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5

Protein-templated esterification reaction for the inhibitors of
aspartic protease endothiapepsin

In this chapter, we discuss our attempts to use protein-templated esterification for the kinetic
target-guided synthesis of the inhibitors of endothiapepsin. We describe the design of the ester
inhibitor, its protein-templated formation, our attempts to optimize the library reaction and the
synthesis of a library of ester inhibitors.

M. Y. Unver, L. Monjas Gomez, E. Diamanti, A.K.H. Hirsch, in preparation
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5.1

Introduction
Kinetic target-guided synthesis (KTGS) is a powerful strategy to identify binders of

protein targets in an efficient and faster way.[1,2] Our attempts to extend the scope of KTGS were
demonstrated in the previous chapters. In this work, we aimed to add another reaction to the
toolbox of protein-templated reactions, namely protein-templated esterification reaction (PTER).
PTER has the same principle with the other protein-templated reactions, enabling
assembly of the inhibitors from two types building blocks bearing an alcohol and acid/ester
functionality (Figure 1).

Figure 1. Protein-templated esterification reaction.

The target is introduced to the pool of building blocks having alcohol and acid/ester
functionalities to select high affinity binders for each of the subpockets. Upon selection of the
best combination in the adjacent pockets of the target, assembly of the inhibitors occurs by
forming an ester linker between these two complementary building blocks. In order words, the
protein holds these fragments in the proper orientation whilst bringing them in close proximity
to facilitate the formation of the corresponding esters. As in the other protein-templated
reactions, it facilitates the screening of a library of compounds without individual synthesis,
characterization and biochemical evaluation of all library members.
Esterification is a reversible reaction under very acidic/basic conditions or in the
presence of an enzyme and found application in dynamic combinatorial chemistry (DCC).[3,4]
Herein, we will summarize our attempts to use this reaction in the KTGS context for the first
time by using the model enzyme endothiapepsin.
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5.2

Results and discussion

5.2.1

Design of the ester inhibitor
We selected endothiapepsin as the target due to the advantages mentioned in the

Chapters 2 and 3. Starting from the acylhydrazone inhibitor 1, published in our group,[5] we
designed a new inhibitor featuring an ester functionally.

Figure 2. Design of the initial ester inhibitor 2.

During our design, we used the X-ray crystal structure of inhibitor 1 in complex with
endothiapepsin (PDB: 4KUP) and aimed to keep the same interactions in the active site by filling
the same pockets with the parent inhibitor 1. By using the proposed bioisoestere 2, we presumed
that we would not lose any key interaction with the catalytic dyad (D35 and D210) and have
acceptable affinity for the target, which is important to enable protein-templated reaction
optimization.
We performed modeling and docking studies by using the molecular modeling program
SEESAR[6] and the FlexX docking module in the LeadIT suite for the structure-based design of
2.[7] According to our modeling studies, the designed inhibitor 2 can be hosted in the same
pockets as the parent inhibitor 1 to engage in the same interactions in the active site (Figure 3).

Figure 3. a) Top-ranked pose of inhibitor 2 generated by docking using the FlexX docking module in the
LeadIT[7] suite followed by evaluation using the scoring function HYDE in SEESAR.[6] b) X-ray crystal
structure of endothiapepsin in complex with inhibitor 1 superimposed with the designed inhibitor 2 (PDB:
4KUP). Color code: inhibitor 2 skeleton: C: cyan, N: blue, O: red; inhibitor skeleton 1: C: light blue, N:
blue, O: red; protein backbone: gray; dashed lines: H-bonding interactions below 3.3 Å.
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5.2.2

Synthesis and biochemical evaluation of the designed inhibitor
Prior to optimization studies, the designed inhibitor was synthesized in two combined

synthetic steps to validate its affinity with the target (Scheme 1).

Scheme 1. Synthetic patway towards compound 2.

Starting from Boc-protected tryptophan (3) and the amine, 4 a Steglich[8] esterification
using dicyclohexylcarbodimide (DCC) in the presence of the catalytic amount of DMAP afforded
the corresponding ester. Deprotection of the Boc-group on the tryptophan moiety afforded the
desired compound 2 in 60% overall yield.
To evaluate the inhibitory potency of compound 2 we used an adaptation from the
fluorescence-based assay for HIV protease,[9] showing an IC50 of 29 ± 4 μM (Figure 4).
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Figure 4. IC50 inhibition curve of 2 (IC50 = 29 ± 4 μM). The inhibitor was measured in duplicate.

108

108

Chapter 5

5.2.3

Optimization studies
Having selected a starting point with a desired affinity, we started two test reactions under

the same conditions optimized for protein-templated click reaction (Chapter 2) and in situ Ugi
reaction (Chapter 3). The first reaction is a blank reaction in which carboxylic acid 5 and alcohol
4 (100 μM each) were mixed in the reaction buffer. The second reaction, protein-templated
reaction, was started under identical conditions with a catalytic amount of endothiapepsin (25 μM,
Scheme 2).

Scheme 2. Test reactions for the protein-templated esterification reaction.

Due to the stringent requirements of KTGS, we aimed for a substantial rate difference
between the blank and the protein-templated reactions. Therefore, we used 100 μM building
block concentration and an unactivated acid 5. As the esterification reaction is reversible under
acidic and basic conditions, we started both reactions under neutral conditions where the reaction
is not reversible (pH=6.8). We analyzed the reaction mixture every day by using UPLC-TQD-SIR
(SIR: selective-ion recording) technique, which enables fast and sensitive screening of specific
molecular weights (Mws, up to 8 Mws per injection) regardless of very low concentrations, and
observed the formation of compound 2 only in the presence of endothiapepsin after one week.
No product formation was observed in the blank reaction (Figure 3).
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Blank reaction
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Figure 5. UPLC-TQD-SIR chromatograms of the test reactions.

5.2.4

Generation of the library and the library reaction
After the successful test reactions, we generated a library of compounds 2, 13–18 which

can be assembled from the carboxylic acid 5/methylester 6 and seven different alcohols 4, 7–12
(Scheme 3).

Scheme 3. Generation of the library and the library reaction.

Using the optimized conditions for the test reaction (100 μM building blocks, 25 μM
endothiapepsin), did not afford any product in the protein-templated reaction; therefore we
performed optimization studies for the library reaction under various conditions. Starting from
carboxylic acid 5, we repeated the same reaction at higher concentrations 100–500 μM building
blocks and 25–125 μM endothipepsin (Table 2). None of these conditions enabled the proteintemplated esterification. We synthesized whole library prior to further optimization and tested
against our target to make sure that some of the library compounds have sufficient affinity for
the target as well as to use them as a reference for UPLC-TQD-SIR measurements.
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5.2.5

Synthesis and biochemical evaluation of the library
Starting from Boc-protected tryptophan (3), we synthesized the whole library 13–18 in

45–88% yield by using the same protocol as for inhibitor 2 and evaluated all library members
against endothiapepsin by using the same fluorescence-type bioassay as described in the previous
chapters (Table 1).

Scheme 4. Synthesis and biochemical evaluation of the library.
Table 1. Synthesis and biochemical evaluation results of the compounds 2, 13–18.
Compound
2

IC50 (μM)

Compound
16

29 ± 4

13

IC50 (μM)
36 ± 9

17
64 ± 1

14

No inhibition

18
118 ± 22

No inhibition

15
11 ± 1
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As can be seen in the Table 1, compounds 2, 13–19 show activities in the range of 11–118
μM, whereas the compounds 17 and 18 did not show any inhibition. The best hit in this library
inhibits endothiapepsin with an IC50 of 11 ± 1 μM.
5.2.6

Discussion
Starting from carboxylic acid 5 and the alcohols 4, 7–12 did not afford the protein-

templated selection of the binders although we could see the template effect by using individual
building blocks 4 and 5.
Further attempts using the ester 6 (Scheme 3) under various conditions such as acidic
water (pH=4.6) as the reaction medium, various protein concentration 10%–100% and longer
reaction duration (up to 16 days) did not template the formation of any ester products (Table 2).
This could be due to the lack of sufficient reactivity of carboxylic acid 5 or ester 6, therefore
requiring pre-activation of the acid component. This can be achieved by using several activated
acids as described in the recent study by Rademann and coworkers for the protein-templated
amidation reaction.[10] In addition, of the seven compounds, five show a reasonable activity,
which may lead to reduced amounts of products formed in the reaction mixture; making their
detection particularly challenging.
Table 2. Conditions screened for the library reaction.
Building block concentration (μM)

Protein amount (μM)

Remarks*

100

25

acid 5, pH=6.8 (phosphate buffer)

100

50

ester 6, pH=6.8 (phosphate buffer)

100

100

ester 6, pH=6.8 (phosphate buffer)

100

25

acid 5, pH=4.8 (acidic water)

300

30

ester 6, pH=6.8 (phosphate buffer)

300

75

ester 6, pH=6.8 (phosphate buffer)

300

150

ester 6, pH=6.8 (phosphate buffer)

300

75

acid 5, pH=6.8 (phosphate buffer)

500

125

acid 5, pH=6.8 (phosphate buffer)

500

125

ester 6, pH=6.8 (phosphate buffer)

500

250

ester 6, pH=6.8 (phosphate buffer)

*Reaction duration up to 16 days.
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5.3

Conclusions
In this work, we set out to establish the protein-templated esterification reaction in the

KTGS context. We demonstrated the protein-templated esterification of the inhibitor 2 with by
using single complementary building blocks 4 and 5. However, our attempts using multiple
building blocks under various conditions did not afford any binder by assembly from this library.
Therefore, we synthesized a library of esters in 45–88% yield and evaluated them against
endothiapepsin, showing activities in the range of of 11–118 μM.

5.4

Experimental section

5.4.1

Fluorescence-based inhibition assay

For fluorescence-based inhibition assay, see Chapter 2, Section 2.4.1.
5.4.2

Modeling and docking

Taking inspiration from the cocrystal structure of endothiapepsin with compound 1 (PDB code:
4KUP), a new ester scaffold was optimized by using SEESAR.[6]
For docking studies, see Chapter 2, Section 2.4.2.
5.4.3

Experimental procedures

Protein-templated esterification
Endothiapepsin (25–100 μL, 1.0 mM in phosphate buffer 0.1 M, pH 6.8) and the eight building
blocks 4, 5/6–12 (1–5 μL each, 100 mM in DMSO) were added to a mixture of DMSO (10%)
and phosphate buffer (900 μL, 0.1 M, pH 6.8). The reaction mixture was allowed to rotate at
room temperature with 10 rpm with Falc rotary shaker. After 1–16 days, the library was analyzed
by UPLC-TQD-SIR (electro-spray ionization, (ESI+)) measurement because of its higher
sensitivity and greater reliability for product identification.
Blank reaction, negative control:
The eight building blocks 4, 5/6–12 (1–5 μL each, 100 mM in DMSO) were added to a mixture
of DMSO (10%) and phosphate buffer (900 μL, 0.1 M, pH 6.8). The reaction mixture was
allowed to rotate at room temperature with 10 rpm with Falc rotary shaker. After 1–16 days, the
library was analyzed by UPLC-TQD-SIR (electro-spray ionization, (ESI+)) measurement because
of its higher sensitivity and greater reliability for product identification.
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UPLC-TQD-SIR method
UPLC-TQD was performed using a Waters Acquity UPLC H-class system coupled to a Waters
TQD. All analyses were performed using a reversed-phase UPLC column (ACQUITY HSS T3
Column, 130 Å, 1.8 μm, 2.1 mm x 150 mm). Positive-ion mass spectra were acquired using ES
ionization, injecting 10 μL of sample; column temperature 35 °C; flow rate 0.3 mL/min. The
eluents, acetonitrile and water contained 0.1% of formic acid. The library components were
eluted with a gradient from 95% → 50% over 15 min, then at 50% over 5 min.
The UPLC-TQD-SIR method was used to analyze the formation of ester products in proteintemplated and blank reactions. SIR measurements are highly sensitive, where a minute amount of
compound can be detected by the mass spectrometer. [M+H]+ were monitored using the full
mass range to ensure correct isotope patterns for all possible potential ester products both for
protein-templated and blank reactions.
5.4.4

General Experimental Details

For general experimental conditions, see Chapter 2, Section 2.4.4
UPLC was performed using a Waters Acquity UPLC H-class system coupled to a Waters TQD.
All analyses were performed using a reversed-phase UPLC column (ACQUITY C8 Column, 130
Å, 1.8 μm, 2.1 mm x 150 mm). The eluents, acetonitrile and water contained 0.1% of formic acid.
The compounds were eluted with a gradient from 95% → 30% over 20 min, then at 5% over 1
min, followed by 5% for 2 min.
5.4.5

General procedure for Steglich[8] esterification /de-protection reaction

N-Boc-Tryptophan (3) (1.2 mmol, 1 eq) was dissolved in anhydrous DCM. Alcohols 4, 7–12 (1.2
mmol, 1 eq) were added to the reaction, followed by a catalytic amount of DMAP (5 mol%). The

reaction was cooled to 0 ºC, and a solution of DCC (1.32 mmol, 1.1 eq) in anhydrous
dichloromethane was added dropwise over 10 mins. The reaction was allowed to warm to room
temperature, and a precipitate was observed after 20 min. The reaction was stirred for a further
6–12 h. The reaction was filtered to remove the DCC urea by-product and the solvent removed
in-vacuo. A quick purification with column chromatography using mixture of DCM/EtOAc (1:0
to 9:1) as an eluent afforded the N-boc protected product which was directly dissolved in DCM
(3 mL) and HCl/diethyl ether (1 M, 15 mL) was added under nitrogen atmosphere. After stirring
at r.t. for 24 h, the resulting white precipitate was collected and washed with Et2O
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Compounds 13, 15, and 16 were prepared according to procedures reported in the literature.[10]
2,4,6-Trimethylphenethyl L-tryptophanate hydrochloride (2)
General procedure starting from commercially available Boc-L-Trp
(3, 365 mg, 1.2 mmol) and 2-mesitylethan-1-ol (4, 197 mg, 1.2 mmol)
afforded the desired product 2 as a white solid (278 mg, 60% yield).
m. p. >170 °C (degradation) [α]D19= -21° (c=0.02, MeOH).
H NMR (400 MHz, Methanol-d4) δ 7.47 (d, J = 7.9 Hz, 1H), 7.40 (d,

1

J = 8.2 Hz, 1H), 7.17 – 7.11 (m, 2H), 7.05 (t, J = 7.5 Hz, 1H), 6.82 (s, 2H), 4.32 (t, J = 6.5 Hz,
1H), 4.20 (t, J = 7.7 Hz, 2H), 3.45 – 3.33 (m, 2H), 2.97–2.82 (m, 2H), 2.28 (s, 6H), 2.20 (s, 3H).
13

C NMR (101 MHz, Methanol-d4) δ 170.5, 138.4, 137.7, 137.1, 131.3, 130.0, 128.3, 125.8, 122.9,

120.3, 118.8, 112.7, 107.5, 65.9, 54.7, 28.9, 27.6, 20.9, 20.1. HRMS (ESI) calcd for C22H27N2O2
[M+H]+: 351.2067, found: 351.2070.
4-Chlorophenethyl L-tryptophanate hydrochloride (14)
General procedure starting from commercially available Boc-LTrp (3, 365 mg, 1.2 mmol) and 2-(4-chlorophenyl)ethan-1-ol (12,
187 mg, 1.2 mmol) afforded the desired product 14 as a white
solid (219 mg, 58% yield).
m. p. >158 °C (degradation), [α]D20= +28.2° (c=0.015, MeOH)
H NMR (400 MHz, Methanol-d4) δ 7.45 (d, J = 7.9 Hz, 1H), 7.39 (d, J = 8.1 Hz, 1H), 7.29 – 6.99

1

(m, 7H), 4.31 (t, J = 6.7, 2.4 Hz, 2H), 4.24 (t, J = 6.7 Hz, 1H), 3.40 – 3.23 (m, 2H), 2.73 – 2.83
(m, 2H). 13C NMR (101 MHz, Methanol-d4) δ 169.0, 136.8, 136.3, 132.1, 130.2, 128.2, 126.8,
124.1, 121.6, 118.9, 117.4, 111.3, 106.2, 66.3, 53.3, 33.5, 26.4. HRMS (ESI) calcd for
C19H20ClN2O2 [M+H]+: 343.1208, found: 343.1211.
2-(Pyridin-2-yl)ethyl L-tryptophanate hydrochloride (17)
General procedure starting from commercially available Boc-L-Trp
(3, 365 mg, 1.2 mmol) and 2-(pyridin-2-yl)ethan-1-ol (11, 148 mg, 1.2
mmol) afforded the desired product 17 as a white solid in (259 mg,
75% yield).
m. p. >195 °C (degradation) [α]D20= +66.0° (c=0.01, MeOH)
1

H NMR (400 MHz, Methanol-d4) δ 8.64 (d, J = 6.0 Hz, 1H), 8.40 (t, J = 7.9 Hz, 1H), 7.89 (t, J =

6.8 Hz, 1H), 7.62 (d, J = 7.9 Hz, 1H), 7.44 (d, J = 7.9 Hz, 1H), 7.34 (d, J = 8.1 Hz, 1H), 7.19 –
7.09 (m, 2H), 7.05 (t, J = 7.5 Hz, 1H), 4.61– 4.56 (m, 1H), 4.45 – 4.32 (m, 1H), 4.34 (t, J = 7.0
Hz, 1H), 3.39 – 3.31 (m, 3H), 3.24 – 3.17(m, 1H). 13C NMR (101 MHz, Methanol-d4) δ 168.9,
115
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152.9, 146.5, 141.0, 136.5 , 127.3 126.7, 125.2, 123.9, 121.5, 118.9, 117.4, 111.4, 106.3, 63.2,
53.18, 31.9, 26.4. HRMS (ESI) calcd for C18H20N3O2 [M+H]+: 310.1550, found: 310.1552.
2-(Thiophen-2-yl)ethyl L-tryptophanate hydrochloride (18)
General procedure starting from commercially available Boc-L-Trp (3,
365 mg, 1.2 mmol) and 2-(thiophen-2-yl)ethan-1-ol (9, 154 mg, 1.2
mmol) afforded the desired product 18 as a white solid (221 mg, 63%
yield).
m. p. >186 °C (degradation); [α]D20= +21.3° (c=0.015, MeOH)
H NMR (400 MHz, Methanol-d4) δ 7.48 (d, J = 7.9 Hz, 1H), 7.39 (d, J = 8.1 Hz, 1H), 7.23 (d, J

1

= 5.1 Hz, 1H), 7.18 – 7.09 (m, 2H), 7.06 (t, J = 7.5 Hz, 1H), 6.93 – 6.90 (m, 1H), 6.84 (d, J = 3.4
Hz, 1H), 4.35 (t, J = 6.6 Hz, 2H), 4.33 – 4.25 (m, 1H), 3.41 (dd, J = 15.0, 5.8 Hz, 1H), 3.36 – 3.26
(m, 1H), 3.15 – 3.01 (m, 2H). 13C NMR (101 MHz, Methanol-d4) δ 169.0, 139.1, 136.8, 126.8,
126.5, 125.5, 124.0, 123.7, 121.5, 118.9, 117.3, 111.2, 106.1, 66.3, 53.3, 28.2, 26.2. HRMS (ESI)
calcd for C17H19N2O2S1 [M+H]+: 315.1162, found: 315.1163.

5.5

Contributions from co-authors

A part of the protein-templated library reaction optimization studies were performed by L.
Monjas.
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