. Enhance-
ment of non-radiative decay due to solute-solvent specific (H-bond)
interactions could be a contributing factor for fluorescence quenching
of SKF86002.

The Stokes shift was calculated for SKF86002 solutions exhibiting
absorption peak in the range of 319-333.5 nm. Values for the Stokes
shift ranged from 69.5-120 nm, that is, from 5331 to 8300 cm ™! on
the wavenumber energy scale. This magnitude of Stokes shift was indic-
ative of a significant change in the electronic configuration of the excit-
ed state relative to the ground state. In the next section, we evaluate the
solvatochromic change in Stokes shift of SKF86002 using the three com-
monly used solvatochromism models.

3.3. Solvatochromism models

To gain insight into the solvatochromism of SKF86002, the spectral
parameters were plotted against Lippert-Mataga (L-M), Bakhshiev and
Bilot-Kawski solvent polarity functions. To begin with L-M method,
the solvent polarity function is given by:

e—1 n?—1

Fl(g’n):2£+1_2n2+1

(1

where ¢ is the solvent dielectric constant and n is the solvent refractive
index. A linear solvent energy relationship was obtained between the
solvent polarity function F; (& n) and the Stokes shift (v) as illustrated
in Fig. 4. Linear correlations were established for 11 aprotic solvents and
7 protic solvents with coefficient of determination (R?) values of 0.82
and 0.68, respectively. When we did not plot the aprotic and protic
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Fig. 3. Emission spectra (a) and its normalized set (b) of 0.3 uM solution of SKF86002 obtained in 13 aprotic solvents using excitation wavelength 350 nm.

lines separately, we obtained a single linear correlation for all 18 sol-
vents with R?> = 0.78, as shown in Fig. 4.

By employing Bakhshiev model (Eq. 2), we also obtained linear cor-
relations for both aprotic and protic solvents, as illustrated in Fig. 5. Sur-
prisingly, the hydrogen-donating solvents showed a better correlation
between Stokes shift (V) and Bakhshiev polarity function F; (g, n)
than with aprotic solvents. The R? values in the case of aprotic solvents
and protic solvents corresponded to 0.82 and 0.93, respectively. Inter-
estingly, combined solvents data points showed a good correlation
with a value (R? = 0.8) slightly lower than the individual values, but
higher than that obtained by applying L-M model, as indicated in Fig.
5. These results showed that solvent polarity function developed by
Bakhshiev model correlates better with the change in stokes shift of
SKF86002, regardless whether solvents were protic or aprotic. This indi-
cates that inclusion of solute-solvent interactions in the Bakhshiev
model that are not present in the L-M model appear to be warranted.

Fy(g,n) =

2’ +1 [e—1
n2 42

”2_1) @)

€+2 n242

The more complicated solvent model of Bilot-Kawski (Eq. 3), which
describes solvent polarizability by two separate functions, was also ex-
plored. By plotting Stokes shift versus Ag function, we obtained linear
correlations for both aprotic and protic solvents similar to Bakhshiev
correlation, refer to Fig. 6. We also obtained a linear correlation for all
solvents with R? = 0.8, slightly smaller than the separated solvents cor-
relations. However, the linear plot of (v, + Vem) against (Ag + 2Ah)
function showed very weak correlations for the separated and

combined solvent sets, as shown in Fig. 6.

3(n*—1)

F3(e,n) = Ag +2Ah =
3( ) g <n2+2)2

2n% +1 <s—l 3)

_n*—1
n2+2) \e+2 n?2+2

The lack of improvement when comparing Bilot-Kawski to Kawski
indicates that in the context of the dielectric continuum model, inclu-
sion of two solvent polarizability functions does not seem to be
warranted.

Plot of emission energies of SKF86002 and Reichardt-Dimorth tran-
sition energies exhibited linear correlations for aprotic and protic sol-
vents which were almost on the same line. By plotting the 18 solvents
together, we obtained a good linear correlation with R? = 0.90, as pre-
sented in Fig. 7. The quality of the linear regression for this solvent pa-
rameter set is significantly higher than for the models that employ a
dielectric continuum model for the solvent-solute interactions. This
suggests that contributions of specific solvent-solute interactions, such
as H-bond interactions are required to account for the changes in fluo-
rescence from SKF86002. In the next section we obtained estimates of
the relative contributions of H-bonding versus polarity/polarizability
to the solvatochromism of SKF86002.

3.4. Multicomponent linear regression analysis

To account for hydrogen bonding and solvent polarity effects on
photophysics of SKF86002, we applied multiple linear regression
(MLR) analysis using Kamlet-Taft model. In this model, a spectral pa-
rameter can be evaluated in terms of solvent Lewis acidity («), solvent
Lewis basicity (3) and polarity/polarizability (") scales. We obtained
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Fig. 4. Plot between stokes shift in cm™! and Lippert-Mataga solvent polarity function of SKF86002 in a) 11 aprotic (blue squares) solvents and 7 protic (red stars) solvents; b) 18 solvents.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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a linear solvation energy relationship (LSER) by solving for the coeffi-
cients of Kamlet-Taft parameters viz.;

Vem = 25,226(£155)-1002(£185)a-758(+214)3-1430(+241)1
% (R2 - 0.94) (4)

By plotting the theoretical emission wavenumber versus the mea-
sured one, we obtained a linear correlation with R?> = 0.94, as shown
in Fig. 8. It is well known that Kamlet-Taft solvent parameters are not
normalized. Therefore, the analysis of LSER reveals roughly that solvent
polarity has nearly equal impact on stabilization of SKF86002 excited
state as H-bond interactions. It accounted for 45% of solvent effects on
SKF86002 emission. While solvent acidity and basicity accounted for
31% and 24% of solvent effects, respectively.

Subsequently, we used Catalan model, where all solvent parameters
are normalized, for reliable quantification of solvent effects on
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SKF86002. The linear equation which best describes the solvent interac-
tions was deducted from;

Vem = 25,224(+348)-1832(£405)SA—813(£371)SB-1247(£528)SPP  (5)
(R2 - 0.84)

From this linear correlation, the solvent Brensted acidity effect ac-
counts quantitatively for 47% of solvent effects on SKF86002 emission.
While solvent Brgnsted basicity contributes by 21% of total solvent ef-
fects. The solvent polarity/polarizability parameter affects spectral
emission by 32% of total solvent effects.

Since solvent polarity plays a noticeable role on stabilizing SKF86002
excited state, the new Catalan model which separates solvent polarity/
polarizability (SPP) into solvent polarizability (SP) and solvent
dipolarity parameters (SdP) was employed. This model also evaluates
the impact of solvent H-donating interactions (SA) and solvent H-
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Fig. 6. Plot between stokes shift in cm ™" and Ag of Kawski solvent polarity function of SKF86002 in a) 11 aprotic (blue squares) solvents and 7 protic (red stars) solvents; b) 18 solvents.
Plot of summation of emission and absorption wavenumbers against Ag + 2Ah of Kawski solvent polarity function in a) 11 aprotic (blue squares) solvents and 7 protic (red stars) solvents.
(For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)
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accepting interactions (SB). The MLR analysis of parameterized Catalan
scales gave us the following linear solvent energy relationship;

Vem = 26, 189(+734)—1636(+313)SA—801(+318)SB—1672(£957) (5)
SP-10,223(+276)SdP (Rz = 0.92)

From which, the hydrogen-donating and accepting power of solvent
can only account for 11% and 6% of solvent effects on SKF86002 emis-
sion. The solvent polarizability represents 12% of total solvent effects.
While solvent dipolarity contributes by 71% to the total solvent impact
on SKF86002 emission. This means the total solvent polarization con-
tributes by 83% of total solvent effects on SKF86002 emission, while sol-
vent specific interactions contribute only by 17%. Plot of the calculated
emission wavenumber and the observed values showed a linear corre-
lation with R? equal to 0.92, as shown in Fig. 9.

A pronounced difference between contribution of solvent polarity to
stabilization of SKF86002 excited state using Kamlet-Taft and Catalan
models was noted. In Catalan model, the solvent polarity/polarizability
term is resolved into two separate parameters (solvent polarizability
and solvent dipolarity). Besides, solvent parameters in Catalan scale
are normalized. Therefore, the MLR results obtained by employing Cat-
alan model should be more accurate and reliable than that obtained by
Kamlet-Taft scale.

23000 4 — .
R [u= 25226 - 1002~ 758 5- 14307

22500 -

22000

22000 22500 23000 23500 24000 24500 25000 25500
Measured v, (cm™)

Fig. 8. Plot between the calculated wavenumbers obtained by multiple linear regression
analysis of Kamlet-Taft solvent energy linear relationship and the observed emission

wavenumber in cm™ .

255001 1= 26189 - 1636SA - 801SB - 1672SP - 102235dP]
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Fig. 9. Plot between the calculated wavenumber obtained by multiple linear regression
analysis of Catalan solvent energy linear relationship and the observed emission
wavenumber in cm ™.

3.5. Estimation of dipole moment

In order to account for the magnitude of the Stokes shift, we deter-
mined the dipole moment difference between the excited and ground
state. As indicated earlier, we plotted stokes shift versus to F; (g, n),
Eq. (1), stokes shift versus to F; (&, n), Eq. (2), (Wap + Vem) Versus to F3
(& n), Eq. (3), and stokes shift versus to solvent polarity parameter EY
by using Lippert-Mataga, Bakhshiev, Kawski-Chamma-Viallet and
Reichardt equations, respectively (Figs. 4-6). The corresponding values
of intercept, slope, Pearson's correlation (R) and corresponding stan-
dard errors are compiled in.

As can be noted in Table 2, the dipole moment of excited state was
found higher than ground state dipole moment with all employed ap-
proaches. This indicates that a significant electronic rearrangement of
SKF86002 excited state took place. Using L-M model, the dipole mo-
ment difference obtained from the 18 studied solvents was estimated
(7.0 D). This value was nearly close to that obtained from the individual
slope of 11 aprotic solvents (6.3 D). However, the slope of 7 protic sol-
vents revealed a higher dipole difference value of (13.4 D). This is due
to L-M model does not account for the specific interactions between sol-
ute and solvent molecules.

By applying Bakhshiev model, we obtained dipole moment differ-
ence value of (4.1 D) using the 18 solvents. The dipole moment differ-
ence here is apparently lower than that obtained from L-M equation.
The advantage of Bahshiev model is that it considers both solvent polar-
ity and induction polarization for treating spectral changes of solute
molecules. Therefore, the value of dipole moment difference should be
more accurate than by using L-M model. Dipole moment values of 3.7
and 7.5 debye were estimated from aprotic and protic solvents lines,
respectively.

Kawski-Chamma-Viallet equations allow distinct determination of
the ground state and excited state dipole moments. The GS dipole mo-
ment was calculated as 1.4, 3.5 and 0.7 debye using the 11 aprotic, 7
protic and all 18 solvents, respectively. While the dipole moment of ex-
cited state was estimated at 3.9, 8.3 and 4.2 debye, respectively. The di-
pole moment differences were also listed in Table 2. Taken together, we
noticed the dipole moment difference between the ground and excited
state become smaller going from L-M equation to the more descriptive
Kawski model.

The Reichardt model, which accounts for the change in transition en-
ergy based on both the specific and non-specific interaction, was also
employed. The difference in dipole moment between ES and GS was cal-
culated as 3.9, 3.4 and 3.4 debye in aprotic, protic and total solvent used,
respectively. It is clear that the values are similar indicating the reliabil-
ity of using Reichardt model for estimation of dipole moment difference
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Table 2
Spectral treatment of Lippert-Mataga, Bakhshiev, Kawski-Chamma-Viallet and Reichardt correlations of SKF86002. (Onsager cavity radius = 4.8 A).
Correlation Intercept SE? Slope SE R® N¢ TS et el
L-M
Aprotic (Vb — Va) 5612 173 5781 914 0.90 11 6.3 (+0.5) - -
Protic 391 2235 26,219 8005 0.83 7 134 (£2.2) - -
All Fi (& n) 5506 221 7223 966 0.88 18 7.0 (+0.5) - -
Bakh.
Aprotic (Vab — Va) 5664 163 1960 303 091 11 3.7 (+0.3) - -
Protic / 1003 795 8249 983 0.97 7 7.5 (£0.5) - -
All F> (& n) 5560 199 2449 304 0.90 18 4.1 (+03) - -
Kaws.
Aprotic (Vab + Va) 55,580 628 —930 596 —0.46 11 2.5 14 (+0.6) 3.9 (£0.1)
Protic 57,946 1328 —3326 990 —0.83 7 4.8 3.5(£0.7) 8.3(£0.2)
All F; (g n) 56,214 567 —1776 483 —0.68 18 35 0.7 (£0.3) 42(+02)
Reich.
Aprotic (Vab — V1) 5371 176 4681 632 0.93 11 3.9 (+£0.3) - -
Protic / 5432 692 3513 1052 0.83 7 3.4 (£0.6) - -
All E} 5614 158 3392 340 0.93 18 34(+0.2) - -

2 Standard error.
b Pearson's correlation coefficient.
¢ Number of data.

d L is the ground state dipole moment, | is the excited state dipole moment, and A is the difference in the dipole moment between two states. (all in debye).

of solute molecules. Also, it is worth mentioning that the dipole moment
difference between GS and ES using 18 data points was nearly the same
(3.4 D) as the value obtained with the Kawski (3.5 D) and Reichardt
models (3.4). Taken together, the experimental dipole moment differ-
ence appears to be in the range of 3.4-3.5 debye.

It is noted that the previous solvatochromic models evaluated
solvatochromism based on finding a linear correlation between speci-
fied spectral parameters and solvent polarity functions which took
into account the dielectric constant and refractive index of environment
[22]. In Lippert-Mataga model, solvent polarizability is not sufficiently
treated and therefore, the estimated Apt values are larger compared to
other models [23]. Polarizability function, embedded in Bakhshiev and
Kawski models, permits more accurate determination of dipole mo-
ment difference. However, Kawski scale has the advantageous of being
able to evaluate separately the dipole moment of the ground and excit-
ed state. All of three models do not consider solvent H-bond interac-
tions. Therefore, the significant difference between the Ay in protic
and aprotic solvents indicates significant contribution of solvent H-
bonding, besides solvent polarity, to stabilization of SKF86002 ground
and excited states. On the other hand, Reichardt E+(30) parameter was
measured from solvatochromism of betaine dye 30, a dye exhibiting
strong H-bonding capabilities. This means values of E1(30) took into ac-
count both solvent specific and non-specific interactions, rendering the
estimation of Ay more reliable.

Overall, the results reveal that SKF86002 can be a fluorescent report-
er of its interactions with target proteins and macromolecules. General-
ly, our results pave the way for understanding the binding mode of
SKF86602 to the ATP pocket of target tyrosine kinases. It can also help
in investigating the drug pharmacokinetics through recording the
change in its spectral parameters upon binding to plasma proteins,
phospholipids and DNA.

4. Conclusion

A solvatochromic study of the anti-inflammatory and kinase inhibi-
tor, SKF86002, was made. SKF86002 appeared to be a promising fluores-
cent tracer for the estimation of protein binding site polarity, due to its
wide solvatochromic emission shift. It displayed several spectral prop-
erties including three UV absorption maxima, broad excitation ranges
and emission in the blue region of visible light from two isoenergy con-
formers of SKF8002. A strong H-bond formed produces a significant
higher energy barrier of 19.68 kJ-mol~' and a weaker H-bond results
in only approximately 6.65 kJ-mol~". It was found that solvent polarity

and polarizability played a significant role in the solvatochromism stud-
ies of SKF86002. The electrostatic interaction contributes more or less to
stabilization of SKS86002 excited state, in addition to H-bond interac-
tions. Altogether, SKF86002 can be used as a fluorescent marker of its bi-
ological binding to target receptors and plasma proteins.
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The ultimate understanding of drug—protein interactions relies on understanding drug behaviours in
solution, at the molecular level. The conformation of a drug contributes to drug—protein docking, hence,
drug potency and spectroscopy. Some drugs, such as the anti-cancer drug SKF86002, are chromophores,
which are promising tools for optical reporting, as they may change colour or fluorescence when
interacting with cells. In the present study, four conformers of the tyrosine kinase inhibitor SKF86002
(stability: B > A > C > D) were obtained with B and A from this study through optimisation, and C and D
from the literature. As the global energy minimum structure, SKF86002B is 0.17 kcal mol™, 10.75 kcal
mol™ and 12.52 kcal mol™ lower in energy than A, C and D, respectively. Although the total energy
difference is small between B and A, the orientation of the fluorophenyl and the pyridinyl rings with
respect to the heterocyclic imidazothiazole ring i.e., the shape, is quite different. The UV-Vis spectra of the
conformers in dichloromethane solution were calculated using time dependent density functional theory.

Received 5th September 2017, The absorption spectra of A, B and C exhibit two major bands at 325.3 nm and 240.4 nm, in the vicinity of

Accepted 18th October 2017 the measured bands, whereas D displays one major band (249.1 nm). In addition, the calculations assign
the major bands to different transitions of the conformers, indicating that the UV-Vis spectrum of

SKF86002 is, in fact, conformation dependent. The UV-Vis spectra of SFK86002 may serve as a useful
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1. Introduction

Recent studies indicate that activation of p38 mitogen-activated
protein kinase (MAPK) results in cancer cell apoptosis initiated by
retinoids, cisplatin and other chemotherapeutic agents.' Pharma-
ceutical developments related to p38x MAPK pathways, therefore,
have focused on molecules that inhibit MAPKs." An anti-
inflammatory compound, SKF86002, with the IUPAC name of
6-(4-fluorophenyl)-2,3-dihydro-5-(4-pyridinyl)-imidazo[2,1-b]thiazole
(given in Fig. 1), was first reported in 1988 for the inhibition of
interleukin-1 beta (IL-1b).” Its relatively low affinity and specificity
allow binding to other kinases such as Pim1, ASK1, AMPK and
HCK.? The p38a kinase is activated by phosphorylation with the
ATP co-factor as a result of external stimuli, where the nature of
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optical reporting property for drug conformational changes in cells.

the upstream and downstream signals in the cascade is depen-
dent on the cell type.* In monocytes, activation of p38« MAPK
was found to associate with the release of proinflammatory
cytokines, which are the key mediators of immune or inflamma-
tion processes.*® By preventing the phosphorylation of p38«
MAPK, SKF86002 can inhibit the production of cytokines and
therefore the inflammation.®

As a pyridyl-imidazole derivative, SKF86002 binds a wide
variety of kinases.®> Most pyridyl-imidazole derivatives were
explored as potential MAPK inhibitors and were classified as
non-steroidal anti-inflammatory drugs (NSAIDs), or more
specifically, cytokine suppressive anti-inflammatory drugs
(CSAIDs).””® Therefore, SKF86002 has been applied in the
treatment of shock, fever, cellular damage or cachexia, which
is diagnosed due to excessive cytokine release.”® The chemical
structure (in two-dimensional, 2D) of SKF86002 is given in Fig. 1.
Studies reveal that the central pharmacophores connecting to the
5-pyridyl and 4-fluorophenyl ring moieties of SKF86002 have been
identified as the main contributors to interact with the MAPK
kinase ATP co-factor binding pocket.*'®'' To date, several
inhibitors fulfilling these criteria have been advanced into
clinical trials.'® As a small kinase inhibitor, SKF86002 lacks
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http://orcid.org/0000-0002-9086-8983
http://orcid.org/0000-0002-6182-3049
http://orcid.org/0000-0002-6584-0516
http://rsc.li/njc
http://dx.doi.org/10.1039/c7nj03361c
http://pubs.rsc.org/en/journals/journal/NJ
http://pubs.rsc.org/en/journals/journal/NJ?issueid=NJ041023

Published on 18 October 2017. Downloaded by Swinburne University of Technology on 20/11/2017 21:28:14.

Paper

2%’
J‘\“‘ ::.JJ
9 !

23 0.3 &

2?9 24 ® @9 2 D 3’
29 o9 & ° o j

J P _ . 9 4‘ “ ‘b Y
SKFigD_O—_% 17 keal m_alii_ . J R

SKF86002B
(Glebal Minimum)

View Article Online

NJC

JJ“J j
@, > ,
2 009 sRd T
" ] o_ g 9
)9 “ @ : @ 1 SK=86002D
¥
J J -
SKF86002C
§£=_m_5 kealmot? .Ah=—1.'J.‘ kcalmol™?
0 a
Ve e e —————— P

Fig. 1 The three-dimensional structures of the four conformers of SKF86002 under vacuum, SKF86002A (local minimum) and SKF86002B (global
minimum) as well as PDB ligand structure SKF86002C and PubChem structure SKF86002D using the DFT based B3LYP/6-31G* model. The 2D chemical
structure of SKF86002 (upper panel). All relevant energies (AE) refer to the total energy of B which was set to 0.0 kcal mol™.

intrinsic fluorescence but becomes fluorescent upon binding to
the ATP binding sites of p38 MAPK.®> However, the co-crystals of
this compound with various kinases were distinguishable by
their strong fluorescence. That is, the co-crystals of SKF86002
with p38a, Pim1, ASK1, HCK and MAPK are also fluorescent.’?
Parker et al.® identified the apo-Pim1-SKF86002 crystal structure
which was deposited into the RCSB Protein Data Bank (PDB)
(entry for the ‘SK8’ ligand of the Pim-1 MAP Kinase docking
structure; 4LL5).* Thus, for a broad range of kinases, SKF86002
is useful as a crystal marker and stabilizer to identify ligand
co-crystals for structural analysis.

As indicated that SKF86002 is an important drug, crystal
marker, crystal stabilizer and a marker to identify ligand
co-crystals for structural analysis,’ information about the small
drug at the molecular level has been rare. To our knowledge, no
detailed molecular electronic structural and spectroscopic
information is available for this drug molecule. It is noted that
the pyridylimidazole moiety has been notably reported to
constitute a broad class of mitogen activated protein kinase
inhibitors."*™*® The reported properties and characteristics of
SKF86002 are related to the chemical and electronic structures
in space. Recently, Selig et al.* reported the strong conforma-
tional effects on inhibitor potency, caused by steric hindrance
of the S-methyl group in the well-known class of pyridyl
thioimidazoles of SKF86002 derivatives.'® We recently revealed
that solvatochromic changes affect the fluorescence and UV-Vis
spectrum of AG1478 (another anti-cancer drug), which were
mainly attributed to a change in solvent dipolarity and drug
conformation, as supported by our accurate quantum mechanical
calculations.'® The results agree well with the study of Hofener
et al. using combined theory and experimental methods for the
UV-Vis spectra of bis-triazin-pyridine (BTP) ligands in solution.”®
Based on the information of our previous photophysical study on
SKF86002 in a variety of solvents,'” the present study proceeds to

14568 | New J. Chem., 2017, 41, 14567-14573

calculate the UV-Vis spectra in solution from its molecular
structure in isolation and in solution using accurate quantum
mechanical based density functional theory (DFT). The study
explores the relationships between the molecular structure,
conformation and solvent effect with the experimental measure-
ments of UV-Vis/fluorescence spectra of SKF86002.

2. Spectroscopic measurements
and computational details

Absorption measurements were performed at room tempera-
ture using a UV-1601 Shimadzu UV-Visible Spectrophotometer.
A series of aprotic and protic solvents with different range of
polarities were selected to assess the contribution of specific
hydrogen bonding and bulk properties on the SKF86002
absorption spectra. The selected solvents were cyclohexane
(CH), dichloromethane (DCM), ethanol (EtOH), methanol
(MeOH), 2-propanol (iPrOH) and deionized water and all are
of either HPLC or spectroscopic grade. All solvents were purchased
from Sigma-Aldrich Pty Ltd, except methanol, which was bought
from Thermo Fisher Scientific Inc. The SKF86002 compound was
obtained from Sapphire Bioscience Pty Ltd. Samples and blanks
were loaded in a matched pair of quartz cuvettes with 1 cm path
length. All samples and solvents were directly used without
purification. For more details, refer to our previous study.'”
In theory, geometry optimisation is carried out using the
density functional theory (DFT) based B3LYP/6-31+G* model.
After the optimised structure was obtained, a potential energy
scan is performed through rotating around the flexible C-C
single bonds of the optimised structure of SKF86002 using the same
model. Time-dependent (TD)-DFT calculations were employed using
the B3LYP/6-31G*,'® B3LYP/6-31+G*,'® PBE0/6-31G*'**° and
PBE0/6-31+G****° models, respectively. The implicit solvent
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conductor-like polarizable continuum solvent model (CPCM)**
was employed. Absorption UV-Vis spectra in solutions were
calculated for up to the lowest 30 excited states of singlet-
singlet transitions. All quantum mechanical calculations were
performed on the Swinburne University Supercomputing
Facility using the Gaussian 09 computational chemistry
package.”® The calculated UV-Vis spectra of the conformers
using the PBE0/6-31G* model agree the best with our measure-
ments and therefore, only the UV-Vis spectra calculated using
the PBE0/6-31G* model are presented in this study.

3. Results and discussion

The two-dimensional (2D) chemical structure of the SKF86002
molecule and the nomenclature are given in Fig. 1. Four rings,
i.e., the fluorophenyl (R1) ring, the pyridinyl (R3) ring as well as
the imidazole (R2a) and thiazole (R2b) heterocyclic imida-
zothiazole rings, are connected by C-C single bonds. An initial
SKF86002 structure was optimised using B3LYP/6-31G* and
resulted in a local structure of SKF86002A (Fig. 1). Based on
this SKF86002A structure, we performed potential energy
surface (PES) scans by rotations of the flexible C(11)-C(7) and
C(12)-C(10) single bonds (connecting the rings of R3-R2a/R2b
and R1-R2a/R2b, respectively, as shown in Fig. 1) while freezing
the rings in the optimised structures. The positions of the
pyridinyl (R2b) and fluorophenyl (R1) rings of SKF86002 are of
significant structural and functional interest due to their
mobility and role in binding to the ATP pocket.*° In the PES
scan, the C(11)-C(7) and C(10)-C(12) single C-C bonds were
rotated, which corresponds to a change in the dihedral angles
of C(13)-C(11)-C(7)-N(3) and N(4)-C(10)-C(12)-C(15), respec-
tively, in steps of 10° at a time. The calculations led to the
determination of a global minimal structure of SKF86002B and
this structure was further optimised.
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Fig. 2 Potential energy surface (PES) scan of SKF86002 through rotation
of the C(7)-C(11) bond (ie., C(13)-C(7)-C(11)-N(3) dihedral angle) i.e.,
relative positions of the pyridinyl (R3) ring and the imidazothiophenyl
(R2a/b) ring at the B3LYP/6-31G* level of theory.
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Four energy structures of SKF86002 are obtained and their
structures in 3D are also given in Fig. 1. Structures A and B were
obtained from energy minimization and potential energy
surface (PES) scans in this study, as shown in Fig. 2. Although
B and A differ by a small energy of 0.17 kcal mol ™", there is an
energy barrier of approximately 2 kcal mol ™" so that A and B
are stable structures at low temperatures. Two additional
structures, C and D, are obtained from the literature,>** where
C of Parker et al.®> was obtained from the RCSB Protein Data
Bank (PDB) entry for the ‘SK8’ ligand of the Pim-1 MAP Kinase
docking structure, which was determined using an R-AXIS VII
imaging plate detector and the Australian Synchrotron micro-
crystallography beamline.> D?* is a structure obtained from
PubChem3D, determined using the OMEGA software package
from OpenEye Scientific Software, Inc.>?

All structures of SKF86002 are shown in Fig. 1. SKF86002B is
the global minimum structure, which is energetically favoured
over A by 0.17 kcal mol " using the present quantum mechanical
B3LYP/6-31+G* model. The crystal structure C> and the model-
ling structure D> were then calculated using the same DFT
model with 10.75 keal mol™" and 12.52 kecal mol ™", respectively,
higher in energy than B. Table S1 (ESIt) gives the calculated
geometric and other properties of the four conformers. In
general, the isotropic properties of the conformers do not
change apparently, but anisotropic properties change more
obviously. For example, the bond lengths and ring perimeters,
R1, R2a, R2b and R3, which are the ring perimeters of the
fluorophenyl (R1) ring, the pyridinyl (R3) ring as well as the
imidazole (R2a) and thiazole (R2b) heterocyclic imidazothiazole
rings,'” are almost the same. The perimeters of the fluorophenyl
(R1) ring are given as 8.382 A, 8.381 A, 8.352 A and 8.391 A, for B,
A, C and D, respectively. However, properties such as bond angles
and dihedral angles of the conformers are noticeably different.
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Fig. 3 Comparison of the measured” and calculated UV-Vis absorbance
of SKF86002 conformers using the TD-DFT PBE0Q/6-31G* model and the
CPCM solvent model. The measured UV-Vis absorbance of SKF86002
in 1.36 uM dichloromethane (DCM) solution. The calculated spectra
were normalized to the intensity of A; at 326 nm of the measurement.
The spectrum of D shows quite different profiles from the experiment and
the other conformers of SKF86002.
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Perhaps the most noticeable property difference between the
conformers is the electronic spatial extent, (R*), which relates
to the shape, ie., ‘“spatial volume” of the conformers. For
example, the measured structure C? is approximately 260 a.u.
smaller than the global minimum structure B.

Fig. 3 compares the measured UV-Vis spectrum of SKF86002
in dilute dichloromethane (DCM) solution,"” with the calcu-
lated UV-Vis spectra of the four conformers A, B, C and D using
the PBE0/6-31G* model. Good agreement between the measured
and calculated spectra of B and A for the region above 230 nm is
achieved in the DCM solution. The two observed absorption
band positions A; and A; at 332 nm and 240 nm, respectively
agree to within +6 nm (i.e. 2% of A) with the calculated bands at
326 nm and 242 nm, respectively, for B (blue dashed line) using
the PBE0/6-31G* model. As seen in this figure, the UV-Vis spectra
of A (red dotted line) and B (blue dashed line) are almost the
same and both agree well with the measurements. The calcu-
lated UV-Vis spectral bands based on the crystal structure C*
need to shift 23 nm and 7 nm for A, and A3, respectively to agree
with the measured spectrum in DCM. The UV-Vis spectrum
calculated from the C structure’® shows the major features
present in the experimental spectrum. However, the A, band of
the UV-Vis spectrum based on C shifts by a significant 23 nm. As
this band is dominated by the HOMO — LUMO transition of C,
this indicates that losing the flexibility of C in the crystal
structure may cause large changes in the electronic structure
particularly in the HOMO and LUMO states. On the other hand,
the calculated UV-Vis spectrum of the structure of D obtained
from modelling seems to be significantly different from the
measurement in DCM solution. Therefore, electron distributions
in D*? are significantly different from the structures when the
drug is “free” in the DCM solvent. With very different orientation

Fig. 4 Molecular electrostatic potentials (MEP) of the SKF86002 conformers
calculated using the DFT-PBE0/6-31G* level of theory. The MEPs indeed
show that the shape of the A, B and C conformers is quite different from that
of the D conformer.
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of the rings, R1 and R2a&b, and R3 and R2a&b in D from other
conformers, D may only exist in a confined environment such as
docked with a protein, rather than independently existing in
solution.

Table 1 collects the calculated oscillator strength (>0.10)
and major transitions (>15%) to the UV-Vis bands of the
spectra of B, A, C and D in Fig. 3. It is clear that the energy
gap between the highest occupied molecular orbital (HOMO)
and the lowest unoccupied molecular orbital (LUMO) of each
conformer is the smallest possible transition of the drug, which
leads to the longest wavelength band in nm (e.g., A4) of their
UV-Vis spectra above 330 nm (70%). The shorter wavelength
band in nm (;) in the absorption spectrum is dominated by
transitions from HOMO-—1 to the LUMO, and HOMO to
LUMO+2. For example, conformers A and B exhibit transitions
such as HOMO—1 — LUMO (>60%), and HOMO — LUMO+2
(>20%), whereas conformer C leads to only a single dominant
transition of HOMO—1 — LUMO (52%). The spectrum of D shows
very different profiles from the spectra produced by the other
conformers (B, A and C) for the measurement in the same region.

a) SKF86002A

(+0.074)L, ..
f
I

¢) SKF86002C

(-0.430)
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This suggests that this conformer, D, is unlikely to exist in such a
solution environment as a free compound but rather it may exist
under constrained conditions such as when docked with a protein.

In order to further explore the properties of SKF86002
related to its conformers, Fig. 4 reports the molecular electro-
static potential (MEP) contours of SKF86002. The molecular
plane is through the plane formed by C(7)-N(3)-C(8) of the
imidazothiophene ring (the central pharmacophore of the
drug). The MEPs show that the molecular electrostatic potential
distribution crosses the molecular surface of the SKF86002
conformers and hence allows better comparison of the 3D
shape in space associated with their electrostatic properties.**
The MEPs of the conformers exhibit apparent polarized structures
and D exhibits a Y-shape, which is a very different electrostatic
potential compared to the other SKF86002 conformers. The experi-
mentally obtained structure of C exhibits a similar shape and
electrostatic potential to the structures obtained through optimisa-
tion in this study, in particular to B, the lower energy structure of
SKF86002. The relative orientations of the pyridine ring (R3 in
Fig. 1) and the imidazothiophene ring (R2a and R2b in Fig. 1)

b) SKF86002B

<0:W4

(-0308)

d) SKF86002D

* (+0.016)

(-0.423 (-0130)
/ A\ (+0.061)

_0#5]@ \ W-0.543)
( ‘ o

-0.178

Fig. 5 Atomic natural bond order (NBO) charge analysis of heavy atoms of the SKF86002 conformers using the model at the PBE0/6-31G* level of

theory.
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reveal the most obvious similarities of conformers B, A and C,
indicating that the free drug molecule can be quite flat rather than
in full 3D space. Nevertheless, the MEPs indicate that all con-
formers exhibit negative electrostatic potentials and, therefore,
contain electron donating sites at the same positions at N(4), F
and N(5) (orange color spots).

The charge distributions are revealed using the natural bond
orbital (NBO) analysis of the conformers, calculated using the
same PBE0/6-31G* model. Fig. 5 shows the calculated NBO of
the conformers on the atoms. The crystal structure of C is more
polarized than the other structures obtained from the present
calculations. For example, the most negative-positive sites in C
are C(9) of —0.555¢ (in the S-C(9) bond) and C(21) of +0.381e
(in the C(21)-F bond). C(9) and C(10) are located at the
extremities of the R1 and R2b ring systems and therefore have
the largest separation of any pair of carbons atom in conformer
C. Interestingly, the S atoms on the imidazothiophene ring of
the conformers possess a positive charge of above +2.0e,
whereas all the N and F atoms exhibit negative charges in the
conformers. For example, the charges of the S atom are +0.225e,
+0.227e, +0.257e and +0.217e, respectively, for B, A, C and D. On
the other hand, the charge on the F atom in C (crystal structure)
is given by —0.301e, whereas this F site in B and A results in the
same charge of —0.308e. Although the N atoms in the imidazo-
thiophene ring of the crystal structure, C, N(4) and N(3), do not
have the same chemical environment, they possess the same
charge of —0.534e. This may be an accident as the NBOs of the
same nitrogen sites in other conformers show slightly different
charges.

The role of the carbon atoms is different from S, N and F,
which are all negatively charged. The carbon atoms in the
SKF86002 conformers are either positively or negatively
charged, depending on the local chemical environment of the
carbon atoms. Among the obtained four conformers, the three
flat conformers A, B and C are able to form possible intra-
molecular hydrogen bonds (as indicated by dashed lines in the
structures), but the twisted structure of D is unlikely to form
such intramolecular hydrogen bonds. For example, the dis-
tance between C(13)-H---N(3) is approximately 3.0 A whereas
the distance between C(16)-H---N(4) is approximately 2.6 A,
slightly shorter than C(13)-H---N(3), which are illustrated in
the structures of the flat conformers, i.e., A, B and C. These
intramolecular hydrogen bonds again indicate that B and A are
likely the measured structures of SKF86002.

4. Conclusion

Understanding the structure and conformational states of
tyrosine kinase inhibitors such as SKF86002 in isolation and
in vitro is essential, before we are able to reveal the drug-
environment interactions and to understand how the drug
behaves in a native/protein environment. The flexibility of the
structure of SKF86002 allows various conformational states to
be populated in a physiological environment. In addition to
solvent effects as revealed by our earlier experimental studies of

14572 | New J. Chem., 2017, 41, 14567-14573
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SKF86002 in a variety of solvents,"” conformational and structural
information as well as their impact on the optical reporting char-
acteristics of the drug are important. The stability of the conformers
is in the order B > A > C > D under vacuum. Conformers B and A
represent the global and local minimum structures, respectively,
with a small energy difference of 0.17 kcal mol . The measured
crystal structure C is 10.75 keal mol~" above B and conformer D
is 12.52 kcal mol™"' above B. In dichloromethane (DCM)
solution, B, A and C are able to produce two major absorption
bands in the vicinity of the measured UV-Vis spectrum of
SKF86002'7 in the same solution. Further, the present study
assigns the transition band A, to the HOMO — LUMO transi-
tion and the transition band %3 (, is a small shoulder near 1,)
to the HOMO—1 — LUMO and HOMO — LUMO+2 transitions.
The findings indicate that the conformations of SKF86002
affect the ground and excited states of the conformers and
therefore their UV-Vis absorption spectra. As a result, when the
drug is in binding with proteins and/or co-crystallized with
proteins, solvents and other media, possible conformational
changes and charge transfer of SKF86002 may lead to signifi-
cant ground and excited states changes.
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Table S1. Selected geometrical parameters and other properties of the global minimum structure, SKF86002B,
compared with conformers SKF86002A, SKF86002C and SKF86002D*

Parameters SKF86002B SKF86002A SKF86002C SKF86002D
) ) ®)
R12 8.382 8.383 (-0.001) 8.412 (-0.030) 8.373 (+0.009)
R2a? 6.856 6.852 (+0.004) 7.007 (-0.151) 6.78 (+0.076)
R2b? 7.987 7.985 (+0.002) 7.959 (+0.028) 7.896 (+0.091)
R3® 8.283 8.283 (0.000) 8.341 (-0.058) 8.256 (+0.027)
Bond length ()
CanFo 1361 1.361 (0.000) 1.349 (+0.012) 1.34 (+0.021)
Can-Caz) 1474 1.474 (0.000) 1.512 (-0.038) 1.43 (+0.044)
C-Nw 1308 1.309 (-0.001) 1.336 (-0.028) 1.31 (-0.002)
C-No) 1366 1.362 (+0.004) 1.402 (-0.036) 1.36 (+0.006)
C»-Sa) 1765 1.766 (-0.001) 1.730 (+0.035) 1.72 (+0.045)
CorSa 1856 1.857 (-0.001) 1.791 (+0.065) 1.84 (+0.016)
Ce-Can 1 468 1.468 (0.000) 1.491 (-0.023) 1.44 (+0.028)
Cao-Ne) 1342 1.342 (0.000) 1.361 (-0.019) 1.35 (-0.008)
Cao-Nes) 1340 1.339 (+0.001) 1.355 (-0.015) 1.35 (-0.010)
Caon-Cery 1395 1.397 (-0.002) 1.431 (-0.036) 1.39 (+0.005)
Ne+Ce) 1,460 1.458 (+0.002) 1.491 (-0.031) 1.45 (+0.01)
Bond angle (°)
Cs-S1y-Co) 28.94 88.63 (+0.31) 93.74 (-4.80) 91.72 (-2.78)
N@+-C6-Co) 104.33 104.67 (-0.34) 109.66 (-5.33) 106.45 (-2.12)
Cao-Ny-Cs) 104.86 104.92 (-0.06) 106.54 (-1.68) 103.06 (+1.80)
CNr-Ceo) 134.44 136.21 (-1.77) 141.45 (-7.01) 133.45 (+0.99)
N-Cs1Sa) 132.86 133.4 (-0.54) 132.42 (+0.44) 134.40 (-1.54)
Dihedral angle (°)
Caa-Caan-Car-Cao) 4790 42.63 (-90.53) -52.78 (+4.88) -90.15 (+42.25)
C6-Caa2-CaoyNe) 14812 30.35 (+117.77) 164.89 (-16.77) 90.34 (+57.78)
N—Cs~-Sa~Co) 9.99 15.1 (-5.11) -1.70 (+11.69) 10.16 (-0.17)
0.32 (+1.34) -0.19 (+1.85) -0.17 (+1.83)

Ca0"N-Cs)-Ng)

1.66



Cer-Sar-Cor-Ceo 54 26.8 (+1.38) 2.84 (-28.26) -18.56 (-6.86)
Ney-Cio-CorSay 3375 31.44 (+2.31) 328 (+37.03)  21.85(+11.90)
178.43
NrCaSarCo 175,55 -166.14 (-9.41) (-353.98) -169.42 (-6.13)
Can-CoyNarCeo 1965 -8.51 (-11.14) -0.39 (-19.26) -1.94 (-17.71)
Can-Cao-CorCan 485 6.53 (-11.38) 1.95 (-6.80) -0.19 (-4.66)
- 7311.3428 7569.4695 976,934
(a.u.) 1310.6635 (-0.6793) (-258.8060) (+333.7291)
4 (D) s34 5.37 (-0.03) 5.92 (-0.58) 5.34 (0.00)
-1279.2433 -1278.0769 -1278.082
E (& 1279243354 (-0.00008) (-1.16645) (-1.16132)
ZPE (kcal-mol) 157.14303 157.09623 155.64052 e
' (+0.04680) (+1.50251) (-0.28890)
-1278.9929 -1278.9761 -1278.9733
E+ZPE (Ew) -1278.993197 (-0.00027) (-0.01713) (-0.01995)
HOMO-LUMO gap (eV) 0.17 0.16 (+0.01) 0.16 (+0.01) 0.18 (-0.01)
0.3560 0.3771
Rotational Const. A (GHz) 0.3550 (-0.0010) 0.3451 (+0.0099) (-0.0221)
0.2091
B (GHz) 0-2098 0.2095 (+0.0003)  0.2029 (+0.0069) (+0.0007)
0.1373 0.1486
C (GHz) 0.1374 (+0.0001) 0.1318 (+0.0056) (-0.0112)

* Using the B3LYP/6-31+G* level of theory.
2 Perimeters [17] of the fluorophenyl (R1), imidazolyl (R2a), thiophenyl (R2b) and pyridinyl (R3) aromatic
rings, respectively.






Chapter VII1I

Conclusion and Perspectives

8.1. Summary and Conclusion

To date, cancer is one of the gravest threats prevailing worldwide and morbidity rate is
brutally rising. Several approaches have been applied for the clinical detection of cancer,
targeting cancer cells and characterization of the binding interactions between anticancer
drugs and targeted receptors in the infected cells. These methods are such as magnetic
resonance imaging, immunofluorescence assay, protein chip technology and others.
However these methods have serious drawbacks such as high operating cost, poor
sensitivity to experimental factors, time consuming and so on. Herein the combined UV-
Vis spectroscopy and computational chemistry methods is proven as a powerful tool for
monitoring the spatial and electronic properties of two different pharmacophore of

anticancer compounds.

The 4-anilinoquinazoline-based TKIs have been intensively studied leading to a number
of FDA-approved drugs such as Afatinib, Erlotinib, Gefitinib, Lapatinib, and Vandetanib.
Although AG1478 is a promising anticancer agent, the spatial and electronic properties
of the free compound and when bound to a target protein have not received sufficient
attention. Based on our experimental studies, the absorption, fluorescence excitation and
fluorescence emission properties of AG1478 and SKF86002 were clearly defined in
solutions with different polarities, hydration and pH. The results revealed that the two
anticancer drug candidates are sensitive to environmental changes, hence they can be

exploited as a self-reporter for their environments.
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The thesis aimed to develop a meticulous approach for studying the two anticancer
compounds, AG1478 and SKF86002. More work was done on the tyrosine kinase
inhibitor AG1478 than on the MAPK inhibitor SKF86002. The detailed solvatochromic
study, in Chapter II, was conducted on AG1478 in twenty-one organic solvents. The
change in absorption and emission spectra of AG1478 proved that the solvent has a
measurable effect on the electronic stabilization of AG1478 ground and excited states.
Most notably, the fluorescence quantum yield was found higher in aprotic than in protic
solvents in contrary to AG1478 optical density. Linear solvation energy relationship
models helped us to qualitatively and quantitatively evaluate the change in AG1478
spectral properties based on the change in the explicit solvent parameters. In general, our
analyses revealed sensitivity of AG1478 to the change in physiochemical properties of its
bulk environment. We therefore foresee using AG1478 as a reporter of its own

environment in the in vitro and in vivo studies.

Our experimental results revealed that AG1478 has a spectral signature that can be
potentially useful in characterization of relevant protein targets and binding interactions.
In Chapter I1I, we employed quantum mechanical based DFT calculations to assign the
UV-Vis spectral signature of AG1478 to a relevant structural geometry. A potential
energy surface scan was performed from which two stable conformers of AG1478 are
located, one is coplanar (global minimum) and the other is twisted (local minimum). The
measured absorption spectrum of AG1478 was adequately reproduced by the simulated
UV-Vis spectra of the two conformers of AG1478. The calculated absorption spectrum
for the planar structure of AG1478 suggested that it is responsible to the experimentally
observed peak at ca. 330nm. The other rotamer where aniline group is tilted relative to
quinazoline moiety gives the absorption peak at ca. 340nm. The energy gap between the
coplanar and twisted isomers was estimated at AE= 1.58 kcal.mol" suggesting that the
two structures might exist in equilibrium in solutions. Our detailed computational study
showed that each conformer has its own structural and electronic properties which in turn

would affect the binding interactions with target protein.

In Chapter IV, the specific interactions between AG1478 and water molecules were
explored experimentally and theoretically. AG1478 absorbance and fluorescence spectra

were found sensitive to H-bond interactions between water molecules and AG1478 in the
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ground and excited states. Potential AG1478-nH>O (n= 3-5) complexes were investigated
computationally. The planar and twisted conformers of AG1478 can favourably form 3—
5 H-bonds with clustered waters, where the hydrated twisted rotamers of AG1478 were
predicted more energetically favoured than the planar counterparts in contrast to the
dehydrated AG1478. Accordingly, determination of AG1478 conformation at protein
binding site could be dependent on the extent of hydration at binding pocket. In this

regard, AG1478 can be also used as a microhydration probe in fluorescent protein assays.

During transit of AG1478 to its target kinase, different pH environments are encountered
that could have a major impact on AG1478 structure and electronic properties. Therefore
we reported the UV-Vis absorption spectra and computational study on AG1478 in buffer
solutions with different pH. In Chapter V, the absorption spectra of AG1478 were blue
shifted from acidic to neutral pH and split in two overlapping bands at strongly alkaline
pH. Due to dependence of AG1478 absorption on the change in pH, we were able to
determine the ionization constant (pka) of AG1478 molecule. We theoretically calculated
the absorption spectrum of different prototropic forms of AG1478. Hence, we were able
to assign the observed absorption spectrum in acidic pH to a two twisted protonated
isomers of AG1478. While the neutral planar structure of AG1478 was responsible for
experimental absorption in pH range 7-12. The absorption spectra in pH> 13 were
ascribed to a two neutral rotamers and a two deprotonated isomers of AG1478. Taken

altogether, AG1478 can be also used as a reporter of the pH of its environment.

In chapter VI, our results in the previous chapters were exploited to define the structural
conformations of AG1478 at the binding sites of two kinases and to estimate the polarity
of binding site. It was found that AG1478 adapts various conformations where the
equilibria between twisted and planar conformations are varied depending on the protein.
Based on our experiments and detailed analyses of X-ray data deposited in PDB, the
AG1478 binding site in two proteins has a rugged free energy landscape exhibiting a
higher polarity in APH(3")-Ia than in MAPK14. These results pave the way for studying
the molecular dynamics of AG1478 binding to the ATP pocket.
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SKF86002 is a TKI and serine kinase inhibitor. Its chemical entities are a chief
chromophores for many anticancer drugs. In chapter VII, the solvatochromic study
conducted on SKF86002 revealed that SKF86002 is also a good reporter of its own
environment. The absorption and fluorescence spectra of SKF86002 in twenty-two
solvents varied significantly with the change in solvent polarity and H-bond strength.
Stokes shift was estimated in the range of 5331-8300 cm™ which is also large in
magnitude as reported earlier for AG1478 (4536-9210 cm™). A satisfactory fits to various
linear solvation energy models were obtained even without separating the protic and
aprotic solvents into two sets. The dipole moment difference between GS and ES of
SKF86002 was determined between 3.4-3.5 debye. On the other hand, the theoretical
study on four conformers of SKF86002 revealed that only two structures can contribute
to the experimental absorption spectrum. Generally, the structural flexibility and optical
reporting characteristics of SKF86002 are very important features that can be exploited

for defining the drug interactions with macromolecules.

Overall, theoretical analyses of the structural conformations and electronic absorption
hallmarks of the two compounds revealed dependence of optical properties on the
structural configurations of the drug. That means, during monitoring the TKI in in-vitro
or in-vivo systems, the distinctive conformation of the TKI dissolved in a biological
medium, can be easily determined based on the observed absorption spectrum. In
addition, the nature of environment at the vicinity of the TKI can be deduced from the
observed emission spectrum. The combined UV-Vis spectroscopy and computational
chemistry are herein proven a reliable, precise and reproducible tool to pursue
conformational characterization of fluorescent TKI. Hence, the other invasive and

destructive procedures for structural characterization can be avoided.
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8.2. Perspectives

We foresee the possible separation of the two conformers of AG1478 at low temperatures.
Given that the small energy barrier between the planar and twisted structures of AG1478
can be overcome in favour of one conformer, we would be able to discretely isolate and
characterize each conformer. We also believe that the lifetime measurements would give
deeper insights in understanding the electronic properties of the two conformers of
AG1478. This is because lifetime measurements can sense the subtle changes in the
relaxation dynamics of the excited states. Hence the excited molecules of the two
conformers of AG1478 would emit fluorescence at different radiative rates. In other
words, dynamic quenching reduces the apparent fluorescent lifetime while static

quenching does not change the lifetime of the excited state.

Our results have ramifications for studying the binding interactions of TKIs at the ATP
binding pocket. The H-bond formation between AG1478 or SKF86002 and amino acid
residue would alter drug conformation and absorption spectrum. Also, the interaction
between AG1478 and confined water molecules at binding site would alter its structural
and electronic configurations. In addition, the polarity and folding state of a protein matrix
would also have an impact. Therefore, an informative picture of the drug conformation
and the micro- and macro- properties of a target macromolecule can be obtained through
measuring the optical spectrum and comparing it to the theoretical spectrum of a
corresponding conformer. The dependence of AG1478 spectrum on solution pH can be
exploited for identifying its dissolution profile which is crucial for the drug formulation.
It can also help in probing AG1478 pharmacokinetics extracellularly and intracellularly.
The acid dissociation constant of AG1478 is experimentally determined for the first time.
The future work would be to identify the binding constant between AG1478 molecule

and target proteins.
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Ad. Addendum

e The computational details in the associated manuscripts of Chapter III, IV, VI and
VII should include the following statement “The calculated vibrational frequencies

showed that all optimized structures are true local minima.”

e In page 14572 of the second published manuscript in Chapter VII, the typo in the
value of positive charge in the following phrase should be corrected to be +0.2e
“Interestingly, the S atoms on the imidazo thiophene ring of the conformers possess a

positive charge of above +2.0e”.

e The submitted manuscript in Chapter VI is now published as Muhammad Khattab,
Feng Wang and Andrew H.A. Clayton, Conformational Plasticity in Tyrosine Kinase
Inhibitor—Kinase Interactions Revealed with Fluorescence Spectroscopy and Theoretical

Calculations, J. Phys. Chem. B 122 (2018), 4667—79.
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ABSTRACT: To understand drug—protein dynamics, it is necessary to
account for drug molecular flexibility and binding site plasticity. Herein, we
exploit fluorescence from a tyrosine kinase inhibitor, AG1478, as a reporter
of its conformation and binding site environment when complexed with its
cognate kinase. Water-soluble kinases, aminoglycoside phosphotransferase
APH(3')-Ia and mitogen-activated protein kinase 14 (MAPK14), were
chosen for this study. On the basis of our prior work, the AG1478
conformation (planar or twisted) was inferred from the fluorescence
excitation spectrum and the polarity of the AGI1478-binding site was
deduced from the fluorescence emission spectrum, while red-edge
excitation shift (REES) probed the heterogeneity of the binding site
(protein conformation and hydration) distributions in the protein
conformational ensemble. In the AG1478—APH(3')-Ia complex, both
twisted (or partially twisted) and planar AG1478 conformations were
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evidenced from emission wavelength-dependent excitation spectra. The binding site environment provided by APH(3’)-Ia was
moderately polar (4,,,, = 480 nm) with evidence for considerable heterogeneity (REES = 34 nm). In contrast, in the AG1478—
MAPK14 complex, AG1478 was in a predominantly planar conformation with a lower degree of conformational heterogeneity.
The binding site environment provided by the MAPK14 protein was of relatively low polarity (4., = 430 nm) with a smaller
degree of heterogeneity (REES = 11 nm). The results are compared with the available X-ray data and discussed in the context of
our current understanding of tyrosine kinase inhibitor conformation and protein conformational ensembles.

1. INTRODUCTION

Kinase conformational plasticity is a paramount factor for
understanding ligand binding, enzymatic switching, and bio-
logical function. Kinases were found to adopt an extensive array
of conformations in their crystal structures.”” Flexibility of the
activation loop regulates substrate/inhibitor access to the ATP-
binding site; hence, conformational perturbations in a part or in
a whole of kinase structure would alter kinase activity.”* Upon
binding of a kinase inhibitor to the target protein, a
perturbation of dynamic ensemble of kinase conformations
and biased stabilization of distinct conformation(s) can take
place.” For instance, epidermal growth factor receptor (EGFR)
plasticity enables it to accommodate gefitinib in multiple
conformations. Gefitinib exhibits 20-fold higher affinity to the
active conformation of the mutant EGFR than to the wild
type.(”7 Similarly, binding of ATP-competitive inhibitors to
mitogen-activated protein kinase (MAPK14) is modulated
through conformationally selective inhibition.”” Therefore,
many patients develop resistance against ATP-competitive
kinase inhibitors because of conformational/hydrophobicity
changes in the kinase gatekeeper triggered by single-point
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mutation. These changes were found to introduce steric clashes
for an inhibitor to access and bind to the gatekeeper.'

The domain motion at the hinge region (gatekeeper) is in
fact constrained unless the kinase is phosphorylated."’ Upon
phosphorylation, conformational changes of the target protein
that precede ligand binding impede or accelerate the inhibitor—
receptor association. The free-energy landscape (FEL) model
of a protein structure defines the molecular heterogeneity as an
array of equilibrated energetic minima on a multidimensional
free-energy surface.'” Proteins exhibiting various conforma-
tional states have a rugged FEL; hence, understanding how FEL
is altered upon agonist/inhibitor binding is crucial for
modulating the biological/remedial function of a protein."’

Identifying inhibitors that target distinct conformation is a
cumbersome task and requires detailed conformational analysis
of the inhibitor and protein-binding site.” Several approaches
are extensively applied to address this 9problem such as
fluorescent labels in kinases (FLiK),"*"" optical second-
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harmonic generation,””~>* NMR residual dipolar coupling,”

and surface plasmon resonance studies.””* In the FLiK
method, a fluorophore that is a reporter to its local
environment is exploited to probe kinase conformational
changes.” All the aforementioned techniques are used as a
binding assay for in vitro studies. However, for studying
changes in drug conformations and medium heterogeneity in
solution, red-edge excitation shift (REES) measurements have
been widely applied in the literature for solutions of drug—
protein complexes.'>**™*’

Steady-state REES spectroscopy is a reliable quantitative
measure for protein FEL and conformational equilibria of
ligand—protein complexes.'> REES is a phenomenon where
low-energy excitation beam selectively excites discrete
fluorophore molecules, hence potentially reflecting the
conformational equilibrium of a fluorophore and its binding
site.”*° REES is observed depending on the rate of solvent
relaxation during excitation and the triggered changes in a
fluorophore dipole moment following excitation. The emission
wavelength becomes independent of the excitation wavelength
when the environmental relaxation is faster than the
fluorescence lifetime. However, in a rigid environment, the
delayed solvent relaxation causes a blue-shifted fluorescence
spectrum when excited in the blue region because of the
emission from the solvent-unrelaxed excited state of the
fluorophore, whereas a red-shifted emission is observed when
the fluorophore is excited in the red region because of the
emission from the solvent-relaxed state. Therefore, REES can
be observed with fluorophores in viscous or cooled solutions or
complexed with a folded protein state.”"”* Hence, REES is a
powerful tool for tackling contemporary challenges in
biophysics and structural biology.

On the other hand, it has been revealed that small molecules
do not necessarily adopt the global minimum conformation
upon binding to their receptors.”>™>° Analyses of myriad
ligand—protein cocrystals have reportedly demonstrated that
many of the ligand molecules do not even adopt the local
minima structures.”””’ Data from a library of 100 ligand—
protein crystals showed that bound ligand structures are nearly
identical to the local minima conformations.”

Aminoglycoside phosphotransferases are a group of enzymes
responsible for phosphorylation/activation of aminoglycoside
antibiotics.””*" Many studies have been concerned with
characterization of interaction modes between enzymes,
nucleotide substrates, and aminoglycosides. Detailed analyses
revealed structural conservation of nucleotide triphosphate,
ATP or GTP, binding site in the studied aminoglycoside
phosphotransferases.*’ ~*> A high structural similarity of
nucleotide triphosphate-binding site was noted between
aminoglycoside phosphotransferases and eukaryotic protein
kinases.”® Therefore, the inhibition potential of protein kinase
inhibitors has been tested against aminoglycoside phospho-
transferases.””*” One of these studies was conducted using
AG1478 as a potential inhibitor for aminoglycoside phospho-
transferase APH(3')-Ia.*

AG1478 (Figure 1) is a tyrosine kinase inhibitor,"* ™" and its
electronic and conformational properties have been studied by
our group.”'~>* Our studies revealed that the medium pH,
polarity, and hydration significantly affect AG1478 conforma-
tion. We have also evaluated the topological and electronic
properties of AG1478 under different conditions. Therefore,
our earlier results can be exploited to estimate the polarity of
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Figure 1. Molecular structure of N-(3-chlorophenyl)-6,7-dimethox-
yquinazolin-4-amine (AG1478).

the AG1478-binding site and structural flexibility (conforma-
tions) of AG1478 when bound to a target protein.

In the present work, we probe the binding environment of
AG1478 in two proteins. The two proteins are aminoglycoside
phosphotransferase and MAPK14. The X-ray crystal structure
of aminoglycoside phosphotransferase APH(3’)-Ia in complex
with AG1478 and kanamycin has been published previously.*
Although AG1478 was proven as an inhibitor to MAPK14
(p38-a) through competitive binding to the ATP-binding
pocket (ICs, = 560 nM),>® no X-ray data on this complex have
been reported. However, the X-ray crystal structure of
MAPK14 with MSQ (an AG1478 analogue) has been
published.*®

We aim to examine the conformational plasticity and polarity
of the AG1478-binding site utilizing our previous spectroscopic
results of AGI478 in various solvents. To this end, we
performed steady-state fluorescence spectroscopy including
REES measurements. We also conducted analyses for amino
acids of the AG1478-binding site using Protein Data Bank
(PDB) data such as B-factor. In addition, a comparative
theoretical study between different structures of AG1478 in the
cocrystal forms deposited in PDB was performed. Our study
provides a deep insight into the intrinsic and extrinsic structural
and electronic property changes in AG1478 molecules at the
ATP-binding site helping to understand the nature of the
AG1478-binding pocket.

2. MATERIALS AND METHODS

2.1. Materials. AG1478 was purchased from AdooQ
Bioscience. Recombinant Danio rerio aminoglycoside phospho-
transferase domain-containing protein 1 (APH(3’)-Ia) and
MAPK14 isoform 2 (MAPKI14) were obtained from
MyBioSource, Inc. and used as received. Millipore deionized
water was used in reconstitution of proteins. A pair of matched
quartz cuvette of a 1 cm path length was purchased from Starna
Pty Ltd.

2.2. Methods. 2.2.1. UV-Vis Spectroscopy. Solutions of
the two proteins, APH(3')-Ia and MAPKI14, were prepared
according to the manufacturer’s instructions. The lyophilized
powder of APH(3')-Ia was reconstituted as specified in the
product datasheet by adding 2 mL of deionized water to give a
final concentration of 8 uM APH(3’)-Ia. Reconstitution of
MAPK14 was performed by adding 1 mL 20 mM Tris—HCI
buffer (pH 8.0) to give a concentration of S uM MAPK14. We
also prepared a 4 mM stock solution of AG1478 in dimethyl
sulfoxide. The APH(3')-Ia—AG1478 complex was formed by
adding 3.3 uL of 4 mM AG1478 stock solution to 2 mL of the 8
uM APH(3’)-Ia solution. The MAPK14—AG1478 complex was
formed by adding 1.7 uL of 4 mM AG1478 stock solution to 2
mL of the 5§ yM MAPK14 solution.

Fluorescence and REES measurements were conducted on a
PerkinElmer LSS5 spectrophotometer. Fluorescence spectra
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Figure 2. (A) Normalized excitation spectra of the AG1478—APH(3')-Ia complex scanned at different emission wavelengths (400—550 nm); (B)
plot of relative intensity of 333 nm excitation to 344 nm excitation as a function of emission wavelength fitted to the Boltzmann model and (C) plot
of relative intensity of resolved 333 and 344 nm bands as a function of emission wavelength obtained from decomposing the experimental spectrum
into the sum of three Gaussian bands. The solid line is to guide the eye.

were recorded using a fixed excitation wavelength (in S nm
intervals in the range of 330—360 nm) and scanning the
emission from 400 to 600 nm. Two types of spectral
information were obtained from the fluorescence spectra
recorded as a function of excitation wavelength. (1) The
average fluorescence spectrum was obtained by integrating (or
summing up) the individual fluorescence spectra recorded at
different excitation wavelengths. (2) REES plots were obtained
by plotting the emission maximum of the fluorescence
spectrum as a function of the excitation wavelength.
Fluorescence excitation spectra were recorded using a fixed
emission wavelength (in 10 nm intervals in the range of 400—
550 nm) and scanning the excitation from 300 to 390 nm. The
temperature (10—37 °C) of the sample was regulated using
PerkinElmer Peltier temperature programmer PTP-1. All
spectra were corrected for background scattering from proteins
and buffer. Fluorescence maxima, spectra averaging, and error
bars were obtained using OriginLab software. Normalized
spectra were produced by normalizing the wavelength
maximum of excitation and emission to one.

2.2.2. Computational Details. Structure coordinates were
downloaded from PDB http://www.rcsb.org. The missing
hydrogen on the nitrogen-linking quinazoline to the anilino
moiety was added using GaussView software. Energy
optimization was performed only for the added hydrogen
while keeping all other atoms frozen. Five entries of AG1478
[four X-ray resolved structures + one calculated structure
(entry 5)] were used with no further geometry optimization for
calculating the excitation spectrum. Time-dependent density
functional theory (TD-DFT)>” was used for excitation energy
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calculation using the same model and basis set employed for
AGI1478 in our previous published studies.”” >* Becke three-
parameter Lee—Yang—Parr hybrid functional’®*” in combina-
tion with the 6-311+G* basis set and a conductor-like
polarizable continuum model®® were employed in all
calculations. Dielectric continuum of water (¢ = 78.3) was
used to approximately describe the polarity of the AG1478
environment. We used the dielectric continuum of water as
approximation for the AG1478 environment because our earlier
results showed trivial changes in excitation energy calculations
with varying the dielectric constant of the implicit model.”” The
UV—vis excitation (absorption) spectra of AG1478 structures
were calculated for the singlet—singlet transitions of the lowest
60 excited states. All simulations were performed using
Gaussian 09 revision C.01°" on Swinburne supercomputing
facilities.

3. RESULTS

3.1. Spectroscopy Study. 3.1.1. AG1478—Aminoglyco-
side Phosphotransferase Complex. Our previous work
reported that the UV—vis spectrum of AG1478 in solution
consisted of two bands in the 300—360 nm region, one at 330
nm attributed to the planar conformer of AG1478 and the
other at 340 nm attributed to the twisted conformer.”” To
determine the distribution of twisted versus planar conformer
of AG1478 when bound to a protein kinase, we measured the
excitation spectra of the AG1478—APH(3’)-Ia complex in a
buffer solution of pH 8 as a function of emission wavelength.
The excitation spectrum of the AG1478—APH(3')-Ia complex
consisted primarily of two bands, one at 333 nm and the other
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Figure 3. (A) Normalized summed spectra for all emissions of the AG1478—APH(3')-Ia complex obtained by exciting at 330, 335, 340, 345, 350,
355, and 360 nm at six different temperatures. (B,C) Plots of fluorescence intensity and fluorescence maximum as a function of temperature. The
solid line is to ease data point tracking. (D) Plot of fluorescence maximum as a function of excitation wavelength of the AG1478—APH(3')-Ia
complex recorded at different temperatures. Error bars are obtained from three replications. The inset indicates fitting of a selected plot to
Boltzmann function. AAg:" defines the shift of the emission maximum at A, = 360 nm relative to that obtained from A, = 330 nm.

at 344 nm, as expected. However, the relative proportion of the
two band intensities was dependent on the monitoring
wavelength of emission. A significant change (ie., by greater
than 30%) in the relative intensity of 333 and 344 nm can be
seen in the normalized excitation spectra depicted in Figure 2a
and in the plot of the ratio of the two band intensities shown in
Figure 2b. Deconvolution of the excitation spectra into the sum
of three Gaussian bands revealed similar trends in the relative
contributions of the 333 and 344 nm bands (Figure 2c). These
results reveal that AG1478 exists in different conformations
within the ensemble of proteins. In the context of our prior
work, our results could be interpreted as the twisted conformer
being dominant relative to the planar conformer near the blue
edge of the emission (400—450 nm), while both conformers
contribute to the emission nearly equally from 460 to 550 nm.

Our prior work also revealed the exquisite sensitivity of the
fluorescence emission of AG1478 to solution polarity.”' We use
this sensitivity here to examine the environmental hetero-
geneity and dynamics provided by the protein close to the
AG1478 moiety in the protein-binding pocket.

Integrated fluorescence spectra of the AG1478—APH(3')-Ia
complex are shown in Figure 3a recorded at several
temperatures, and information about the intensity of emission
and position of the emission maximum is depicted in Figure
3b,c. Interestingly, the intensity of fluorescence increased from
10 to 15 to 20 °C but then decreased from 20 to 30 to 37 °C. A
decrease in fluorescence due to an increase in temperature is
expected based on an increase in the nonradiative rates of
deactivation from the excited state or dynamic quenching
processes. An increase in fluorescence with temperature is
unusual but was reported by us previously for the AG1478—
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water complex in acetonitrile/water solutions because of a
release of static quenching.’® This unorthodox temperature
dependence of emission could be tentatively explained by both
static and dynamic quenching mechanisms in the binding site of
the protein or a temperature-dependent conformational
change. However, we note that more work is needed to
properly explain this behavior. The wavelength of emission
maximum revealed an increasing shift by 8 nm with increasing
temperature from 10 to 37 °C. This could result from an
increase in solvent relaxation around the probe with increasing
temperature, or alternatively, an increase in the hydration of the
binding pocket with increasing temperature. To distinguish
these two possibilities, we turn to REES measurements to gain
an idea about the relative dynamics of the protein around the
AG1478 probe, the relative dynamics of the excited state, and
the nature of the protein FEL sensed by the AG1478 probe.
Emission spectra were recorded as a function of excitation
wavelength in the range of 330—360 nm. The results are
depicted in Figure 3d. It is remarkable that the emission
spectrum is highly dependent on the excitation wavelength with
shifts exceeding 30 nm. A slight increase in REES magnitude
was observed upon changing temperature from 10 and 15 to 20
°C, but a decrease was observed from 20 to 25 until reaching a
plateau. Aside from the measurements at 20 °C, the REES
measurement was nearly independent of temperature. An
increase in dynamics of the protein with temperature should
increase solvent relaxation giving a red-shifted emission but a
smaller REES value; however, the temperature appears to affect
the emission wavelength but not the REES value. This could be
explained when the temperature increases; the hydration of the
binding site is also increased (because of a conformational
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Table 1. Boltzmann Fitting Parameters Calculated from the Observed Emission of the AG1478—APH(3’)-Ia Complex at

Different Temperatures

10 °C 15 °C 20 °C 25 °C 30 °C 37 °C
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Figure 4. (A) Normalized excitation spectra of AG1478 bound to MAPK14 in Tris buffer solution recorded at different emission wavelengths (400—
550 nm). (B) Plot of relative intensity of 333 and 344 nm bands as a function of emission wavelength. The solid line is used to guide the reader’s eye.
(C) Plot of relative intensity of 333/344 nm bands as a function of emission wavelength obtained from decomposing the experimental spectrum into

the sum of three Gaussian bands. The solid line is to guide the eye.

change opening up the binding pocket), but the dynamics of
the protein matrix is too slow to cause significant solvent
relaxation about the AG1478 chromophore during the excited-
state lifetime. A temperature-insensitive REES is consistent with
a rugged landscape of the FEL sensed by the AG1478 probe.
It was found that REES data fit well (R = 0.99) with a

A —A

Boltzmann model A = A, + L2
P I N P
eXP

the measured fluorescence, A; for the minimum value for 4,
A, for the maximum value for 4,,, x for the excitation
wavelength, x, for the excitation wavelength value at the
midpoint between the maximum and minimum values of
fluorescence maximum, and dx for the width in nanometer of
the most significant change in fluorescence. The calculated
parameters from the fitting of the AGI1478—APH(3')-Ia
complex fluorescence to the Boltzmann model are summarized
in Table 1. We noticed that the increase in temperature yielded
increase in the minimum and maximum emission wavelength
(A; and A,) values. However, REES magnitude was almost
constant (around 34 nm) insensitive to temperature change.
3.1.2. AG1478—MAPK14 Complex. The excitation spectra of
AGI1478 in the AG1478—MAPK14 complex are depicted in

, where A stands for
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Figure 4a. The predominant band is at 330 nm consistent with
a predominant planar conformation of AGI478 in the
AG1478—MAPK14 complex. The 340 nm band appears as a
shoulder in the excitation spectrum. The relative proportion of
the two bands is slightly dependent on the emission
observation wavelength, varying from 1.26 to 1.38 or by 10%
across the range of emission as shown in Figure 4b. The same
trend in relative amplitude was observed using deconvoluted
Gaussian bands, as shown in Figure 4c. This suggests some
degree of conformational heterogeneity of AG1478 in the
population of protein—drug complexes.

The emission spectrum of AG1478 in the AGI1478—
MAPKI14 complex revealed an emission maximum near 427
nm at all temperatures examined (Figure Sa). Increase in
temperature resulted in a decrease in emission from AG1478
consistent with conventional dynamic-type quenching pro-
cesses (Figure Sb). However, the position of the emission
spectrum only changed slightly from 427 nm at 15 °C to 426
nm at 37 °C (Figure Sc). Taken together, these results suggest
that the binding site for AG1478 in MAPK14 is relatively low in

polarity.
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Table 2. Boltzmann Fitting Parameters Calculated from the Observed Emission of the AG1478—MAPK14 Complex at Different

Temperatures
15 °C 20 °C
A 4242 + 09 4232 + 08
A, 4463 + 11.2 4447 + 5.6
Xo 3579 £ 7.6 3583 £ 1.1
dx 7.7 £ 3.1 62+ 13

25 °C 30 °C 37 °C
422.8 + 0.8 419.1 =+ 2.0 420.5 + 2.3
4429 + 4.1 450.1 + 9.8 438.6 + 2.6
354.5 £ 3.5 3572 +£72 345.8 £ 2.0

9.5 £2.2 13.8 + 4.4 6.6 +2.7

The REES experiments on AG1478—MAPK14 revealed an
interesting behavior, as shown in Figure 5d. The magnitude of
the REES was only 11—14 nm, and a slight increase in REES
was observed upon heating the solutions. These observations
are consistent with a rugged FEL; however, we interpret the
smaller REES and blue emission compared to the AG1478—
APH(3’)-Ia complex owing to a reduced polarity of the binding
site in MAPK14. The existence of significant REES could be
due to water molecules in an otherwise nonpolar binding
pocket.

We also found that the REES data of AG1478—MAPKI14 fit
well (R* = 0.99) to the Boltzmann model. The calculated
parameters from the fitting of the AG1478—MAPK14 complex
fluorescence to the Boltzmann model are summarized in Table
2. In contrast to the data of the AG1478—APH(3’)-Ia complex,
we noticed a decrease in A; and A, values with the increase in
temperature. In the next section, we make a quantitative
estimation of the binding site polarity of the two proteins.

3.1.3. Estimation of Binding Site Polarity Using a
Reichardt E-{30) Scale. In our earlier published work,>! the
emission energy of AG1478 fluorescence in hydrogen-donating
and aprotic solvents exhibited a good correlation with a

Reichardt transition energy E;(30) scale. It is well-known that
the Reichardt model takes into account both the solvent
polarity and hydrogen bonding s.trength.(’z_64 Therefore, we
herein exploited our published model to determine E(30) of
the AG1478-binding site within APH(3')-Ia and MAPK14
proteins. By extrapolating the best fit model of AG1478 in
aprotic solvents and using the maximum emission wavelength
of the AG1478—protein complex (A,. = 350) at 25 °C, we
obtained E1(30) of 52.8 and 34.8 kcal/mol for AG1478 bound
to APH(3')-Ia and MAPK14, respectively. These values mean
that the colligative properties of the AG1478-binding site in
APH(3')-Ia and MAPK14 closely resemble N-methylforma-
mide and 1,4-dioxane, respectively. However, we could not use
the AG1478-protic model to estimate E;(30) of AG1478 in
complex with the two proteins. This is because extrapolation of
the fit line lies below the minimum value of the extreme
nonpolar solvent (trimethylsilane) E;(30) = 30.7 kcal/mol and
the maximum value of the most polar solvent (water) E(30) =
63.1 keal/mol (Figure 6).

3.2. Computational Study Comparison with X-ray
Crystallography Models. 3.2.1. Average Conformation of
AG1478. The two lowest energy excitation maxima were
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calculated for the five entries of AG1478 coordinates
downloaded from PDB for AG1478 (PDB ID: 0TO)
complexed with APH(3')-Ia (PDB ID: 4FEX). The topological
difference between AG1478 structures is due to the difference
in torsional angle between quinazoline and aniline moiety. In
spite of small variations in dihedral angle, a significant
difference in excitation maxima was calculated as indicated in
Table 3. The lowest energy excitation maximum was computed
within the 348—364 nm range, while the second transition was
calculated at 335—350 nm. The experimental excitation
spectrum maxima of the AG1478—APH(3’)-Ia complex were
observed at 333 and 344 nm. By comparing the excitation
spectra maxima of our experiment and entry 4 structure, we
noticed a good agreement between our experimental results
and the calculated excitation maxima for the obtained X-ray
crystal structure (entry 4). The observed lowest energy
transition and the second transition in the AG1478—
APH(3')-Ia complex are shifted by 4 and 2 nm to the blue
region relative to entry 4.

We noticed that the entry S structure is substantially different
from AGI1478 X-ray structures regarding its geometrical and
electronic properties as indicated in Table 3. Although the entry
S structure represents the most energy-minimized structure
(global minimum), it is far likely to be populated in the
AG1478—APH(3')-Ia crystal. Only one major electronic

transition was calculated in the 300—360 nm range which
cannot account for the experimental spectrum. By examining
the oscillator strength and the main molecular orbital
contribution to the electronic transitions within the four X-
ray entries, entry 4 showed distinct electronic characteristics. In
contrary to all other entries, the oscillator strength of the lowest
energy transition is lower than that of the higher energy
transition. In addition, the molecular orbital contribution to the
two electronic transitions is quite different in entry 4 from
other entries (refer to Table 3). Calculations revealed that the
highest occupied molecular orbital — 1 — lowest unoccupied
molecular orbital transition in entry 4 contributes to the first
and second electronic excitations unlike in other entries. By
taking entry 1 energy as a reference, energy calculations showed
that the entry S structure is the most energetically stable
structure, whereas entry 2 < entry 4 < entry 3 are less stable
than entry 1 in the same order.

3.2.2. Heterogeneity of AG1478 Conformations. We
searched for anilinoquinazoline-based compounds deposited
in PDB to scrutinize the coplanarity between quinazoline core
and aniline moiety in this family of active compounds.
Compound name, protein name, and torsional angle between
quinazoline and aniline rings for every PDB entry structure are
compiled in Supporting Information Table S1. Four out of 39
PDB entries showed a torsional angle less than 10°, indicating
that the planar conformation is not favored and that the twisted
conformation is the conformationally favored protein-bound
structure for anilinoquinazoline class kinase inhibitors. The four
X-ray entries of AG1478 exhibited torsional angles in the range
of (—10.1°)—(—15.7°), revealing the existence of AG1478 in
twisted conformations at the ATP-binding pocket of the
APH(3')-Ia protein. The same finding was obtained from our
experimental excitation spectra (Figure 2ab). The structural
heterogeneity of AG1478 may also contribute to the observed
REES, that is, if different conformers have distinct absorbance
and emission spectra.

Occupancy and temperature (Debye—Waller) factors are
essential parameters to evaluate X-ray crystals. Occupancy
factor has values ranging from 0 to 1, where values closest to 1
indicate a precise positioning of atoms in the crystal. The
temperature factor is defined as the mean-square displacement
of an atom from its position in the model. It is an isotropic
measure of static and dynamic disorders within the crystal. The
static disorder is mainly due to different conformations of the

Table 3. Comparison of Excitation Maxima and Torsional Angle Calculated for AG1478 Structures Retrieved from PDB (Four

Experimental Entries + One Calculated Entry)®

PDB entries entry 1 entry 2 entry 3 entry 4 entry §
torsion angle -15.1 -13.5 —15.7 —-10.1 32.8
excit. max. (nm)  341/351 350/364 346/357 335/348 338
osc. str. 0.1718/0.1894 0.1542/0.2048 0.1195/0.2529 0.2733/0.1214 0.3834

H — L (61%)

H -2 — L (26%)
H — L (36%)
H-2- L (31%)
H-3 - L (18%)
0.00

333/344

e-transition (L)“
e-transition (H)®

AE (kcal/mol)*

exp. (AG1478—APH(3')-Ia)? excit. max. (nm)

H — L (68%)
H-2- L (27%)
H-2- L (62%)
H - L (30%)

1.97

H — L (74%)
H-2-L17%)
H-2— L (57%)
H — L (23%)

H -4 — L (13%)
1121

H-1-1L(53%)
H — L (42%)
H — L (54%)
H-1- L (39%)

H — L (89%)

7.53 —28.62

“Electronic transitions encountered in the lowest energy excitation maximum. PElectronic transitions encountered in the second lowest energy
excitation maximum. “Change in molecular energy relative to entry 1. 9Observed excitation maxima of AG1478 bound to aminoglycoside

phosphotransferase.
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Table 4. Occupancy and Temperature (B-Factor) Values in (A”) for Nonhydrogen Atoms of Four Copies of AG1478 (PDB:
0TO) Obtained from Its X-ray Cocrystal with APH(3')-Ia (PDB: 4FEX)

entry 1 entry 2 entry 3 entry 4
atom type occupancy B-factor occupancy B-factor occupancy B-factor occupancy B-factor

C 0.74 62.84 0.79 76.27 0.83 72.47 0.87 78.62
C 0.74 74.15 0.79 81.74 0.83 88.69 0.87 85.47
Cl 0.74 82.11 0.79 86.89 0.83 89.30 0.87 80.81
C 0.74 67.68 0.79 76.13 0.83 77.89 0.87 65.99
C 0.74 75.27 0.79 76.93 0.83 82.56 0.87 74.35
C 0.74 76.06 0.79 73.40 0.83 77.80 0.87 72.86
C 0.74 62.77 0.79 76.79 0.83 66.75 0.87 63.67
N 0.74 54.99 0.79 74.21 0.83 63.06 0.87 53.42
C 0.74 62.28 0.79 73.97 0.83 63.93 0.87 58.36
N 0.74 60.25 0.79 65.33 0.83 64.95 0.87 52.88
C 0.74 55.94 0.79 63.48 0.83 57.57 0.87 56.73
N 0.74 50.00 0.79 68.53 0.83 53.70 0.87 50.11
C 0.74 56.84 0.79 65.70 0.83 56.09 0.87 61.68
C 0.74 46.34 0.79 62.61 0.83 51.54 0.87 50.99
C 0.74 60.87 0.79 71.06 0.83 63.39 0.87 59.11
C 0.74 65.60 0.79 78.53 0.83 68.24 0.87 64.08
O 0.74 77.28 0.79 74.87 0.83 63.66 0.87 78.97
C 0.74 63.77 0.79 64.95 0.83 73.05 0.87 67.21
C 0.74 67.93 0.79 77.49 0.83 67.50 0.87 60.73
C 0.74 60.66 0.79 67.43 0.83 54.74 0.87 5091
O 0.74 63.72 0.79 65.02 0.83 66.57 0.87 66.83
C 0.74 55.00 0.79 73.98 0.83 56.82 0.87 59.74
average 64 72 67 64
rms (A) 091 0.96 0.93 091

drug in different unit cells of the protein, whereas the dynamic
disorder originates from the atomic vibrations and trans-
locations in the crystal. Lattice defects, restraints, and model
errors contribute also to the calculation of temperature
factor.”"% Although the X-ray crystal resolution is 2.71 A
and data collection was performed at the temperature of 100 K,
it was noted that individual and average values of the
temperature factor are greater than S0 A (root—mean—square
deviation (rmsd) > 0.90 A), indicating a high structural disorder
(heterogeneity) of AG1478 atoms within the protein-binding
site (refer to Table 4). It is in agreement with our experimental
excitation spectra because the structural flexibility of AG1478
atoms points out the existence of multiple conformations of
AG1478 in two proteins accounting for the change in the
relative intensity of 333 and 344 nm excitation bands as a
function of emission wavelength.

The 4-anilinoquinazoline compound (PDB-ID: MSQ)
complexed with MAPK14 (PDB-ID: 1DI9) showed an
occupancy value of 1 for all of its atoms as depicted in
Supporting Information Table S2. The average temperature
factor value is 28 A> (rmsd 0.60 A), indicating the presence of
MSQ, hence possibly for AG1478, in a more rigid (less
disordered) environment than with APH(3’)-Ia (PDB-ID:
4FEX).

3.2.3. Average Polarity of the AG1478-Binding Site from
X-ray Data. Five structurally and functionally identical copies
comprise the asymmetric unit of aminoglycoside phospho-
transferase APH(3')-Ia. These copies are named chains A, B, C,
D, and E. Four different copies of AG1478 were resolved from
chains A, C, D, and E. A trivial change in amino acid (aa)
sequence was noted at the AGI1478-binding site. The aa
sequence similarity relative to the binding site within chain A is
given in Table 5. Although the binding site within four chains is
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Table 5. Amino Acid Sequence of the Binding Pocket within
Four Chains of Aminoglycoside Phosphotransferase
APH(3')-1a Involved in Interactions with the Four Entries of
AG1478“

parameter chain A chain C chain D chain E
V33 140 D31 ES1
140 ES3 140 FS3
FS3 KsS Fs3 Kss
K55 E68 K55 E68
E68 L72 E68 L72
L72 P82 L96 P82
P82 T98 T98 T98
T98 T99 T99 T99
T99 A100 A100 A100
A100 1101 1101 1101
1101 G103 P102 P102
G103 K104 G103 G103
K104 T10S K104 K104
T105 Q108 T105 T10S
D202 D202 Q108 Ql08
1205 1208 1205 D202
1215 1215 1215 1205
D216 D216 D216 1215
D216

sequence similarity 100% 89% 78% 89%

no. of polar aa 8 9 9 10

no. of nonpolar aa 10 9 9 9

no. of waters 1 (flexible) 0 0 1 (restricted)

hydrophobicity® -0.26 -029 —029 —042

(kcal/mol)

“Data in bold are for aa not found in chain A. Data are retrieved from
PDB.%*
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highly conserved, a small change in binding site polarity,
hydration, and hydrophobicity might also be a contributing
factor for variations in the excitation maxima of four AG1478
entries if included in calculations. Because molecular dynamics
calculations are not within the scope of this work, the
interactions between AG1478 and protein are not discussed.
Hereafter, we shed the light on some isolated physicochemical
properties of the AG1478-binding pocket in various chains of
APH(3')-Ia and in MAPK14 protein.

The binding site in chain A contains 10 nonpolar amino acids
and 8 polar amino acids, while chain E is marked with the
highest distribution of polar (10) aa relative to 8 nonpolar aa.
Chains C and D have equal distribution of polar and nonpolar
aa. The AG1478-binding site in chains A and E comprises one
molecule of confined water. Water molecules were resolved at
the vicinity of methoxy groups and chlorine atom in chains A
and E, respectively. The hydrophobicity scale developed by
Wimley and White was utilized to calculate the hydrophobicity
of the AG1478-binding site. The hydrophobicity parameter
(free energy of partitioning of aa) ranges from (1.85) for the
most hydrophobic tryptophan to (—2.02) for the most
hydrophilic glutamic acid.”” The midpoint of the scale is at
(—0.085). The average hydrophobicity of the binding site
amino acid in chain E has a value of (—0.42) which is lower in
magnitude than in chain A (—0.26), chain C (—0.29), and chain
D (—0.29), indicating that the AG1478-binding site in chain E
is significantly more hydrophilic than in other chains. The
average hydrophobicity of the AG1478-binding site in chain E
was found identical to asparagine (—0.42), whereas the average
hydrophobicity of the binding sites in chains A, C, and D is
intermediate between alanine (—0.17) and asparagine (—0.42).
The polarity deduced from the analysis of the side chains
proximal to AGI1478 agrees well with our experimentally
measured polarity from the AG1478 fluorescence spectrum.
The emission maximum of AG1478 in the protein complex was
similar to that observed for AG1478 in dimethylformamide and
N-methylformamide.

X-ray crystallographic data of AG1478 with MAPK14 are not
deposited in PDB. Fortunately, we found a structurally similar
compound (PDB ID: MSQ), where the chlorine atom of
AG1478 is replaced with the methylsulfanyl group, deposited in
PDB. Structural analysis of the inhibitor-binding site revealed
that the MAPK14 (PDB ID: 1DI9)-binding site is significantly
less polar than the APH(3’)-Ia inhibitor-binding site. The ratio
of nonpolar to polar amino acids at the inhibitor-binding site is
12:5, as depicted in Table 6. The binding site within MAPK14
is more hydrated than in APH(3’)-Ia. Two confined water
molecules were resolved at the vicinity of N(3) and 4-anilino
substituent of MSQ. The hydrophobicity scale confirmed that
the inhibitor-binding site in the single-chain crystal of MAPK14
is more hydrophobic (—0.18) than in all chains of APH(3’)-Ia.
The average hydrophobicity of the binding pocket is closely
similar to alanine hydrophobicity (—0.17). This agrees also well
with our results where the polarity of the AG1478—MAPK14
complex was estimated lower than the polarity of AG1478—
APH(3')-Ia.

3.2.4. Disorder of the AG1478-Binding Site from the X-ray
Structure. 1t is noteworthy that the majority of aa atoms at the
AG1478-binding site in APH(3’)-Ia and MAPK14 are assigned
occupancy value of 1. This means the crystal backbone is
precisely fortified, whereas the inhibitor (AG1478) atoms are
disordered (occupancy factor 0.87—0.74) in APH(3’)-Ia (Table
4). In MAPK14, the inhibitor (MSQ) occupancy factor was
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Table 6. aa Sequence of the Binding Pocket of Structurally
and Functionally Similar Compound to AG1478 (PDB-ID:
MSQ) in the MAPK14 Protein”

4-[3-Methylsulfanylanilino]-6,7-Dimethoxyquinazoline (MSQ)

MAPK14

V30
G31
V38
AS1
VS§2
KS3
E71
L75
184
L104
V105
T106
H107
L108
M109
L167
D168

no. of polar aa S

12

no. of waters 2
hydrophobicity® (kcal/mol) -0.18
“Data are adopted from PDB website.”®

parameter

no. of nonpolar aa

equal to 1, indicating precise positioning and restricted
movement of the inhibitor within a well-defined binding
pocket (Table S2).

We examined the B-factor values, deposited in PDB, of aa
comprising AG1478-binding site in APH(3’)-Ia and MSQ_in
MAPK14. The average value of B-factor in APH(3')-Ia is 52 A*
(rmsd > 0.84 A), indicating a significant structural disorder
(heterogeneity) of the AG1478-binding site in APH(3')-Ia.
This structural disorder in the AG1478-binding site could be a
factor that contributes to the observed REES. The average value
of B-factor for the binding pocket in MAPK14 is estimated at
18 A* (rmsd > 0.47 A). This value implies slighter structural
disorder within the binding site, which might account for the
lesser magnitude of REES with AG1478—MAPK14.

We found that amino acids in APH(3’)-Ia have higher B-
factor values than in MAPKI14 as can be seen in Figure 7;
however, the crystal data were collected at the same
temperature (100 K) and the resolution was nearly equal
(2.71 A for AG1478—APH(3')-Ia and 2.60 A for MSQ—
MAPK14). This indicates that the environment around
AG1478 in APH(3')-la is more conformationally disordered
than for MSQ_in MAPK14. While in the case of MAPK14, the
vibrational movement of atoms is more constrained. Referring
to our experimental results, this can account for the higher
REES magnitude in the AG1478—APH(3')-Ia complex than in
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AG1478-binding site
Av. B-factor (5242)
r.m.s. (0.84A)

MSQ-binding site
Av. B-factor (1842)
r.m.s. (0.47A)

Figure 7. Color map of temperature (B-factor) factor of amino acid
residues in the AG1478-binding site in APH(3')-Ia (upper panel) and
the MSQ-binding site in MAPK14 (lower panel).

the AG1478—MAPKI14 complex. Because when the medium
surrounding AG1478 is more disordered, it somehow reflects
increase in environment dynamics which in turn affects the
emission process (REES and fluorescence quenching). Overall,
binding site polarity and disorder (occupancy factor and B-
factor) are both responsible for the red-shifted emission in
AG1478—APH(3’)-Ia than in MSQ—MAPKI14.

Taking into account that B-factors for protein residues and
inhibitor were estimated at 100 K, therefore we expect a higher
structural disorder in AG1478 at room temperature (298 K).
The higher dynamics of AG1478 molecules would significantly
affect the equilibrium between the planar and twisted
conformations of AG1478. This would be reflected in the
change in relative absorption of 333 and 344 nm peaks in the
absorption spectrum of AG1478.

4. DISCUSSION

The conformational states of AG1478, and the environment
(structural plasticity and polarity) of the AG1478 protein-
binding site in two enzymes, APH(3’)-Ia and MAPK14, were
examined using fluorescence spectroscopy techniques. While
the observed heterogeneity in fluorescence could, in principle,
result from uncomplexed AG1478 species and uncomplexed
protein species, the negligible quantum yield of AG1478 in
buffer and the excitation wavelengths used (outside tryptophan
absorbance) rule out these factors as potential causes of
heterogeneity. We compared our fluorescence data with
AG1478 conformers proposed in the literature using quantum
chemical calculations. We also performed detailed analysis of X-
ray data obtained from PDB to unravel polarity, hydro-
phobicity, and disorder of amino acids constituting the
inhibitor-binding site of APH(3')-Ia and MAPKI14. Our
analyses on PDB data can be taken as approximations for
studying AG1478 conformations and environment in MAPK14
and should be exercised with caution. This is because we used
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the AG1478 derivative (MSQ) and its binding site on MAPK14
instead of AG1478.

The conformational states of AG1478 were deduced from
the fluorescence excitation spectrum of the AG1478 in complex
with each protein. In accordance with our prior work, an
absorbance near 330 nm is associated with a planar form of
AG1478, while the presence of an additional band near 340 nm
is evidence for a twisted conformation of AG1478. In the
APH(3')-Ia—AG1478 complex, both transitions were present,
which is evidence for some degree of twisting in the AG1478
structure. Comparison of AG148 five conformers from the
literature X-ray crystal structures of the APH(3’)-Ia—AG1478
complex revealed that the excitation spectrum from TD-DFT
calculations was very sensitive to the AG1478 conformation, as
expected. However, we found that one conformer, with a
torsional angle of —10.1°, gave a better agreement with the
observed wavelength positions of the experimental transitions
than the other conformers (with torsional angles of —14, —15,
—16, and +33°). Conformational heterogeneity was observed
experimentally in APH(3')-Ia—AG1478 through an emission
wavelength-dependent excitation spectrum. Both transitions at
330 and 340 nm persisted as a function of emission wavelength,
but their relative amplitudes differed markedly with monitoring
emission wavelength. This is evidence that there are multiple
conformations of AG1478 in the APH(3')-Ia—AG1478
complex in solution probably contributed by mixtures of planar
and twisted (or slightly twisted) AG1478 structures.

The corresponding fluorescence excitation spectrum of the
AG1478—MAPKI14 complex differed from the APH(3')-la—
AG1478 complex, which is an indication for a different
conformation or conformational distribution of AG1478 in
the AG1478—MAPKI14 complex. On the basis of a relatively
larger 330 nm band amplitude compared to the 340 nm band
amplitude in the excitation spectrum, we reasoned that the
AG1478 conformation is more biased toward the planar
conformation in the AG1478—MAPKI14 complex. Moreover,
the heterogeneity of conformations was less than in the
APH(3')-1a—AG1478 complex as deduced from the fluores-
cence excitation spectrum as a function of emission wavelength.
Examination of the X-ray B-factors for an AG1478 derivative in
complex with MAPK14 showed that the AG1478 derivative was
fairly rigid in the binding site, while the corresponding B-factors
for AG1478 in the APH(3')-Ia—AG1478 indicated more
conformational disorder. These results suggest that AG1478
can adopt different conformational distributions depending on
the target enzyme.

The environment provided by the protein at the AG1478-
binding pocket was assessed by several spectroscopic
parameters. Polarity was inferred from the wavelength of the
emission peak, while a distribution of solvent environments
around AG1478 (protein conformations, water) was deduced
from REES experiments. The emission from APH(3’)-la—
AG1478 indicated a moderately polar environment surrounding
AG1478, consistent with an analysis of the amino acid side
chains comprising the binding site in the APH(3)-Ia—AG1478
complex. The APH(3')-Ia—AG1478 complex showed a
significant REES of 34—39 nm, indicating a distribution of
microenvironments around AG1478 in the protein complex
suggestive of multiple conformational states of the protein. This
conclusion is supported by the large B-factors in the X-ray
crystal structure of the APH(3')-]Ja—AG1478 complex. In
contrast to AG1478—MAPKI14, the emission was more
indicative of a less polar environment around the AG1478, in
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good qualitative agreement with an analysis of the amino acid
side chains comprising the binding site in an AG1478 derivative
in complex with MAPK14. Moreover, the REES observed in
AG1478—MAPKI14 was markedly less (11—14 nm) than for
AG1478—APH(3')-Ia, perhaps indicating a lower degree of
heterogeneity of binding site environments (protein conforma-
tional states). This latter conclusion is consistent with the
smaller B-factors in the X-ray crystal structure of the AG1478
derivative—MAPK14 complex.

It is important to note that for both AG1478—protein
complexes, the REES values were largely independent of
temperature over the temperature range examined. In analogy
with Demchenko’s analysis of tryptophan-containing pro-
teins,’>”" this suggests that solvent relaxation (i.e., protein)
around AGI1478 is restricted slightly on the fluorescence
timescale of nanoseconds. This is in agreement with other
reports of conformational plasticity of kinases. The combined
millisecond molecular dynamics with Markov-state models
revealed conformational plasticity of the apo kinase domain of
Bruton tyrosine kinase.”” Simulations predicted several
conformations for imatinib (a tyrosine kinase inhibitor)-binding
site on Abelson tyrosine kinase. It was found that the kinase
domain (ATP-binding site) plasticity modulates various
landscapes available for binding with ligands. On the basis of
free-energy surface calculations, four main populations of the
kinase were inferred along with other intermediate states
pertaining conformational plasticity to the kinase.”” The
diversity in conformational states of the kinase domain was
earlier reported for many tyrosine kinases such as MAPK14,”
ERK2,'! aurora kinase A,”* and protein kinase A”® Taken
together, these results indicate that the FEL of solvated kinase
domain is diffuse (rugged), which agrees well with our REES
observations for AG1478 in APH(3’)-Ia and MAPK14.

5. CONCLUSIONS

Our experimental results are consistent with computations and
literature, demonstrating reasonable reliability and accuracy of
using UV—vis spectroscopy in probing the fluorophore
environment. The interplay between our applied method-
ologies (UV—vis spectroscopy and quantum chemical calcu-
lations) introduced a new tool to monitor the spatial and
electronic scenes for important class of anticancer drugs in the
free and bound forms to target protein.

The plasticity of structural elements of the ATP-binding site
is critical for determining the inhibitor conformation and
binding mode. The binding interaction of AG1478 with either
APH(3')-Ia or MAPK14 can result in a discrete change in
AG1478 conformation on a rugged matrix of protein backbone.
Our UV-—vis spectra reveal that the interactions between
AG1478 and APH(3')-Ia protein are different from the
interactions between AG1478 and MAPKI4 protein. The
former indicates that AG1478 exists in two distinguishable and
competitive conformations at the APH(3’)-Ia-binding pocket.
The presence of the conformers of AG1478 shows dependence
on the emission wavelength. While in MAPK14-binding site,
the AG1478 ligand may experience distortion with more than
one conformers which are not very different from the most
stable structures, and they are not very much emission-
wavelength-dependent. The results suggest that AG1478 binds
to the ATP-binding site where conformational selection is
protein-dependent. Polarity and hydrophobicity of amino acids
at the vicinity of AG1478 play a significant role in determining
the AG1478 structure. To this end, our results along with
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extensive analyses of PDB data pave the way for studying the
molecular dynamics of AG1478 binding to the ATP pocket.
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Table S1. Ligand and protein names along with the corresponding PDB-ID and torsion angles between quinazoline
moiety and aniline group of the reported 4-anilinoquinazoline based tyrosine kinase inhibitors retrieved from protein
data bank.! Terms between brackets indicate mutation within protein sequence. The red highlights within 2D structure

denotes measured torsional angle.
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Torsion angle

Compound PDB- b otein PDB- Entry- Entry- Entry- Entry- Entry- Entry-
ID ID
1 2 K] 4 5 6
Afatinib OWN EGFR (T790M) 4G5P 12.3 1.9
OWM EGFR 4GS5J
AG1478 0TO APH(3")-Ia 4FEX -15.1 -13.5 -15.7 -10.1
Dacomitinib 1C9 EGFR 4123 28.5 27.2 44.0
EGFR (T790M) 4124
Erlotinib AQ4 EGFR 1M17 41.2 39.5 41.6
EGFR (V924R) 4HJO
Gefitinib IRE EGFR (T790M, L858R, V948R) 4122 52.9 49.1 35.5 35.3 45.7 55.2
EGFR 4WKQ
EGFR (G719S, T790M) 3UG2
EGFR (T790M, L858R, V948R) 4I1Z
EGEFR (G719S) 2ITO
EGFR 2ITY
EGFR (L858R) 21TZ
Lapatinib FMM ErbB-4 3BBT 68.1 67.1 55.3
EGFR 1XKK
PD168393 DIK EGFR (L858R) 4LQM 34.6 30.8 32.8 32.4 -0.5 -0.7
EGEFR (S345C) 2HWP
EGFR (T338M, S345C) 3LOK
YUN EGFR 4LRM
EGFR (T790M, L858R) 4LLO
Sarcatinib H8H  Mytl 5VCX 52.4 50.4 66.3 52.3
Mytl 5VD3
MST3 4QMX
SRC1 2H8H
Vandetanib ZD6 RET 2IVU 61.1
WHI-P180 DTQ TTBKI1 4BTK 36.0 -34.4 42.5 0.5
RET SAMN
CDPK1 3INYV
a MSQ P38-a 1DI9 57.4
b PFE FBP (E20Q, S96T, D199N) 1KZ8 32.3 37.0
c 6U7 KSR2 SKKR 92.3
d ONS5 GImU 4E1K -50.7

* 4-[3-Methylsulfanylanilino]-6,7-Dimethoxyquinazoline

® [4-[3-[(6,7-diethoxyquinazolin-4-yl)amino]phenyl]-1,3-thiazol-2-ylJmethanol
¢ 6,7-dimethoxy-N-(2-methyl-4-phenoxy-phenyl)quinazolin-4-amine

4 N-[4-[(6-methoxy-7-oxidanyl-quinazolin-4-yl)amino]phenyl]benzamide
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Table S2. Occupancy and temperature (B-factor) values for non-hydrogen atoms of PDB-ID: MSQ obtained from its X-
ray cocrystal (PDB: 1DI9). Occupancy value ranges from 0—1 and indicates the amount of each conformation observed
in the crystal. Given a value of 1 means that the atom is found in all of the molecules in the same place in the crystal,
while lower values denotes uncertainty for atom position. B-factor is indicative for atomic motion and smearing of
electron density. Values under 10 indicates sharp positioning of the atom in all molecules in the crystal while values
greater than 50 indicates the dynamic movement of the atoms.

Atom type  Occupancy B-factor

1 23.98
26.59
27.52
28.34
27.62
25.72
29.70
30.67
30.34
29.33
25.53
24.30
2491
25.78
25.23
25.74
24.98
30.22
27.37
32.32
31.38
31.89
30.60
Average 28

r.m.s. (A) 0.60

ol=NoleNoR" NoNoloNoNoNolHoloRoNoloNo o HoW4
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