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Note 1 Stereoelectronic effects of fluorine

Unlike other halogens such as chlorine and bromine, fluorine is a small atom with size of 1.47
A which is closer to 1.20 A for hydrogen (Table S1). Therefore, substituting hydrogen atom to
fluorine does not significantly increase the size of an organic molecule. Fluorine forms a highly
polarised C—F bond which is significantly stronger than C—H, C-Cl and C-Br bonds, since it is the
most electronegative element with Pauling electronegativity of 4.00 (Table S1), compared to other
halogens. The attraction of partial positive and partial negative charges on carbon and fluorine
atoms, respectively, makes the C-F bond short and strong with significant ionic character.
Additionally, C-F bond has three lone electron pairs on the fluorine which is quite unreactive'.!
As a result of its unique characters, the C—F bond convey a perturbation that can changes the
conformation of a ligand molecule. This fluorine perturbation is provided by conformational
effects of the C-F bond including: dipole—dipole interactions, charge—dipole interactions, and

hyperconjugation effects.!:?

Dipole—dipole interactions

The polarisation of the C-F bond enables participation in dipole-dipole interactions'.! The
interactions are not only between molecules (intermolecular) but also within a molecule
(intramolecular). Examples of intermolecular dipole-dipole interactions are fluorinated drug
binding to their receptors with the fluorine atom oriented towards a partial positive charge, such
as an amide carbon atom or the hydrogen atom of a hydroxyl group (Figure S1.A: 1 and 2). While
these intermolecular dipole-dipole interactions are weak, intramolecular dipole-dipole interactions

are stronger. For instance, the conformation preference of a—fluoroamide? (Figure S1.A: 3) in



which the C—F bonds align antiparallel to the C=0 bond, is the result of intramolecular dipole-

dipole interactions.

Charge—dipole interactions

The partially negative fluorine (F*") in the C-F bond can also make a charge-dipole interaction
if it is close to a formally positive-charged oxygen or nitrogen atom.! Such interactions shape a
molecule where the F® is in proximity to the formal positive charge. For example, 2—fluoroethyl
ammonium ion (Figure S1.B: 4), protonated 2—fluoroethanol (5) and 2—fluoroethylpyridinium ion

(6) strongly favour gauche conformers due to proximity of F*~ to N*,

Hyperconjugation effects

Every C-F bond has a vacant low-energy antibonding orbital (¢*) which can participate in
hyperconjugation with adjacent C-H bonds.! The hyperconjugation effect explains NMR and
molecular modelling studies that show the gauche conformer of 1,2-difluoroethane is more stable
than the anti. In the gauche conformer, the antibonding orbital of C-F bonds (¢*C-F) are aligned
with the neighbouring bonding orbital of C-H bonds (cC-H) and gives a stabilisation effect of
hyperconjugation. Hyperconjugation makes the C-F bond longer and less covalent than the C-H
bond. Besides 1,2-difluoroethane, the hyperconjugation effect can be found in various systems
(Figure S1.C: 7-11) such as F—-C-C-O and F—C—C-N groups. Moreover, lone pair electrons

(Figure S1.C: 12-13)** and n—systems® also can participate in hyperconjugation with 6*C-F.



Note 2 Interaction of the balanol (1) in the ATP sites of PKA and PKCg

Despite having a fix conformation, the azepane ring of 1 moves gently in the ribose subsite of
PKA, as monitored in Figure 2.A. The source of this movement may be from the presence of two
hydrogens on the positively charged amine group. Each hydrogen interacts with different residues
around ribose subsite. One hydrogen interacts via an H-bond with backbone of Glul71, whereas
the other makes an H-bond with side chain of Asp185 (Figure S11; Table S3). Nevertheless, the
position and the fix conformation of the azepane ring as well as the corresponding residues in the
ribose subsite cannot accommodate both H-bonds at the same time. If one H-bond is formed, it
breaks the other H-bond (data not shown). These competitive H-bonds cause a movement on
azepane ring (main paper: Figure 2.A) which sways the whole balanol structure upon binding, as
indicated by the dihedral plot w6 (Figure S7). This movement may distract and reduce the
conservation of the H-bond between C5'-OH of benzamide and Glul22. But, the benzamide
remains firmly docked due to the presence of an H-bond between the C1'=0O of benzamide and
Thr184. In addition, interactions contributed by the benzamide aromatic ring and surrounding
hydrophobic residues also assists the moiety to settle in the adenine subsite. In the triphosphate
subsite, the benzophenone moiety builds interactions through a =m-m stacking (ring D of
benzophenone and Phe55) and H-bond networks. These H-bonds include interactions of
benzophenone with Glu92, Ser54, and Phe55.

In its limited flexibility conformation, the azepane ring of 1 has a mobility in the ATP site of
PKCe in which it moves up from the initial pose (main paper: Figure 2.A and C). Despite this
mobility, the benzamide moiety retains high H-bond conservation of 84% which is higher than

PKA-bound 1 (78%; Table S3). In addition, the benzamide moiety also makes a transient H-bond



with Lys437. The benzophenone moiety intensively interacts with Glu456 (corresponding to

Glu92) via C10"-OH, but it is completely lost interaction with Gly-rich loop residues.

Note 3 Interactions of balanoids 1a and 1e in the ATP site of PKCsg

As suggested by our previous work,® C6(S)-fluorinated balanol analogue may present as two
species with different charge states in the ATP site of PKCe. One form (1a.1) bears a charge only
on the carboxylate C15"02H group, whereas the other species (1a.2) has charges on the amine N1,
the phenolic C6"OH, and the carboxylate C15”0O2H groups. Both species exhibit different
conformations on their azepane rings as monitored in polar plots of dihedral angles (Figure S8,
1a.1 and 1a.2). The plots show that 1a.2 undergoes conformation changes from its initial
conformation. Also, the fluorine atom in 1a.2 is not able to satisfy a C-F---N" gauche alignment
which is consistent with our previous studies.” ® The azepane rings of both species share similar
interactions in the ribose subsite of PKCe. In both charged state species, the fluorine substituent
forms intramolecular interactions with the O-ester linkage. Also, the N1 amine interacts with the
backbone of Asp536 via an H-bond, where 1a.1 confers conservation of 54%, whereas 1a.2 is
45%. Interestingly, although 1a.1 has a slight unfavourable binding contribution of 0.02 kcal.mol
"' with Asp449, both species show similar binding energy contribution with the ATP site residues
of PKCe.

In PKCe, fluorine perturbation in 1e results in a different restrained conformation on its azepane
ring compared to that bound to PKA (Figure S7, dihedral angles of 1e). Such conformation is due
to replacement of Thr184 (in PKA) by Ala549 in PKCe. Additionally, substitution of Glul71 to
Asp536 in PKCe may also contribute to the azepane ring conformation since Glu has a longer side

chain than Asp allowing interaction with fluorine.



The fluorine atom on C5(S) of the azepane ring interacts with the side chain of Asp536, whereas
Asp550 is with another fluorine on C6. Meanwhile, the uncharged N1 amine group forms H-bonds
with the side chains of Asn536 and Asp550. Similar to PKA-bound le, water-mediated
intramolecular interactions between C5(S)-F and N of the amide linkage also participate in the
restraint process. Hyperconjugation also occurs between 6C7-H and o*C6-F2 that may contribute
to restraining the azepane ring conformation (Figure S6, 1e in PKCg). The restrained azepane ring
further limits the flexibility of amide and ester linkage (Figure S8, dihedral angle ws of 1e) that
leads to the inability of the azepane ring to accommodate the other moieties to interact better with
the ATP site residues. As shown in the Table S3 of H-bond conservation, the benzamide moiety
of 1e is missing H-bonding interactions with the adenine subsite residues, Glu487 and Val489. As
a result, the docking of the benzamide moiety is rather pulled away from the adenine subsite of
PKCe (main paper: Figure 2.C).

Similarly, despite 1e considered as a weak PKCe-binder (K4 of 38 nM), it does not exhibit any
unfavourable binding interactions in the ATP site of PKCe. Nonetheless, the binding energy of 1e
and some residues at the adenine subsite are weak (Figure S9), reflecting the poor interaction of

the benzamide moiety with the residues at this subsite.

Note 4 Hydrogen bond network and binding energy contribution

Among the balanoids considered in this study, interactions of the azepane ring with residues in
the adenine subsite of PKA as well as PKCe display similar profiles of binding energy contribution
(Figure S9) and hydrogen bond (H-bond) (Table S3). The only exception is 1e in PKCg, where
weaker binding contributions with the loss of some H-bonds occurring with the adenine subsite

residues (Note 2).



Fluorine substitution on the azepane ring, as expected, alters H-bond interactions between the
amine N1 group of balanoids and residues in the ribose subsite (Table S3). In PKA, where most
of balanoids show comparable affinities (main paper: Table 1), H-bond network alterations are
similar among balanoids. Likewise, binding energy contributions of residues in the ribose subsite
to PKA-bound balanoids (Figure S9) are within a narrow range, except for Aspl185 (-9.70
kcal.mol™! for 1a.1). On the other hand, in PKCg, the contributions of residues around the azepane
ring are widely dispersed (-0.17 to -5.32 kcal.mol™). In particular, the contribution of residue
Asn537 ranges from weakly repulsive (+0.28 kcal.mol™! for 1d) to strongly attractive (-8.30
kcal.mol™! for 1a.1 and 1a.2).

The effect of fluorine perturbations also cascades to the interactions of the benzophenone moiety
with residues in the triphosphate subsites. While in PKCe the perturbations have limited effect on
the H-bond network with Glu456 (Table S3), in PKA the connections with the corresponding
residue Glu92 are either increased or decreased, which is also reflected in the binding energy
contribution. In PKCeg, fluorine perturbations cause the Gly-rich loop residues (Ser418 and
Phe419) to form more extensive H-bond interactions with the benzophenone moiety. However,
these contributions appear to be small as the binding energy contribution profiles shown by these
residues in PKA and PKCg are similar (Figure S9).

To sum up, fluorine perturbation on the azepane ring affects the interactions of the moiety with
the ribose subsite residues and remotely alters the interactions of the benzophenone moiety with
the triphosphate subsite. However, fluorine perturbation less interferes the benzamide moiety in

the adenine subsite.



Note 5 The limitation of Thr184 in handling tri-fluorine perturbation

In PKA, Thr184 hold the C1'=0 in the ester linkage of all balanoids and further restrains their
azepane rings. The restrained azepane rings attenuates fluorine perturbations to interfere other
moieties, particularly the benzophenone moiety. As a result, most fluorinated balanol analogues
do not show considerable binding affinity changes (main paper: Table 1). However, Thr184 in
PKA shows a limitation to handle fluorine perturbation in 1e which causes a decrease binding
affinity.

Balanoid 1e has three fluorine atoms that restrain the azepane ring into a particular
conformations using water-mediated intramolecular interactions (Figure S11.F, left panel,
highlighted by green halo). This restraint also involves intermolecular interactions, which include
the interaction of a fluorine atom on C6 with the side chain of Glul71 and an H-bond between the
non-protonated amine N1 and the backbone of the same residue (Figure S11.F, left panel; Table
S3). Hyperconjugation between oC7-H and ¢*C6-F3 may also participate in stabilising the
restrained conformation (Figure S6, 1e in PKA). The H-bond contributed by Thr184 (Table S3)
more restrains the azepane ring and impedes this central moiety to accommodate interactions
between the benzophenone moiety and residues in the triphosphate subsite. As a consequence,
Glu92 in the triphosphate subsite contributes to unfavourable binding interaction of 0.40 kcal.mol
! (Figure S9) with the benzophenone moiety which may responsible for the decrease affinity of 1e

to PKA.



Table S1 Properties of some halogens in organic compounds compared to hydrogen.!
Properties H F Cl Br
van der Waals radius (A) 1.20 1.47 1.75 1.85
Pauling electronegativity 2.10 4.00 320 2.80
Length of single bond to carbon (A) 1.09 1.40 1.77 1.97
Strength of bond to carbon (kcal/mol) 98.8 1054 78.5 66.0
Relative reaction rate for halide ion removal - 1 71 3500

Table S2 Wilcoxon sum-rank test on RMSF

compared to their apo form.

of balanoids-bound PKCg and PKA

PKCe

Analogue* 1 la.1 la.2 le 1d le

K 1.16 x 1075 227 x 102! 138 x 1071 1.85x 102! 1.55x 102" 1.68 x 10?
G 2,60 x 102 2.16x10° 2.16x10° 2.16x103 2.16x10° 2.16x 107
A 8.00 x10° 7.42x10° 129x10° 230x10% 2.06x10% 1.74x107
PKA

Analogue* 1 la.1 le 1d le

K 332x 10 4.06x102 - 2.16 x 1015 7.61 x 10* 1.28 x 10715
G 2.16 x10°  2.16x10° - 216 x10° 216 x10% 2.16 x 103
A 8.15x10° 4.05x10% - 1.26 x 10°  3.59x10° 6.32 x10°

*K denotes kinase domain, G is Gly-rich loop, and A is ATP site.



Table S3

H-bond conservation in MD simulations of PKA and PKCe. The table lists persistence of H-bond networks between

balanoids and the ATP site residues of PKA as well as PKCe.

PKA

PKCs¢

H-bond conservation (%)

H-bond conservation (%)

Moeity* Residue# 1 la.1 1c 1d 1le Residue 1 laal 1a2 1c 1d 1e
Bp C15"OOH Ser54 BB 50 73 61 62 73 Ser4l8 BB 46 24 17 77 62
Bp C15"OOH SC 5 84 11 99 93 SC 70 5 4 100 61
Bp C8"=0 BB 4

Bp C15"OOH Phe55 BB 4 2 Phe419 BB 1 36 67 14
Bp C8"=0 BB 29 39 25 21 57 BB 38 7 41 6
Am CI'=0 Lys73 Lys437 SC 48 20 39 77
Bp C6"-OH SC 3 2 17 SC 3 69

Bp C10"-OH SC 6 6 2 3 4

Bp C10"-OH Glu92 SC 8 2 99 98 3 Glud56 SC 100 99 100 98 98 99
Bm C5'-OH Glul22 BB 78 87 58 79 81 Glu487 BB 84 88 84 89 68

Bm C5'-OH Vall24 BB 15 17 18 9 31 Val489 BB 15 29 19 19 20

Az NI Glul71 BB 29 66 57 49 79 Asp536 BB 38 54 45

Az N1 Asnl72  SC 24 1 1 Asn537 SC 1 34 25

10



PKA PKCe

H-bond conservation (%) H-bond conservation (%)
Moeity* Residue# 1 lal 1¢c 1d 1le Residue 1 lal 1a.2 1c¢ 1d 1e
Am C1'=0 Thr184 SC 46 19 90 80 82 Ala549
Az N1 Aspl85  SC 22 1 23 Asp550 SC 42 1 66 63
Bp C6"-OH SC 1 100 1 1 1 SC 91
Kaq (nM) 59 79 64 92 43 073 19 19 04 110 38

*Moieties in balanoids which include Bp or benzophenone, Bm benzamide, and Az azepane, whereas Am denotes amide linkage.

“BB: residue backbone; SC: residue side chain
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Figure S2. Charge states of balanoids in the ATP sites of PKA as well as PKCe. Under
biological assay pH, a positive or negative formal charge possibly appears on the amine N1,
and the phenol C6"OH, and the carboxyl C15"OOH. As suggested by a previous study,® all
balanoids have same charges states in both PKA and PKCe, except 1a. In PKCg, 1a presents
as two species: 1a.1 which only bear a charge on C15”0O0H; and 1a.2 where charges appear
on N1, C6""OH, and C15"O0H. In PKA, only 1a.1 exists. . Fluorination of balanol influences
the basicity of N1. In the case of 1a, monofluorination on the carbon  to N1 decreases the
basicity of the amine group and turns it unprotonated. Incorporation of one fluorine atom on
carbon v to N1 (1c¢) also reduces the basicity of N1, but the charge state does not alter. Balanoids
undergo a more noticeable effect of charge state alteration when di- or trifluorination is
introduced in the azepane ring. Additionally, the nature of the ATP site also affects the formal

charges of N1 and C6"”OH.
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Figure S4 Solvent-Accessible Surface Area (SASA) of balanoid-bound and apo forms of
PKA and PKCe. (A) SASA is presented in trajectory plots and (B) depicted in density curves.
In the case PKCe, 1a.1 represents the C6(S)-fluorinated analogue carrying a charge on the
carboxylate C15”"0O0OH alone, whereas 1a.2 represents the same analogue bearing charges on

the amine N1, the penolic C'6’OH, and the carboxylate C15”OOH. 1a.2 is not present in PKA

as suggested by our previous study.!
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Gly-rich loop Invariant Lys

PKCe 408 FNFIKVLGKGSFGKVMLAELKGKDEVYAVKVLKKDVILQDDDVDCTMTEKRILALARKHP 467
PKA 44 FERIKTLGTGSFGRVMLVKHKETGNHYAMKILDKQKWKLKQIEHTLNEKRILQAVN FP 102
*: **'**.****:*** : * ..: **:*** :-. . : *:.*****

PKCe 468 YLTQLYCCFQTKDRLFFVMEYVNGGDLMFQIQRSRKFDEPRSRFYAAEVTSALMFLHQHG 527
PKA 103 FLVKLEFSFKDNSNLYMVMEYVPGGEMFSHLRRIGRFSEPHARFYAAQIVLTFEYLHSLD 162

:*':* .*. :-'*::***** **::: .'.* :*.**::*****::' ': :**.
DFG motif
PKCe 528 VIYRDLKLDNILLDAEGHCKLADFGMCKEGILNGVTTTTFCGTPDYIAPEILQELEYGPS 587
PKA 163 LIYRDLKPENLLIDQQGYIQVTDFGFAKR- - -VKGRTWTLCGTPEYLAPEIILSKGYNKA 219
****** :*:*:* :*. :::***:.*. * * Xk Kk k. *:****:
Adenine subsite residues Ribose subsite residues Triphosphate subsite residues

ATP site residues that are different between PKCe and PKA

m Side chains of nonconserved residues in PKA and PKCe that do not participate in the ATP site

Figure S5 Sequence alignment of the ATP site residues of PKCe and PKA. Adenine,
ribose, and triphosphate subsite residues are highlighted in yellow, pink, and light blue,
respectively. Green bars indicate the non-identical ATP site residues in PKA and PKCe. The
orange bars represent residues in PKA and PKCe contributing to the ATP site via backbone
interactions alone. * — identical residue; : — conservative substitution; . — non-conservative

substitution.

S16



46
47

48

49

50

51

52

PKCe

Figure S6 Hyperconjugation interactions occurring in the azepane ring of fluorinated balanol analogues. 1a.1 is species of the
C6(S)-fluorinated analogue carrying only a charge on the carboxylate C15”O0OH, whereas 1a.2 is species of the same analogue which

bears charges on the amine N1, the phenolic C'6'OH, and the carboxylate C15”OOH. 1a.2 presents in PKCeg but not PKA as suggested

in our previous study.!
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Figure S7 Polar charts of dihedral angles on the azepane ring of PKA-bound balanoids.
Plots on each row monitor specific dihedral angles between the azepane ring atoms coloured red

in the structures on the right panel.
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Figure S8 Polar charts of dihedral angles on the azepane ring of PKCe-bound balanoids.

Plots on each row monitor specific dihedral angles between the azepane ring atoms coloured red

in the structures on the right panel.
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AG ° Contribution (kcal.mol'l) PKCe AG ° Contribution (kcal.mol")

Balanoids Balanoids

Mes: SD Mes
e Residue 1a.2 S8l

Gly417 -2.76 -497

Balanoid PKA

Moiety
Residue

Gly53

-4.65 -530 -5.06 -5.62 -639 -540 0.65

Sers4 407 772 440 932 857 -682 242  SerdI8| 092 -7.14 5.94 3.03

PheSS -5.89 -4.82 -5.84 -475 -593 544 060 Phed19 229 -5.18 -5.05 146
g Glys6 -2.90 -1.97 -2.65 -222 -265 -248 037 Glyd20 -393 -182 2,56 0.93
g ArgS7 -3.19 -2.16 339 -285 -2.61 -284 048 Lysd2l -342 -182 2.37 0.62
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Figure S9 Per-residue binding energy contributions to the affinity of balanoids to the
ATP sites of PKA and PKCe. The key determinant residues, Thr184 in PKA and Ala549 in PKCe,
are in bold text and highlighted in brown. The invariant Lys residues, Lys73 and Lys437
respectively in PKA and PKCg, are in bold text and highlighted in dark purple. MMGBSA binding
energy as well as the experimental K4 values of balanoids bound to PKA and PKCg are in the lower

panel of the figure.
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Figure S10  Interactions between the invariant Lys437 in PKCg and the phenolate C6'O"
in balanoid 1c. (1) indicates H-bond and charge-charge or ion pair interactions which forms salt

bridge, whereas (2) and (3) denote cation-n and alkyl-m hydrophobic interactions.
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Figure S11Interactions between balanoids and the ATP sites of PKA and PKCe which focus on the residues around the azepane
ring and invariant Lys. The sub-figures depict interactions of (A) natural balanol 1, (B) 1a.1, (C) 1a.2, (D) 1¢, (E) 1d, and (F) 1e. 1a.1
is species of the C6(S)-fluorinated analogue only carrying a charge on the carboxylate C15”"OOH, whereas 1a.2 is species of the same
analogue which bears charges on the amine N1, the phenolic C'6'0OH, and the carboxylate C15”"O0OH. 1a.2 presents in PKCe but not
PKA as suggested in our previous study.! The invariant Lys and the representative azepane ring are highlighted in cyan and orange,
respectively. The key determinant residue (Thr184 in PKA and Ala549 in PKCe) is highlighted in yellow. Water-mediated

intramolecular interactions are highlighted in green
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