
 

 

 University of Groningen

Energy-coupling factor transporters: exploration of the mechanism of vitamin uptake and
inhibitory potential of novel binders
Setyawati, Inda

DOI:
10.33612/diss.172815141

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2021

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Setyawati, I. (2021). Energy-coupling factor transporters: exploration of the mechanism of vitamin uptake
and inhibitory potential of novel binders. [Thesis fully internal (DIV), University of Groningen]. University of
Groningen. https://doi.org/10.33612/diss.172815141

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.33612/diss.172815141
https://research.rug.nl/en/publications/c99ae428-32ac-49e6-a612-83f1bacebfc8
https://doi.org/10.33612/diss.172815141


53

Chapter 2
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This chapter was also included in the thesis of Leticia Monjas and Lotteke J.Y.M. Swier 

Abstract

We applied dynamic combinatorial chemistry (DCC) to identify ligands of ThiT, the S-component of the 
energy-coupling factor (ECF) transporter for thiamine in Lactococcus lactis. We used a pre-equilibrated 
dynamic combinatorial library (DCL) and saturation-transfer difference (STD)-NMR to identify ligands 
of ThiT. This is the first report in which DCC is used for fragment growing to an ill-defined pocket, and 
one of the first reports for its application with an integral membrane protein as target. 
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Dynamic combinatorial chemistry (DCC) is a powerful tool for hit identification and optimization. Over 
the past 20 years, DCC has been successfully applied in medicinal chemistry and chemical biology for the 
discovery of binders to DNA, RNA and protein targets1–3. The DCC technique involves the generation of 
a library of compounds by reversible reaction of different building blocks. The main advantage of DCC 
is that several potential ligands for a protein can be screened simultaneously, avoiding the individual 
synthesis, purification and biochemical evaluation of every member of the dynamic combinatorial 
library (DCL). Up to date, there are only a few reports in which DCC has been applied to identify binders 
of transmembrane proteins4–6. Here, we have applied DCC to identify possible binders for ThiT, the 
S-component of the energy-coupling factor (ECF) transporter for thiamine (Figure 1A) in Lactococcus 
lactis7,8. ECF transporters represent an interesting target for the development of antibacterial agents with 
a novel mode of action by blocking vitamin transport9. 

Figure 1. A) Structures of thiamine and deazathiamine. B) Crystal structure of ThiT in complex with thiamine 
(PDB ID: 3RLB)8: close-up of the thiamine binding pocket, with ThiT shown in surface representation, except 
for the Trp34 residue and thiamine that are shown in stick representation to visualize the substrate binding 
pocket,. Color code: ThiT in gray, with the residues of the loop L1 (residues Leu26–Ile39) highlighted in 
darker gray, and thiamine with the C atoms in green, O in red, N in blue and S in yellow.

In our previous work, we studied binding of thiamine derivatives to ThiT, including compounds 
that occupy a subpocket within the substrate binding pocket of ThiT at the hydroxy end of thiamine 
(Figure 1B)10–12. Although we described strong binders (KD values in the nano- and micromolar range), 
our predicted KD values did not always correlate very well with the experimental values. A possible 
explanation is that when the unliganded substrate binding pocket is ‘open’ to the surrounding solvent 
(the loop L1 is in a different conformation), this subpocket adopts a different conformation than the one 
in the available crystal structure, in which the loop L1 closes the substrate binding pocket as a lid (PDB 
ID: 3RLB)8. This could then be the reason why structure-based design was unsuccessful in this case.

To obtain new extended thiamine derivatives, we here use DCC for fragment growing, maintaining 
the deazathiamine moiety (Figure 1A), and screen various substituents to occupy the possibly flexible 
part of the thiamine binding pocket. Fragment growing by DCC has been done but not into flexible 
pockets.1 Identification of ligands for ill-defined pockets is challenging and DCC is an ideal method to 
address this challenge. We used an acylhydrazone motif as a linker, which has been extensively used 
in DCC1–3,14,15, and selected aldehyde A and eight hydrazides (H1–H8) to form a small pre-equilibrated 
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dynamic combinatorial library of eight acylhydrazones (AH1–AH8) (Scheme 1).

Scheme 1. Dynamic combinatorial library (DCL) to afford acylhydrazones as binders of ThiT.

We synthesized aldehyde A as previously described.10 Hydrazides H1–H8 were obtained from their 
corresponding methyl esters (ethyl ester in the case of H6), which were commercially available or 
synthesized by esterification of the corresponding carboxylic acid, using HCl in methanol at reflux, 
in 91–93% yield. Next, the reaction of the corresponding ester with hydrazine monohydrate at reflux 
afforded the hydrazides in 24–97% yield (details of the synthesis are available in the Supporting 
Information).

We used saturation-transfer difference (STD)-NMR spectroscopy to identify which of the eight 
compounds bound to ThiT. STD-NMR is a powerful technique to study protein-ligand interactions 
in solution. Usually, the concentration of ligand(s) is 10–100-fold the concentration of protein, which 
allows to work with low protein concentrations (in the micromolar range)16. 1H-STD-NMR spectroscopy 
has been successfully applied in combination with DCC in some studies17,18, and in a few cases to study 
ligand binding to transmembrane proteins19,20. In previous reports in which STD-NMR spectroscopy 
was applied to transmembrane proteins, these proteins were embedded in the lipid bilayer of a liposome 
or in a membrane preparation derived from cells, and not in detergent solution as in our case. Hence we 
wanted to show that DCC can be conveniently analyzed by STD-NMR also for a transmembrane protein 
in detergent solution. Using ThiT in a detergent-solubilized state, allowed us to work at higher protein 
concentrations than if we would have performed the additional reconstitution step into liposomes. In 
addition, having the protein solubilized in a detergent micelle eased the buffer-exchange procedure 
that we performed to obtain a sample of ThiT in deuterated buffer. For our target, we first ran a control 
experiment with ThiT and a known binder (B1) (Figure S1). This control experiment served two 
purposes: first, the amounts of ThiT that we can obtain are not enough to record a 1H-NMR spectrum 
to identify a suitable irradiation frequency (i.e., a frequency where only the protein resonates and not 
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the ligands); second, we wanted to establish whether the conditions we use are optimal and enable us 
to detect a known binder.  The final concentration of ThiT in 500 μL deuterated buffer (pD 7.0) in the 
NMR tube was 7.8 μm . Running the 1H-STD-NMR experiment using a 100-fold excess of ligand, 
and measuring for 11 h irradiating at –1 ppm or –2 ppm, resulted in difference spectra featuring peaks 
corresponding to our known binder B1, as well as the detergent (n-decyl-β-d-maltopyranoside) that is 
present in the buffer (Figure S1). As a result, any of these frequencies are suitable for the experiment with 
the DCL. We performed the experiment with our library of compounds using a 100-fold excess of ligand 
and irradiation at –1.1 ppm for 11 h. To analyze our DCL, we divided it into two sublibraries, containing 
the aldehyde and four hydrazides each as building blocks, selected in a way that the characteristic NMR 
signals did not overlap. For the experiment with ThiT, the building blocks were left to react in a buffer 
at pD 5.0 with shaking for 24 h. We checked the DCL by UPLC-MS and NMR spectroscopy before 
adding the protein, and all the constituents were formed in about equal amounts. Then, the DCL was 
added to the solution of ThiT in buffer at pD 7.0, given than ThiT does not tolerate lower pD, forcing 
us to use a static DCL21, and the on-resonance and off-resonance spectra were recorded. For the first 
library, DCL-A, we included the aldehyde A and the hydrazides H1, H2, H6 and H7. The second 
library, DCL-B, consisted of the same aldehyde A and the hydrazides H3, H4, H5 and H8 (Figure 
S2). In DCL-A, we observed that three of the four possible acylhydrazones bind to ThiT. In principle, 
after 24 h of incubation to form the DCL, all of the aldehyde A was consumed according to 1H-NMR 
spectroscopy, but apparently, a small amount was still in solution, and after many scans during the 
experiment with protein we could see it in the 1H-STD-NMR spectrum. In DCL-B, three of the other 
four possible acylhydrazones emerged as binders of ThiT. Taken together, the analysis of both libraries 
shows that all the compounds derived from aromatic hydrazides (AH1–AH6) bind to ThiT, whereas the 
ones derived from aliphatic hydrazides (AH7 and AH8) do not bind.

We synthesized the six identified binders by reaction of aldehyde A and the corresponding hydrazides 
H1–H6 at reflux in MeOH, affording the desired products AH1–AH6 in 32–86% yield (Scheme 2).

Scheme 2. Synthesis of the acylhydrazones identified as binders of ThiT.
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We determined the binding affinity of the synthesized acylhydrazones by isothermal titration calorimetry 
(ITC), and tested the compounds as mixtures of E/Z isomers using ThiT stabilized with detergent as we 
performed the STD-NMR experiments (Table 1). We observed that ThiT has a higher binding affinity 
for acylhydrazones AH1, AH4 and AH5 than for acylhydrazones AH2, AH3 and AH6.

Table 1. Binding affinities of ThiT for thiamine, deazathiamine and the acylhydrazones AH1–AH6 determined 
by ITC with the errors indicated as standard deviations.

Compound KD ± S.D. (μM)

Thiamine7 (0.122 ± 0.013) x 10-3

Deazathiamine10 (4.23 ± 1.69) x 10-3

AH1 5.30 ± 1.19a

AH2 28.8 ± 6.89b

AH3 20.9 ± 10.5a

AH4 3.02 ± 0.172a

AH5 8.41 ± 5.54c

AH6 44.5 ± 8.06a

a–c The error represents the standard deviation obtained from a4, b6 or c3 experiments.

In conclusion, we successfully applied DCC in combination with STD-NMR spectroscopy to identify 
binders of ThiT. The advantage of this method is that it requires a low concentration of unlabeled 
protein (in the micromolar range), which is particularly advantageous for proteins that are difficult or 
expensive to produce, such as integral membrane proteins. The disadvantages are the limited size of the 
library and the requirement to determine the 1H-NMR reference spectrum of each individual product 
for comparison with the 1H-STD-NMR spectrum. This study is the first example in which DCC is 
applied to a challenging target for fragment growing to an ill-defined pocket. In addition, it is one of 
the first applications of 1H-STD-NMR spectroscopy to transmembrane proteins, and the first one that 
uses detergents instead of liposomes to embed the protein. The acylhydrazones identified by 1H-STD-
NMR spectroscopy bind to ThiT with KD values in the micromolar range. Comparing their binding 
affinities with similar compounds,12 in which most of the compounds show KD values in the nanomolar 
range, the acylhydrazones are weaker binders. We need to take into account, however, that the KD 
values were determined for mixtures of E/Z isomers, and probably only one of them binds with high 
affinity to ThiT. Furthermore, the linker required for acylhydrazone formation makes these compounds 
longer and more rigid than those previously reported. As a result, the compounds may not be able to 
adopt a favorable conformation to interact with ThiT, explaining the decrease in binding affinity. Even 
if the acylhydrazones are not better binders than the compounds reported previously, it is remarkable 
that DCC enables fragment growing into flexible pockets that cannot be addressed by structure-based 
design, opening up opportunities in medicinal chemistry.
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Methods
Synthesis

General methods. All reagents were purchased from Sigma-Aldrich, Acros Organics, TCI Europe 
or Fluorochem, and were used without further purification unless noted otherwise. All solvents were 
reagent-grade, and if necessary, dried and distilled prior to use. Reactions were monitored by thin-layer 
chromatography (TLC) on silica-gel-coated aluminum foils (silica gel 60/Kieselguhr F254, Merck). 
Flash-column chromatography was performed on silica gel (SiliCycle 40–63 μm). Melting points were 
determined with a Buchi B-545 apparatus. Optical rotations were measured on a Schmidt & Haensch 
polarimeter (Polartronic MH8) with a 10 cm cell (c given in g/100 mL). NMR spectra were recorded 
on a Varian AMX400 spectrometer at 25 °C. Chemical shifts (δ) are reported in ppm relative to the 
residual solvent peak. Splitting patterns are indicated as (s) singlet, (d) doublet, (t) triplet, (q) quartet, 
(m) multiplet and (br) broad. Coupling constants (J) are reported in Hertz (Hz). FT-IR spectra (neat) 
were recorded on a Perkin Elmer FT-IR spectrometer. High-resolution mass spectra were recorded on 
a Thermo Scientific LTQ Orbitrap-XL mass spectrometer. Aldehyde A was synthesized as previously 
reported10. Esters E3, E5, E6 and E8 are commercially available.

General procedure for the synthesis of esters E1, E2, E4 and E7 (GP-A) 

To a solution of the corresponding carboxylic acid (1.0 eq) in anhydrous MeOH (0.1 M), HCl・MeOH 
(1.25 M HCl in MeOH, 0.2 eq) was added, and the reaction mixture was stirred at reflux (90 °C, pre-
heated oil bath) for 1–3 h. Then, a saturated aqueous solution of NaHCO3 was added, and the reaction 
mixture was extracted 3 times with CH2Cl2, the combined organic layers were washed once with water, 
once with a saturated aqueous solution of NaCl, dried over MgSO4, filtered, and concentrated under 
reduced pressure. The corresponding esters were obtained in 91–93% yield.

General procedure for the synthesis of hydrazides H1–H8 (GP-B)

To a solution of the corresponding ester (1.0 eq) in MeOH or EtOH (0.1 M, EtOH only in the case of H6, 
for which the starting material was the commercially available ethyl ester), NH2NH2・H2O (NH2NH2 
64–65%, 2.0–4.0 eq) was added, and the reaction mixture was stirred at reflux (90 °C for MeOH or 
105 °C for EtOH, pre-heated oil bath) for 1–3 days. Then, the reaction mixture was concentrated under 
reduced pressure, and the crude was purified as indicated in each case. The corresponding hydrazides 
were obtained in 24–97% yield. Hydrazide H6 was synthesized according to GP-B and its spectroscopic 
data correspond to those reported in the literature22.

General procedure for the synthesis of acylhydrazones AH1–AH6 (GP-C)

To a solution of aldehyde A (1.0 eq) in MeOH (ca. 0.07 M), the corresponding hydrazide (1.2 eq; 
except for compound AH4, see specific procedure) was added, and the reaction mixture was stirred 
at reflux (90 °C, pre-heated oil bath) for 1–2 days. Then, the reaction mixture was concentrated under 
reduced pressure, and the crude was purified by flash column chromatography. The corresponding 
acylhydrazones were obtained as mixtures of E/Z isomers in 32–86% yield, and the peaks of both 
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isomers are reported in the 1H- and 13C-NMR spectra.

Expression and purification of ThiT

The expression and purification of wild-type, substrate-free ThiT were performed as described 
previously10.

DCC experiments

Buffers were prepared as follows:

- buffer pH 5.0: McIlvaine’s system (citric acid (0.1 M) and Na2HPO4 (0.2 M)).

- buffer pH 7.0: potassium phosphate buffer (KPi (pH 7.0, 50 mM), KCl (150 mM), n-decyl-β- 
maltopyranoside (DM, Anatrace, 0.15%, w/v)), prepared from stock solutions of KPi (pH 7.0, 1.0 M, 
using K2HPO4 (1.0 M) and KH2PO4 (1.0 M)), KCl (2.0 M) and DM (20%, w/v). Deuterated buffers 
were prepared in the same way but using D2O instead of H2O, and adjusting the pH to pH 4.6 (pD 5.0) 
and pH 6.6 (pD 7.0).

1H-STD-NMR spectroscopy

General remarks. 1H-STD-NMR experiments were performed on a Varian Inova 600 MHz spectrometer 
equipped with a 5 mm indirect detection probe head, at a temperature of 25 °C. Selective saturation was 
achieved by a train of Gauss-shaped pulses of 50 ms each, separated by a 0.1 ms delay. A number of 60 
selective pulses were applied, leading to a total length of the saturation train of 3 s. The on-resonance 
irradiation on the protein was performed at a chemical shift of –1 or –2 ppm for the control experiments 
with a known binder, and –1.1 ppm for the experiment with the DCL with protein, and the off-resonance 
irradiation was set to –25 ppm in all cases, where no protein signals were present. The number of 
scans used was 8192 (4096 for on- and 4096 for off-resonance). NMR spectra were multiplied by an 
exponential line broadening function of 1 Hz prior to Fourier transformation. All spectra were recorded 
with a 20 ms spin-lock pulse, which minimizes the background protein resonances. The ‘DPFGSE 
sculpted solvent suppression’ was enabled. The data were acquired interleaved with blocks of 4 scans. 
The spectra were subtracted manually in MestReNova.

Control experiment with a known binder of ThiT

First, a buffer-exchange column was used to transfer ThiT from the buffer pH 7.0 (0.5 mL, 12.8 μM) 
to the same buffer but with D2O (pD 7.0), using a NAP-5 column (GE Healthcare), which afforded 
~400 μL of 9.8 μM ThiT. To this solution of ThiT, compound B1 (4 μL, stock solution of 20 mM in 
DMSO-d6), buffer pD 7.0 (75 μL) and DMSO-d6 (21 μL) were added. Given that a 20-fold excess of 
compound B1 with respect to the protein was not enough to obtain a good 1H-STD-NMR spectrum, 
the concentration was increased to 100-fold by addition of B1 (3.2 μL, stock solution of 100 mM in 
DMSO-d6).
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Experiment with ThiT and DCL. Preparation of ThiT and the DCLs 

First, a buffer-exchange column was used to transfer ThiT from pH 7.0 (0.7 mL, 20.7 μM) to the same 
buffer but with D2O (pD 7.0), using a NAP-5 column (GE Healthcare), which afforded ~950 μL of 10.0 
μM ThiT. Knowing the volume and concentration of ThiT available for the experiment, the amount of 
building blocks was calculated to have a 100-fold excess of aldehyde A. In each DCL, 1.2 eq of each 
hydrazide with respect to the aldehyde were added (there were 4 hydrazides in each DCL: in total 4.8 eq 
of hydrazides with respect to the aldehyde).

For each DCL, 450 μL of 10.0 μM ThiT were used, in a final volume of 550 μL, which gives a final 
concentration of 8.2 μM ThiT in the NMR tube. Therefore, the final concentration of aldehyde (100-
fold) is 820 μM, and 984 μM for each hydrazide. To achieve these final concentrations, each DCL of 
100 μL has 4.51 mM of aldehyde A and 5.42 mM of each hydrazide H1–H8. Taking into count that the 
maximal concentration of DMSO tolerated by ThiT is 5% (27.5 μL in 550 μL), each DCL was prepared 
as follows: buffer pD 5.0 (72.5 μL), aldehyde A (2.3 μL, stock solution of 200 mM in DMSO-d6), 4 
hydrazides (4 x 2.7 μL each, stock solutions of 200 mM in DMSO-d6) and DMSO-d6 (14.4 μL). For 
DCL-A, hydrazides H1, H2, H6 and H8 were included, and for DCL-B, hydrazides H3, H4, H5 and 
H7. Each DCL was incubated at room temperature for 24 h in a rotary mixer.

Experiment of each DCL with ThiT 

After the incubation, each DCL was added to ThiT. Subsequently, the 1H-STD-NMR spectrum were 
recorded. For each DCL, a control experiment was carried out: an identical DCL was added to 450 μL 
of buffer pD 7.0 (without ThiT), and the 1H-STD-NMR spectrum was recorded to check that there were 
no signals of acylhydrazones in the absence of protein.

Reference spectrum of individual acylhydrazones

To identify which acylhydrazones appeared in the 1H-STD-NMR spectrum, a sample of each 
acylhydrazone was prepared individually: hydrazide (2 μL, stock solution of 200 mM in DMSO-d6), 
aldehyde A (10 μL, stock solution of 200 mM in DMSO-d6), DMSO-d6 (13 μL) and buffer pD 5.0 (75 
μL). After incubation at room temperature for 24 h in a rotary mixer, buffer pD 7.0 (450 μL) was added, 
and the 1H-NMR spectra were recorded on a Varian AMX 400 spectrometer at 25 °C.

Binding-affinity determination

The binding affinities of the acylhydrazones AH1–AH6 for ThiT were determined by Isothermal Titration 
Calorimetry (ITC) as described previously10. The measurements were performed with concentrations of 
10 to 19 μM of ThiT, and the concentrations of acylhydrazones used were 26.5 to 150 times the protein 
concentration, depending on the affinity of the protein for the specific acylhydrazones.
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