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Abstract

A series of novel 1,2,3,4-tetrazines were designed and synthesized. 'H-NMR spec-
“Department of Genetics and
Bioengineering, Faculty of Engineering
and Natural Sciences, Istanbul Bilgi
University, Istanbul, Turkey

troscopy, 3C NMR spectroscopy, and HRMS were used to determine the struc-
tures of this novel compounds. Computational approaches suggested that DHFR
is a putative target for the newly synthesized 11 compounds. Extensive molecu-
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USA of the compounds were evaluated against five different types of leukemia cell

lines (Jurkat, Nalm-6, Reh, K562, and Molt-4) and one non-leukemic cell line
(Hek293T) by MTT test in vitro and imatinib was used as a control drug. Among

lar dynamics simulations followed by molecular docking simulations were em-
ployed to evaluate DHFR as a potential target protein. The anticancer activities
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these compounds, 3a exhibited the best activity against all the leukemic cell lines,
except Reh cell line. For Nalm-6, K562, Jurkat, and Molt-4 cell lines, ICy, values
were found to be 15.98, 19.12, 23.15, and 25.80 pM, respectively. Our work focuses

on the synthesis of original and novel 1,2,3,4-tetrazine derivatives while contrib-
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uting to the ongoing effort to discover more potent new antileukemia agents.
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1 | INTRODUCTION

common method used in cancer treatment is chemother-
apy. In this method, various drugs are used to treat, con-

Cancer is a disease of uncontrolled cell proliferation and
also major health problem that seriously endangers human
life (Siegel et al., 2015). Cancer cases are increasing rap-
idly around the world and current drugs cannot meet the
needs. Heart diseases are considered the primary cause of
death, and cancer is expected to outpace heart disease in
the next few years (Siegel et al., 2015). Leukemia, as one of
the most common human cancer types, has drawn much
attention all over the world.

Currently available treatments for cancer are chemo-
therapy, radiotherapy, and surgery. These treatment meth-
ods vary according to the type of cancer, its progression,
and the phase of the disease (Jinjun et al., 2017). The most

trol, and alleviate the symptoms of the disease, depending
on the type of cancer and its degree of progression. Many
of the chemotherapy drugs used affect cell division and
proliferation through the control of mitosis and DNA rep-
lication and transcription. In addition to having cytotoxic
properties, detecting, and destroying cancer cells, and
having the least effect on normal cells, chemotherapeu-
tic drugs are the most basic objectives considered during
the synthesis of these drugs (Vanneman & Dranoff, 2012).
Therefore, the development of new chemotherapy drugs
to treat patients is urgently required.

Heterocyclic structures occur widely in many biologi-
cally important molecules, and one of them with versatile
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nature is tetrazine (Hu et al., 2004). The tetrazine mol-
ecule is a compound containing four nitrogen atoms
in a six-membered aromatic ring with three isomers as
1,2,3,4-tetrazine, 1,2,3,5-tetrazine, and 1,2,4,5-tetrazine.
1,2,3,4-Tetrazines with thermally unstable structures can be
combined with five or six membered rings as well as oxides
to increase their stability (Ram et al., 2019) The synthesis
of these heterocyclic compounds and their derivatives, due
to their a various biological and medicinal properties, are
desirable synthetic targets (Wan et al., 2019). One of the iso-
mers, 1,2,4,5-tetrazine, does possess a stable structure and
exhibits broader biological activity such as antibacterial,
antitumor, anti-inflammatory, anti-malarial, and antiviral
(Rao et al., 2013; Nhu et al., 2010; Tabassum et al., 2012;
Sauer, 1996). Moreover, there are several studies in the liter-
ature concerned with the pharmaceutical use of compounds
with 1,2,3,4-tetrazine skeletons (Almerico et al., 2005; Hu
et al., 2005; Neunhoeffer, 1985; Zlotin et al., 2015). For ex-
ample, 1-methyl-3H-pyrazolo[1,2-a]benzo[1,2,3,4]tetrazin-
3-ones show inhibition of a large number of tumor cell lines
at micromole concentrations because of their chemical re-
activity (Scheme 1) (Almerico et al., 2005).

There is an increasing need for new antileukemia agents
that can be applied in existing chemotherapy methods and
will not cause toxic side effects. In this study we synthesized
new tetrazine derivatives as possible anticancer agents;
furthermore, we evaluated anticancer activities of these
synthesized compounds against five important leukemia
cell lines. These derivative series were synthesized using
1,3-dipolar cycloaddition reactions of aza-oxyallyl inter-
mediates, generated in situ from o-bromoamides with aryl
azides, and the potential anticancer activities of the result-
ing 1,2,3,4-tetrazines structures were investigated. Jeffrey
et al. studied the cycloaddition of different starting materi-
als in the synthesis of nitrogenous heterocyclic compounds
with this synthesis procedure they found (An et al., 2016;
Cheng et al., 2018; DiPoto et al., 2015; Dipoto & Wu, 2018;
Ji, Liu, et al., 2016; Ji, Yao, et al., 2016; Jia et al., 2017; Jiang
et al., 2017; Li et al., 2016; Shao et al., 2017).

Rl
R

SCHEME 1 1-Methyl-3H-pyrazolo[1,2-a]benzo[1,2,3,4]
tetrazin-3-ones.
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Through [3 + 3]-cycloaddition processes, aza-oxyallyl cati-
ons are successfully employed as 1,3 dipoles to produce
N-heterocycles. Scheme 2 shows [3+ 3]-cycloaddition of
azides with in situ formed aza-oxyallyl cation to synthe-
size 1,2,3,4-tetrazines.

The synthesis route designed for the target compounds
3a-j is outlined in Schemes 3 and 4, based on the method-
ology developed by Jeffrey et al (Acharya et al., 2013, 2015;
Barnes et al., 2014; Jeffrey et al., 2011; Acharya, Eickhoff,
et al., 2016; Acharya, Montes, et al., 2016) for generating
aza-oxyallyl species.

1,2,3,4-Tetrazine compounds (3a-j) were easily pre-
pared following the Lin modification (Scheme 3) (Xu
et al., 2018). First, N-(benzyloxy)-2-bromo-2-methylpro-
panamide (compound 1) was prepared in one step from
commercially available 2-bromo-2-methylpropanoyl
bromide, and O-benzylhydroxylamine hydrochloride.
Treatment of 2-bromo-2-methylpropanoyl bromide with
O-benzylhydroxylamine hydrochloride and Et;N in
CH,Cl, afforded compound 1 (87% yield).

The reactant azide compounds (2a-j) were obtained
from aromatic or aliphatic amines according to literature
procedures (Dai et al., 2015; Lowery et al., 2008; Swetha
et al., 2011). Commercially available amines were con-
verted into azide derivatives (2a-j) with NaNO, or NaN;.
All azide derivatives were used directly without any pu-
rification. For comparative analysis, the aliphatic chain
azide analogues (2b, 2c, 2d, 2e, 2g) were also synthesized.
Here, it is aimed to determine the effects of different chain
lengths on anticancer activity. And also in this study, the
effect of different substituents attached to the 1-position
of the tetrazine ring on the activity was investigated.

Compound 1 was reacted with various azide compounds
(2a-j), using sodium carbonate as base, in hexafluoroiso-
propanol (HFIP) solvent at room temperature to afford
the novel 1,2,3,4-tetrazine derivatives (3a-j) in good yields.
Because fluorinated solvents stabilize the aza-oxyallyl cat-
ion, HFIP was used as solvent in these reactions. The crude
products were purified by flash column chromatography on
silica gel. All the structures of these derivatives were veri-
fied by spectral data (1H NMR, 3C NMR, and HRMS).

2.2 | Biological activity

22.1 | MTT assay

The anticancer activities of these 11 novel derivatives
were tested by the MTT assay in five different leukemia
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SCHEME 2 Synthesis mechanism of aza-oxyallyl cation.

SCHEME 3 Synthesis of novel 1,2,3,4-tetrazine derivatives.

cancer cell lines, including Jurkat, Nalm-6, Reh, K562,
and Molt-4, using Imatinib as the positive control. For
toxicity control purposes, the activities of all compounds
have also been determined on noncancerous, healthy
kidney cell lines (HEK293T). The results are shown in
Table 1. Compound 3a showed significant high growth
inhibition among all the derivatives, except Reh. cell line.
Surprisingly, compound 3a exhibited lower IC50 value
than Imatinib for K562 cells as 19.12pM. The designed
compound bearing the p-chlorophenyl ring at structure
(3a) is much more effective than the compound bearing p-
bromophenyl ring (3f). And, novel derivatives compound
3a, 3i, and 3j were effective against Jurkat cells with 23.15,
97.94, 97.98 uM IC50 values, respectively. Compound 3a
and Imatinib were equipotent against Nalm-6 and, in
general, were more potent than the other derivatives. 3i
and 3j derivatives were also found to be more effective
than the rest of the derivatives except 3a. Compound 3h,
3i, and 3j gave the best responses in high concentrations
against Reh cell line (IC5, values were 84.06, 69.93, and
76.54, respectively). Interestingly, these three compounds
showed higher efficacy than the positive control cancer
drug Imatinib against Reh cells.

As far as structure-activity relationships are con-
cerned, it seems that the presence of a chlorine atom at
aromatic ring (compound 3a) were effective especially in
K562, Jurkat and Molt-4 cell lines. When the effect of the
groups on the aromatic ring is compared, the presence of
chlorine atom in the para position increases the activity
compared to the presence of bromine or fluorine atoms
in the same position. And also it was observed that the

1 \/@
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S

compounds were effective against Reh cell line in the
presence of fluorine atom in para position on the aro-
matic ring. It has been determined that derivatives car-
rying aliphatic side chains have lower potency compared
to aromatic ones.

2.3 | Protein target for novel Tetrazine
derivatives

Several proteins were identified as targets by the search
tool, the Similarity Ensemble Approach (SEA) (Keiser
et al., 2007) (see Table S3a). In order to find the most ap-
propriate target protein among all proteins listed by SEA
server, we defined several criteria to be met concurrently:
(i) the protein must be a human protein or must have a
close analog in humans, (ii) the role of the protein in leu-
kemia must be reported by several publications, (iii) the
protein must be in the list for compound 3a since it is
the most effective compound among all and (iv) the pro-
tein or its homologs must be listed several times by SEA
server. DHFR is the only protein that fulfills the criteria
listed above. DHFR is a key enzyme in folate metabolism
and its role in leukemia has long been known (Banerjee
et al., 2002; Dulucq et al., 2008; Matheson et al., 2007;
Organista-Nava et al., 2018). Moreover, it is a known drug
target, and several approved drugs exist that are inhibitors
of DHFR. Among those, methotrexate, trimetrexate and
pemetrexed bind human DHFR protein and have been
used as antineoplastic agents (https://www.drugbank.ca)
(Wishart et al., 2006).
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SCHEME 4 Structures of novel 1,2,3,4-tetrazine derivatives.

Figure 1 shows the expression level of the gene DHFR in
normal and malignant hematopoietic cells. As seen in the
figure, Reh cell line shows the lowest expression level for
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the gene DHFR, among the leukemia cell lines. We com-
pared the expression level of the gene in each leukemia
cell line to the normal hematopoietic cells to determine
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TABLE 1 Assay data for 11 new against 1,2,3,4-tetrazines derivatives (3a-j), 5 leukemia cell lines (Jurkat, Nalm-6, Reh, K562, Molt-4) and human embryonic kidney cell line (Hek293T).

ICsy (M)

Hek293T

Molt-4

K562

Reh

Nalm-6

Jurkat

Comp.

190.0+£0.0125
>200
>200
>200

25.8+0.1286
>200

19.12+0.006892

149.8 +£0.1116
>200
>200
>200
>200

15.98 +0.000816
56.99 +0.07736

23.15+0.02941

3a

>200
>200
>200
>200

>200

3b

>200

>200

>200

3bb
3c

EYILCIM ET AL.

>200

127.9+0.008876
180.2+0.01558

>200
>200

>200

>200
>200
>200
>200
>200

38.4+0.04895

3d
3e

>200

>200
>200
>200

151.5+0.008998

99.97+0.02723

>200
>200
>200

>200

>200
>200

3f
3g
3h
3i

>200

>200

>200

>200

69.93 +0.02595

84.06+0.05566

101.6 +0.02473

97.37+0.03778

143.4+0.0406
97.94+0.0276

195.0+£0.010

>200

62.61+0.03266

153.8+0.04584

81.48+0.04516

+ 101.7+0.06008

76.54+0.0256

73.55+0.01586

64.42+0.05326

78.37+0.01842

21.74 +0.004601

12.52+0.009645

97.98 +0.02053

3j

>200 aE aE 33.60+0.05468

Imatinib*

Note: The data are presented as mean values +SD from experiments conducted in 6 replicates (3a-j).

*Imatinib is positive control drug.

whether the difference is significant. p-values and log2
fold change values for those comparisons are tabulated
in Table 2. Compared to normal cells, leukemia cell lines
overexpress the DHFR gene significantly (p <1.0x1073).
Those results strengthen the prediction that the DHFR is
the putative target for the novel tetrazine derivatives.

Table 3 summarizes the results of the 11 compounds
docked to the channel of DHFR. We obtained different
number of clusters for each compound varying from 3 to
54. Even though binding free energies are higher for com-
pounds 3bb and 3e, the high number of clusters together
with the small size of the largest cluster renders the re-
sults for those two compounds less reliable. The results for
compounds 3a, 3h, 3f, and 3i seem to be converged and
therefore are more reliable. Even though we did not obtain
a single cluster for those compounds, most of the runs gen-
erated very close conformations resulting in a single highly
populated cluster. The binding free energies of those com-
pounds for the highest-ranking conformation of the highly
populated cluster are —9.6, —9.1, —9.4, and —8.8 kcal/mol
for 3a, 3h, 3f, and 3i, respectively.

Considering the large search space and the randomness
in the docking procedure, one should not expect all the
independent runs to converge to the same binding confor-
mation. Despite this, we can still use the largest conforma-
tional cluster to locate the binding site on DHFR. Figure 2
depicts the binding conformations for all compounds ex-
cept for compounds 3bb and 3e. Even though, we gradu-
ally increased the number of maximum energy evaluations
to 40 million for those two compounds, we did not observe
any improvement in convergence. For the compounds 3a,
3b, 3c, 3d, 3e, 3f, 3g, 3h, 3i and 3j; even 10 million maxi-
mum energy evaluations sufficed to obtain a single highly
populated cluster. The analysis of binding conformations
showed that the compounds 3h, 3i and 3j bind the same
site in the same orientation (Figure 2c), which is expected
considering how similar the molecules are. Compounds
3a and 3f also adopted partially matching orientation
(Figure 2b) in the same site that compounds 3h, 3i and
3j bind. Although, the compounds 3b, 3c, 3d and 3g also
bind the same site (Figure 2d) like other compounds, each
one adopts a different orientation. Analysis of the docking
conformations suggests that the compounds have a ten-
dency to bind the same site. The binding site is close to the
middle of the channel and partially overlapping with both
binding sites of NAPDH and folic acid (Figure 2a).

For comparison, we performed molecular docking
simulations of two approved drugs; methotrexate,
a folate derivative and trimetrexate, a non-classical
folic acid antagonist that bind to human DHFR. We
obtained —11.9 and —9.3kcal/mol binding free ener-
gies for methotrexate and trimetrexate respectively.
Compared to the binding free energies obtained for the

85U8017 SUOWILIOD BAITER.D) 8|qedl|dde ayy Aq peusenob ke sejoie VO ‘@SN JO SN 10} Aeiq18ulUO 48] UO (SUONIPUCD-pUe-SLUB)L0D A8 | 1M AfeIq 1[BU1|UO//SANY) SUORIPUOD PUe SWB | 3u 88S *[1202/70/y0] uo ARiqiTaulluo Aeim ‘se1sleAIuN 161G INquels| A 8Zey T PPAY/TTTT OT/I0p/W0D A8 IMAleIq Ul UO//SANY WO.j pepeoumod ‘G ‘€202 ‘S820L7LT



EYILCIM ET AL.

11 4 @ Normal Cells
@ Leukemia Cell Lines = = =
e
10- &
i
c
S
3
w —_—
L 8- -
I '
° —
7 L
o
6._.
T T T T T T T T T
(7] 723 (2] w L N o O [92]
o} ] = = [} o @ v v
<, = o @ s < £ s
g & ©Q o © 8 5 § 2
2 e - o =z
[=3
& =
@

FIGURE 1 Boxplot of log2-transformed and normalized
expression values for the DHFR gene generated using the graphics
package from R version 3.6.3.

TABLE 2 Comparison of DHFR expression level in leukemia
cell lines to normal hematopoietic cells.

Cell line Log fold change p-value
Jurkat 33 4.0x107°
Nalm-6 3.4 3.9x107°
Reh 26 1.0x107?
K562 3 1.6x107%
Molt-3 3.2 2.8x107°
TABLE 3 Docking results and
assessment of convergence. AG
corresponds to the binding free energy of Compound
the highest-ranking conformation of the 3a
largest cluster. 3b
3bb*
3c
3d
3h
3g
3f
3e*
3i
3j
Methotraxate
Trimetrexate

Number of Number of

CR-WiLEy- 2

newly synthesized molecules, methotrexate has more
favorable binding free energy. However, the binding free
energy for the trimetrexate is comparable to those for
newly synthesized molecules.

Additionally, we conducted molecular dynamics
simulations of nine newly synthesized compounds
and the reference molecule methotrexate in complex
with DHFR. All molecules stayed bound to the protein
throughout the simulations. We assessed the stabil-
ity of the docking conformations with RMSD values of
the molecules after aligning the protein conformations.
Table 4 shows the average RMSD values together with
the standard deviations. Considering the average RMSD
values, one can see that compounds 3a, 3h, and metho-
trexate kept close conformations (rmsd <3.0A) to their
initial conformations while other compounds adopted
slightly different (3¢, rmsd: 3.5A) to quite different (3f,
rmsd: 7.7 A) conformations.

To further address the affinities of the molecules to
DHFR, we utilized the widely used end-point method
Molecular Mechanics/Generalized Born Surface Area
(MM/GBSA). The method is commonly used in combi-
nation with a method for solute entropy contribution
and provides more accurate results compared to scoring
functions used in molecular docking. Table 4 provides the
components of MMGBSA effective energy and the contri-
bution due to the solute entropy. Computed free energies
of binding for the molecules except for compound 3b vary
between —9.4 and —18.3kcal/mol. The reference mole-
cule methotrexate has the most favorable binding free
energy followed by the compound 3j (—16.8 kcal/mol), 3a
(—14.7kcal/mol), 3f (13.7 kcal/mol), and 3i (—12.2kcal/
mol) on average. Even though methotrexate has the

Size of the largest

torsions clusters cluster (%) A G (kcal/mol)
4 3 74 -9.6
6 6 62 —-8.9
9 37 16 -9.8
6 8 42 —8.1
7 13 50 -84
4 5 79 —9.1
8 10 69 -7.9
4 4 58 —94
11 54 9 -10.3
4 4 49 —8.8
33 —-94
11 12 67 —-11.9
8 12 31 -9.3

*No convergence was achieved for those compounds.
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FIGURE 2 Thedocked
conformations to the putative target
DHFR. Overall structure of DHFR
(depicted in cartoon representation) and
the channel detected by the program
PROPORES (depicted in light blue
surface) are shown. NADPH and folic acid
are depicted in stick representation (a).
The highest-ranking conformation of the
largest cluster for the compounds 3a and
3f (b), the compounds 3h, 3i and 3j (c)
and 3b, 3c, 3d, and 3g (d) are shown.
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TABLE 4 Stability assessments and binding free energy calculations. VAW and EEL stand for Van der Waals and electrostatic
interaction energies while EGB and ESURF stand for polar and nonpolar solvation free energies. Total stands for the MMGBSA effective
energy and involves solute entropy contribution. The values given in the parenthesis are the standard deviations. 95% Welch-Satterthwaite

confidence interval was constructed for free energy of binding as described.

RMSD
A) MMGBSA
Binding free

Molecule ID Vdw EEL EGB ESURF Total Entropy energy (kcal/mol)
3a 22(0.8) —40.5  —19.0 29.8 —5.0 —34.7(4.6)  —19.9(3.6) —14.7 [-16.6, —12.8]
3b 6.4(22) =325  —51 17.2 —42 —246(3.2)  —21.5(5.3) —3.1[-5.9, —0.3]
3c 3.5(0.5) —344  -18.1 29.4 —4.3 —274(38)  -16.1(5.7) —11.3[-14.4, —8.2]
3d 52(1.1) —37.8 —144 25.9 —4.8 —31.1(4.9)  —20.5(4.5) —10.6 [-13, —8.2]
3h 24(13) -364  —19.7 30.8 —4.5 —29.8(42)  —19.1(6.5) —10.7 [-14.2, =7.2]
3g 42(22) -383 —64 18.2 —4.9 —314(42) —221(5.4) —9.4[—12.3, —6.5]
3f 7.7(1.5)  —40.6  —4.0 15.8 —4.7 —33.5(44) —19.8(4.4) —13.7[-16, —11.4]
3i 42(1.0) -36.1 —19.7 29.7 —4.6 —30.7(4.0)  —18.5(5.1) —12.2[-15, —9.4]
3j 4.2(2.3) —43.6 —12.5 23.5 —5.2 —37.8(3.8) —21.0(5.3) —16.8 [—19.6, —14]
Methotrexate  2.6(0.5) —41.2  —357.8 3600  —6.5 —455(8.0)  —27.2(12.5)  —18.3[—26, —10.6]

most favorable binding free energy on average the large
error associated to the MMGBSA effective energy and
entropic contribution renders the 95% confidence inter-
val considerably large which is expected considering the
net charge of the molecule. In such a case where uncer-
tainty is large, it is logical to consider the upper bound
for the binding free energy. Accordingly, compound 3j
(<—14kcal/mol), compound 3a (<—12.8kcal/mol) and
compound 3f (<—11.4kcal/mol) have more favorable

binding free energy than the reference molecule metho-
trexate (<—10.6 kcal/mol).

When we consider molecular docking results, stabil-
ity analysis of bound conformations and binding free
energy calculations we see that compound 3a stands out
as the most promising molecule. Therefore, we decided
to compare the interactions of the reference molecule
methotrexate with human DHFR to the interactions of
compound 3a with human DHFR in details. As provided
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FIGURE 3 Detailed interactions

of human DHFR with methotrexate

(a) and compound 3a (b). The common
contact residues are highlighted with

red circles. Hydrogen bonds are shown
with dashed lines, while the hydrophobic
interactions are indicated by an arc with
spokes. The figure was generated using
LigPlot+ v.2.2, after energy minimisation
of the docked conformation.

in Figure 3, methotrexate and compound 3a interact
with 16 and 15 residues on DHFR, respectively. Two mol-
ecules have seven interacting residues (Ile 7, Val 8, Ala 9,
Leu 22, Glu 34, Phe 34, Val 115) in common. Methotrex-
ate and compound 3a have the same type of interactions
with the residues Val 8, Ala 9, Leu 22, Phe 34, and Val
115. In terms of hydrogen bounding, the molecules are
quite different. While methotrexate forms nine different
hydrogen bounds with the protein, compound 3a forms
only one.

3 | CONCLUSION

In thisstudy, we have synthesized novel 1,2,3,4-tetrazines
via [3 + 3] cycloaddition reaction between in situ formed
aza-oxyallyl cations and azides. Using the Lin (Xu
et al., 2018) procedure, we could synthesize several bi-
ologically active molecules. MTT assay results showed
that 1,2,3,4-tetrazine derivatives have a potential inhib-
iting effect on the leukemia cell lines; Nalm-6, K562,
Jurkat and Molt-4. Especially, compound 3a showed sig-
nificantly high growth inhibition on all of the cell lines,
except Reh cell line. On K562 cell line, 3a had lower IC,,
value than imatinib which has been used as a specific
drug for chronic myeloid leukemia. Based on chemi-
cal similarity search, DHFR enzyme came out as the
putative target for the newly synthesized compounds.
Molecular docking simulations, molecular dynamics
simulations and binding free energy calculations were
performed to evaluate the DHFR as the potential target
protein. Compound 3a came out of computational anal-
ysis as the most promising molecule. All together our
results suggest that tetrazines have a potential as anti-
cancer agents.
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4 | EXPERIMENTAL

41 | Chemistry

4.1.1 | General

Unless otherwise stated, nitrogen atmosphere was pro-
vided for all reactions carried out in oven-dried glass
vessels equipped with magnetic stirring. HFIP and TFE
were from Sigma Aldrich and other reagents used in the
reactions were obtained from Sigma Aldrich or Merck
without any extra processing. Known techniques were
used to dry the solvents. Reactions were followed using
thin layer chromatography (TLC) on silica gel layers
and were detected under UV light. The plates were also
visualized by staining with vanillin and KMnO,. Gal-
lenkamp digital thermometer was used to determine all
melting points. IR spectra were determined with Perkin
Elmer FT-IR spectrometer. Compounds were dissolved
in CDCl, or DMSO-d; solvents and the 'H and '*C NMR
spectra of the compounds were obtained using Bruker
Avance III-500MHz NMR spectrometer instrument.
Chemical shifts were arranged according to TMS (tetra-
methylsilane) as an internal standard. Data of "H NMR
signals are reported as follows: chemical shift, multi-
plicity as singlet (s), doublet (d), triplet (t), quartet (q),
broad (br), multiplet (m), doublet of doublet (dd), dou-
blet of triplet (dt), pentet (p), coupling constants (Hz),
number of protons. Mass spectral data were obtained
using the Agilent 6890N/5973 GC/IMSD system and
high-resolution mass spectra (HRMS) were determined
on an Agilent G6530B TOF/Qtof Mass spectrometer.
All final compounds were purified with Teledyne Isco
CombiFlash Rf 200 system and RediSep Rf Gold Silica
columns.
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4.1.2 | General procedure for the synthesis of
1 (Xu et al., 2018)

N-(Benzyloxy)-2-bromo-2-methylpropanamide (1)
O-Benzylhydroxylamine hydrochloride (0.78g, 5mmol)
and triethylamine (0.506g, 5mmol) dissolved in dichlo-
romethane (0.25M) and 2-bromo-2-methylpropanoyl bro-
mide (1.15g, 5mmol) was added dropwise to the solution
at 0°C. The reaction mixture was stirred at this tempera-
ture until TLC analysis revealed complete consumption
of starting material. The mixture was warmed to room
temperature and quenched with water. The organic phase
was washed with water (three times), dried over magne-
sium sulfate, filtered and concentrated. Purification via a
column chromatography (SiO,, 3:1, Hexanes: EtOAc) pro-
vided the haloamide in 87% yield as a white solid. R;=0.58
(3:1, Hexanes: Ethyl Acetate); mp=_88-92°C; FTIR (ATR):
v=3192, 3036, 2956, 2890, 1651, 1497, 1469, 1454, 1112,
1031, 1004cm L. 'H-NMR (500 MHz, CDCI3): 8 9.02 (brs,
1H), 7.37-7.31 (m, 5H), 4.87 (s, 2H), and 1.86 (s, 6H).

4.1.3 | General procedure for the synthesis of
2a, 2f, 2h, 2i, and 2j

The started materials 2a, 2f, 2h, 2i, and 2j were prepared
using the previously reported method (Dai et al., 2015). An-
iline (5 mmol) was dissolved in an ice bath with HCI (3N,
5mL). In a separate container, sodium nitrite (NaNO,,
7.5mmol), dissolved in 12.5 mL water was added dropwise
into aniline solution and allowed to stir for 30 minutes.
Then sodium azide (NaN;, 20mmol), dissolved in 25mL
water, was added dropwise and the reaction was stirred at
room temperature for 2-4 h. The resulting mixture was ex-
tracted with ethyl acetate, the organic phase washed with
water, dried with MgSO,, and the solvent was removed
by filtration. The crude product obtained was used for the
reaction without purification. The same results were ob-
tained with the spectroscopic data given in the literature
(Dai et al., 2015).

1-Azido-4-chlorobenzene (2a)

It was synthesized according to the general procedure
described above. Yield 100%.

1-Azido-4-bromobenzene (2f)

It was synthesized according to the general procedure
described above. Yield 95%.

Azidobenzene (2h)

It was synthesized according to the general procedure
described above. Yield 99%.

1-Azido-4-fluorobenzene (2i)

It was synthesized according to the general procedure
described above. Yield 90%.

4-Azido-2-chloro-1-fluorobenzene (2j)

It was synthesized according to the general procedure
described above. Yield 85%.

4.1.4 | General procedure for the synthesis of
2b and 2¢

The started materials 2b and 2¢ were prepared using the
previously reported method (Swetha et al., 2011). So-
dium azide (NaN,, 0.22mmol), dissolved in 25mL water
was added to an alkyl halide (0.15mmol) solution dis-
solved in 6mL THF. The reaction mixture was refluxed
by heating and the reaction was followed by TLC. After
the alkyl halide was completely consumed, the reaction
mixture was allowed to cool to room temperature and was
extracted using a separatory funnel. The upper layer was
separated by extraction with the help of a separatory fun-
nel, washed with water and dried with MgSO,. After filtra-
tion, the solvent was evaporated. The crude product was
used without purification. The same results were obtained
with the spectroscopic data given in the literature (Swetha
et al., 2011).

1,2-Diazidoethane (2b)

It was synthesized according to the general procedure
described above. Yield 76%.

4-Azido-1-butene (2c)

It was synthesized according to the general procedure
described above. Yield 86%.

4.1.5 | General procedure for the synthesis of
2d, 2e, and 2g

The starting materials 2d, 2e, and 2g were prepared using
the previously reported method (Lowery et al., 2008)
Sodium azide (NaN;, 7.7 mmol) was added to the alkyl
halide (7.7 mmol) solution dissolved in 10 mL DMF at
room temperature and stirred for 20h. The reaction
was monitored by TLC and after the alkyl halide was
completely consumed, the reaction was extracted with
ether. The organic phases were combined, washed with
water, dried over MgSO, and the solvent was removed.
The residual crude product was used directly without
purification.

1-Azido-4-chlorobutane (2d)

It was synthesized according to the general procedure
described above. Yield 94%. '"H NMR (400 MHz, CDCl,)
§=1.76 (m, 2H), 1.87 (m, 2H), 3.36 (t, J=6.6 Hz, 2H), 3.53
(t,J=6.5Hz, 2H) ppm.

1,4-Diazidobutane (2e)

It was synthesized according to the general procedure
described above. Yield 99%.

1-Azidohexane (2g)
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It was synthesized according to the general procedure
described above. Yield 88%.

4.1.6 | General procedure for the synthesis of
1,2,3,4-tetrazines (3a-j)

To a Schlenk tube were sequentially added N-(benzyloxy)-
2-bromo-2-methylpropanamide 1 (0.15mmol, 0.6 equiv),
azides 2a-j (0.125mmol, 0.5 equiv), Na,CO; (0.25 mmol,
1.0 equiv) and HFIP (0.5mL). The Schlenk tube was
closed and allowed to stir overnight under nitrogen gas
and at room temperature. Once the azides were com-
pletely consumed, the reaction mixture was diluted with
dichloromethane, filtered through Celite and washed
with dichloromethane. The solvent was removed under
reduced pressure and the crude product was purified by
flash column chromatography on silica gel to give the
pure product.
4-(Benzyloxy)-1-(4-chlorophenyl)-6,6-dimethyl-1,6-dihy
dro-1,2,3,4-tetrazin-5(4H)-one (3a)

It was synthesized according to the general proce-
dure described above. The product (42.4 mg, 56% yield)
as yellowish oil was purified with flash chromatography.
R;=0.35 (EA/H=1:2). IR (cm™") n=3064, 3032, 2925,
1688, 1596, 1464, 1354, 1260, 1103. '"H NMR (500 MHz,
CDCly) §=1.39 (s, 6H, 2xCH,), 5.07 (s, 2H, O-CH,),
6.57 (d, J=8.2Hz, 1H, HAr), 6.86 (dd, J=2.2;8.2Hz, 1H,
HAr), 7.10 (d, J=2.2Hz, 1H, HAr), 7.30-7.42 (m, 6H,
HAr).*C NMR (125MHz, CDCl,) 8 =26.1 (2xCHj), 50.6
(CH,), 67.6 (Cq), 116.5 (CAr), 123.5 (CAr), 124.4 (Cq),
127.8 (CAr), 128.3 (2XxCAr), 128.4 (2xCAT), 128.7 (CAr),
131.4 (CAr), 137.6 (Cq), 141.5 (Cq), 151.1 (C=0). HRMS
(ESI) m/z calcd for [C,,H,,CIN,O,-N,+H]* 317.1057,
found 317.1043.

1-(2-Azidoethyl)-4-(benzyloxy)-6,6-dimethyl-1,6-dihydr
0-1,2,3,4-tetrazin-5(4H)-one (3b)

It was synthesized according to the general proce-
dure described above. The product (27.3mg, 36% yield)
as yellowish oil was purified with flash chromatography.
R;=0.26 (EA/H=1:3). IR (cm™) n=3064, 3033, 2936,
2875, 2097, 1715, 1454, 1367, 1349, 1196, 1034. '"H NMR
(500 MHz, CDCl;) §=1.34 (s, 6H, 2xCH,), 3.51-3.53 (m,
2H, CH,), 3.56-3.59 (m, 2H, CH,), 5.13 (brds, 2H, O-CH,),
7.34-7.38 (m, 3H, HAr), 7.47-7.49 (m, 2H, HAr). *C NMR
(125MHz, CDCl,) 6=20.6 (2xCH,), 48.0 (CH,), 50.0 (CH,),
59.9 (Cq), 78.7 (O-CH,), 128.5 (2xCAr), 129.1 (CAr), 129.8
(2xCAr) 133.7 (Cq), 162.5 (C=0). HRMS (ESI) m/z calcd
for [C,5H,,N,0,-N, + H]" 276.1460, found 276.1442.

1,1’-(Ethane-1,2-diyl)bis(4-(benzyloxy)-6,6-dimethyl-
1,6-dihydro-1,2,3,4-tetrazin-5(4H)-one) (3bb)

It was synthesized according to the general proce-
dure described above. The product (54.4mg, 44% yield)

CR-WiLEY-2

as yellowish oil was purified with flash chromatography.
R;=0.68 (EA/H=1:3). IR (cm™) n=3066, 3048, 2991,
2956, 2937, 2894, 1713, 1491, 1468, 1389, 1318, 1195, 1058.
"H NMR (500 MHz, CDCl,) §=1.27 (s, 12H, 4xCHs), 3.63
(s, 4H, 2xCH,), 5.12 (brds, 4H, 2xO-CH,), 7.35-7.38 (m,
6H, HAr), 7.46-7.49 (m, 4H, HAr). 1*C NMR (125MHz,
CDCl,) §=20.7 (4xCH,), 47.6 (2xCH,), 60.0 (2xCq), 78.5
(2xOCH,), 128.5 (4xCAr), 129.1 (2xCAr), 129.6 (4xCAr)
133.8 (2xCq), 162.6 (2xC=0). HRMS (ESI) m/z calcd for
[C,H3oNgO, +H]* 495.2468, found 495.2454.
4-(Bengyloxy)-1-(but-3-en-1-yl)-6,6-dimethyl-1,6-dihydr
0-1,2,3,4-tetrazin-5(4H)-one (3¢)

It was synthesized according to the general proce-
dure described above. The product (24.5mg, 34% yield)
as yellowish oil was purified with flash chromatography.
R;=0.67 (EA/H=1:3). IR (cm™) n=3063, 3032, 2975,
2932, 2876, 1703, 1586, 1464, 1381, 1328, 1213, 1180. 'H
NMR (500 MHz, CDCl,) 6=1.32 (s, 6H, 2xCH,), 2.45-2.49
(m, 2H, CH,), 3.41 (t, ] = 5.8 Hz, 2H, N-CH,), 5.06-5.13 (m,
4H, 0-CH, and = CH,), 5.74-5.82 (m, 1H, =CH), 7.35-7.39
(m, 3H, HAr), 7.46-7.50 (m, 2H, HAr). >*C NMR (125 MHz,
CDCl,) §=20.5 (CH,), 20.6 (CH,), 34.1 (CH,), 48.4 (CH,),
59.8 (Cq), 78.4 (OCH,), 117.26 (=CH,), 128.4 (2xCATr),
129.0 (CAr), 129.8 (2xCAr) 133.8 (Cq), 134.6 (=CH), 162.1
(C=0). HRMS (ESI) m/z calcd for [C;sH,(N,0,-N,+H]*
261.1603, found 261.1587.

4-(Benzgyloxy)-1-(4-chlorobutyl)-6,6-dimethyl-1,6-dihydr
0-1,2,3,4-tetrazin-5(4H)-one (3d)

It was synthesized according to the general procedure
described above. The product (42.2mg, 52% yield) as yel-
lowish oil was purified with flash chromatography. R;=0.54
(EA/H=1:3). IR (cm™") n=3089, 3064, 3032, 2941, 2873,
1713, 1455, 1386, 1315, 1210, 1082. '"H NMR (500 MHz,
CDCl,) 6=1.38 (s, 6H, 2xCH,), 1.78-1.89 (m, 4H, 2xCH,),
3.38 (t, J=7.3Hz, 2H, N-CH,), 3.56 (t, J=7.2Hz, 2H, CI-
CH,), 5.14 (s, 2H, O-CH,), 7.35-7.38 (m, 3H, HAr), 7.47-
7.50 (m, 2H, HAr) ppm. "*C NMR (125MHz, CDCl;) §=20.4
(CH,), 20.5 (CH,), 27.0 (CH,), 29.5 (CH,), 44.5 (CH,), 48.1
(CH,), 59.8 (Cq), 78.5 (O-CH,), 128.5 (2xCAr), 129.1 (CAr),
129.8 (2xCAr), 133.8 (Cq), 162.2 (C=0). HRMS (ESI) m/z
calcd for [C;sH,,CIN,0,+Na)* 347.1251, found 347.1242.

1,1’-(Butane-1,4-diyl)bis(4-(benzyloxy)-6,6-dimethyl-
1,6-dihydro-1,2,3,4-tetrazin-5(4H)-one) (3e)

It was synthesized according to the general procedure
described above. The product (40.5mg, 31% yield) as color-
less oil was purified with flash chromatography. R;=0.34
(EA/H=1:3). IR (cm™!) n=3063, 3032, 2941, 2874, 1709,
1553, 1480, 1454, 1367, 1257, 1027. '"H NMR (500 MHz,
CDCl,) 8=1.32 (s, 12H, 4xCH,), 1.62-1.66 (m, 2H, CH,),
1.80 (pent, J=7.4Hz, 2H, CH,), 3.32 (t, J=7.0Hz, 2H, N-
CH,), 3.38 (t, I=7.0Hz, 2H, N-CH,), 5.14 (s, 4H, O-CH,),
7.35-7.39 (m, 6H, ArH), 7.47-7.49 (m, 4H, ArH). *C
NMR (125 MHz, CDCl;) §=20.5 (4xCHs), 26.0 (CH,), 26.9
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(CH,), 48.2 (N-CH,), 51.1 (N-CH,), 59.8 (2xCq), 78.5 (2xO-
CH,), 128.5 (4xCAr), 129.1 (2xCAr), 129.8 (4xCAr), 133.8
(2xCq), 162.2 (2xC=0). HRMS (ESI-QTOF) m/z calcd for
[C,eH3,NgO,-N, + Na]* 489.2478, found 489.2472.
4-(Bengyloxy)-1-(4-bromophenyl)-6,6-dimethyl-1,6-dihy
dro-1,2,3,4-tetrazin-5(4H)-one (3f)

It was synthesized according to the general procedure
described above. The product (52.4mg, 54% yield) as yel-
lowish oil was purified with flash chromatography. Ry=0.55
(EA/H=1:3).IR (cm™ ) n=23088,3063,3031, 2974, 2926, 2872,
1704, 1588, 1453, 1400, 1385, 1251, 1067. '"H NMR (500MHz,
CDCly) 6=1.39 (s, 6H, 2xCHS,), 5.07 (s, 2H, O-CH,), 6.52 (d,
J=8.2Hz, 1H, HAr), 6.99 (dd, J=2.2; 8.2Hz, 1H, ArH), 7.23
(d, J=2.2Hz, 1H, ArH), 7.28-7.38 (m, 6H, ArH). *C NMR
(125MHz, CDCI,) §=26.1 (2xCH,), 50.6 (CH2), 63.0 (Cq),
111.0 (Cq), 116.9 (CAr), 119.3 (CAr), 126.4 (CAr), 127.8
(CAr), 128.3 (CAr), 128.4 (CAr), 128.7 (2xCAr), 129.7 (CAr),
130.9 (Cq), 141.7 (Cq), 151.1 (C=0). HRMS (ESI) m/z calcd
for [C,,H,,BrN,0,-N, + H|* 361.0552, found 361.0543.

4-(Benzyloxy)-1-hexyl-6,6-dimethyl-1,6-dihydro-1,2,3,4-
tetrazin-5(4H)-one (3g)

It was synthesized according to the general proce-
dure described above. The product (33.4mg, 42% yield)
as yellowish oil was purified with flash chromatography.
R;=0.50 (EA/H=1:3). IR (cm™') n=3033, 2953, 2929,
2870, 1715, 1497, 1455, 1377, 1316, 1151, 1027. '"H NMR
(500MHz, CDCl;) §=0.90 (t, J=6.9Hz, 3H, CH,), 1.29-
1.36 (m, 12H, 2xCH; and 3xCH,), 1.70 (pent, J=8.2Hz,
2H, CH,), 3.34 (t, J=7.6 Hz, 2H, N-CH,), 5.14 (s, 2H, O-
CH,), 7.35-7.39 (m, 3H, HAr), 7.47-7.50 (m, 2H, HAr).
13C NMR (125MHz, CDCl,) §=14.0 (CH,), 20.6 (2xCH,),
22.5 (CH,), 26.3 (CH,), 29.8 (CH,), 31.5 (CH,), 49.0 (CH,),
59.8 (Cq), 78.4 (O-CH,), 128.4 (2xCAr), 129.0 (CAr), 129.8
(2xCAr), 133.9 (Cq), 162.0 (C=0). HRMS (ESI) m/z calcd
for [C,,H,¢N,0,-N, +H]" 291.2073, found 291.2063.

4-(Benzyloxy)-6,6-dimethyl-1-phenyl-1,6-dihydro-1,2,3,
4-tetrazin-5(4H)-one (3h)

It was synthesized according to the general procedure
described above. The product (31.8mg, 41% yield) as col-
orless oil was purified with flash chromatography. R;=0.60
(EA/H=1:3). IR (cm™) n=3062, 3031, 2973, 2924, 2872,
1703, 1499, 1454, 1384, 1365, 1213, 1081. "H NMR (500 MHz,
CDCl,) §=1.41 (s, 6H, 2xCH,), 5.08 (s, 2H, CH,), 6.65 (dd,
J 1.5; 7.8Hz, 1H, ArH), 6.78 (dt, J 1.5; 7.8 Hz, 1H, ArH),
6.89 (dt, 1.56; 7.56 Hz, 1H, ArH), 7.07 (dd, J 1.26; 8.19Hz,
1H, ArH), 7.31 (m, 3H, ArH), 7.39 (m, 3H, ArH). *C NMR
(125MHz, CDCl,) §=26.2 (CH,), 26.2 (CH,), 50.7 (CH,),
61.2 (Cq), 115.9 (CAr), 116.1 (CAr), 120.0 (CAr), 123.6
(CAr), 127.7 (CAr), 128.2 (2xCAr), 128.36 (2xCAr), 128.4
(CAr),131.7(Cq), 137.9(Cq), 170.5 (C=0). HRMS (ESI) m/z
caled for [C;,H gN,0,-N, +H]* 283.1447, found 283.1437.

4-(Benzyloxy)-1-(4-fluorophenyl)-6,6-dimethyl-1,6-dihy
dro-1,2,3,4-tetrazin-5(4H)-one (3i)

It was synthesized according to the general proce-
dure described above. The product (50.9mg, 62% yield)
as yellowish oil was purified with flash chromatography.
R;=0.44 (EA/H=1:3). IR (cm™') n=3065, 3032, 2974,
2928, 2871, 1709, 1506, 1454, 1384, 1326, 1263, 1134. 'H
NMR (500MHz, CDCl,) §=1.38 (s, 6H, 2xCHS,), 5.06 (s,
2H, CH,), 6.58-6.66 (m, 2H, ArH), 6.84 (dd, J 2.6; 9.1 Hz,
1H, ArH), 7.27-7.31 (m, 1H, ArH), 7.33-7.38 (m, 3H,
ArH), 7.40-7.43 (m, 2H, ArH). >*C NMR (125 MHz, CDCl,)
§=25.9 (2xCH,), 50.6 (CH,), 59.7 (Cq), 103.9 (CAr),
110.0 (CAr), 116.6 (CAr), 127.9 (CAr), 128.3 (2xCAr),
128.5 (2xCAr), 129.7 (CAr), 137.6 (Cq), 153.3 (Cq), 157.7
(Cq), 171.4 (C=0). HRMS (ESI) m/z calcd for [C,,;H,,F-
N,0,-N, +H]* 301.1352, found 301.1350.

4-(Benzyloxy)-1-(3-chloro-4-fluorophenyl)-6,6-dimethyl
-1,6-dihydro-1,2,3,4-tetrazin-5(4H)-one (3j)

It was synthesized according to the general proce-
dure described above. The product (29.0mg, 32% yield)
as yellowish oil was purified with flash chromatography.
R;=0.42 (EA/H=1:3). IR (cm™") n=3065, 3033, 2990,
2942, 2881, 1716, 1592, 1494, 1455, 1384, 1263, 1030. 'H
NMR (500 MHz, CDCl,) 6=1.27 (s, 6H, 2xCH,), 5.20 (s,
2H, CH,), 7.18-7.21 (m, 2H, ArH), 7.38-7.40 (m, 4H,
ArH),7.51-7.53 (m, 2H, ArH). >C NMR (125 MHz, CDCl,)
§=20.9 (2xCH,), 60.9 (CH,), 66.4 (Cq), 116.6 (CAr), 116.8
(CAr), 128.5 (2xCAr), 129.2 (CAr), 129.8 (2xCAr), 130.5
(CAr), 133.6 (Cq), 137.5 (Cq), 158.7 (Cq), 162.1 (CQ),
171.0 (C=0). HRMS (ESI) m/z calcd for [C,,H,CIF-
N,0,-N,+H]* 335.0963, found 335.0937.

4.2 | MTT assay study

4.2.1 | Celllines and culture condition
Culturing of K562 and Nalm-6 cell lines in RPMI medium
was performed, culturing of Jurkat and Molt4 cell lines
in DMEM medium and culturing of Hek293T cell line in
Iscove Basal medium. All type of mediums was supple-
mented with 10% heat inactivated fetal bovine serum, 1%
penicillin and streptomycin and all the cells were incu-
bated at 5% CO, and 37°C.

4.2.2 | Cell proliferation assay

MTT assay was used to evaluate the growth inhibi-
tion effect of the compounds on various cell lines (Cory
et al., 1991) Cells were re-suspended in medium, counted
in Biorad TC20 Automated Cell Couter device, and seeded
as 5x10° cells/ml for leukemic cell lines and as 1x10°
cells/ml for non-leukemic cell line in 96 well plates and
incubated over-night.
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Stock solutions (33.3-10-5-1mM and 300pM) of
all the compounds were firstly dissolved in DMSO ac-
cording to their molecular weight, and then they were
diluted with related medium for adjusting the desired
concentration before adding to the cells. The DMSO rate
of the total solution does not exceed 1.2% because of its
toxicity. A proliferation assay with increasing concentra-
tions (1-3-5-10-15-20-30-50-70-100-150-200 pM) were
applied to cells as six replicates. And then, the cells were
incubated with various concentrations of compounds
for 24 h.

After incubation, 100 uL of supernatant was removed
from each well and 10 puL of MTT solution (5mg/mL) was
added to each well and incubated at 37°C for 4h. The 50 pL
of supernatant was discarded from each well and 100 pL
of DMSO was added to dissolve formazan produced by
living cells. Plates were shaken for 45minutes to dissolve
it. Then the optical density of each well was measured by
using Thermo VarioSkan Flush Multimode Reader Quan-
tum ST5-1100 at 570 nm wavelength. The ICs, values were
calculated by using Graphpad Prism. Viability rate (VR),
was calculated by the following formula from the spectro-
photometric results.

(OD(control) - OD(sample)) %

%VR =100 — 100

OD(control)

4.2.3 | Statistical analyses for ICs,

The IC,, values were calculated by using GraphPad Prism.
All the data presented as the mean of 6 replicates. Results
were analyzed and illustrated with Graph Pad Prism
(version 5; GraphPad Software, San Diego, CA, USA).
Statistical analysis was performed using dose-response
inhibition, log(inhibitor) versus response-variable slope,
least squares (ordinary) fit.

4.3 | Docking study

431 | Computational methods

Prediction of target protein

In order to predict putative targets for the novel tetra-
zine derivatives, we used Similarity Ensemble Approach
(SEA, www.sea.bkslab.org) online search tool provided
by Shoichet Laboratory in the Department of Pharma-
ceutical Chemistry at the University of California (Keiser
et al., 2007). SMILES for the compounds were uploaded
to the SEA server all together to search for protein targets
based on chemical similarity.

CR-WiLEY-

DHFR expression analysis

Raw data for normal (granulocytes, monocytes, T-cells
and B-cells) and malignant hematopoietic cells were ob-
tained from Gene Expression Omnibus (GEO) using the
accession number GSE48558 (see Table S3b). Since we
could not find raw data for Molt-4 cell line that were gen-
erated using Affymetrix Human Gene 1.0 ST-Array, we
included the raw data from Molt-3 cell line, which was
also derived from the same patient that the Molt-4 cell line
was derived (Greenberg et al., 1988). The raw data were
normalized using the Robust Multi-array Average (RMA)
method, which is part of the R package oligo (Carvalho &
Irizarry, 2010) The Affimetrix Probe IDs were mapped to
Ensembl IDs with the help of hugenelOsttranscriptclus-
ter.db annotation package in R. The normalized and log2-
transformed expression values for the gene Dihydrofolate
Reductase (DHFR) were extracted using the Ensembl ID
ENSG00000228716. The expression level of DHFR gene in
each leukemia cell line was compared to the expression
level of the gene in normal cells using log fold change and
two-sided Welch's ¢-test.

Docking procedure

Starting conformations of the compounds were built from
their SMILES representations using the chemical tool-
box Open Babel 2.4.1 (O'Boyle et al., 2011). AutoDock
Tools version 1.5.6 was used for docking the target pro-
tein DHFR (PDB ID: 2W3M) and compounds (Morris
et al., 2009). The torsions of the compounds were defined
using the AutoTors utility of AutoDock Tools. Except for
amide and ring torsions, all torsions were treated as flex-
ible. Both the protein and the compounds were assigned
Gasteiger atomic charges (Gasteiger & Marsili, 1978).
Then the non-polar hydrogen atoms were merged.

It was used with AutoDock 4.2 program for compre-
hensive docking calculations (Morris et al., 2009). Auto-
Grid program was used to create grid maps with 0.375A
spacing. The grid center was chosen to coincide with
the center of the channel identified with the program
PROPORES (Lee & Helms, 2012) The grid dimensions
(60Ax60Ax70A) were calculated based on the probe
spheres located by PROPORES to represent the channel
space (see Figure 2a).

For the docking calculations, standard Lamarckian ge-
netic algorithm protocol was applied with default settings,
except for the initial population size, the number of energy
evaluations and the number of independent runs, which
were increased to obtain more reliable results. Here, our aim
was to obtain a single low-energy highly populated cluster
to ensure the convergence of the docked results. For the re-
ported results 100 independent calculations were made with
an initial population size of 300 randomly placed individuals
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and a maximum number of 20 million energy evaluations
except for compounds 3bb and 3e. For compounds 3bb and
3e, we gradually increased the maximum number of energy
evaluations to 40 million. In all docking calculations, the
starting point of the ligand was randomly created.

Molecular dynamics simulations

The parameters and topologies for the small molecules
were derived with the help of Antechamber (Wang
et al.,, 2001, 2006). Python Parser Interface (ACPYPE)
(Sousa da Silva & Vranken, 2012). The coordinates for
each small molecule were taken from the highest-ranking
conformation of the largest cluster. The geometry was op-
timized using semi-empirical Hamiltonian AM (Pettersen
et al., 2004). Afterward, the AM1-BCC charges were de-
rived from the optimized structure (Jakalian et al., 2000;
Walker et al., 2008). Equilibrium values and force con-
stants for the bond lengths, angles and dihedrals for the
small-molecules were adopted from General Amber Force
Field (GAFF) (Wang et al., 2004).

We conducted 100ns-long conventional molecular
dynamics simulations of 10 protein-ligand complexes in
explicit solvent using Gromacs package (Van Der Spoel
et al., 2005) version 202 (Pronk et al., 2013). We used the
top-ranked conformations of the largest clusters that we
obtained from molecular docking calculations as start-
ing structures for molecular dynamics simulations. We
placed the complex in a cubic box of TIP3P water Jor-
gensen, 1981) and neutralized the system with the help of
counterions when needed. Interactions of protein residues
and ions were modeled with the Amber force field F14SB
(Maier, 2015). For the short-range non-bonded interac-
tions, we used a cutoff value of 1.2nm. For long-range
electrostatic interactions the particle mesh Ewald (PME)
(Essmann et al., 1995) method was utilized. Dispersion
correction was applied to both energy and pressure. Pe-
riodic boundary conditions were applied in all directions.

For energy minimisation we performed 1000 steps of
conjugate gradient algorithm where in every 10 steps one
step of steepest descent was carried out. After minimisation,
we equilibrated each system using 100ps of molecular dy-
namics simulations in NVT ensemble where we restrained
the heavy atoms of the protein harmonically using a force
constant of 1000kJ mol~*nm ™2 The temperature was main-
tained at 300K using velocity rescaling algorithm (Bussi
et al., 2007) with a coupling time of 0.5ps. Solute and sol-
vent atoms were coupled separately to temperature baths.
All bonds were constrained using the LINCS algorithm
(Hess, 2008). A leap-frog algorithm with a time step of 2fs
was used for integrating Newton's equations of motion.
For data collection NPT ensemble was employed in the ab-
sence of any restraints. The pressure was kept at 1bar using
Parrinello-Rahman barostat (Parrinello & Rahman, 1981)

with a time constant of 0.5ps. The temperature was regu-
lated using Nose-Hoover temperature coupling method
(Hoover, 1985; Nose, 1984) where the reference temperature
and the time constant were set to 300 and 0.5 ps, respectively.

The resulting trajectories were utilized for further
analyses where the first 3ns was assumed to be relaxation
phase and omitted.

Ligand conformation of the first frame in the trajectory
was taken as reference structure for RMSD calculations
after aligning only the protein conformations. Values
given in parenthesis stand for standard deviations.

Binding free energy calculations

The MM(PB/GB)SA approach is an end-point method
that combines gas phase energy contributions, solvation
free energy components calculated from an implicit sol-
vent model for complex, receptor and ligand (Kollman
et al., 2000). Solute entropy contributions to the total free
energy are added as a further refinement.

In this study, we followed the single trajectory approach
to compute binding free energies for the molecules. The
first 3ns of each trajectory was taken as equilibrium and
therefore omitted. Explicit solvent and ions were stripped
from trajectory files before the free energy calculations.
The complex topology files were generated using tleap
module of AmberTools, version 22 (Case et al., 2018). To-
pology file for each species was generated with the script
ante-MMPBSA.py. The calculations were performed using
MMPBSA..py script (Miller et al., 2012) of AmberTools22.
The gas phase free energy contributions were calculated
using Sander program within AmberTools22.

In order to compute the polar contribution of solvation
free energy, we used GB-OBC continuum solvent model
developed by Onufriev et al. (2000) where the parameters
a, B, y were set to 1.0, 0.8, and 4.85, respectively (Onufriev
et al., 2004). For effective Born radii we used mbondi2
radii as suggested by Onufriev et al. (Weiser et al., 1999).
The nonpolar contribution to solvation free energy was
approximated by the LCPO method (Laskowski & Swin-
dells, 2011). Translational, rotational, and vibrational en-
tropies were computed separately and added together to
approximate the configurational entropy for the solute.

Translational and rotational entropies were calculated
from their gas phase partition functions. Frequencies of
vibrational modes were obtained using normal-mode
analysis after energy minimisation of the snapshots. En-
tropy contributions were averaged over 100 snapshots.

The standard errors for the MMGBSA effective energy
and the solute entropy were combined in quadrature to
obtain standard error for the binding free energy. Then,
the computed standard error was used to construct 95%
Welch-Satterthwaite confidence interval for the free en-
ergy of binding.
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