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and computational chemistry†

Muhammad Khattab, a Feng Wang *b and Andrew H. A. Clayton *a

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

ab initio calculations. The effects of explicit hydrogen bonding on vertical excitation, topology and

electronic configuration of AG1478 were examined computationally.
1. Introduction

Several theories and models have been developed to describe
the complex process of solvation of solutes in binary
mixtures.1–4 Solutes can be preferentially solvated by either
solvent, nevertheless the solvent–solvent interactions can
signicantly inuence solute–solvent interactions (sol-
vatochromic parameters).5 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.6

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.7–11 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.5 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.12,13

It has been reported that the structure of pure water is signi-
cantly altered upon mixing with other solvents generally and
with acetonitrile specically.13–17 Therefore, binary mixtures of
acetonitrile with water are solvents of choice in physical organic
chemistry.5,13 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.7 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 102.7 This nding 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 rst solvation shell. Studies conducted on the
adenine analogue, 2-aminopurine, have also led to similar
conclusions.18,19 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 NH2 group of 2-aminopurine.18

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.20

AG1478 is a tyrosine kinase inhibitor,21–23 synthesized to
mimic the purine ring of adenosine triphosphate (ATP)
cofactor.24 It possesses ve 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,25 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 experimental26 and computational27 studies
showed that the absorbance of AG1478 was sensitive to the
molecular conformation (twisted versus planar), while the
uorescence was inuenced by the polarity and hydrogen-
bonding power of the solvent.26 We have also observed exten-
sive uorescence quenching of aqueous AG1478 solution
compared to other non-aqueous AG1478 solutions.26 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.28–31 When studies in
pure water are not feasible, solvent–water binary mixtures
provide a controllable environment in which to probe the
inuence of water against a moderately polar host solvent.32,33

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 uorescence experiments to delineate
the inuence 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
2. Experimental
2.1. Materials

Spectroscopic grade acetonitrile was purchased from Thermo
Fisher Scientic Inc. and was used without further purication.
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 uorescence 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�5 M (absorbance)
and 10�6 M (uorescence)). 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 lter 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)34,35with 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)36 with the dielectric constant of 3 ¼ 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 n¼ 1–7 water molecules to AG1478.
That means an explicit water molecule(s) was included at prox-
imity (1.7 Å) 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-specic solvation correction. Here-
aer, the planar structure complexed with water molecules were
referred as P-nw, where n ¼ 1–7, and the twisted rotamer exhib-
iting intermolecular H-bond with watermolecules were referred as
T-nw, where n ¼ 1–7. Full geometric coordinates, structural
properties and energies are contained in the ESI Tables S1–S5 and
Fig. S1–S4.†
This journal is © The Royal Society of Chemistry 2017
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Fig. 1 Graphs of (a) absorption spectra of AG1478 (10 mM) 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.
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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.27 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,27 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 S0 to S1 transitions in the twisted and planar
conformation, respectively.27 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 signicant effects on the absorption spectra but small
Fig. 2 (a) Excitation spectra of 1 mM AG1478 in acetonitrile/water bin
concentration in % v(water)/v(acetonitrile). (b) Correlation plot between
and molar concentration of added water. The red vertical lines indicates

This journal is © The Royal Society of Chemistry 2017
attenuation in the regions of l < 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 (R2 ¼ 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 uorescence
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 uorescence excitation and emission spectra of
AG1478 in acetonitrile as a function of added water. The
ary solutions monitored at lem ¼ 400 nm. Legend indicates water
relative excitation intensities of AG1478 in acetonitrile/water mixtures
error bars.

RSC Adv., 2017, 7, 31725–31735 | 31727
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Fig. 3 Normalized emission spectra of 1 mM AG1478 in acetonitrile/
water binary solutions (excitation at lexc ¼ 330 nm). Inset shows
emission maximum values and arrow indicates the red shift with
increasing water percentage.
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uorescence excitation spectra of 1 mM AG1478 aer subse-
quent addition of 2% v/v of water to acetonitrile solution
revealed a noticeable attenuation of uorescence (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
uorescence 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 (R2 ¼ 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 uorescence spectra at lexc
Fig. 4 (a) Intensity of emissionmaxima of AG1478 as a function of water a
quenching of AG1478 in acetonitrile due to presence of increasing amou
and presence of water, respectively.* See residual plot for each function

31728 | RSC Adv., 2017, 7, 31725–31735
¼ 330 nm of 1 mM 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 shi of the emission peak and a decrease in the
uorescence quantum yield as shown in Fig. 3. A red shi of
8.5 nm was observed aer addition of 0.2% v/v of water with
a total bathochromic shi of 23 nm with 2% v/v of water; data
are compiled in inset of Fig. 3.

The decrease in uorescence 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 (3 ¼ 36) and water (3 ¼ 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
shis and uorescence quenching with water addition which
are larger than expected based on bulk solvent properties alone,
therefore it can be concluded that the changes in uorescence
are due to specic interactions of AG1478 with the water in the
acetonitrile–water solution.

Preferential solvation studies, in which uorophore mole-
cules are explicitly solvated by water molecules in aqueous–
organic medium, have been reported.39–42 For instance, the
tautomerism of alloxazine to isoalloxazine was triggered by
water-facilitated intramolecular proton transfer owing to
specic interactions between alloxazine and water molecules.39

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 uorophore
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, uo-
rophore–water interactions is weakened in water rich media.39
dded to acetonitrile solution. (b) Stern–Volmer plot of the fluorescence
nts of water. F0/F is the emission intensity ratio of AG1478 in absence
al fitting in Fig. S5 in ESI.†

This journal is © The Royal Society of Chemistry 2017
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Barbosa et al. studied ve standard buffers in acetonitrile–
water binary mixtures.43 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.43 On the contrary, studies done by
Wakisaka and coworkers found that phenol was preferentially
solvated by water at higher mole fraction of water $ 0.85.42

Preferential solvation of acetate ions was triggered by water in
mixed solvents of water and acetonitrile as reported by Barbosa
et al.41 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–
0.25.41 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 uorescence excitation and emission
with added water suggests that water might be thought of as an
efficient quencher of AG1478 uorescence. Therefore, one way
to understand the interaction between AG1478 and water was to
quantify the water-induced uorescence quenching by
employing the Stern–Volmer equation44

F0

F
¼ 1þ KSV Q½ � (1)

where F0 and F are the uorescence intensities in the absence
and presence of quencher, KSV 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.45,46 The Stern–Volmer
plot for AG1478 uorescence 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 ts 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 uorescence 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.47,48 To
distinguish between dynamic and static/binding mechanisms
of water-induced AG1478 uorescence quenching, measure-
ments of uorescence as a function of temperature were carried
out. Temperature-dependant emission spectra (lexc ¼ 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 uorescence quantum yield, in addition to
a blue shi, was observed upon increasing solution
This journal is © The Royal Society of Chemistry 2017
temperature. A plot of uorescence intensity as a function of
varying temperature is depicted in Fig. 5b showing unorthodox
behaviour.

In the context of uorescence quenching models, an
increase in uorescence 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 uorescence 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 rst solvation shell. In contrast, AG1478
uorescence in neat acetonitrile (Fig. 5c 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
uorescence quenching of bLG with increasing concentration
of Clp and the Stern–Volmer plot exhibited also an upward
curvature.49 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.45,48 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
uorescence due to high extent of static quenching.

Generally, the quenching efficiency should decrease with
increasing temperature owing to destabilization of uo-
rophore–quencher complex at ground state.48 However an
increase in the Clp–bLG binding constant with increasing
temperature was observed. The rationale for this anomaly was
revealed by Arrhenius plot.50,51 Where it was concluded that the
increase in binding (quenching) rate constant overweigh its
decrease due to instability of complex with increasing temper-
ature.49 At rst 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 uorescence 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 ¼
0.55 M) solution. Given that the concentration of AG1478 was
within micromolar range (1 mM), the AG1478 quenching would
be due to solely static mechanism exerted by high concentration
of the water quencher (x106 fold abundance). However in our
case, the effect of instability of AG1478–water complex is ex-
pected to overweigh the uorophore–quencher binding
constant.
3.4. Estimation of the number of water molecules
coordinated to AG1478

Because the AG1478 uorescence 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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Fig. 5 (a) and (c) Temperature-dependent emission spectra (lexc ¼ 330 nm) of 1 mM AG1478 in acetonitrile/water and acetonitrile, respectively.
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.
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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

F0/F ¼ 1 + K1[H2O] + K2[H2O]2 + .Kn[H2O]n (2)

Fitting the data in Fig. 4b to this model yielded a best t with
a water coordination number of n ¼ 3 (cubic function).
Importantly n¼ 1 (linear function) or n¼ 2 (quadratic function)
gave ts to Fig. 4b which were of poorer quality (as judged by
sum of squared residuals) than n ¼ 3, refer to ESI Fig. S5.†
Adding higher terms to eqn (2) than n ¼ 3 did not improve the
ts further. Thus the quenching of the AG1478 uorescence 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 uorescence emission.

All these observations and conclusions were consistent with
that reported by Magalhaes and coworkers for 1,8-naph-
thalimide derivative.38 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 uores-
cence quantum yield. In addition, a large stokes shi was noted
which was augmented by increasing solvent polarity.38

The experimental studies on 4-phenoxy-N-methyl-1,8-
naphthalimide revealed the occurrence of bathochromic shi
and uorescence quenching upon adding a little amount of
water to its solution in dioxane.38 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 uorescence 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.38

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 rst to report the existence of AG1478 in two
different geometrical conformations, twisted (t-AG1478) and
This journal is © The Royal Society of Chemistry 2017
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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 Å) are shown as dotted lines delineating bond length and angle.

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/
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planar (p-AG1478), and to link these conformers with distinct
absorption bands in the AG1478 UV-vis absorption spectrum.27

In the present study we sought to examine the effect of water on
AG1478 using computational methods. We therefore generated
potential AG1478$nH2O 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.† For the
sake of brevity, we present here the salient results for the energy
optimized complexes containing n ¼ 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$3H2O – at which the
plateau was reached, whereas the twisted AG1478 conformer is
able to bind upto 5 water molecules, i.e., t-AG1478$5H2O. 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 exible in this regard.

It is known that orientation of AG1478 affects the ability to
bind water molecules due to their three-dimensional
6-311+G*.

RSC Adv., 2017, 7, 31725–31735 | 31731
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Fig. 8 Plot of NBO charge of some heterocyclic atoms (3 Ns, Cl) as a function of increasing number of explicit water molecules in the optimized
(a) planar and (b) twisted structures AG1478 structures in dielectric continuum of 37 at B3LYP/6-311+G*.

Fig. 9 Binding energy of explicit water molecules to AG1478$nH2O (n
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structures.52 Hydrogen bond formation requires containment of
a covalently bonded hydrogen atom between two electronega-
tive atoms. The AG1478 molecule has ve 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$3H2O. Interestingly, when
the number of water molecules, n s 3, the NBO charges on
N(13) remain almost the same (ca.�0.6e) for p-AG1478$nH2O. It
is also noted that the NBO charges on N(25) and N(12) of the p-
AG1478$nH2O complexes are very different for n < 3 and n $ 3
complexes.27 However, in the t-AG1478 case, the NBO charge of
N(13) shows a signicant drop (more negative), from ca. �0.6e
for t-AG1478$nH2O (n s 5) to �0.8e t-AG1478$5H2O. That is,
when forming a complex with ve water molecules (n ¼ 5), the
charge of N(13) exhibit signicant changes in t-AG1478$5H2O,
in agreement with the N(25)-H bond length change in Fig. 7.
31732 | RSC Adv., 2017, 7, 31725–31735
We also estimated the binding energy between water mole-
cules and AG1478. The graph of water binding energy as
a function of number of water molecules in complex with
AG1478 is shown in Fig. 9. Addition of n ¼ 1–3 water molecules
caused a progressive stabilization of the AG1478$nH2O
complexes (relative to isolated constituents) as evidenced by the
decreased binding energy. The gure shows that when binding
with upto n ¼ 7 water molecules, the complex AG1478$nH2O
may be stable as the binding energy with respect to the AG1478
compound is negative. However, binding three water molecules
(n ¼ 3), AG1478$3H2O complexes, either planar or twisted, can
be the most stable complex for n ¼ 1–7, as the binding energy is
the most negative at n ¼ 3. Further addition of more than three
(n ¼ 4–7) water molecules will reduce the stability of the
AG1478$nH2O complexes. In addition, the t-AG1478$3H2O
complex is more stable than the p-AG1478$3H2O 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 rst 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
¼ 1–7) complexes calculated using the DFT based B3LYP/6-311+G*
model.

This journal is © The Royal Society of Chemistry 2017
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Table 1 Ground to first excited state vertical excitation (including state-specific solvation correction) of AG1478 structures complexed with n ¼
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
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calculated S0 to S1 transition wavelength of free planar structure
was 331 nm. Addition of one water molecule, caused a red-shi
from 331 nm to 333 nm (by 2 nm) and a slight increase in
oscillator strength. However, a very large red-shi 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 shi (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$3H2O 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$3H2O might in part contribute to the observed uo-
rescence quenching.

The AG148 in the twisted conguration 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-shi
by 2 nm followed by 6 nm red-shi with 2 water molecules. As
for the planar conguration, addition of 3–5 waters produced
complexes with red-shied absorption bands, calculated at
366 nm, 369 nm and 354 nm, respectively. Further additions of
water caused a blue shi 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-
shied 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 3–4molecules 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 inuence on uores-
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 congurational 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 congurations and their
population distributions. Nevertheless, the computational
study here has allowed us to identify specic 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 exibility and enzymatic
activity relies on the water content of the protein.53–55 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.56,57 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
RSC Adv., 2017, 7, 31725–31735 | 31733
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protein binding site and to amino acids inside the protein are
typically observed.58,59 Given the high sensitivity of AG1478
uorescence to hydration (as observed here from the acetoni-
trile–water mixtures), we would predict that uorescence 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 uorescence 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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