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Targeting the water network in cyclin G associated kinase (GAK) 

with 4-anilino-quin(az)oline inhibitors 

Christopher R. M. Asquith,[a,b]* Graham J. Tizzard,[c] James M. Bennett,[d] Carrow I. Wells,[b] 
Jonathan M. Elkins,[d,e] Timothy M. Willson,[b] Antti Poso,[f,g] and Tuomo Laitinen[f]

Abstract: Water networks within kinase inhibitor design and 
more widely within drug discovery are generally poorly 
understood. The successful targeting of these networks 
prospectively has great promise for all facets of inhibitor 
design, including potency and selectivity on target. Here we 
describe the design and testing of a targeted library of 4-
anilinoquinolines for use as inhibitors of cyclin G associated 
kinase (GAK). The GAK cellular target engagement assays, 
ATP binding site modelling and extensive water mapping 
provide a clear route to access potent inhibitors for GAK and 
beyond. 

 

     Inhibitor specificity and potency both present significant 
challenges in the development of kinase inhibitors and 
exploitation of kinase targets as potential therapies. The target 
profiles of commercial broad-spectrum kinase inhibitors are often 
challenging to rationalize in terms of direct molecular activity 
profiles. The large number of protein kinases present in the 
kinome (>500) makes this task even more difficult.[1-2] Protein 
kinases that are functionally distinct yet retain key structural 
features can show overlapping ligand preferences, both with near 
and distant neighbours on the kinome tree.[3] 
     A number of strategies have been explored to address the 
specificity problem in kinases.[4] These approaches include 
exploitation of size of the kinase gatekeeper residue, the 
disposition of the DFG-loop, chemotype selectivity, non-covalent 
interactions, salt-bridge, solvation, etc. Another method employed 
to obtain selective kinase inhibitors has been to target an 
allosteric site rather than the conserved ATP-binding site that is 
traditionally targeted and one that is unique to the kinase in 
question. Additionally, synthesizing inhibitors capable of covalent 
binding to a proximal cysteine has been successful to achieve 
selectivity over close family members. While each approach 
offers a possibility to achieve selectivity there is still a significant 
overall challenge to reach a successful endpoint. Identification 

and design of  allosteric binders is challenging and most are found 
serendipitously.[5] While inhibitors that modify the kinase 
covalently, first there has to be a residue capable of modification 
and then a way to assess the biological impact of that permanent 
modification.[6] 
     There has been a growing appreciation that solvent specific 
effects can make significant contributions to ligand binding. The 
impact of these effects are however, usually retrospectively 
applied as a post-rationalization of the observed results.[7-9] 

Development of software to model these effects has progressed 
with enveloping distribution sampling (EDS), free energy 
perturbation (FEP) theory and displaced-solvent functional 
(DSF) all recently being developed.[10-11] However, the use of 
WaterMap by Schrödinger, Inc. has significantly advanced the 
ability to study direct solvation effects such as solvent 
replacement.[12] 

     WaterMap couples molecular dynamics simulations with 
statistical thermodynamic analysis of water molecules within a 
protein structure. The method can provide insight not possible 
with traditional docking approaches. WaterMap was first used to 
rationalize the structure activity relationships of triazolylpurines 
binding to the A2A Receptor.[13] Specifically, n-butyl and n-pentyl 
substituents resulted in unanticipated potency gains, but these 
structure activity relationships could not be readily explained by 
ligandīreceptor interactions, steric effects, or differences in ligand 
desolvation.  
     WaterMap has also been utilized in a number of kinase 
inhibitor programs including Src family kinases, Abl/c-Kit, 
Syk/ZAP-70, and CDK2/4 in order to rationalize kinase 
selectivity.[13] Water modifications have also been shown to have 
a key effect in pivotal EGFR mutations showing resistance to 
afatinib and erlotinib.[14] Molecular modelling studies on a PDGF-
Rɓ homology model using prediction of water thermodynamics 
suggested an optimization strategy for the 3,5-diaryl-pyrazin-2-
ones as DFG-in binders by using a phenolic hydroxyl group to 
replace a structural water molecule in the ATP binding site.[15] 
     This water network principle has also been applied to bosutinib, 
as the 3-cyanoquinoline allows the compound to engage with a 
pair of conserved structured water molecules in the active site of 
Src.[16] This post-rationalization approach hints at a more powerful 
use of this idea in the design of new inhibitors to exploit the water 
network hypothesis in its entirety to address both potency and 
selectivity.[13] 

      In our work developing a selective chemical probe for Cyclin 
G associated kinase (GAK), a member of the NAK sub-family.[17-

21] We observed two matched pairs of experimental results that 
did not fit with the expected structure activity relationship 
observed for GAK and the wider 4-anilinoquinoline scaffold 
(Figure 1).[17]  

      GAK is involved in a plethora of biological processes including 
cell cycle progression,[22] Parkinsonôs disease,[23] 
osteosarcoma[24] and prostate cancer.[18,25] Although GAK is a 
historically under-studied kinase,[26] recent probe development 
efforts identified potent and selective inhibitors of GAK from 
multiple chemotypes, including isothiazolo[5,4-b]pyridines,[27-28] 4-
anilinoquinolines and 4-anilinoquinazolines.[17-20] These chemical 
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Figure 1. 4-Anilinoquinoline GAK inhibitor matched pairs with GAK 
activity shown. 

 
probes may be used in the future to study of the biology of 
GAK.[17,29] In contrast to probes, several FDA-approved drugs 
(Figure 2), including EGFR inhibitors gefitinib and erlotinib, have 
been reported to show off-target GAK activity in the low 
nanomolar range (Figure 2).[30] 
 

 
 

Figure 2. Previously reported GAK inhibitors. 

 
Results  
 
     The differently substituted matched pairs of trimethoxy- and 
meta-methoxy-substituted quinolines 1-4 showed potent binding 
to GAK with good NAK-family selectivity despite significant 
differences in both steric and electronic footprints.[17] We looked 
for an alternative explanation for our observed equipotency and 
found through the application of WaterMap that there was a high-
energy hydration site in the p-loop of the active site which is 
enabling both enhanced potency and NAK-family selectivity.   
     To further investigate this, we first looked at each NAK family 
member and observed that all have distinct water networks 
(Figure 3A-D). AAK1 and BIKE have a high degree of sequence 
identity in the kinase domain.[21] There are some key residue 
differences located at the hinge region of each NAK family 
member: Leu125 (GAK) / Phe100 (STK16) / Tyr132 (BIKE) / 
Phe128 (AAK1), and Phe101 in STK16 in place of Cys126 (GAK) 
/ Cys133 (BIKE) / Cys126 (AAK1). There are also alterations in 
the back pocket, where polar Thr123 and other bulkier residues 
like Leu98 (STK16) are located in case of GAK and Met130 and 
Met126 in case of BIKE and AAK1. Respectively, these 
alterations have significant impacts on the binding modes of 
inhibitors (Figure 3A-B).[20] While the other three family members 
have lipophilic residues that have no ability to behave as a 
hydrogen bond donor/acceptors, GAK has Thr123 that can 
perform both functions. Moreover, the rotamer of Thr123 is likely 
fixed in place by an internal hydrogen bond to the backbone 
carbonyl group of Glu124 (Figure 3C-D). 
      This also gives rise to differences in the predicted water 
networks of the four NAK kinases (Figure 4A-D). However, only 
GAK has a high energy hydration site likely due to small pit 

created by the interaction between Thr123 and Glu124 (Figure 
4A). A hydration site is considered to be high in energy when the 
relative free energy value from WaterMap analysis has a high 
positive value i.e. 5.9 kcal/mol in case of GAK. There can be two 
cases when the hydration site has unfavourable high energy. First, 
water solvating hydrophobic enclose such as in the case of GAK 

third strand of beta sheet (b3) between Lys69 and Thr123. This 
type of cavity is energetically unfavourable (due to enthalpy) 
because water molecules cannot form a full complement of 
hydrogen bonds with surroundings. Second, is where the binding 
is entropically unfavourable, partly due to the closed nature of the  
hydration site. This is where water can form hydrogen bonds but 
suffers from reduced number of hydrogen bond configurations 
with protein groups and partner waters. Replacement of a water 
from such hydrations sites often may lead to improvement in 
affinity. Despite 17 sequence differences between GAK and 
AAK1/BIKE in the ATP binding domain;[21] the only significant 
difference in the water network is the presence of the high-energy 
water in the p-loop region (Figure 3A-D). The most structurally 
diverse NAK family member STK16 has 64 differences in the 
kinase sequence compared to the other NAK kinases in the ATP 
binding domain. STK16 has a significantly different water network 
compared to the other NAK family members but does possess a 
high energy water that is in a 7 Å out of plane orientation related 
to the GAK protein structure (Figure 4A & 4D). 
      Through a series of prospective simulations using WaterMap 
we identified that this additional high energy hydration site next to 
the spine of the ATP binding pocket makes the shape of the GAK 
binding back pocket rather different to other NAK kinases studied 
(Figure 4).[31] A hydrophobic furrow is formed next to Thr123, 
where the sidechain is hydrogen bonded to the backbone 
carbonyl group of Glu124, and is rather small in size overall. While 
in case of other NAK kinases there is either a bulky methionine 
(AAK1 and BIKE) or Ile110 in the case of STK16 (Figure 3A-B). 
As a consequence, in the case of GAK, this hydrophobic site can 
be readily occupied by a ligand substituent without side chain 
rearrangements. 
      The water network simulation of the 6-(trifluoromethyl)-N-
(3,4,5-trimethoxyphenyl)quinolin-4-amine (1) vs meta-methoxy 
derivative (2) demonstrated plausibility of the high energy water 
displacement to explain the almost equipotent high GAK activity 
(Figure 5A-B). The slight increase in potency could be attributed 
to the rearrangement of the catalytic lysine to sit between the two 
additional methoxy groups in 1. Reforming of the water contacts 
by removal of the methyl group from the methoxy group (5) 
showed an encouraging ability to lock the phenolic -OH in place 
in the preferred docking pose (Figure 5C). Compound 5 could 
also be forced to adopt a higher energy conformation where the -
OH interacts with the catalytic lysine (Figure 5D). The new H-
bond lysine interaction is not compensating the two H-bonds 
replacing the high energy water. Although metabolically liability of 
a phenolic -OH is well known, it is a strong proof of concept 
substitution.[32]  

To further probe the structural requirements for GAK activity 
and the water network, we synthesized a series of analogs 
(Scheme 1). 4-Anilinoquinolines were prepared by heating the 
corresponding 4-chloroquinoline derivative and substituted aniline  

 
 
 
 
 
 
 
 
 
 
 
 
 

Scheme 1. General synthetic route to analogs 1 - 34. 
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Figure 3. A: shows additional space close to beta-sheet at the back pocket occupied in favourable docking pose of compound SGC-GAK-1. 
B: shows that in case of AAK1 the corresponding back pocket area is filled by methionine side chain (same location as Thr123 in GAK) for 
comparison. C: red sphere shows location of high energy (5.9 kcal/mol) hydration site in GAK. D: shows that high energy hydration site is 

actually dewetted (very low water occupancy) in WaterMap simulation.

  
 

Figure 4. Molecular Modelling 1 in the water network of NAK family members using WaterMap (high energy waters are highlighted in red, 
lower energy waters are in green): A: GAK (PDB:5Y80); B: STK16 (PDB:2BUJ); C: BIKE (PDB: 4W9X); D: AAK1 (PDB: 5TE0) 

 

in ethanol with Hünigs base and refluxed overnight.[17-20,33-34] The 
synthesis afforded products 1-34 in good yield (58-86%). 
Interestingly, the more activated reaction to 6-bromo-4-
chloroquinoline-3-carbonitrile was completed in two hours to 
afford 31 in good yield (69%). The hydrogenations of the nitro 

derivatives 7 and 21 to form 8 and 22 were routine with good to 
excellent yields (69 and 94% respectively).  
     The compounds were initially screened for activity on the 
kinase domains of all four members of the NAK family members 
(GAK, AAK1, BMP2K, and STK16) using a time-resolved  
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Figure 5. WaterMap modelling of GAK where high energy waters are highlighted in red, lower energy waters are in green (PDB:5Y80), 

with: A: 1; B: 4; C: 5; D: 5 
 

fluorescence energy transfer (TR-FRET) binding displacement 
assay in a 16-point dose response format to determine the 
inhibition constant (Ki). The compounds were then screened in a 
cellular target engagement assay nanoluciferase (nanoLuc) 
bioluminescence resonance energy transfer (BRET) (NanoBRET) 
assay for GAK.[17-18,35-36] The sensitive nature of the assay allows 
for a complimentary comparison to the TR-FRET to observesubtle 
trends in the GAK inhibition profile. 
     The background provided by 1-4 and Figure 3A-D led us to 
probe around the 6-trifluorometyl substituted quinolines with 
some small modifications looking for potential hydrogen bond 
interactions to further boost the initial potency in the structure 
activity relationships observed (Figure 1).[17] The trimethoxy 
compound 1 demonstrated high affinity for GAK and good 
selectivity against the rest of the NAK family members. A switch 
from the trimethoxy- (1) to the meta-methoxy-substitution (2) 
showed almost equipotency consistent with previous reports.[17] 
     The GAK NanoBRET showed an almost 3-fold drop in cellular 
target engagement from 1 to 2. This effect is still impressive as 
the meta-methoxy derivative 2 is able to substitute the trimethoxy 
functionality despite not occupying the same space orientation.[16] 

A switch from meta-methoxy (2) to meta-hydroxy (5) showed a 
slight increase in GAK binding but not as significantly as the 
modelling predicted (Table 1).  
     We then switched to a meta-nitro group (6) or meta-amino 
group (7) to investigate the possibility of forming multiple 
hydrogen bonds.[37] However, both 6 and 7 proved to be relatively 
ineffective with a 45 and 25-fold decrease in GAK binding 
respectively and a low micromolar cellular target engagement. 
The addition of two methyl groups to the amine (8) demonstrated 
a 5-fold decrease in GAK potency (Ki = 650 nM). The removal of 
the trifluoromethyl group of 7 and 8 to form 9 and 10 respectively 
showed the same trend in GAK potency but a 4-fold increase in 
selectivity (8 vs 10). We returned to the hydroxy moiety and 
inserted a methyl linker between the aniline with the aim to 
effectively generate a hydrogen bond interaction with Thr123. The 
methanol analogs 11 and 12 proved to be 10-fold weaker on GAK, 

likely due to spatial constraints in the top pocket of the ATP 
binding site. 
     The NAK family selectivity pattern observed with 1-5 hinted at 
a potential water displacement. With this in mind we explored a 
series of meta-methoxy and meta-hydroxy matched pairs (Table 
1). Compound 2 has a favourable NAK family profile towards GAK 
and has previously been shown to have a narrow spectrum profile 
across the kinome.[19] The 6-bromoquinoline (13-14) is the optimal 
substituent for GAK inhibition on this scaffold (Table 2).[17-19,34] 
This substitution offers optimal GAK binding in the solvent 
exposed mouth of the ATP binding site and potent GAK inhibition 
at lower concentrations. The switch from the trimethoxy to the 
meta-methoxy substitution (13) was equipotent to the binding of 2 
on GAK; but with a corresponding drop off in NAK selectivity and 
NanoBRET activity. The switch from 13 to the hydroxy substituted 
compound 14 shows an almost 3-fold increase in Ki which was 

more pronounced in the cellular assay with an almost 10-fold 
increase from an IC50 of 218 nM to 26 nM.  
     The removal of the 6-bromo to the unsubstituted quinoline 
analog 15 resulted a in 10-fold drop in potency of meta-methoxy 
(15); with the hydroxy (16) only giving a limited increase in GAK 
affinity. The NanoBRET results for 15 and 16 were weaker but 
consistent with the trend observed. The 6-methoxy-N-(3-
methoxyphenyl)quinolin-4-amine (17) showed good activity that 
tracked with the previously reported trimethoxy derivative.[17] 
However, the switch from trimethoxy to meta-methoxy 
substitution resulted in a NAK selectivity drop of 6-fold.[16] The 
switch to the hydroxy moiety (18) gave only a slight increase in 
GAK activity and the same NAK selectivity as the previously 
reported trimethoxy compound 3. This trend was repeated in the 
GAK NanoBRET. The 6-methyl sulfone meta-methoxy (19) was a 
weaker GAK binder consistent with previous structure activity 
relationships observed on this scaffold.[17] The trend observed 
between 13 and 14 provided the strongest evidence yet that the 
potential water was being displaced (Table 2). A further switch to 
the nitro substitution with the 6-bromoquinoline 21, was 10-fold 
more active than the corresponding 6-trifluoromethyl compound 6 
(Table 3). This further supports the rational that the 6-trifluoro 
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Table 1. Investigation of matched pairs of meta-substituted quinolines. 

 

 

 

 

Cmpd R1 R2 R3 R4 R5 
Binding displacement assay Ki ό˃aύb NAK 

selectivityc 

GAK 
NanoBRET 

GAK AAK1 BMP2K STK16 IC50 ό˃aύd 

1a OMe OMe OMe H CF3 0.0039 54 >100 17 4300 0.17 

2a OMe H H H CF3 0.0057 14 23 18 2500 0.48 

5 OH H H H CF3 0.0047 2.6 5.8 3 550 0.23 

6 NO2 H H H CF3 0.21 >100 >100 >100 480 >5 

7 NH2 H H H CF3 0.12 6.8 17 45 57 2.7 

8 NMe2 H H H CF3 0.65 >100 >100 13 20 >5 

9 NO2 H H H H 0.17 38 >100 >100 220 >5 

10 NMe2 H H H H 0.97 29 >100 >100 30 >5 

11 CH2OH H H H CF3 0.06 10 15 20 170 1.7 

12 H H H CH2OH CF3 0.041 8.5 16 5 120 2.3 
aConsistent with previous report[17]; bTR-FRET-based ligand binding displacement assay; c(NAK/GAK); dIC50 (ɛM) (n = 2, mean average)  
 
Table 2. Comparative results based on compound 1 and 2. 
 
 
 
 
 
 
 
 

Cmpd R1 R2 
Binding displacement assay Ki ό˃aύb NAK 

selectivityc 

GAK 
NanoBRET 

GAK AAK1 BMP2K STK16 IC50 ό˃aύd 

2a OMe CF3 0.0057 14 23 18 2500 0.17 

5 OH CF3 0.0047 2.6 5.8 3.0 550 0.48 

13 OMe Br 0.0029 3.0 7.0 32 1000 0.22 

14 OH Br 0.0012 0.50 2.0 5.7 420 0.026 

15 OMe H 0.027 25 >100 >100 930 0.60 

16 OH H 0.012 6.6 30 >100 550 0.44 

17 OMe OMe 0.0079 9.1 26 >100 1300 0.17 

18 OH OMe 0.0057 1.6 7.3 27 280 0.11 

19 OMe SO2Me 0.030 23 19 >100 630 1.0 

20 OH SO2Me 0.023 5.1 3.5 1.2 520 1.0 
 

aConsistent with previous report[17]; bTR-FRET-based ligand binding displacement assay; c(NAK/GAK); dIC50 (ɛM) (n = 2, mean average)  

 

quinoline does not allow the optimal orientation when compared 
to the 6-bromoquinoline.  
     However, surprisingly the meta-amino group of the 6-bromo 
compound 22 was 3-fold less potent on GAK compared to 7. The 
dimethyl amino aniline derivative 22 was broadly in line with 
expectations with similar potency to the 6-
trifluoromethylquinolines 7 and 8. The switch from an oxygen 
atom to a nitrogen atom reduces GAK potency which would 
suggest that the electronegativity of the oxygen atom is required 
for the optimal replacement of the water.[38] The meta-methanol 
derivative 24 showed only a limited improvement towards GAK 
binding compared to the 6-trifluoromethyl (11).  

     We then explored how torsional strain on the methoxy 
orientation and constrained ring systems would affect the GAK 
activity profile. The fused ring systems (25-28) demonstrate how 
sensitive the water network is and how an island of activity can be 
achieved. Compounds 25 and 27 demonstrate the same effect as  
1 and 2. The 3,4 connectivity (25) vs 2,3 connectivity (27) showed 
a preference for the orthogonal plane angle and an ability to 
accommodate this in the ATP pocket. However, with 25, the 
rotational energy penalty combined with constraints at the 4-
position accounts for a 14-fold drop in potency on GAK (25 vs 27). 
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Table 3. Investigation of water pocket with isosteric replacement of meta-methoxy on the 6-bromoquinoline.  
 
 
 
 
 
 
 
 

Cmpd R1 R2 R3 
Binding displacement assay Ki ό˃aύa NAK 

selectivityb 

GAK 
NanoBRET 

GAK AAK1 BMP2K STK16 IC50 ό˃aύc 

13 H OMe H 0.0029 3.0 7.0 32 1000 0.22 

14 H OH H 0.0012 0.50 2.0 5.7 420 0.026 

21 H NO2 H 0.056 40 >100 >100 710 >5 

22 H NH2 H 0.67 8.9 23 17 13 1.9 

23 H NMe2 H 0.37 7.5 >100 28 20 2.3 

24 H CH2OH H 0.017 4.6 10 11 270 1.3 

25 H OCH2O 0.035 5.2 12 10 150 >5 

26 H CH2OCH2 0.12 4.3 9.4 24 36 >5 

27 OCH2O H 0.0019 >100 >100 >100 53000 0.022 

28 CH2OCH2 H 0.13 11 25 15 82 >5 
 

aTR-FRET-based ligand binding displacement assay; b(NAK/GAK); cIC50 (ɛM) (n = 2, mean average) 

 

The drop is more severe with the mono-substituted central oxygen 
which produces two equipotent compounds (26 & 28) regardless 
of positioning (Figure S1). The result was the identification of a 
potent cell active GAK inhibitor (27).  
     We then looked at the conformation of the compounds and the 
influence this has on the potential water displacement (Table 4). 
Switching from the quinoline meta-methoxy aniline (13) to 
quinazoline (29) results in a 4-fold penalty, likely related to the 
flattening of the molecules conformation. The corresponding 
meta-hydroxy analog 30 was equipotent with 29 in GAK binding, 
likely due to the inability to effectively form the hydrogen bond to 
replace the water molecule due to the planer character of the 
compound. Switching back to the 6-bromoquinoline, meta-
tetrazole 31 with the potential to form multiple hydrogen bonds, 

mimicked the nitro substitution (21) in potency and selectivity 
despite occupying a large space. The three compounds 
pentafluorosulfanyl (32),[39] tert-butoxy (33) and the tert-butyl (34) 
were likely too large and lipophilic with each demonstrating GAK 
binding (Ki) between 2 and 3 micromolar. This highlights the 
requirement for small, precisely oriented hydrogen bond donors 
with correct torsional strain to effectively displace the water and 
form a strong interaction. 
     In order to rationalize the results observed (Table 1-4) we 
modelled key compounds SGC-GAK-1, 13, 14, and 25-28 in the 
GAK ATP competitive active site with Glide module of 
Schrödinger Maestro suite (Figure S1).[40] We observed through 
 

 
Table 4. Investigation of water pocket with isoteric replacement of meta-methoxy group and different hinge binders. 

 
 
 
 
 
 

Cmpd R1 X1 
Binding displacement assay Ki ό˃aύa NAK 

selectivityb 

GAK 
NanoBRET 

GAK AAK1 BMP2K STK16 IC50 ό˃aύc 

12 OMe CH 0.0029 3.0 7.0 32 1000 0.22 

29 OMe N 0.011 0.39 1.3 5.5 35 0.76 

30 OH N 0.012 0.16 0.75 3.6 13 1.0 

31 
 

CH 0.24 5.7 41 6.0 24 >5 

32 SF5 CH 4.9 >100 >100 >100 >20 >5 

33 OtBu CH 2.2 15 >100 12 5 >5 

34 tBu CH 2.6 >100 >100 >100 >38 >5 
 

aTR-FRET-based ligand binding displacement assay; b(NAK/GAK); cIC50 (ɛM) (n = 2, mean average)
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docking that unlike SGC-GAK-1, the meta-methoxy derivative 
(13) was not able to form an interaction with the catalytic lysine 
(Lys69). This runs counter to the observed GAK binding where 
SGC-GAK-1 and 13 have near equipotency despite this 
interaction deficit, suggesting other factors including the water 
network.  
     The docking of quinazoline 29 demonstrated a lack of the 
correct orientation to form optimal binding to GAK (Figure S1). 
The docked meta-hydroxy (14) proposed direct interaction with 
the alcohol altering the through molecule orientation to form a 
rarely reported sigma hole interaction (halogen bond) directly with 
the 6-position bromine mediated through a water molecule bound 
next to the carbonyl from Leu46 (Figure S2).[41] During our 
investigations this result was not observed with any other analog. 
The 5-membered dioxane derivative 27 demonstrated the ability 
to form an optimal fit while still displacing the water (Figure S1). 
Surprisingly none of the other closely related derivatives 25, 26 
and 28 were able to achieve this (Table 3). 
     The WaterMap simulations demonstrate the ability of the most 
potent GAK inhibitors in the NanoBRET SGC-GAK-1, 13, 30 and 
27 to displace the high energy water present in the hydrophobic 
pocket. The displacement of this high energy water provides a 
significant boost of binding affinity. SGC-GAK-1 was able to 
displace the water and interact with the catalytic lysine (Figure 
6A). The meta-methoxy derivative 13 was able to interact with the 
catalytic lysine but preferentially chose to displace the water 
(15/15 simulations) (Figure 6B). The WaterMap simulation also 
demonstrated that the quinazoline 30 had a more flexible 
conformation and hence was able to only partially displace the 
water molecule (Figure 6C). The 5-member dioxane number was 
set up in the correct orientation to displace the water molecule 
(Figure 6D). Interestingly, while 25, 26 and 28 were good binders 
they were not well set up to displace the high energy water or form 
key interactions in the ATP binding site of GAK (Figure S1). 

In order to investigate the bound water hypothesis further 
and to further elucidate what constitutes a high and low energy 
water within the GAK kinase domain we searched for ódry areasô 

within the ATP binding pocket. These are portions of the receptor 
active site that are so unfavourable for water molecules that a void 
is formed there. These are uncommon but have been theoretically 
and experimentally been observed.[42] 
The WaterMap analysis of APO structure of GAK (Figure 7A) and 
ligand binding form (Figure 7B) of GAK demonstrated that water 
bound to the high energy pocket had a low relative occupancy of 
0.42 in case of APO and 0.53 in case of gefitinib bound, 
respectively. These low occupancies highlight that there is space, 
but the positioning of the water is sub-optimal even though a 
pocket of space available. 

Hydration site analysis with bound gefitinib (Figure 7C) 
showed the pocket present but is only partly occupied by the 
aniline portion of gefitinib. When gefitinib is switched for SGC-
GAK-1 (Figure 7D) the hydration site analysis indicates that all 
the sites are occupied with ligand substituent arms on the 
trimethoxyaniline portion of the molecule. This provides further 
explanation for high affinity and enhanced specificity of SGC-
GAK-1 and the current series of ligands. An interesting feature of 
the GAK ATP binding site is that Thr123 is not able to occupy that 
space at roof of the back pocket which is the origin of this ódryô 
area.  

The observed torsional effects of the aniline to quin(az)oline 
ring system observed with 13 vs 29 were further explored by 
solving a series of small molecule crystal structures of 13, 14, 25, 
27 and 29 (Figure 8). The chloride salts of 13, 14, 25 and 27 
crystallized and as expected, hydrogen bonding between the 
amine (and alcohol (13)), amine donors and chloride counter-ion 
are the dominant intermolecular interactions within these 
structures, leading to simple hydrogen bonded 1D chains in each 
case. Additionally, 13 and 25 crystallize as hydrates with 
disordered water molecules in channels parallel to the a- and c-
axes respectively resulting in more complex 3D hydrogen bonded 
networks. Only 29 crystallizes as a pure substance and also forms 
1D hydrogen bonded chains via the aniline and quinazoline 1-
position nitrogen.  Structures 13 and 29 crystallize with two 

 

 
Figure 6. Main WaterMap hydration sites overlaid with selected ligands A - SGC-GAK-1, B - 13, C - 30 and D - 27 in the GAK ATP binding 

domain. 
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Figure 7. A - GAK APO structure WaterMap (PDB:4C38); B - showing dewetted area extracted from watermap simulation overlaid with 
gefitinib (PDB:5Y80); C - WaterMap simulation with gefinitib bound to GAK (PDB:5Y80); D - WaterMap simulation with SGC-GAK-1 bound to 

GAK (PDB:5Y80).

independent molecules in the asymmetric unit related by 
approximate inversion in both cases. The C-N-C-C-C torsion 
angles of 12, 13, 25, 27 and 29 occur in narrow range between 

±32.4(8)  ̄- ±61.62(18)  ̄with 12 and 27 displaying torsion angles 

>±50  ̄The functional groups of the aniline moiety are positioned 
above the rotation axis of the aniline ring of 12 and 13 whereas 
they are below the axis of rotation in 25, 27 and 29. 

A         B  C    

                         D     E        
Figure 8. Crystal structures of 13 (A), 29 (B), 14 (C), 27 (D) and 25 (E). ADP ellipsoids are displayed at 50% probability. Counter ions are 

shown but solvent molecules are not shown for clarity. 

 


