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Chapter 1

Introduction

Drug discovery is known as a complicated yet essential process to discover new classes

of medications based on the knowledge of biological targets [1]. Most of the protein

targets that are selected play a crucial role in metabolism or signalling pathways of

human diseases or pathology [2]. In this context, their definition as “druggable” means

their structure is capable of binding to small molecules [3], peptides [4] or antibodies.

Here, we mainly focus our attention on small molecule inhibitors. Until now, discovered

small molecules could be classified as agonists, antagonists, inverse agonists, modulators,

enzyme activators, inhibitors, ion channel opener or blockers based on their modulation

of the function of their targeted proteins [5]. Structure-based drug design (SBDD) is

one of the powerful methods widely used, that takes advantage of the knowledge and

basic understanding of the three-dimension structure of a protein, or protein complex to

design, synthesise small molecule anchor and predict or determine their binding affinity

to the targets [6]. With the development of computational methods, SBDD has been

accelerated by reducing the number of iterations required, and increasing numbers of

novel structures are now obtained from X-ray crystallography, nuclear magnetic resonance

(NMR) and Cryo-electron microscopy (Cryo-EM) [7].

The idea to make use of the protein 3D atomic structure to guide the design of new

molecules is derived from the 1960s when the first protein was solved by X-ray crystallog-

raphy [8]. In the late 1990s, fragment-based drug design (FBDD) evolved based on the

development of SBDD. The main principle underlying FBDD is the efficient screening of

chemical group using small libraries of low-molecular-weight sample fragments [9]. While

2



1

fragments typically bind with a low potency, they can form productive interactions with

the protein target, and thereby provide good starting points for further development.

The process of FBDD is interactive and often proceeds through multiple cycles of

optimisation before a lead/hit is generated. In general, the first cycle includes target

gene cloning, fusion or native protein purification from prokaryotic expression E.coli

or eukaryotic expression systems like yeast, insect or mammalian cells, and structure

determination of the target protein. Then using computer algorithms, fragments of

compounds from a library are positioned into a selected region of the protein. These

fragments are scored and ranked based on their interaction with the target site. In

total, three main principles can be used in scoring. Firstly, virtual screening that small

fragments are randomly docked into the region of interest in silico and scored based on

predicted steric and electrostatic interactions with the surrounding residues. A second

category is known as de novo design, building up against the constraints of the pocket

by assembling small standard fragment pieces [10-12], such as benzene rings, carbonyl

groups, amino groups, and so on, which are positioned in the site, scored, then linked

in silico. The last but not least method is to optimise the known ligands by evaluating

potential analogues within the binding cavity [13].

These binding sites are known as “hot spots” of the protein, which relies upon whether

the protein can accommodate drug-sized molecules, generate appropriate hydrophobic

surfaces and hydrogen bonding sites, and contribute essential interactions between sur-

rounding residues and small molecules [14]. After that, fragments with best scores are

tested via an in vitro screening system. For instance, successfully fragment screens on

checkpoint kinase II have been carried out using in vitro biochemical assays [15]. In

general, an in vitro screening system is a combination of multiple assays including HTS

(high-throughput screening), functional assays, ligand selectivity, safety pharmacology

screening and biophysical assays. The ability to identify the biological target is heavily

dependent on the choice of detection systems and equipment employed for a given as-

say. As a structure biology lab, use multiple biophysical methods such as NMR, surface

plasmon resonance (SPR), thermal shift assay (TSA), X-ray crystallography, Cryo-EM,

together with more recent ones including microscale thermophoresis (MST) and mass

spectrometry (MS) [16,17] to identify fragment hits.
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The second cycle consists of multiple rounds of structure determination of the target

proteins in complex with the promising hits from the first cycle, ideally one with at least

micro-molar inhibition in vitro. It reveals the actual interaction pose of a moiety of the

fragments that can be optimised to increase potency. Additional cycles include synthesis

of the optimised lead, structure determination of the new complex. After several cycles,

the optimised compounds usually show significant improvement in binding and specificity

for the target.

In Chapter 2, a review was written in the first year of my PhD. At that moment, I

was unclear about the importance and meaning of structure-based drug design (SBDD).

IL17A is an essential protein in autoimmune processes; its aberrant expression results

in multiple abnormal symptoms shown in autoimmune-related diseases, for instance,

rheumatoid arthritis, asthma. Until now, the most successful therapy mAbs called Cosen-

tyx (Secukinumab) was provided by Novartis. In the aspect of SBDD, linear peptide

inhibitor HIP (5HHX) and peptide 18-1(5VB9) were suggested to inhibit IL17A/IL17RA

interaction by reducing IL8 release in HEK293T. In 2016, researchers from Pfizer reported

three small-molecules, including two macrocycles as IL17A/17RA inhibitors. They were

shown to occupy the wide full central cavity of IL17A homo-dimer and their binding

resulting significant outward movement of N-terminus of IL17A, changing the protein-

protein interaction(PPI) surface of IL17A/IL17RA. In the deposited structures, the bound

HIP at N-terminus was implied to contribute more possibility for ligand binding between

two IL17A monomers. Based on their contributions, we took the use of IL17A/63Q

(5HI5) structure to design a fundamental scaffold as detailed later in my thesis.

In Chapter 5, we selected IL17A as an example target to design a scaffold based on the

structure determination of apo and a known artificial macrocycle ligand-protein complex

(IL17A/63Q). After analysis of the binding mode, four essential hydrogen bonds were

revealed to forming a conserved H-bonding pattern, which is used as pharmacophores

to screen different MCR scaffolds. Subsequently, once the compound synthesised with a

selected scaffold, we made use of a combination of two biophysical methods to explore

whether the concept works: initial differential scanning calorimetry (DSF) screening

cross-validated by a thermophoresis (MST) assay. We selected a potential compound

MD46 with measured binding affinity as 49.70nM, 10-fold better than that of 63Q in
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our assay. To facilitate chemical optimisation, we visualised MD46 stereoisomers in

the IL17A apo structure by molecular docking. After three rounds of random docking,

three binding poses showed a conserved hydrogen bond with Trp67B as we predicted

and another hydrogen bond with Glu95A instead of Leu97A. Further experiments are

on-going to obtain the crystal structure of MD46 single isomers to further confirmed the

in silico structure-based scaffold design is a useful concept in new class binder discovery.

The efforts to design and screen provided essential information for us to successfully

discover a new series of compounds with an experimentally determined binding affin-

ity in the nM range in Chapter 6. We found a new class of ligands acting as IL17A

binders, which could be considered as a good starting point to investigate anti-IL17A

small-molecule antagonists. Two complex structures of them have been determined by

X-ray crystallography. Both ligands were visible close to the central homodimer pocket,

resulting in a stabilised and extended α-helix that is known to interact with IL17RA.

Additionally, they partially overlapped with the published inhibition peptide 18-1 (5H5Y)

from Novartis, which has been implicated as a peptide inhibitor affecting IL17A/IL17RA

interaction. During preparing this manuscript, I continued to work on optimizing these

IL17A ligands based on the structure-activity relationship (SAR) to facility chemical

optimisation. Until now, more than 40 compounds from this series have shown vari-

ous binding affinity after optimisation from the initial hit. The first hit of this series

has demonstrated inhibition efficacy in IL17A/IL17RA based cell assay from our col-

laborators. In all, it is a useful application case to illustrate the general flowchart of

structure-based drug discovery. Unfortunately, more experiments will be needed and,

after discussion with my supervisors Prof. Dr. Alexander Dömling and Prof. Dr. M.R.

(Matthew) Groves, we decided not to show the chemical structures of our lead com-

pounds, which is my main project of PhD in the thesis until appropriate steps have been

made to protect this discovery. It will be published in the future.

In Chapter 3, we described a study on bovine Carbonic anhydrase II (bCAII), which is

the first crystal obtained during my PhD and provided me an opportunity to learn X-ray

structure determination techniques. It started purification from the commercial resource.

After optimising purification and crystallisation condition, apo bCAII crystal diffraction

datasets were collected to 1.8Å. To understand how copper affects probe binding and

5



1

labelling, we designed a set of ligand-directed diazo transfer probes. Seven ligands

were soaked into apo bCAII crystals, and their conformation was determined via X-ray

crystallography. All of them revealed a tight and clear binding of benzenesulfonamide

ligand moiety of the probes via zinc coordination to the active-site of bCAII. All the

ligands were visible in the structure with a clear density for the head group. At the same

time, their tails are oriented towards the hydrophobic face of the active site and thereby

it is pointing away from the modified lysine residues, the compound was shown to modify

lysine residues Lys8, Lys17, Lys168 and potentially also Lys166 from mass spectrometry.

Here, we decided to analyse structures with linker length of 0, 1 and 2, giving a strong

density signal of tails. We proposed that the N-terminus of bCAII might provide a flexible

second lysine modification site. Together, this work shows the use of structural biology,

especially X-ray crystallography, to develop small molecule interactors.

In Chapter 4, we analysed the structure of pyridoxal kinase from Plasmodium falci-

parum (Pf Pdxk) complex with AMP-PNP and PL. After comparing Pf Pdxk structure

with multiple homologues, we found a specific repeat motif region XNXH within Pf Pdxk.

Although we did not find clear electronic density signal of the motif, its existence did

not affect the structural integrity of Pf Pdxk. Also, we showed in this study that the

repeat sequence might play an essential role in malaria cell cycle based on the discovery

of another motif FIxxIIxL (Eh1) on the N-terminus of XMXH motif. This hypothesis is

based on the report that the Eh1 motif may recruit WD40 proteins and the E3 ligase

system to drive ubiquitin-mediated degradation of Pf PdxK. Also, we generated models

by molecular docking to explain how Pf Pdxk selectively phosphorylated PT3, PT5 and

PHME into a potent active anti-malaria drug. Our structures proposed an overlapping

of phosphorylating 5-pyridoxal group of the three substrates but suggested a potential

steric clash of pyridoxal group of PT3 with AMP-PNP. This might impede the phos-

phorylation process to form active PPT3. Even though it should be noted that in silico

modelling to predict the binding mode of a potential ligand cannot provide robust and

accurate results, it might offer a feasible strategy in optimising function substituents of

lead pro-drug towards to modulator or inhibitor, and further facility experimental valida-

tion assay design, in the lack of complex structure. Together, this work presented the

combination of X-ray crystallography, and molecular docking which provide an insight of

anti-malaria pro-drug design and development.
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In Chapter 7, I describe the work performed using Microscale thermophoresis (MST), a

biophysical technique to quantify the interactions between biomolecules (protein-protein

or protein-small molecule). It is highly sensitive to determine the potential binding

affinity of 3-FL, LNnT, and LDFT to the His-TNFR1 receptor. A ligand-dependent

binding effect of LNnT with His-TNFR1 was observed with a Kd of 900nM, which

supported a potential hypothesis hMOs especial LNnT has its anti-inflammatory effects

through a direct structure-function relationship with TNFR1.

In all, over the last three decades, the great improvements in biophysical methods

produce a significant impact on not only enabling drug discovery on challenging tar-

gets, such as membrane protein but also providing the foundation for structure-based

drug discovery (SBDD). These have driven significant improvements in the automated

pipeline, speed, sensitivity and range of possible measurements, providing high-resolution

mechanistic, kinetic, thermodynamic and structural information on compound-target in-

teraction. Also, a multiplicity of biophysical methods combined with computational

techniques can be used to define a variety of different modulators of protein from many

aspects such as function-form labelling, protein-protein interaction (PPI), pro-drug de-

sign and so on. Therefore, it becomes a vital component of drug discovery platforms in

many pharmaceutical companies and academic laboratories. Here we use this thesis to

present a case of application of X-ray crystallography and biophysical methods in ligand

discovery and development in our lab. Below is a summary of the methods that will be

mentioned in the thesis.

X-ray crystallography is the most powerful, robust and routine method for providing a

detailed atomic picture of a compound binding to its target. Structural information on

ligand-target complexes, usually obtained by X-ray crystallography, is considered essential

in SBDD, especial for FBDD, to provide insight into chemical optimisation.

Differential scanning fluorimetry (DSF), a widely used biophysical method to measure

the temperature at which a unfold protein exposed hydrophobic surface through binding

of a fluorescent probe. If a ligand stabilises or destabilises the protein, then there will be

a change in the transition temperature (Tm) observed.

Microscale thermophoresis (MST) is a relatively new biophysical methodology that
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monitors fluorescence in an infrared laser-heated spot. It is an equilibrium-based method

that can detect ligand binding-induced change in thermophoretic mobility. It is affected

by size, charge and hydration shell and can be used to estimate Kd.

Although these techniques provided precious information, whether the compound binds

or not, there remain some challenges during the experiments we have experienced. Ide-

ally, the compound must be soluble enough to determine its binding affinity constant,

stable and unaggregated under the given experimental condition. This is hampered if

the character of the compound cannot meet the demand of techniques, for instance,

in X-ray crystallography a substantial percentage of the binding site must be occupied

to identify binding and resolve the protein-ligand co-structure unambiguously. Thus, it

leads to the partial occupation of the ligand even in high-resolution structure. That is

one of the difficulties impeding the efficacy and accuracy of initial hit discovery.

Similarly, for a robust measurement, all of the technique requires the protein targets

to be homogenous and well behaved at relatively high concentration. Therefore, more

attention needs to be taken in the sample preparation and experiment design, the critical

results analysis and well-interpretation. Overall, although we still face many uncertain

challenges, the development of biophysical methods application will play a more and

more crucial role in pharmaceutical research.

Reference

1. Liljefors, T., Krogsgaard-Larsen, P. Madsen, U. Textbook of drug design and discov-

ery, CRC Press (2002).

2. Dixon, S.J. Stockwell, B.R. Identifying druggable disease-modifying gene products.

Curr Opin Chem Biol 13, 549-55 (2009).

3. Yuan, Y., Pei, J. Lai, L. Binding site detection and druggability prediction of

protein targets for structure-based drug design. Curr Pharm Des 19, 2326-33 (2013).

4. Fosgerau, K. Hoffmann, T. Peptide therapeutics: current status and future direc-

tions. Drug Discov Today 20, 122-8 (2015).

8



1

5. Imming, P., Sinning, C. Meyer, A. Drugs, their targets and the nature and number

of drug targets. Nat Rev Drug Discov 5, 821-34 (2006).

6. Mobley, D.L. Let’s get honest about sampling. Journal of Computer-Aided Molec-

ular Design 26, 93-95 (2012).

7. Singh, J. et al. Successful shape-based virtual screening: the discovery of a potent

inhibitor of the type I TGFbeta receptor kinase (TbetaRI). Bioorg Med Chem Lett 13,

4355-9 (2003).

8. Jaskolski, M., Dauter, Z. Wlodawer, A. A brief history of macromolecular crys-

tallography, illustrated by a family tree and its Nobel fruits. Febs j 281, 3985-4009

(2014).

9. Erlanson, D.A., Fesik, S.W., Hubbard, R.E., Jahnke, W. Jhoti, H. Twenty years on:

the impact of fragments on drug discovery. Nat Rev Drug Discov 15, 605-619 (2016).

10. Wang, R., Gao, Y. Lai, L. LigBuilder: A Multi-Purpose Program for Structure-

Based Drug Design. Molecular modeling annual 6, 498-516 (2000).

11. Schneider, G. Fechner, U. Computer-based de novo design of drug-like molecules.

Nat Rev Drug Discov 4, 649-63 (2005).

12. Jorgensen, W.L. The many roles of computation in drug discovery. Science 303,

1813-8 (2004).

13. Klebe, G. Recent developments in structure-based drug design. J Mol Med (Berl)

78, 269-81 (2000).

14. Leis, S., Schneider, S. Zacharias, M. In silico prediction of binding sites on

proteins. Curr Med Chem 17, 1550-62 (2010).

15. Winter, A. et al. Developing Antagonists for the Met-HGF/SF Protein-Protein

Interaction Using a Fragment-Based Approach. Mol Cancer Ther 15, 3-14 (2016).

16. Qin, S. et al. Multiple ligand detection and affinity measurement by ultrafiltration

and mass spectrometry analysis applied to fragment mixture screening. Anal Chim Acta

9



1

886, 98-106 (2015).

17. Silva-Santisteban, M.C. et al. Fragment-based screening maps inhibitor interac-

tions in the ATP-binding site of checkpoint kinase 2. PLoS One 8, e65689 (2013).

10



Chapter 2

Artificial Macrocycles as

IL17A/IL17RA Antagonists

Wenjia Wang, Matthew R. Groves, Alexander Dömling. (2018). Medchemcomm 9(1):

22-26.

11



2

Interleukin 17(A) is a pro-inflammatory cytokine involved in several auto-immune and

inflammatory diseases. Current antagonists against IL17(A) or its receptor (IL17RA)

that show efficacy in clinical trials are monoclonal antibodies (mAbs). However, recently

designed artificial macrocycles are potent IL17A/IL17RA antagonists. Based on co-

crystal structures, a better understanding of the biological activity and SAR of the

macrocycles has been gained, demonstrating that they can compete with mAbs for

difficult targets such as PPIs.

Inflammation is a complex biological protective response of body tissue against harmful

stimuli (either acute or chronic) in which monocytes and lymphocytes play a role in the

later stages. In recent decades, antagonists of inflammatory factors have been developed

for the treatment of various inflammatory diseases, such as Crohn’s disease, rheumatoid

arthritis, ankylosing spondylitis and psoriasis, among which antagonists against tumor

necrosis factor (TNF) are the most promising. Currently, while TNF inhibitors are widely

used in different diseases, they behave differently in patients, and some side effects appear

after long-term treatment. Thus, a major priority is the investigation of new approaches

to treat TNF related inflammatory diseases. As interleukin 17 (IL17A) and TNF share

similar effector functions, IL17A could be targeted in patients with inflammation who are

not responsive to TNF inhibitors. Therefore, much attention is being devoted to drugs

targeting IL17A.

Interleukin 17, synonymous with IL17A (the archetype protein in the IL17 family

consisting of IL17A/F), was first discovered in 1993 as a pro-inflammatory cytokine pre-

dominantly produced by a subset of CD4+ cells (T helper cells (Th17)). However, it

has been found that other cell types, such as mast cells and neutrophils, produce IL17A

as well [1]. For several decades, IL17A has been well known to participate in various

acute inflammation reactions, e.g. the release of pro-inflammatory cytokines IL6 and

IL8 from mesenchymal cells leading to fever, and the accumulation of neutrophils in

blood and tissue [2]. IL17A also contributes to chronic inflammation associated with

matrix destruction [3], resulting in joint damage and defective tissue repair. Additionally,

IL17A increases the expression of the receptor activator of NF-κB ligand (RANKL) on

osteoblasts, increasing the RANK signal in osteoclasts, as shown in the bone destruction

of rheumatoid arthritis [4]. When acting on endothelial cells, IL17A stimulates inflamma-
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tion and pro-coagulant activity [5]. IL17A also promotes endothelial cells and dendritic

cells to release cytokines and enzymes [6-7]. In monocytes and dendritic cells, IL17A is

involved in inflammation by modulating the production of pro-inflammatory cytokines.

The first receptor identified for IL17A was IL17A receptor A (IL17RA), and soon after

that, other components required for the IL17 pathway were found [8-9]. Since IL17F

shares 50% sequence homology with IL17A, a heterodimer consisting of IL17A and

IL17F can also interact with the IL17 receptor complex. The receptor complex contains

IL17RA and IL17RC ligands [9]. After the release of IL17A, two IL17A and one 17RA

complex related intracellular signal pathways are activated. In the first pathway, IL17RA

can recruit adapter NF-κB activator 1 (Act-1) to form a complex with its conserved

cytoplasmic domain SEFIR, which is common to all IL17R family members [10-11].

Subsequently, Act-1 binds to TNF receptor-associated factor 6 (TRAF6) and acts as

an E3 ubiquitin ligase on TRAF6, which recruits transforming growth factor activated

kinases (TAK) 1 to mediate nuclear transportation of transcription factors such as nuclear

factor-κB (NF-κB), activator protein 1 (AP1) and CCAAT/enhancer-binding proteins

(C/EBP) [12]. It is well established that mitogen-activated protein (MAP) kinase located

downstream of TRAF6 is also required for AP1 activation [13].

The second pathway is activated by IKKi-dependent phosphorylation of Act-1 at three

Serine sites, which in turn suppresses the recruitment of TRAF6, thereby blocking the

NF-κB pathway. In addition, Act-1 can modulate the mRNA stability of alternative

splicing factor 1 (ASF) and ELAV-like protein 1 (ELAV1) through the ubiquitination of

TRAF5 and its binding efficiency to TRAF2. At the same time, Act-1 can interact with

and ubiquitinate ELAV1 through TRAF2 and TRAF5 [14].

Based on these observations, several agents have been designed to block the IL17

pathway. These can be broadly divided into antibody inhibitors and small molecule

inhibitors. In the first approach, several mAbs have been generated and are now under-

going clinical trials (Table 1). Rheumatoid arthritis and multiple sclerosis are diseases

that have been widely studied using mouse models, and preclinical studies in humans

related to IL17A and trials of IL17A mAb inhibitors to treat rheumatoid arthritis and

multiple sclerosis have been reported [15].
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Table 1. IL17A directed mAbs in clinical trials or on the market

IL17A signals through the formation of a heterodimeric receptor complex involving

IL17RA and IL17RC and the compounds described here act by disrupting the interac-

tion of IL17A with IL17RA, which is believed to be the first step in receptor activation.

There are several ways to block IL17A signalling by targeting IL17A proteins or recep-

tors. The priority option is a direct action against IL17A or IL17RA. Two monoclonal

antibodies directed against IL17A are FDA approved: Ssecukinumab (AIN457), a fully

human IL17A specific monoclonal antibody derived from human lgG1 kappa isotype and

ixekizumab (LY2439821), a humanized lgG4 antibody. Other IL17A targeted antibodies

that have completed phase II are shown in Table 1. Secukinumab and ixekizumab are
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both specific for IL17A homodimer and IL17A but not effective on IL17F homodimer

[15-16]. CJM112 is another IgG1 against IL17A that is being tested for the potential

treatment of hidradenitis suppurativa and psoriasis [17]. CNT06785 is a fully human

IgM IL17A antibody in phase II trials for rheumatoid arthritis and moderate-to-severe

chronic obstructive pulmonary disease (COPD). However, there are no published data

or further plans for development [18-19]. Unlike secukinumab and ixekizumab, bimek-

izumab (previously UCB 4940) is a mAb targeting both IL17A and IL17F. A phase II trial

for the add-on use of bimekizumab to certolizumab pegol in patients with rheumatoid

arthritis has been completed with failure [20]. Clinical trials of ABT-122, a dual-variable-

domain immunoglobulin targeting both TNF and IL17A for amplifying efficiency, which

was designed to treat moderate-severe psoriatic arthritis and rheumatoid arthritis, have

currently completed phase II [21-22]. The other targets for potential intervention are

members of the IL17RA complex, of which IL17A/17RA inhibition is the broadest way to

regulate the IL17A signal pathway. Brodalumab (AMG827) is a human mAb neutralizing

IL17A/17RA with the high affinity that can block the biological activity of IL17, IL17F,

a heterodimer composed of 17A/17F, or 17E. During phase II trials, brodalumab showed

efficiency but with a greater risk of adverse events compared to the placebo group [23].

In addition to biological therapy, small-molecule inhibitors that target IL17A signalling

by binding to the soluble ligand have been developed and are being tested in various

clinical trials. Recently, some studies have suggested that some macrocycles might

interfere with the interaction between IL17A and IL17RA with efficiency comparable to

that of mAbs.

The crystal structure of the human IL17A/IL17RA interaction reveals an IL17A ho-

modimer which forms two symmetrical interactions with IL17RA [24] (Fig 1). Both

chains (A and B) of the IL17A interact with the IL17RA D1 or D2 domain. Compared

with the apo structure, the entire N-terminus of chain A bends away from IL17RA. Thus

the N-terminus of the IL17A homodimer is slightly separated in a buried cavity of the

complex. The buried surface area of IL17A/IL17RA is around 2000Å2. The overall in-

teraction comprises a large, flat and featureless binding interface, resulting in numerous

additive but weak polar and hydrophobic interactions.

Recently, several groups have discovered artificial macrocycles that efficiently antago-
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Fig 1. Complex between IL17A dimer and its receptor (PDB ID 4HSA). The IL17A dimer is shown in

orange and green cartoon and IL17R as a surface representation. The footprint of IL17A on IL17RA is

shown in blue.

nize the IL17A/IL17RA interactions (Scheme 1). The biotech company Ensemble Ther-

apeutics disclosed macrocycles binding to IL17A [25]. The discovery of compound 1

involved synthesis of large libraries of macrocycles using DNA-encoded library (DEL)

synthesis technology. Recently, H/D exchange MS was used to determine the binding

region of macrocycle 1 on IL17A, which is predicted to bind to the β-hairpin pocket [26].

Another group from Pfizer designed potent derivative macrocycles 2 and 3 and eluci-

dated their high-resolution co-crystal structure with IL17A [27-28]. Both compounds

bind into the homodimeric interface. Compound 3 shows multiple interactions with its

receptor including hydrogen bonds, hydrophobic interactions and stacking interactions

of the aromatic components of the macrocycle (Fig 2).

Co-crystallisation of the macrocycles with IL17A was achieved using antibody antigen-

binding fragment (Fab) co-crystallization chaperones – a technique known to facilitate

the crystallization of difficult targets (Fig 2). Macrocycle 3 shows multiple interactions

with its dimeric receptor, including hydrogen bonds, hydrophobic interactions and stack-

ing interactions of the aromatic components of the macrocycle (Fig 2C–E). Notably, the

atoms of the spiro-cyclopentyl moiety are important activity elements in all active macro-

cycle series, which can be rationalized by the shape and electrostatic complementarity

with the Lys114, Leu97 pocket (Fig 2E).

Recently, design guidelines for macrocycles were formulated based on the analysis

16



2

Scheme 1. Structures of macocycles interacting with IL17A. Ring size is indicated in red.

of orally available cycles to obtain drug-like compounds. Thus, macrocycle 3 with a

ring size of 21, a MW of 682, clogP of 5, tPSA of 140, HBD = 4, HBA = 6, four

substituents, an overall polar/nonpolar atom balance of 0.3 and an N/O ratio of 6/5

fits well into these guidelines. Macrocycle 3 exhibits five hot-spot interacting areas (Fig

2G). Besides, it shows measurable activity in the keratinocyte-based bioassay for IL17A

inhibition, indicating reasonable membrane permeation.

Protein–protein interactions (PPIs) on membranes are promising drug targets, and

many mAb-based drugs are currently marketed. Traditionally, PPI inhibitors are designed

as antibodies rather than small molecules, such as herceptin (anti-HER2), secukinumab

(anti-IL17A) or atezolizumab (anti-PDL1). mAbs efficiently target large featureless pro-

tein surfaces and can be developed in a straightforward process to the market. Moreover,

the attrition rate of mAbs during clinical development appears to be much lower than

that of small molecules. Hence, some traditional small molecule-oriented pharma com-

panies have recently announced a strong focus on biologics or their complete exit from

the field of small molecule drug research and development. However, mAbs have a

number of disadvantages as well, such as high cost-of-good, non-oral applications, poor

tissue penetration, often long half-life times and most importantly being applicable only

to extracellular targets. Recent findings from several groups demonstrate that several

potent macrocycles show strong affinity to IL17A and may lead to the discovery of lower
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Fig 2. Macrocycle 3 (63P) bound to IL17A dimer (PDB ID 5HI4).A: Secondary structure elements

of IL17A chain A (light grey) and B (dark grey) and boxed macrocycle 3 (cyan sticks); B: Surface

representation of IL17A with 3; C: The hydrogen bonding network involves L97 from the IL17A and

B monomers and W67 of IL17A A monomer; D: pi-stacking interactions with Y52A and L97A; E: van

der Waals interactions involving P63B, L97A, L112A, Y62A, P63A, W67A; the subpocket (surface

representation) formed by R114B, E95B and L97B harbours the cyclopentenyl moiety which is of great

importance for the SAR; F: the relative contribution of the heavy atoms of 3 to the binding to IL17A

form low to high (grey to red) calculated using SCORPION [33]; G: 2D structure of 3.

cost and more effective treatments for IL17A related inflammatory diseases. In nature,

macrocycles are not uncommon and frequently exhibit useful biological activities [29]

and have major advantages over open chain analogues: including higher affinity and se-

lectivity [30], preferable entropic signature, better oral bioavailability or higher stability

[31-32].

In summary, IL17A/IL17RA antagonists derived from medicinal chemistry might offer

better options by re-investigating beyond r-o-5 small compound classes such as artifi-

cial macrocycles, natural products, or peptidomimetics to treat inflammatory diseases.

These compounds will also potentially enable research into novel targets such as large

receptor ligand interactions, DNA and RNA. The application of synthetic macrocycles

to challenging PPI targets represents an important emerging area, with potential im-

plications for the future balance of effort between biological and small molecule drug

discovery.
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Abstract

Carbonic anhydrases are popular model proteins to evaluate the suitability of ligand-

directed protein labeling strategies. We recently employed bovine carbonic anhydrase II

as a prototypical target to develop a novel strategy for the in situ preparation of protein

labeling reagents. During these studies, we observed that copper is an efficient catalyst

for diazotransfer labeling. We here report a detailed study towards the site selectivity

of copper-dependent diazotransfer labeling of carbonic anhydrase. Using a set of probes

that varied in linker length between the benzenesulfonamide ligand and the diazotransfer

group, we mapped the probe binding sites. Tandem mass spectrometry revealed that

four lysine residues are modified by the probes. Analysis of the protein–probe com-

plexes with protein crystallography revealed that two of these residues are within reach

when the probe is bound to the catalytic site of the enzyme. However, the other two

residues are positioned further away and are located in a proposed N-terminal binding

site, suggesting that the probes may also interact with the protein at this site. In silico

docking studies further corroborated this hypothesis. Overall, this study demonstrates

how ligand-directed diazotranfer reagents can inform on binding sites, and should find

application in complementing X-ray and NMR-based structural studies to clarify binding

pockets where a drug binds its targets.

Introduction

α-Carbonic anhydrases (α-CA) catalyze in vivo the reversible hydration of CO2 [1]. The

structural and biophysical properties of members of this enzyme family, in particular

human carbonic anhydrase II (hCAII) and, to a lesser extent, its bovine homolog bCAII

(80% sequence identity), have been studied in detail with protein crystallography. The

active site of α-carbonic anhydrases hCAII and bCAII contains a zinc ion, which is

essential for catalysis. This zinc ion coordinates to three conserved histidines at the

apex of a spacious conical (funnel-like) active site. The fourth coordination site on zinc

is occupied by a hydroxide ion resulting in a tetrahedral coordination geometry [2]. Many

of the reported CA inhibitors, including the arylsulfonamides, displace the hydroxide ion
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in the active site of the holoenzyme [3]. As such, coordination of the anionic nitrogen of

sulfonamide inhibitors to Zn2+ inhibits enzyme activity. The remainder of the inhibitor

is usually pointing towards the front end of the active site funnel, where it can undergo

several additional interactions with the protein.

By virtue of the ample structural information, sulfonamide ligands in combination with

commercially available CAs are commonly employed in chemical biology, for example,

to study protein–ligand interactions [4], to pioneer targeted proteolysis methods [5,6],

and to evaluate novel protein-labeling strategies [7–13]. We recently employed the CA-

sulfonamide system to assess the feasibility of preparing ligand-directed protein-labeling

reagents in situ [14]. We condensed a benzenesulfonamide (BS) ligand to a panel of

reactive groups using acylhydrazone chemistry. Binding of the BS ligand to the protein’s

active site should target the reagent to bCAII, thereby facilitating a proximity-driven

reaction between the reactive group and the protein and thus enhancing the efficiency,

selectivity and site-specificity of the reagent. Among the introduced reactive groups was

a diazotransfer (Dt) reagent. Dt reagents convert amino groups of proteins (lysines, N-

terminus) into azides [15].

We previously showed that ligand-directed diazotransfer (LDDt) can be used to in-

troduce azides on protein targets selectively (Figure 1A) [16,17]. Tethering a Dt group

to the BS ligand gave LDDt probe 1, which indeed labeled bCAII (Figure 1B). To our

surprise, other Dt reagents containing a ligand moiety that is not known to bind to the

active-site of bCAII also modified this protein, when copper (II) was included in the la-

beling mixture. Copper (II) has been shown to promote the diazotransfer reaction [18].

However, the added copper neither induced bCAII labeling by all Dt probes nor did it

induce prominent off-target labeling of the other proteins in the mixture. Therefore, it

is less likely that the observed labeling of bCAII is merely the result of the increased

reactivity of the Dt reagent in the presence of the metal catalyst.

These results suggest that the off-target labeling is specific to bCAII. The added

copper can affect the outcome of the labeling reactions in different ways. First of all,

the exogenously added copper might exchange the metal ion cofactor in the active site

of metalloenzymes, like CA [19-21]. This so-called metal ion transfer (MIT) can have

a pronounced effect on the coordination geometry and the overall conformation of the
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protein [22-24]. MIT may therefore alter the binding affinity to a ligand [25] and it will

thus likely affect the labeling selectivity, site-specificity and efficiency of the LDDt. The

off- target labeling might also be caused by sequestering of copper (II) ions by histidine-

rich sequences, exposed cysteine residues and amino terminal copper- and nickel-binding

(ATCUN) motifs [26,27]. In particular, the conserved N-terminal region of bCAII, which

contains five histidine residues (His2, His3, His8, His14, His16; amino acid numbering

according to crystal structure sequence), could serve as a copper binding site [28]. High

local concentrations of copper on the protein may promote the diazotransfer reaction to

bCAII, independent of the targeting moiety of the LDDt. A third hypothesis is that the

LDDts bind to a putative second amenable binding pocket within the N-terminal region

of CAII.

Previous studies have indicated that inhibitors may bind at that site [29,30]. The

strongest evidence for the existence of a second binding pocket comes from studies con-

ducted by Srivastava and co-workers on bidentate inhibitors. Iminodiacetate-copper(II)

complexes functionalized with a BS ligand did not only bind to the active-site, but they

also bound to the N-terminal region, as evidenced by X-ray crystallography. The interac-

tions between the copper ion bearing moiety of the inhibitors and the N-terminal metal

binding site in combination with further interactions between the sulfonamide ligand

moiety and the protein at an adjacent site seem to promote binding of the inhibitors in

this region [30]. However, the existence of this second binding site has been debated [4].

With the aim to gain insight into what factors play a role in the copper-induced

labeling of CA, we applied a combination of chemical proteomics, X-ray crystallography

and in silico docking methods. These results enabled mapping of the binding sites of

LDDt probes on bCAII. We here report the outcome of this study.
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Figure 1. LDDt probes install azides onto proteins of interest. (A) Schematic representation of

proximity-driven modification of proteins by LDDt reagents, (B) Structure of the diazotransfer probe 1

prepared in situ for bCAII.

Results and discussion

Design and synthesis of the probes

Primary amines of proteins function as acceptor sites for diazotransfer reagents [15].

Counting the N-terminal amine, bCAII contains 19 amino groups that can react with the

LDDt. We reasoned, based on past results with LDDt probes [17], that the diazotransfer

probes exclusively modify those amines that are within linker length reach of their binding

pocket. In case of bCAII, this also includes the N-terminus [2]. Probes containing a short

linker should therefore only react with amino groups in close proximity of the binding

site, while the probes with longer linkers should also modify residues that are more

distant. By varying the linker length, the binding site may thus be mapped. Therefore,

we prepared Dt-BS 2, which lacks a spacer. We increased the distance between the

Dt group and the BS ligand by introducing a glycine (Gly), a β-alanine (βAla) or an

ε-aminohexanoic acid (Ahx) spacer, which yielded Dt-Gly-BS 3, Dt-βAla-BS 4 and Dt-

Ahx-BS 5 as probes, respectively. To circumvent potential labeling artefacts that could

occur when forming the probes in situ, we decided to covalently link the diazotransfer

group to the benzenesulfonamide (Figure 2). As a control reagent for the targeting

effect of the BS ligand, we used imidazole sulfonyl azide 6.

The synthesis of the probes 2–5 commenced with the preparation of activated ester

7 from sulfamoylbenzoic acid and p-nitrophenol using N-(3-dimethylaminopropyl)-N’-

ethylcarbodiimide (EDC) as coupling reagent. Activated ester 7 was converted into

LDDt probe 2 by condensing it to histamine and by reacting the resulting histamine
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Figure 2. Mapping of the probe binding sites on bCAII with LDDt probes. (A) Schematic representation

depicting how the linker length affects the residues that can be modified by the probe. Amino groups

within the orange line will solely be modified by probes with a long linker between the ligand and the

Dt group, while residues within the red line will be modified by probes with a short linker and by probes

with a long linker. (B) Structures of the LDDt probe series 2–5 and the non-targeted control reagent

imidazole-1-sulfonylazide (6) used in this study.

adduct 8 with sulfonylazide transfer reagent 9. To synthesize probes 3–5, ester 7 was

first coupled to Gly, βAla or Ahx. After complete consumption of the starting materials,

the carboxylic acid was converted into the activated ester by adding EDC in the same pot.

The resulting activated esters 10–12 were coupled to histamine to yield the intermediates

13–15, after which they were converted into the LDDt reagents 3–5 using 9 (Scheme

1).

Affinity-based labeling of bCAII with LDDt probes 2–5

We next assessed whether these reagents modify bCAII selectively in the presence of

Ovalbumin (OVA). The linker length in Dt-Ahx-BS 5 exactly matches that of the dia-

zotransfer probe 1 prepared in situ and we therefore performed the first set of labeling

experiments with this probe [14]. We incubated a mixture of bCAII and OVA with

5 and subsequently functionalized the azide containing proteins either with BODIPY-

alkyne 16 or with biotin-alkyne 17. Both in the in-gel fluorescence scan (Figure 3A)

and the Western blot (Figure S1) we observed selective diazotransfer from Dt-Ahx-BS
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Scheme 1. Synthesis of LDDt reagents 2–5. Reagents and conditions: (a) EDC*HCl, p- nitrophenol,

DMF, rT, 24 h (b) histamine, DMF, rT, 16h (c) sulfonylazide transfer reagent 9, DMF, 0oC , 3 h (d)

step 1: PNP ester in DMF, dropwise addition of amino acid in H2O, rT, 24 h; step 2: EDC*HCl, DMF

rT, 24 h.

5 to its target. Targeting could be blocked by heat-inactivation or adding a competitor

(sulfamoylbenzoic acid, SBA, Ki = 270nM) [31].

Furthermore, non-targeted diazotransfer reagent 6 labeled carbonic anhydrase less

efficiently than benzenesulfonamide probe 5, indicating that the diazotransfer reagents

are not solely sequestered by the bound metal catalyst and that the presence of the

ligand increases labeling efficiency. Labeling is copper-, time- and probe- concentration

dependent (Figure S2). The optimal signal-to-noise ratio was achieved when using a

protein-to-probe ratio of 1-to-5. The intensity of the bCAII signal reached a plateau after

30 minutes of labeling and as little as 10µM copper catalyzed the labeling reaction. Dual

labeling experiments with DtBio 18 and Dt-Ahx-BS 5 on a mixture of OVA, streptavidin

(Strp) and bCAII further confirmed the targeting effect of the BS ligand. Incubating

the protein mixture either with a stoichiometric amount of DtBio 18 (Figure 2B, lane

1) or with a fivefold excess of Dt-Ahx-BS 5 (Figure 2B, lane 2) led to exclusive labeling

of the respective target proteins. We only observed dual labeling when we added both

compounds to the protein mixture and in all cases, OVA was left untouched (Figure

3B, lane 3). The diazotransfer reagents DtBio 18 and Dt-Ahx-BS 5 do not show cross

reactivity under these conditions (i.e., Strp reacts only with diazotransfer reagent 18 and
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bCAII reacts only with 5). We then evaluated the efficiency of the reaction by clicking the

modified protein to a 5 kDa PEG-alkyne (Figure 3C). This results in a migratory shift in

the SDS-PAGE analysis. Incubating bCAII with different probe concentrations revealed

that, at a protein-to-probe ratio of 1-to-10, approximately 30% of bCAII was modified

with a PEG-group over the two steps (1. diazotransfer, 2. click). The presence of several

bands in the gel with increasing molecular weight at increasing probe concentrations

demonstrates further, that multiple sites of bCAII are labeled, i.e., serve as diazotransfer

acceptor sites.

Figure 3. Labeling of bovine carbonic anhydrase II with ligand-directed diazotransfer reagent Dt-Ahx-

BS 5. (A) Selective labeling of bCAII in a mixture of OVA and bCAII using fluorophore 16 as read-out.

(B) Selective labeling of bCAII and Strp in a three-protein mixture using the two LDDt reagents 18

and 5 for labeling and the fluorophore 16 as read-out. (C) Gel-shift assay after bCAII-PEG conjugation.

(D) Structure of fluorophore 16 and DtBio 18.

To establish the effect of the linker length between the ligand moiety and the reactive

group, we labeled decreasing amounts of bCAII with LDDt reagents 2–5. Again, we

visualized the labeled proteins with BODIPY-alkyne 16. Comparison of the fluorescence

signals allowed us to determine the labeling efficiency and selectivity of the different

probes for bCAII against a simple background of OVA (Figure 4A) or a more complex

Bacillus subtilis cell-lysate (Figure 4B). Of the synthesized probes, Dt-Gly-BS 3 and

Dt-βAla-BS 4, which contain a glycine or a ε-alanine linker, respectively, labeled bCAII

most efficiently. Approximately 10ng of protein could still be detected using these probes

even in a full lysate context, while the other probes (Dt-BS 2 and Dt-Ahx-BS 5) have a

detection limit of 50ng. Furthermore, the fluorescent signal for the samples containing
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100ng of bCAII labeled with Dt-Gly-BS 3 and Dt-βAla-BS 4 is more intense than for the

other probes. All probes do label several endogenous proteins in the B. subtilis lysates,

as judged from the comparison with the DMSO control.

Figure 4. Effect of the linker length in the LDDt reagents 2–5 on the labeling efficiency and selectivity

for bCAII. (A) A mixture of OVA and increasing amounts of bCAII were incubated with the LDDt probe

series and visualized with in-gel fluorescence.(B) Increasing amounts of bCAII spiked-in B. subtilis cell

lysate were incubated with LDDt probe series and visualized with in-gel fluorescence. For full gel images

see Figure S4.
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Mapping the binding site of the probes with mass spec-

trometry

To explain the large differences in labeling efficiencies between the probes, we mapped

the probe binding sites by identifying the amino acid residues that reacted with Dt-Gly-

BS 3 or Dt-Ahx-BS 5. We analyzed the complete digest of bCAII that had been treated

with either of the probes with nano liquid chromatography tandem mass spectrometry

(nLC-MS/MS). With an overall sequence coverage of 84%, only one tryptic peptide of

carbonic anhydrase II could not be detected. This amounts to 17 out of the 18 lysine

amino acids being covered. The 41 amino acid long peptide that we failed to detect falls

outside the set parameters for the mass-spectrometer measurements with a prospected

charge of +2 and a resulting mass of 2298 m/z. The search results identified lysine

residues Lys8, Lys17, Lys168 and also potentially Lys166 to be modified by Dt-Ahx-BS

5 (Figure 5A, B; Figure S5). All of these are positioned in proximity to the active-site.

Lysines Lys166 and Lys168 are located in a sequential triad composed of three lysine

residues separated by one amino acid each (-IKTKGKS-). Lysine residue Lys168 of

this triad is commonly found to be modified by amine reactive ligand-directed labeling

reagents [11,12]. The third lysine of this triad, Lys170, could be another potential

diazotransfer acceptor candidate, but the experimental settings preclude the detection

of a modification of this residue. The azidolysine residue that is formed upon reaction

with the probe lacks a positive charge and is thus not recognized by trypsin. This

charge elimination results in an essential missed cleavage site. In the case of modified

Lys170, amino acids 169 and 170 are added to the undetected large tryptic fragment and

consequently, modified Lys170 falls outside the set parameters for the mass-spectrometer

measurements.

The other two modified lysine residues –Lys8 and Lys17– are located near the N-

terminus and form part of an intrinsically unstructured region containing a short alpha

helical section. Interestingly, the same residues were found to be modified by Dt-Gly-BS

3, which bears a shorter linker. To control for ligand independent labeling, we performed

the same experiment with diazotransfer reagent 6. Besides lysine residues Lys17, Lys166

and Lys168, this non-targeted reagent modified another eight residues outside the active-

site crest at seemingly random places of the globular structure of bCAII (Figure 5A, B;
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orange color). Preferential labeling of these sites by 6 may be explained by differences in

the chemical micro-environment at the respective site that lower the pKa of the ε-amino

group.

Figure 5. Dt-Ahx-BS 5 modifies bCAII upon binding, several primary amines on the active-site crest

function as diazotransfer acceptors. (A) View of a cartoon model based on secondary structural elements

of bovine Carbonic anhydrase II, modelled after a published crystal structure (PDB: 1V9E), facing the

protein’s side with respect to the active-site and rotating the protein by 180o around the x-axis: protein

in blue, unmodified lysine side chains in purple, targeted modification sites in green (lysines) and salmon

(N-terminus), non-targeted modification sites in orange. The sequence coverage is 84% omitting one

peptide containing one lysine (Lys211) due to high mass exclusion. (B) Surface area depiction of bCAII

based on the same crystal structure, here top view with respect to the active-site. Probe-modified

amino acids are highlighted. (C) Bottom view of bCAII as surface, highlighting lysine side chains that

are unmodified during the labeling experiments (purple), or modified by the non-targeted reagent 6

(orange).

We expectedly did not identify the N-terminus of extracted erythrocytic bCAII as being

modified by the probes, because the N-terminal amine is acetylated. However, N-terminal
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labeling could not be evidenced in the MS/MS analysis of the recombinant enzyme either,

even though bCAII expressed in E. coli does not carry the posttranslational modification.

To reduce the background of the measurement and to improve the ionization of the

modified peptides, we enriched the tryptic digest with our recently reported clinker

beads [16]. Analysis of the released material facilitated straightforward identification of

the same modified peptides as the complete digest (S1 Table). Moreover, it confirmed

that the N-terminus of recombinant bCAII can be modified by Dt-Ahx-BS 5 (Figure S5),

albeit in low proportion. The low efficiency might be explained by its location within

the flexible N-terminal region according to its crystal structure. Unlike the conformation

observed in the X-ray crystal structure [2], the terminus might be pointing away from

the active-site when in solution. Also binding of copper to the N-terminal domain of

bCAII might have an effect on the labeling efficiency of the N-terminal amine [28].

Mode of probe binding

Having identified the modified residues, we next studied the binding mode of the probes in

further detail using X-ray crystallography. The use of probes 2–5 could potentially result

in ambiguous electron density data sets, since they reacted with bCAII within 30 minutes.

Therefore, we employed the histamine precursors 8, 13 and 14 as model compounds in

the structure elucidation experiments. Protein crystals, obtained with the sitting drop

method from a precipitant solution containing 5 mM copper(II), were soaked with 8, 13

or 14, and the thus obtained crystalline protein–inhibitor complexes were analyzed. The

overall fold of the co-crystal structures of bCAII bound to ligands 8 (6SKT), 13 (6SKS)

and 14 (6SKV) is comparable to the original reported fold (1V9E) [2]. The protein

has an ellipsoidal shape with a spacious conical active-site at its center. The shape

comprises a slightly twisted beta-sheet with ten strands as its core motif. Seven alpha

helices surround the beta sheet. Besides the regions formed by these secondary structural

elements, there are also less-well-structured locations found in the protein fold (Figure

6A). Despite the precipitant’s high copper concentration, no change in coordination

geometry of the active-site metal could be observed. Therefore, metal ion transfer at

the active-site can be ruled out.
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The observed binding poses of model compounds 8, 13 and 14 inside bCAII also share

similarities with those reported for other sulfonamide inhibitors [32–35]. The nitrogen

of the benzenesulfonamide coordinates to the catalytic zinc atom. Furthermore, there

are two hydrogen bonds between the sulfonamide group and the gate-keeper threonine

Thr197, thereby forming the basis for the strong interaction between sulfonamide-based

inhibitors and carbonic anhydrase II [36]. The tails of 8, 13 and 14 point towards the

so-called hydrophobic wall of the active-site of bCAII, where they form van der Waals

interactions with a cluster of hydrophobic amino acids [37]. The X-ray structures of

bCAII in complex with 8, 13 and 14 also revealed distinctions between binding poses of

these molecules, the most prominent being the orientation of the imidazole moiety. The

imidazole of compounds 13 and 14 binds inside a pocket located between the hydrophobic

wall and the opposing hydrophilic face of the active-site. The imidazole of 8 binds in an

adjacent pocket that is separated by the protruding amino acid Phe129. The differences

in orientation are likely due to (1) the second amide bond present in 13 and 14, which

allows for additional hydrogen-bond interactions with the protein, and (2) the increased

total length, which allows for additional interactions of the imidazole with hydrophilic

amino acids located on the top part of the active-site funnel (Figure 6B) [38,39].

All modified lysine residues are located on the side of the hydrophilic face above the

active-site crest. Based on the most prominent binding mode, the modified lysine residues

seem out of reach of the probes. However, the less structured electron densities for the

tail regions of 13 and 14 indicate that the part of the probes from the first amide bond

upwards has higher degrees of freedom within the protein active-site. These results are

in line with previous observations that increasing the tail length of sulfonamide inhibitors

can induce an increased motility of the tail [40] as well as increased protein dynamics

[41,42]. With this flexibility, the modification of Lys166/168 and the N-terminal amine

may be explained. Also, the difference in the labeling efficiency between the different

probes 2–4 can be inferred from a better orientation of the probe’s reactive group towards

the modified residues once bound to the protein.

From the crystal structure, it is less evident how LDDt probes bound at the active-site

can modify Lys8 and Lys17. Even when taking into consideration that the probes may

freely rotate and that the N-terminal region, according to the B-factor of the crystal
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structure, has a less rigid conformation with fewer secondary structural elements, these

lysine residues seem out of reach of the Dt group. However, the reactive group would

be in the proximity of lysines Lys8 and Lys17, if the copper catalyst enhances or even

triggers binding of the LDDt probes to the N-terminal region just outside the active-site

of bCAII, as has previously been reported for other sulfonamide inhibitors. All three of the

crystal structures show two additional copper ions bound near this second putative probe

binding site [30]. One copper ion (Cu1) coordinates to residues His3, His14 and Asp18;

the second copper ion (Cu2) coordinates to His2 and His63 (there are two conformers

observable for this copper ion in structure 6SKS and 6SKV, as previously reported) [23].

From analysis of the overlay of the crystal structure 6SKT with the reported ligand-

free structure 1V9E, we noticed a decisive local difference in the protein conformation

(Figure 6C). In crystal structure 6SKT, His14 has undergone a small movement to harbor

binding of the copper ion (Cu1). This opens up a space in which a water molecule is

now encountered that cannot be observed in the original copper-free structure (1V9E).

The water molecule interacts with the peptide backbone of several residues (Gly7, Lys8

and Asn10) inside a loop region of the N-terminus. The side chain of Glu13 in 6SKT has

adapted a different conformation and also interacts with this water molecule, thereby

opening up a cavity that can potentially accommodate the LDDt reagents (Figure 6C,

7B). Judging from the electron density of Glu13 both in the original copper-free structure

(1V9E) and in the here reported crystal structure 6SKT, the side chain of Glu13 has

a certain degree of flexibility concerning its conformation. Therefore, the pocket as

observed in 6SKT may be in equilibrium with the closed conformation as in 1V9E, even

when Cu1 is bound to the N-terminus of bCAII. Moreover, from this data set it cannot

be ruled out that the pocket may open in the absence of the copper ion.

The fact that this putative second probe binding site is not occupied in the crystal

structures, despite the high copper (5mM) and inhibitor (10mM) concentration during

the crystal forming and inhibitor soaking steps, respectively, can point to a low affinity

binding site. Yet, this affinity may still suffice for benzenesulfonamide-based ligands to

bind here, so that the Dt group can engage in the site specific diazotransfer event in

solution at probe concentrations as low as 10µM. An alternative reason why our crystal

structures do not contain a second ligand in this putative binding site may be that the

experimental settings exclude a second ligand binding event during crystal soaking. The
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Figure 6. Crystal structures of bCAII bound to probe precursors 8, 13 and 14. (A) Ribbon representation

of bCAII along with the precursors 8, 13 and 14. The three ligand molecules (khaki 8, green 13, dark

cyan 14) are superposed and shown within the protein crystal structure of bCAII obtained for 8 (6SKT).

(B) Surface representation of the active site of bCAII (red: hydrophobic face, blue: hydrophilic face).

(C) Superimposition of the two crystal structures: ligand-free (PDB: 1V9E) and the co-crystal structure

of 8 (6SKT). The surface of the co-crystal structure is shown in grey, the surface of the original structure

is shown in salmon to depict conformational differences of the relevant side chains. The residues that

accommodate the first copper ion (Cu1) His3, His14 and Asp18 as well as Glu13 are colored in green

for the co-crystal structure and in orange for 1V9E.

37



3

N-terminal region is in close contact to the next protein molecule within the crystal

lattice, permitting fewer degrees of freedom compared to being in solution.

Figure 7. Crystal structure of bCAII along with the two docking poses of ligand 13. (A) Ribbon

representation of bCAII colored in grey. The docking pose of ligand 13 is depicted in magenta (active

site), or in yellow (N-terminal binding site). (B) Surface representation of the protein’s N-terminal

region harboring 13 in a calculated pose according to in silico docking. The ligand is accommodated

inside the ‘open’ pocket, created by the movement of Glu13. The side chains Lys8, Lys17, Lys168 as

well as the Glu13 are depicted in green.

To get an indication of whether the LDDt reagents can bind in this pocket, we per-

formed molecular docking both on the crystal structure of bCAII bound to histamine pre-

cursor 8 (6SKT) and on the original reported protein crystal structure (1V9E). The LDDt

reagents failed to dock in the newly identified pocket, potentially because of the unusual

imidazole sulfonyl azide moiety of which the properties have not been well-documented

in the docking software. This reasoning is further supported by the observation that we

were unable to dock the LDDt reagents in the active-site. Gratifyingly, histamine pre-
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cursors 8, 13, and 14 were predicted to bind to the newly identified pocket, albeit with

low affinities. Two predominant binding modes were observed (Figure 7, S6). In the first

binding pose, the imidazole of the histamine precursor is pointing towards the direction

of Lys8, while the ligand in the second pose extends towards Lys17. Importantly, the

histamine precursor 13 exhibits no binding in the same N-terminal region of the structure

of the original ligand-free protein (1V9E). Extrapolation of the docking results to the

diazotransfer probes suggests that binding of copper(II) ions to the N-terminal region of

bCAII may indeed promote the emergence of a novel pocket in which the LDDt reagents

can bind. Binding to this pocket brings the Dt group in close proximity of lysine residues

Lys8 and Lys17 where the diazotransfer takes place.

Conclusion

In summary, we prepared a set of ligand-directed diazotransfer probes that successfully

label bovine carbonic anhydrase II (bCAII). We used these LDDt probes to study the

effect of copper on probe binding and labeling. Mass spectrometry revealed that these

probes modified lysine residues Lys8, Lys17, Lys166 and Lys168. The X-ray crystallog-

raphy structural studies of the probe–protein interaction reveal a tight binding of the

benzenesulfonamide ligand moiety of the probes via zinc coordination to the active-site

of bovine carbonic anhydrase II. In the most prominent probe conformation, according

to the recorded electron density, the tail is oriented towards the hydrophobic face of

the active-site and thereby it is pointing away from the modified lysine residues. The

reaching of lysine Lys166 and Lys168 are likely to be explained by flexibility within the

probe and the protein active-site. The binding-dependent diazotransfer to lysines Lys8

and Lys17, however, can only be explained by the existence of a second binding pocket

within the flexible region of the N-terminus. The crystal structures reveal that coordina-

tion of copper to the protein’s N-terminus leads to a local conformational change. The

probe molecules may bind to the novel binding pocket that is observed in the copper

bound structure. The combination of binding of the probe to this pocket and activation

of the reactive group by copper may be sufficient to enable labeling of the Lys8 and

Lys17, even when the binding affinities are in the millimolar range.
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This study is an example where chemical biology methods, X-ray crystallography and

protein tandem mass spectrometry are complementary techniques to give more insight

into the protein–probe interactions. This ligand-directed diazotransfer probe-scan helps

to understand more precisely the ways a protein interacts with ligands. It should find

application notably to help and identify catalytic or allosteric binding sites whose en-

gagement modulate the function of proteins.

Methods

General procedures labeling, gel electrophoresis and de-

tection of the labeled proteins

For a typical labeling reactions, the target protein and carrier protein were dissolved in

18.5µL. To this is added the probe (0.5µL) and the metal catalyst (1µL). The final

volume of a typical labeling reaction is 20µL and the final concentrations are bCAII

1-10µM; probe 10-25µM; catalyst: 10µM - 1mM. The volumes and amount in brackets

are the amount and the concentration of the stock solution added.

All the labeling reactions were quenched by adding sample buffer (5µL of a 5 times

stock) and denaturing for 10min at 95oC prior to gel electrophoresis unless stated oth-

erwise. The proteins were separated on Laemmli type SDS-PAGE gels according to

standard literature procedures [43]. Gels were prepared using acrylamide-bis ready-to-

use solution 40% (37.5:1) (Merck Millipore) and electrophoresis was performed on a

Mini-PROTEAN Tetra cell (Bio-Rad). Alternatively, proteins were separated on a Nu-

PAGE Novex 4-12% bis-tris protein gel (Invitrogen) using an X Cell SureLock Mini-Cell

system using MOPS buffer (ThermoFisher Scientific) where indicated. Fluorescently

labeled proteins were detected by fluorescence scanning of wet gel slabs on a typhoon

gel and blot imager 9400, or trio+ model (GE Healthcare) using the CY2 settings

for BODIPY-alkyne 16 (blue laser excitation at 488nm and emission filter at 520nm).

Coomassie staining was carried out with Coomassie Brilliant Blue (CBB) R250 staining

(AMRESCO) according to literature procedures or with colloidal CBB G250 staining
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according to the manufactures protocol (Roti-Blue).

Biotinylated proteins were analysed by Western blot. Proteins were, subsequent to

separation by gel electrophoresis, transferred to a PVDF membrane (GE Healthcare)

using a Bio-Rad Mini Trans-Blot system according to the manufacturer’s protocol. Elec-

troblotting was followed by blocking the membrane with BSA (2.5% (w/v)) in TBS

buffer, and then washing with TBS-T (3 times, 10min). The membrane was probed

with HRP-conjugated streptavidin (ThermoFisher) in TBS-T buffer (1:75,000) contain-

ing BSA (2.5% (w/v)) for 1 hour at room temperature. The chemiluminescence signals

were recorded subsequent to washing with TBS-T buffer (3 times, 10 min) and with TBS

buffer (2 times, 10min), using a ChemiDoc XRS+ system (Bio-Rad) and Clarity West-

ern ECL substrate according to the manufacturer’s protocol. Membranes were stained

post-development either with coomassie or Ponceau S Staining Solution (0.1% (w/v)

Ponceau S in 5% (v/v).

Probes and bio-reagents

DtBio and Dt-Xxx-BS were stored at -20oC as solid. Stock solutions (100mM) were pre-

pared in anhydrous DMSO, stored at -20oC and found to be stable (only little hydrolysis

was observed according to LC-MS) under these conditions over the course of more than a

year. Aliquots from the stock solutions were taken to prepare solutions with the appropri-

ate concentrations according to the experimental set-up in anhydrous DMSO. To increase

the shelf life of the probe, exposure to water should be avoided and storage at -20oC of

the stock solutions is advisable. Stock solutions of BODIPY-alkyne, Biotin-alkyne were

prepared in DMSO. Stock solutions of CuSO4 and tris(3-hydroxypropyltriazolylmethyl)

amine (THPTA) were prepared in water and stored at rT. The solutions were used over

the course of one month and then prepared freshly. Solutions of sodium ascorbate in

water were always prepared fresh from the salt.
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Protein labeling experiments

Note: Reactions should be mixed well after addition of the probe because the DMSO

settles on the reaction vessel bottom. This ensures even distribution of the probe in

the reaction mixture. A gentle way to accomplish this is by stirring the solution several

times with a pipette tip.

For the labeling reactions

Bovine carbonic anhydrase II (5.8µL, 1mg/mL in HEPES) was diluted with HEPES

buffer (12.7µL) containing OVA (5µg). Dt-Ahx-BS 5 (0.5µL, 0.4mM) and Cu(II)SO4

(1µL, 20mM) were added. The labeling mixture was incubated for 1h at rT, after

which BODIPY-alkyne 16 (1µL, 0.575mM in DMSO), THPTA (1µL, 23mM) and sodium

ascorbate (1µL, 46mM) were added. After thorough mixing the reaction was allowed

to stand for 2h at rT in the dark. The reaction was quenched with sample buffer,

separated with SDS-PAGE and analyzed by fluorescent scanning as described in the

general procedures.

The non-targeted diazotransfer experiments were conducted with reagent Dt 6, iden-

tical to those with the targeted probe (0.5µL, 0.4mM or 40mM). For the competition

experiments, sulfamoylbenzoic acid was added to the protein solution (0.5µL, 0.4mM or

40mM) and incubated for 30min at rT prior to addition of the probe. For heat dena-

turing experiments, SDS (1µL, 20% (w/v) in water) was added to the protein solution.

Then, the sample was heated for 10min at 95oC . Once the reaction mixture had cooled

to rT the probe and CuSO4 were added.

For the Western blot

Bovine carbonic anhydrase II (5.8µL, 1mg/mL in HEPES) diluted with HEPES (12.7µL)

was incubated for 1h at rT with Dt-Ahx-BS 5 (0.5µL, 0.4mM) or Dt 15 (0.5µL, 0.4mM)

in the presence of Cu(II)SO4 (1µL, 20mM). Competitor was added as described above.

Subsequently, biotin-alkyne 17 (1µL, 0.575mM), THPTA (1µL, 23mM) and sodium
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ascorbate (1µL, 46mM) were added. After thorough mixing the reaction was allowed to

stand for 2h at rT in the dark. Then reaction was quenched with SB, separated with

SDS-PAGE and analyzed by Western blotting as described in the general procedures.

For the cross reactivity experiment

A mixture of streptavidin (2.65µL, 1 mg/mL in PBS) and bovine carbonic anhydrase II

(5.8µL, 1mg/mL in HEPES) was diluted with PBS (10.05µL) containing OVA (5µg).

DtBio 18 (0.5µL, 0.4mM) and/or Dt-Ahx-BS 5 (0.5µL, 2mM), and finally Cu(II)SO4

(1µL, 20mM) were added and the mixture was incubated for 1h at rT. Then labeled

proteins were conjugated with BODIPY-alkyne 16 and analyzed as described above.

For the PEGylation experiments

Bovine carbonic anhydrase II (5.8µL, 1mg/mL in HEPES) was diluted with HEPES

(13.2µL). To this mixture was added Dt-Ahx-BS 5 (0.5µL, 0.4, 4 and 40mM) and

CuSO4 (0.5µL, 40mM) and the protein was incubated for one hour at room temperature.

MeO-PEG-5000-alkyne (Iris Biotech; 1 µL, 23mM), THPTA (1µL, 46mM) and sodium

ascorbate (1µL, 80mM) were added to the reaction and left for 2h at room temperature,

after which the samples were quenched with SB, separated with SDS-PAGE and analyzed

by coomassie brilliant blue staining as described in the general procedure.

For selectivity experiments

bCAII (100, 50, 25, 10, 5, 2.5ng) dissolved in HEPES (18.5µL) containing OVA (100ng)

or B. subtilis lysate (1mg/mL) was incubated for 1h at rT with LDDt 2, 3, 4, 5 (0.5

µL, 0.4 mM) in the presence of Cu(II)SO4 (1µL, 5 mM). Then BODIPY-alkyne 16

(1µL, 0.575mM), THPTA (1µL, 23 mM) and sodium ascorbate (1µL, 46mM) were

added. After thorough mixing the reaction was allowed to stand for 2h at rT in the dark.

Then sample buffer was quenched with SB, separated with SDS-PAGE and analyzed by

fluorescence scanning as described above.
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Mass spectrometry

Sample preparation and Clinker Pulldown

For the diazotransfer reaction Extracted bCAII (48µL, 0.6mg/mL in HEPES); or bCAII

recombinantly expressed in E.coli (48.0µL, 0.6mg/mL in TRIS buffer (20mM, pH 7.6))

was incubated at rT for 1h with Dt-Gly-BS 3 or Dt-Ahx-BS 5 (1µL, 0.5 or 5mM) in the

presence of CuSO4 (1µL, 50mM). To quench the reaction, LDS sample buffer (15µL,

4 times) containing DTT (50mM) were added and left at rT for 1h. Subsequently, the

samples were split in half and the resulting samples (2 times 30µL) were loaded onto

a 4-12% Bis- Tris NuPAGE gel. The samples were run about 1 cm into the gels, after

which they were stained with colloidal Coomassie blue staining solution, and the bands

were excized and subjected to in-gel tryptic digestion (Promega) according to standard

procedures [44], but omitting an alkylation step due to the fact that bovine carbonic

anhydrase II does not contain any cysteine residues. The tryptic peptides were dried in a

vacuum concentrator (speed-vac) and stored at -20oC prior to either direct nLC-MS/MS

analysis or a clinker pull-down followed by nLC-MS/MS analysis.

For the clinker pull-down experiments,the dried peptides were re-dissolved in HEPES

buffer (26.5µL, 50mM, pH 7.4) and added to clinker beads (10µL, 1µmol/mL clinker

molecule to beads coupling density, in 20µL total volume ethanol, 1:1 slurry). Then

CuSO4 and THPTA were added (1 mM, and 2mM respectively, 1.5µL of a pre-incubated

solution, for prior complex formation, in a ratio of 1:2 from 100mM stock solutions,

each). Finally, ascorbic acid (2µL, 100mM) was added to the reaction. The low binding

plastics microcentrifuge tubes (0.5mL), harboring the reactions, were incubated in an

end-over-end shaker for 16h at room temperature under gentle rotation to allow the

beads to be evenly dispersed in the reaction solution. Subsequently the reaction mixture

was transferred to a mobicol column (MoBiTec). The beads were washed with water

(20mL) and acetonitrile in water (30%, v/v, 20mL). The peptides were cleaved off

from the resin by adding sequentially a HCl solution (0.1M, 2 x 100µL) and sonicating

for 30 min and then acetonitrile in water (30%, v/v, 50µL). The eluent was collected

by centrifugation in a microcentrifuge tube (0.5mL) after each step and the combined

fractions were dried in a vacuum concentrator and stored at -20oC prior to nLC-MS/MS
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analysis.

Tandem Mass spectrometry

Nanoflow liquid chromatography electrospray ionisation tandem mass spectrometry (nLC-

MS/MS) was performed with an Eksigent nanoLC-Ultra 1D+ system (Eksigent) coupled

to an Orbitrap Velos instrument (Thermo Scientific). The peptides were delivered to a

trap column (100µm x 2 cm, packed in-house with Reprosil-Pur C18-AQ 5µm resin, Dr.

Maisch) at a flow rate of 5µL/min in 100% solvent A (0.1% formic acid, FA, in HPLC

grade water). After 10min of loading and washing, peptides were transferred to an ana-

lytical column (75µm x 40cm, packed in-house with Reprosil-Gold C18, 3µm resin, Dr.

Maisch) and separated at a flow rate of 300nL/min using a 60min gradient ranging from

2% to 32% solvent C in B (solvent B: 0.1% FA and 5% DMSO in HPLC grade water,

solvent C: 0.1% FA and 5% DMSO in acetonitrile). The eluent was sprayed via stainless

steel emitters (Thermo) at a spray voltage of 2.2kV and a heated capillary temperature

of 275oC. The Orbitrap Velos mass spectrometer was operated in positive ion mode and

programmed to acquire in data-dependent mode, automatically switching between MS

and MS/MS. Full scan MS spectra (m/z 3601300) were acquired in the Orbitrap at a

resolution of 30 000 (m/z 400) using an automatic gain control (AGC) target value of

1e6 charges. Ions for MS/MS spectra of up to 10 precursor ions were generated in the

multipole collision cell by using higher energy collision-induced dissociation (HCD, AGC

target value 4e4, normalized collision energy of 30% and analysed in the Orbitrap at

a resolution of 7 500. Precursor ion isolation width was set to 2.0 Th, the maximum

injection time for MS/MS was 100 ms, the precursor ion count for triggering an MS/MS

event was set at 500 and dynamic exclusion was set to 20s. Internal calibration was en-

abled for MS mode using the ion signal of a dimethyl sulfoxide cluster (m/z 401.922720)

as a lock mass.

Data analysis

Data analysis was performed using MaxQuant v 1.5.5.1 with the integrated search en-

gine Andromeda [45,46]. For peptide and protein identification, raw files were searched
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against the FASTA files for core Bovine Carbonic Anhydrase II (P00921-1, Figure 3D)

obtained from UniProtKB (http://www.uniprot.org), with oxidation of methionine, N-

terminal protein acetylation and Lys-Azidolysine and N-term-Azido-term (Modification

of lysine, except on C-terminus of peptide, or modification on protein N-terminus:

H(-2)N(+2)); 25.9905Da mass gain) for diazotransfer, and Lys-Clinker-Fragment and

N-term-Clinker-Fragment (Modification of lysine, except on C-terminus of peptide, or

modification on protein N-terminus: C(+7)H(+10)N(+4)); 150.0905Da mass gain) for

clinker pull-down fragments as variable modifications.

Default search parameters were used and trypsin/P was selected as the proteolytic

enzyme, with up to 3 missed cleavage sites allowed. Precursor ion tolerance was set to

20ppm for the first search and a tolerance of 4.5ppm was allowed for the main search.

The fragment ion tolerance was set to 0.5 Th. Peptide identifications required a minimal

length of seven amino acids, and all data sets were adjusted to 1% PSM and 1% protein

FDR.

Protein Crystallization of bCAII

Commercially obtained bovine erythrocyte carbonic anhydrase II (bCAII, SERVA), was

purified by gel-filtration chromatography on a Superdex-75 column (GE Healthcare)

using Tris-HCl (20mM, pH 8.0) as elution buffer. After gel filtration the protein solution

was concentrated using a vivaspin 15R concentrator (15mL, 5.000 MWCO, Satorius) to

20mg/mL. This protein solution was used directly for crystallization experiments. bCA

II crystals were grown by the sitting drop method by mixing the protein solution (1µL,

20mg/mL) with the precipitant solution (1µL, 20mM HEPES pH 7.5, 14% PEG-3350,

30% glycerol and 5mM CuCl2) at 291K. Crystals appeared after 10min, and grew to

full size overnight. Then, the crystals were soaked with compound by adding the stock

solution (2µL, 20mM in 20% DMSO in Tris-HCl buffer), to the crystallization drop,

resulting in a final concentration of approximately 10mM. The solution was incubated

for 4h at 291K. Crystals were collected and subsequently flash frozen and stored in liquid

nitrogen.
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Data collection and processing

All crystals were cryo-cooled in liquid nitrogen, and data sets were collected at 100K.

(P11 beamline, PETRA III synchrotron facility, Hamburg, Germany). Diffraction images

were processed and scaled with XDS and Aimless. All bCA II/compound complex crystals

have the space group P3221. An overview of the data collection statistics can be found

in Table S1.

Phasing and refinement

The structure of bCAII was solved by molecular replacement with PHASER using the

wildtype structure of bCAII as search model (PDB entry 1V9E). The initial models

obtained from PHASER were improved by manual rebuilding using COOT alternated with

refinement using Refmac5. TLS (Translation/Libration/Screw) refinement was added in

the final steps for all structures presented here. The compounds were drawn using

PubChem sketcher (NCBI) and subsequently aceDRG was used to generate restraints

for the refinement. An overview of the refinement statistics, final R-factors and the

various non-protein molecules found in the structures can be found in Table S2. The

quality of the final models and the geometrical restraints were checked using Molprobity.

The coordinates and structure factor amplitudes have been deposited in the Protein

Data Bank with accession codes 6SKT (bCAII - SH0), 6SKS (bCAII - SH1) and 6SKV

(bCAII - SH2). Figures of the structures were created using PyMol (Schrödinger).

Docking study

The docking experiments were performed in LeadIT (version 2.3.2) [47] and the molecular

modelling of the ligands in SeeSAR (version 9.2) [48]. The best ten poses of each ligand

were generated while the ones that exhibited bad torsion quality (red) were filtered

out. The visualization as well as the exported images was conducted using the software

Chimera (version 1.12) [49].
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tallization conditions, collected and analyzed diffraction data for bCAII and helped to

write the draft for X-ray crystallography experiment methods.
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Figure S1. Labelling of bovine carbonic anhydrase II in a mixture of OVA and bCAII with ligand-directed

diazotransfer reagent Dt-Ahx-BS 5 using biotin-alkyne 17 as read-out.
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Figure S2. Optimization of the labelling conditions. Effect of the probe concentration (A), time (B)

and the copper concentration (C) on the labelling of bCAII by Dt-Ahx-BS 5.

Figure S3. (A) Coomassie Brilliant Blue stain of the gel in Figure 3B, (B) uncropped image of the gel

in Figure 3C.

55



3

Figure S4. Uncropped images of the gels in Figure 4.

Figure S5. BS-Ahx-Dt 5 modifies bCAII upon binding, several primary amines on the active site crest

function as diazotransfer acceptors. (A) The protein amino acid sequence indicating the different

modification sites in the same colours. (B) MS/MS spectra of the modified peptide species; left

spectrum corresponds to the azide bearing lysine K18 and the right spectrum corresponds to the clinker

fragment bearing N-terminus.
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Figure S6. Crystal structure structures of bCAII along with the best docking poses of ligand 8, 13 and

14 in the main pocket (A) and ligand 13 in the N-terminal region (B). (A) The three ligand molecules

8, 13 and 14 are depicted in salmon, magenta and cyan, respectively. The side chains Lys8, Lys17,

Lys168 are depicted in green. (B) Surface representation of the protein along with the predicting poses

of ligand 13, one of which is accommodated into the “open” pocket induced by the movement of Glu13.

The side chains Lys8, Lys17 as well as the Glu13 are depicted in green.

Table S1. Data collection statistics

Values within parentheses are for the last resolution shell and the formulas for Rmerge and Rp.i.m. were

taken from Weiss et al.
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Table S2. Refinement statistics

Rfree is the R-factor calculated with 5% of the reflections excluded from the refinement.

58



Chapter 4

The Crystal Structure of the

Plasmodium falciparum PdxK

Provides an Experimental Model

for Pro-Drug Activation

Kai Gao, Wenjia Wang, Thales Kronenberger , Carsten Wrenger and Matthew R.

Groves*(2019). Crystals 9(10): 534.

59



4

Abstract

Pyridoxine/pyridoxal kinase (PdxK), belongs to the ribokinase family and is involved

in the vitamin B6 salvage pathway by phosphorylating 5-pyridoxal (PL) into an active

form. In the human malaria parasite, Plasmodium falciparum, Pf PdxK functions to

salvage vitamin B6 from both itself and its host. Here, we report the crystal structure

of Pf PdxK from P. falciparum in complex with a non-hydrolyzable ATP analog (AMP-

PNP) and PL. As expected, the fold is retained and both AMP-PNP and PL occupy

the same binding sites when compared to the human ortholog. However, our model

allows us to identify a FIxxIIxL motif at the C terminus of the disordered repeat motif

(XNXH)m that is implicated in binding the WD40 domain and may provide temporal

control of Pf PdxK through an interaction with a E3 ligase complex. Furthermore,

molecular docking approaches based on our model allow us to explain differential Pf PdxK

phosphorylation and activation of a novel class of potent antimalarials (PT3, PT5 and

PHME), providing a basis for further development of these compounds. Finally, the

structure of Pf PdxK provides a high-quality model for a better understanding of vitamin

B6 synthesis and salvage in the parasite.

Keywords

Pf PdxK; motif; PT3; PT5; PHME

Introduction

Pyridoxal 5’-phosphate (PLP) is the active form of vitamin B6, a cofactor for many

enzymes involved in amino acid and sugar metabolism [1]. Many species possess both a

de novo PLP synthetic pathway, as well as a salvage pathway, to take up vitamin B6 from

nutrients. In the presence of ATP and Mg2+, precursors of an active form of vitamin

B6 (pyridoxine (PN), pyridoxal (PL), and pyridoxamine (PM)) are phosphorylated by

PL kinase (PdxK) through transfer of a phosphate group from ATP to the 5’-hydroxyl

group of PL [2,3]. PL kinase has been studied and purified from bacterial, plants, and

60



4

mammalian sources and most organisms contain a single PL kinase, coded for by the

PdxK gene [4,5]. The crystal structures of sheep brain and human PdxK have been

previously published [6,7]. Additionally, E. coli PdxK structures have been determined

both as native and binary complexes (with either Mg:ATP and PL) [8]. Despite a

low sequence identity among these organisms, they share a highly similar structure and

fold [9]. As vitamin salvage has long been thought to be a potential area for the

development of novel antimalarials, the PdxK from P. falciparum has been studied by

electron microscopy [10], and we have previously reported the crystallisation of Pf PdxK

[11].

Unlike mammalian cells, P. falciparum has a functional vitamin B6 de novo biosyn-

thetic pathway [12], which has been previously validated as a drug target [13]. The

parasite also possesses an interconversion pathway reliant upon Pf PdxK, which has

been examined for pro-drug discovery [14]. A strategy of impairing the growth of P.

falciparum was suggested, in which pro-drugs are phosphorylated within the parasite to

generate pyridoxyl-amino acid adducts that block PLP-dependent enzymes, inhibiting

proliferation [15]. Three novel non-phosphorylated pyridoxyl-adducts compounds (PT3,

PT5 and PHME) were tested in an anti-plasmodial assay, with results showing that

PT3 can inhibit the proliferation of P. falciparum with an IC50 of 14µM [15]. Fur-

ther development of this strategy requires high-resolution models of both the human

and plasmodial PdxK, in order to guide improvements in specificity. Pf PdxK is also

rather unique amongst PdxKs, as malarial sp. PdxKs possess a highly degenerate inter-

nal motif (XNXH)m that shares similarities with motifs involved in targeting protein for

degradation, thereby potentially providing temporal control of PdxK activity. This type

of degenerate motif is common within the malarial genome [16] and little research has

been performed on any advantage such degenerate motifs may convey to the parasite.

Interestingly, while this degenerate loop was predicted to be non-structured, a second

accompanying motif FxIxxIL found that the N-terminal to (XNXH)m may provide some

insight into the molecular interactions between Pf PdxK (and other degenerate repeat

containing proteins) and the molecules(s) likely to govern their degradation.

In this manuscript, we report the crystal structure of the PdxK:Mg:AMP-PNP:PL

complex from P. falciparum determined by X-ray diffraction at a resolution of 2.15Å.
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We show, as expected, that the overall fold is highly conserved with other members

of the PdxK family and that the (XNXH)m motif is disordered. However, the FIxxIIxL

motif is structured and provides a surface-exposed epitope that shares similarities with

the EH1 motif that plays a role in recruiting WD40 domains. Molecular modelling also

demonstrated the molecular rational for the improved behavior of PTME and PT5 over

that of PT3.

Materials and Method

Purification and Crystallization

The cloning, expression, buffer optimization and crystallization procedures of native

Pf PdxK have been described previously [11]. Briefly, Pf PdxK was recombinantly ex-

pressed in E. coli Rosetta 2 (DE3) cells, followed by propagation in LB medium supple-

mented with 4mM MgCl2 at 37 oC , after reaching the OD600 at 0.6, anhydrotetracy-

cline was added for induction of protein expression and the culture was further incubated

at 18oC overnight until the pellets were harvested. Initial purification was performed

using the affinity chromatography column, HisTrap FF (GE Healthcare). The protein

was eluted with loading buffer supplemented with 300mM imidazole, then the protein

was pooled, concentrated and purified by size exclusion chromatography using column

HiLoad 16/60 Superdex 75 (GE Healthcare). Protein purity was assessed by SDS-PAGE

and apo crystals appeared in hanging-drop experiments performed at 20 degree using a

crystallization buffer containing 0.1M HEPES, pH 7.75, 0.2M CaCl2, 31% PEG 400, 5%

(v/v) glycerol. AMP-PNP and PL (each 5mM) were added into the drops containing

apo Pf PdxK crystals for soaking. The resulting crystals were then flash-cooled in liquid

nitrogen with an additional 25% (v/v) glycerol as a cryo-protectant. All chemicals were

purchased through VWR, Amsterdam, The Netherlands.
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Data Collection and Structure Determination

X-ray diffraction data were collected at EMBL Hamburg and P11, the PETRA III syn-

chrotron facility, Hamburg, Germany. Diffraction images were processed with XDS [17],

scaled and merged with Aimless [18]. While the crystals displayed a variation in the

recorded diffraction resolution from 3.4Å to 2.1Å, all Pf PdxK complex crystals were

processed in space group P1211. An overview of the data collection and refinement

statistics can be found in Table 1. The structures of the Pf PdxK/AMP-PNP complex

were solved by molecular replacement with PHASER [19] using the coordinates of PdxK

from sheep brain as a search model (PDB entry 1RFU [6]). The model was further

improved by iterative cycles of manual rebuilding via Coot [20] and refinement using

Refmac5 [21] to improve the electron density map. All refinement steps were carried out

automatically, using software default values and applying non-crystallographic restraints.

The stereochemical properties of the final models were analyzed with the Molprobity-

server (http://molprobity.biochem.duke.edu). At least 95% of the residues are found in

the favoured region of the Ramachandran plot. Protein–PL interactions were analyzed

with the scorpion server (http://www.desertsci.com/). Structural alignments/analysis

and all structural figures were prepared with PyMOL (Graphic System, Schrodinger,

LLC). The structure has been deposited with the PDB under the accession code 6SU9.

Molecular Docking

Small-molecule docking of Pf PdxK with PT3, PT5 and PMME were performed by rigid-

docking using Swiss dock [22] (http://www.swissdock.ch/docking), based on EADock.

The coordinate file Pf PdxK was edited to remove all water molecules and PL, with AMP-

PNP maintained in position to provide a realistic model of ATP binding. Compounds

were optimized using MM2 via Chemdraw. The ligand-binding site was constrained in a

10*10*10 Å3 cube with the protein at the center. Flexible side chains were not allowed.

All rotable single bonds were allowed to rotate within the ligand. Docking results were

screened by Chimera.
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Table 1. Data collection and refinement statistics

Data Set Pf PdxK-AMP-PNP-PL 
          Wavelength 

 
0.97 Å (12.398 keV) 

Resolution range 19.33–2.15 (2.227–2.15) 
Space 
group 

P 1 21 1 

Unit cell 52.703 62.004 93.712 90 
94.988 90 

Total reflections 81052 (8023) 
Unique reflections 32284 (3159) 

Multipli
city 

2.5 (2.6) 

Completeness (%) 97.87 (97.17) 
Mean I/sigma(I) 15.57 (2.69) 
Wilson B-factor 39.31 
R-merge 3.7 (38.61) 
R-meas 4.7 (49.31) 
CC 1/2 0.99 (0.88) 
CC * 1 (0.967) 

Reflections used in 
refinement 

32276 (3159) 

Reflections used for 
R-free

1627 (165) 

R-work 0.2094 (0.3002) 
R-free 0.2718 (0.3691) 

Number of non-
hydrogen atoms 

4885 

macromolecules 4727 
ligands 89 
solvent 69 

Protein residues 591 
RMS(bo
nds) 

0.008 

RMS(angles) 0.95 
Ramachandran 
favored (%) 

95.62 

Ramachandran 
allowed (%) 

4.20 

Ramachandran 
outliers (%) 

0.18 

Rotamer outliers 
(%) 

0.00 

Clashsc
ore 

8.69 

Average B-factor 59.75 
macromolecules 59.58 

ligands 73.01 
solvent 54.41 

Result

PfPdxK Adopts a Highly Similar Structure to that Seen

in Different Species

Multiple sequences and structures alignment were generated from T-Coffee [23] and

ENDscript 2.0 [24]. We selected three published crystals structures from human, sheep

brain and E. coli as PdxK structures. Pf PdxK consists of 493 amino acids, of which,

only 54% overlaps with the sequences of other species (Figure 1). Among this 54%,
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only 30% of the sequence was conserved. The insertion from His107 to Tyr303 consists

of repeated-motif MNXH or TNXH peptides, with no known homology within the PDB

(Figure 1). Sequencing of the expression plasmid confirm the completeness of the protein,

with no detectable degradation visible [11]. Unfortunately, no electron density was visible

for the degenerate region and there is likely no defined structure of the repeated motif.

Based on our data, it seems that it does not influence the structure of Pf PdxK.

Figure 1. Multiple sequence alignment of Pf PdxK and the indicated homologs available within the

PDB were generated using BLAST, T-Coffee and ENDscript 2.0. Pf PdxK exhibits a sequence identity

of 30% over 54% of its sequence, with the remainder of the sequence present as an extended, high-

degenerate insert consisting of multiple MNXH or TNXH repeats. Such repeats are frequently observed

within the malarial genome (Figure S1 in Supplementary Materials), the Eh1-like motif FIxxIIxL was

labeled in orange after the repeat motifs.

We performed a structural alignment of Pf PdxK against the human PdxK structure
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to uncover any conformational changes of Pf PdxK that may be driven by the internal

repeat elements (Figure 2). As PdxK activity is retained in vivo, Pf PdxK unsurprisingly

followed the basic structural organization of PdxK proteins, with the overall structure

showing the same conformation as that typically seen within the ribokinase superfamily:

each monomer consists of seven core β strands (β1–β7) with five parallel and one

antiparallel strand, surrounded by nine α helices (α1–α9) as indicated, with α2 slightly

offset against α3. The active site is present as a shallow groove, flanked by conserved

loop 1, with which ATP or AMP-PNP predominantly interacts. The 5-pyridoxal substrate

binding site is equally conserved and almost completely buried in all structures, strongly

suggesting a degree of rearrangement will be required during substrate loading and

product dissociation [6].

Figure 2. The structure of Pf PdxK loaded with the non-hydrolysable ATP analog (AMP-PNP) and

PL (green). (A) Structure alignment with PdxK from human (pink) and E. coli (yellow), respectively,

demonstrates the conserved nature of the fold; (B) an alignment of AMP-PNP and PL in Pf PdxK

(green) with the human complex (pink; 3KEU) with ADP and PLP shown in stick representation,

showing the conserved nature of binding of both ATP and the substrate. (C) The 2Fo-Fc electron

density map for AMP-PNP and PL (black mesh) within the Pf PdxK structure (monomer A) contoured

at 1δ. An omit map is for AMP-PNP and PL is shown in 3B and 3D.
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PfPdxK in Complex with AMP-PNP and PL

The crystal structure of the Pf PdxK complex was determined at 2.15Å (see Table 1

for crystallographic statistics) in space group P1211. Each asymmetric unit contains

one molecule, and two monomers form a dimer by the two-fold crystallographic axis.

Each monomer has an independent active site, with no contributions made from the

opposing monomer. We found that the occupancy of AMP-PNP and PL is lower in

monomer B than A, which is also visible in the higher B-factors of AMP-PNP and

surrounding residues, indicating the Pf PdxK can also undergo conformational changes

in the absence/presence of substrate, as seen in other PdxK enzymes [6]. A characteristic

feature in the ribokinase superfamily structure is the flap or lid that cover the substrate,

as well as the ATP phosphates group. Among the three structures of PL kinases, the

flap is defined by loop I and loop II. During the binding of AMP-PNP, the flexible loop

I around the active site was reported to trigger a major conformational change of the

protein structure [6]. However, rotation of the flexible loop II is responsible for making

close contact with and stabilizing the substrates.

In Pf PdxK, loop II adopts an extended conformation towards the buried active pocket

and makes numerous interactions with PL. In one subunit, a conserved Cys18 on the

flap binds to PL in a non-covalent fashion. Ser11, His48 and Asp429 form hydrogen-

bonding interactions with PL. In PLKs, the flap is in a more open position, and a

hydrophobic residue replaces the cysteine. The movement of the flap probably makes

a major contribution to the binding affinity between different PL substrates and this

variation may explain why the orientation of PL in the binding site of our structure is

slightly different from that seen in others. In the Pf PdxK complex, AMP-PNP and

PL show a clear electron density signal in the active site Pf PdxK (Figure 2C). The

adenine base makes two hydrogen bonds to Ile420, while the phosphate groups form

multiple hydrogen bonds with the protein backbone both directly or via solvents (Figure

3). All residues that interact with the phosphate groups are highly conserved within the

ribokinase family. The Mg2+ ion is well coordinated by 4 highly ordered water molecules,

Asp318 and the β phosphate of AMP-PNP.
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Figure 3. (A) Crystal structure of Pf PdxK in complex with AMP-PNP, Mg2+ ion and PL, Pf PdxK

is shown in the surface representation and three ligands located deep inside the pocket; The 2Fo-Fc

omit map of AMP-PNP with surrounding interacting residues (B), Mg2+ (C) and PL (D) within the

Pf PdxK structure. Hydrogen bonding interactions of AMP-PNP, PL and Mg2+ with Pf PdxK are shown

as yellow dashed lines, the four red labeled water around Mg2+ in (C) help to coordinate AMP-PNP

and Mg2+ ion in the pockets.

The Surface-Exposed Conserved FIxxIIxL Motif may Func-

tion as a Signal for Degradation

In the structure, we found that the degenerate sequence (located between α3 to α4 from

His107 to Tyr303) was disordered. The equivalent region, connecting region α3 to α4,

is a continuous loop or β sheet in other PdxKs (Figure 4A). The degenerate sequence

contains numerous MNXH or TNXH repeat motifs that have no structural homologues

in eukaryotes (Figure 1). However, it seems to be a frequent phenomenon in many

plasmodial proteins (Figure S1). Further examination indicated not only that MNXH

or TNXH repeats were often present, but that another motif FIxxIIxL conserved across

apicomplexa is also often present at the C terminus of the degenerate inserts in other

apicomplexan genes (Figure S2). The FIxxIIxL motif occupies a distinct conformation

to that seen in the linker between α3 and α4 of human PdxK, suggesting that it does

not function as a replacement of the connection between helices α3 and α4 (Figure 4C).

A similar motif has been described previously (the Engrailed Homology1 (Eh1) motif)
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which has the consensus sequence FxIxxIL, of which only F is completely conserved. This

motif functions by allowing the recruitment of other proteins. For example, the Eh1 motif

was found to interact with the WD40 repeat domains of the Groucho/TLE co-repressor

[25] (2CE8). Our model demonstrates not only that the FIxxIIxL motif is present as a

surface-exposed epitope, but that it also adopts a similar conformation to that previously

seen in the interaction of Eh1 with WD40 repeats [25] (Figure 4A). The WD40 repeat

consists of 40 amino acids, terminated with Trp-Asp (W-D) dipeptides. Repeated WD40

motifs act as a site for protein–protein interaction, and proteins containing WD40 repeats

are known to serve as platform for the assembly of protein complexes, or mediators of

temporal control among other proteins like G proteins, the TAFII transcription factor,

or E3 ubiquitin ligase [26,27]. WD40 repeats usually assume a 7–8 bladed β-propeller

fold. Proteins have been found with 4 to 16 repeated units, which also form a circular

β-propeller structure [28]. In this structure, the Eh1 peptide binds over the mouth of

the central channel of the TLE-WD40 domain (Figure 4B) and the central core of the

Eh1 motif (from Ser2 to Leu7) forms a short amphipathic helix, following a very similar

conformation to the FIxxIIxL motif in Pf PdxK.

Molecular Docking Indicates Potential Binding Modes of

PT3/PHME/PT5 as Substrates of PfPdxK

The novel non-phosphorylated pyridoxyl-adducts compounds PT3, PT5 and PHME were

tested in an anti-Plasmodial assay, with results showing that PT3 can inhibit the pro-

liferation of P. falciparum with IC50 of 14µM [15]. Pf PdxK was strongly implicated in

the phosphorylation of PT3, PT5 and PHME into their active forms. As these three

pro-drugs possessed distinct effects on Plasmodial cultures, we used our model to at-

tempt to explain the differences in effect, based on their suitability for phosphorylation

by Pf PdxK. To assess whether they were potential substrates for Pf PdxK and predict

their binding models, we utilized the Swissdock online server based on grid dock to

model the PT3/PHME/PT5 binding modes, respectively. As ATP is the source for PL

phosphorylation, we prepared a single-molecule Pf PdxK with AMP-PNP bound as our

molecular target protein, and non-phosphorylated pyridoxal-adducts PT3/PHME/PT5

as ligands to perform rigid docking (repeated three times independently).
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Figure 4. A surface-exposed epitope in Pf PdxK resembles the known Engrailed Homology1 (Eh1) motif.

(A) View of an apicomplexian-conserved motif FIxxIIxL located on the surface of Pf PdxK, Pf PdxK is

shown in green and an overlap of the Eh1 peptide is shown in orange. (B) Representation of the Eh1

motif (FxIxxIL) bound to the Groucho/TLE co-repressor with the WD40 domain shown in cyan. (C)

Structure alignment of Human (pink) and Pf PdxK (green), demonstrating that the Eh1-like epitope

does not directly replace the function of linking α3 to α4.

According to a phosphorylation assay in vivo, PT3/PHME/PT5 were confirmed to be

phosphorylated by Pf PdxK. All three were phosphorylated by the Plasmodial enzyme

with a specific activity of 38, 20 and 64 nmol/min/m, respectively [15]. We ranked

potential docking on the lowest energy, selecting for positions immediately proximal to
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the AMP-PNP binding pocket that also possessed strong overlaps with the conserved

PL-moiety (Figure 5). Our modeling suggests that the pyridoxal group of PHME and

PT5 fit well onto the known Pf PdxK binding mode, but that the pyridoxal group of PT3

presented a potential steric clash with AMP-PNP, which might weaken the interaction

of PT3 under the same conditions or require rearrangement of the ATP binding mode

for phosphorylation to proceed. This calculation is consistent with the experiments that

demonstrate PHME and PT5 possess better activities than PT3 as substrates of Pf PdxK

and may provide the basis for further development of this pro-drug class.

Figure 5. Molecular docking of PT3/PHME/ to Pf PdxK overlapped with AMP-PNP and PL.

Discussion

Based on the crystal diffraction data we obtained with AMP-PNP and PL, the overall

structure of Pf PdxK shares a similar conformation with human and E. coli PdxK. The
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binding pocket for multiple substrates and ATP are conserved among the species as

alignments indicated within the three species. Unfortunately, we were unable to detect

any electron density signal from the repeating motif region, likely due to degradation

during crystal growth. While the lack of a stable structure result is expected, we cannot

exclude the possibility that this repeat region may become structured upon binding to a

third, as yet unknown, partner. Similar repeats are found in other malarial sp. (Figure

S1), suggesting a commonality of role for these repeats. As this repeat region is located

at the opposite side of the protein to the substrate-binding pocket, it is unlikely that the

motif itself would affect Pf PdxK function as a kinase. An examination of the solvent

content of the crystal indicates that the truncated form of Pf PdxK presented here would

possess a solvent content of 58%, in line with the solvent content often found in crystals,

whereas the full-length Pf PdxK would possess a solvent content of 8%. Such a low value

is extremely unlikely, suggesting that either a minor contaminant or auto-proteolysis is

responsible for the removal of this degenerate sequence during the crystallisation process.

A potential explanation for this presence of the degenerate sequence in the wild-type

enzyme is that these repeats provide a signal for post-translational control of Pf PdxK

through an interaction with other proteins. Based upon a similarity between the FIxxIIxL

motif found in Pf PdxK and the FxIxxIL motif found in the Engrailed Homology1 (Eh1)

motif (both in sequence and in structure), we propose that one mechanism could be

through the recruitment of a WD40 domain protein, that in turn, may recruit a E3

ligase to drive ubiquitin-mediated degradation of Pf PdxK and other plasmodial proteins

containing similar pairings of degenerate MNXH or TNXK repeats with a C-terminal

FIxxIIxL motif. This hypothesis is based on the report that the Eh1 motif may recruit

WD40 proteins [29]. However, we have no data to support a direct interaction between a

WD40 domain protein and Pf PdxK. Why the parasite, and other apicomplexians, require

fine control of proteins, such as Pf PdxK, post-translationally remains an interesting open

question.

While our model provides a molecular snapshot of ATP and PL binding to a pyridoxal

kinase it should be borne in mind that interpretation of the electron density is always

subjective. Our omit maps do indicate that PL is bound in the manner described, but

we cannot exclude the possibility that some of the Pf PdxK molecules within the lattice
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do not have a bound PL, but are either empty or have a bound glycerol (present in the

cryo-buffers used). However, our deposited model has good agreement in terms of PL

orientation with other PL-bound pyridoxal kinases and the modeling of PT3, PT5 and

PHME also suggest this is a binding site for PL-like molecules.

Additionally, we generated models by molecular docking to explain how Pf PdxK phos-

phorylates PT3, PT5 and PHME into the potential active anti-malaria drug. Our analysis

shows that the predicted mode of binding of these molecules effectively explains the ob-

served differences in their effect, with the differences in molecular properties in vivo

accounted for by potential steric clashes with residues lining the binding pocket. How-

ever, it should be borne in mind that these results are obtained from in silico modeling

and confirmation of the binding mode awaits experimental validation. The structure

of the wild-type Plasmodium PdxK provides further insight into the molecular basis of

active PT3/PHME/PT5 as pro-drugs. In all, the structure of Pf PdxK provides further

basis for the understanding of P. falciparum parasite vitamin salvage.
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Supplementary Materials

Figure S1. BLAST results of the MNXH or TNXH repeats domain alignment, commonly shown in

plasmodium genome.
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Figure S2. Alignment of different resource plasmodial falciparum contain a common FIxxIIxL motif

after the (XNXH)m repeat motif domains, shows in the red square.
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Abstract

The interaction between interleukine 17 cytokine (IL17A) and its receptor (IL17RA)

is a key inflammatory player. IL17A interaction antagonists are highly sought-after com-

pounds with potential applications for the treatment of many diseases. The IL17A/IL17RA

interaction covers a large surface area, which is rather flat without obvious hot spots.

Currently, only Secukinumab, an IL17A inhibiting monoclonal antibody, is approved by

the US FDA for the treatment of psoriasis. Therefore, IL17A has been previously classi-

fied to be undruggable by small molecules. Here, we describe the initial development of a

series of small molecule antagonists targeting the IL17A/IL17RA (Fig. S2B) interaction,

through an anchor designed to mimic the hydrogen bond of the macrocycle 63Q [1]

with the Leu97A/B and Trp67B of IL17A. 12 initial hits were identified from a primary

ligand series of 40 members, as determined by differential scanning fluorimetry (DSF)

screening. The initial hit MD01 and derivative MD09 were further cross-validated in a

microscale thermophoresis (MST) binding assay. We then optimized and synthesized 10

derivatives from the identified hits, and measured the binding affinity (Kd) with IL17A.

Of these 10 optimized compounds, 4 displayed good MST binding curves, with that of

MD46 indicating a Kd of 49nM. In combination with molecular docking, we analyzed

the 8 stereoisomers of MD46 and their potential binding poses. After three-rounds of

random docking, three repeated full binding posed showed a hydrogen bond with Trp67B

as predicted and another hydrogen bonds with Glu95A instead of Leu97A.
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Introduction

Interleukin 17A (IL17A) is an 18kD proinflammatory cytokine secreted from Th17 subset

T cells. The abnormal release of IL17A induces activation of multiple immune responses,

such as airway remodelling [2], through the activation of CD4+ T cells [3]. As a result,

the IL17 family was reported to correlate with many immune/ autoimmune-related dis-

eases, including rheumatoid arthritis, asthma, lupus, allograft rejections, anti-tumour

immunity and psoriasis and multiple sclerosis and recently for the treatment of the cy-

tokine storm in late stage COVID19 [4]. The IL17 family consists of six members,

including IL17A, IL17B, IL17C, IL17D, IL17E and IL17F [5]. Despite the fact that they

do not share a high sequence homology (17A and IL17F show more than 50% similarity

(Fig. S1), all members present a similar three-dimensional protein conformation that

contains four highly conserved cysteine residues [6]. IL17RA is the primary receptor

that binds both IL17A and IL17F. It is widely expressed in multiple tissues, including

vascular endothelial, peripheral T cells, B cell lineages and fibroblasts [7]. For instance,

IL17RA is expressed on the surface of keratinocytes, making these cells the primary

target in psoriasis. Upon IL17A binding, increased expression of numerous chemokines

(i.e. CCL20, CXCL1, and CXCL8), play roles in recruiting inflammatory cells to lesional

skin and stimulating the innate immune system; this complex interaction ultimately con-

tributes to epidermal hyper proliferation and skin barrier dysfunction, essential factors

in the pathophysiology of psoriasis. To date, structural data on IL17A includes an unli-

ganded form IL17A (apo; 4HR9), IL17A/IL17RA (4HSA), IL17A/peptide HAP (5HHV),

IL17A/peptide 18-1 (5VB9), IL17A in complex with both HAP and macrocycles (5HI3,

5HI4, 5HI5) and IL17A/IL17F heterodimer (5N92). In the three apo structures, the

dimeric cytokine displayed a cystine-knot fold with two intermolecular disulphide similar

to that of nerve growth factor [8]. Additionally, the N-terminal region (1-19) and α helix

(28-41) of IL17A are disordered and not visible in the structure of unliganded IL17A [9],

while this α helix is only found on the interaction surface of the IL17A/IL17RA complex

structure. Based on these observations, several antagonists have been developed that

block the interaction of IL17A with IL17RA, of which Cosentyx (secukinumab), an IL17A

inhibiting monoclonal antibody (mAb), is used for the treatment of moderate to severe

plaque psoriasis [10]. However, there are disadvantages associated with the clinical use of
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mAbs, including high cost-of-good, non-oral applications, poor tissue penetration, long

half-life times that drive the need to discover lower cost and more effective treatments

for IL17A related inflammatory diseases. Distinct from antibodies, small molecule an-

tagonists would be considered to have significant advantages, such as preferable entropic

signatures, oral bioavailability, shorter half-life times and higher stability. However, the

large and flat surface between the reactive site of IL17A and its receptor produces strong

resistance for small molecules to target. Thus, to date no small molecule inhibitor of

IL17A/IL17RA was reported. Here we report our early efforts to discover small molecule

IL17A antagonists through structure-based design, including the synthesis, biophysical

characterization and chemical optimization.

Small molecule design based on macrocycle 63Q in the

central hydrophobic pocket.

Based on the flexibility of N-terminal, we expressed an N-terminally shortened form

of IL17A (Asn19 to Pro126) and the determined apo structure is consistent with that

expressed from HEK293T cell (4HR9). As observed previously, IL17A monomers form

disulfide-linked dimers, with each of the monomer containing two anti-parallel β sheets.

Two pairs of cysteine 71, 121, and cysteine 76, 123 at the C-terminus form a cystine-

knot fold [8], connecting the interchain parallel β sheets (Fig. S2A). As previously

observed, residues from Ile28 to Asp42 are partially disordered. It is suggested that

specific interaction with IL17RA stabilizes IL17A. The IL17A crystal form contains a

dimer composed from the C2 symmetry with two identical surfaces able to interact

with its receptor. IL17RA binds IL17A at one side, interacting extensively with both

monomers over a total buried surface area of 2220Å2. The interaction surface consists

of three regions of IL17A. Region 1 and region 2 (Fig. S2B), formed by the N terminus

and central β strands, and region 3 contains the C-terminus of IL17A. Region 2 (the

major binding interface between IL17A and IL17RA) as buried surface area is mainly

formed between the C-terminal region of IL17A chain A and the D2 domain of IL17RA.

Chain B of IL17A contributes strands 1 and 2 and the C-terminus of loop 0-1, and chain

A contribute strands 3 and 4 (Fig. S2A). In all the residues forming polar interactions,

Asp42, Arg55, Val65 and Trp67 are unique to IL17A, and Asp32, Ser40, Gln94, Leu116
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are identical between IL17A and IL17F.

Additionally, a hydrophobic central pocket formed by two monomers of IL17A is im-

plicated as a prominent druggable hot spot for the design of IL17A pathway inhibitors

capable of blocking the IL17A/IL17RA interaction. In 2016, Liu et al. and colleague’s

discovered three small-molecule IL17 antagonists, of which 63Q displayed an IC50 of

300µM in keratinocytes [1]. The crystal structure of the IL17A/63Q complex (5HI4)

[1] presented a widened central pocket for ligand binding and a rearranged N-terminus

resulting from the interaction with an inhibitory linear peptide HAP [11].

Figure 1. Computational compound design and synthesis based on 63Q. (A) Structure basis of IL17A

interaction with 63Q in a widened pocket. The potential polar interactions are indicated as red, dashed

lines. Specific coordination residues are shown as sticks. (B) Flow of computational scaffold design

based on 63Q. The interaction diagram is drawn by Pose view. Black dashed lines indicated hydrogen

bond. Green solid line implies hydrophobic interaction.
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After analyzing the interactions of the macrocycles with the IL17A, we noted a con-

served hydrogen bonding pattern of the macrocyclic amide and its adjacent exocyclic

amide with the Leu97A NH and CO of one IL17A monomer and the corresponding

Leu97B of the other monomer (Fig.1A). We tried to mimic this conserved H-bonding

pattern with a small molecule scaffold (Fig.1B). The chosen scaffold can be built by

a multicomponent reaction (MCR) from four different starting materials and has the

advantage of easy access to different derivatives by variation of the building blocks

[12]. Indeed, synthesizing first derivatives of this scaffold we could observe binding using

differential scanning calorimetry (DSF). Hereby, we present a story on design, synthesis

and structure-activity relationship of a Ugi-5C-4CR scaffold MD series based on a known

structure of an artificial macrocycle (63Q) binding mode to IL17A. In the combination of

differential scanning calorimetry (DSF) and Microscale thermophoresis (MST), we found

a potential hit MD46 measured Kd as 49.70nM, 10-fold better than that of 63Q in our

assay. Due to the lack of crystal structure, we also visualized 8 stereoisomers of MD46 in

the IL17A apo structure by molecular docking to facility chemical optimization. Crystal

structure-guide ligand design provide a potential idea to discovery new IL17A binder.

Result and Discussion

Chemistry

The synthesis of this library of amino acid derivatives followed a one-step and four-

component Ugi approach. Corresponding amino acids, aldehydes and isocyanides were

added sequentially to Methanol. The reaction was conducted under -30oC for three

hours and then moved to room temperature overnight to obtain the desired products in

moderate to good yields.
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14 positive ligands found to potentially bind to IL17A by

DSF

To identify initial hits that bind to His-IL17A, we designed and synthesis 40 compounds

based on the amide anchor described above. A highly variable scaffold with a diversity

of functional groups, which complies with the above amide anchor can be assembled

by a variation of isocyanides, aldehydes, and unprotected amino acids in the solvent

and reactant methanol (Scheme 1). This reaction is well established and wildly utilized

in medicinal chemistry [13]. As most MCRs, target compounds were assembled from

most combinations of building blocks in moderate to good yields. Subsequently, we

conducted an initial affinity evaluation assay based on differential scanning fluorimetry

(DSF), in which the fluorescence of SYPRO Orange that binds to the exposed hy-

drophobic cores when the protein chain begins to unfold increases as the target protein

denatures. The melting temperature (Tm) could be approximated as the temperature

of the inflection point of the melting curve [14]. Based on the first positive compound

MD01, we performed conservative optimizations by changing the isocyanide from an

aromatic to aliphatic substituents. To our delight, compound MD02 with a tert-butyl

substituent showed DSF activity as well. In the next step, we made further changes to

compound MD01 in the amino acid, aldehyde and isocyanide region. Besides L-alanine,

5 more amino acids were utilized in the formation of the series, including D-alanine, L-

valine, D-serine, L-Phenylalanine and L-Phenylalanine with substitutions on the phenyl

ring. The phenyl acetaldehyde was kept or changed to phenyl acetaldehyde and 2-

phenylpropionaldehyde. The changes of aldehydes have minimum variations from mono

to double phenyl substitution. 13 different isocyanides were used in the synthesis of the

desired compounds, including aliphatic, aromatic with different substituents and hete-

rocycles. During the reactions, the amino acid stereo center is conserved and a new

stereo center is formed by the aldehyde component. Thus, diastereomers are formed in

(currently unknown) varying ratios. In the primary screening, 14 out of 40 ligands were

determined as binders in our DSF screen (Scheme 1; Fig. S3). The experiment was

repeated independently (n=2), yielding similar results.
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Scheme 1. Synthesis of IL-17A inhibitors based on U-5C-4CR. DSF activity and yields are indicated.

Binding affinity determination of initial hits and opti-

mized compound by MST with IL17A.

Microscale thermophoresis (MST) was utilized to cross-validate binding affinity (Kd)

[15, 16]. The positive control 63Q was shown to possess a 492nM Kd similar to the Kd

of 140nM measured by SPR by Liu et al. [1]. Among all the initial DSF hits, MD01

(1.83mM) and derivative MD09 (798µM) displayed affinities with IL17A (Fig. 2A). To

further optimize the initial hits, we designed and synthesized 10 more derivatives by
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exploring novel interactions with target protein. The optimization of MD01 is conducted

by adding different substituents to the aromatic isocyanide, to explore more interactions

with target protein. Unfortunately, the changes did not provide any improvement of

affinity. Instead, the optimized compounds became inactive, which indicated that the

substituents adding to the aromatic ring of R3 position may increase the steric hindrance

of the compounds and impeded the compounds ability to reach the interaction pocket.

For MD09, we retained R2 as phenyl ring, and the substitute R3 moiety (Table 1B).

Six derivatives of MD09 were validated by MST, four of which demonstrated a binding

affinity to IL17A in the nM to µM range (Table 1). Replacement of the L-valine (MD09)

to glycine (MD45) further increased binding affinity to 23.77µM. It is noteworthy that

changing the isopropyl moiety to methyl group (MD46) provided an excellent Kd value

of 49.70nM, 10-fold better than the positive compound 63Q. MD47, the stereoisomer

of MD09, also showed an improved affinity of 96.70µM. L-Leucine and L-isoleucine

were introduced for the exploration of the influences of longer chains. To our surprise,

MD48 synthesized from Leucine was inactive, while MD49 synthesized from L-isoleucine

showed a good Kd value of 19.10µM. Finally, the compound with hydroxymethylene

moiety (MD50) was shown to be inactive.
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Table 1. Binding affinity determination by MST of initial hit MD01 and derives MD08 and analogues

with IL17A.a

a63Q as reference with Kd of 409nM. Starting concentration of test is solubility-dependent.
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We found the length of R3 of MD09 significantly affected binding efficiency with IL17A

(Table 1). A methyl group provided the best length for MD09 series of compounds. For

MD01 derivatives, the addition of a methoxyl group and halogen on the phenyl ring did

not improve binding affinity with IL17A. Based on these experimental results we took the

best binding ligand MD46 as a sample to predict potential binding modes by molecular

docking.

Due to number of stereocentres models of the MD46 ligand was used to prepared

8 stereoisomers and these were randomly docked to the IL17A apo dimer (4HR9), re-

spectively. In order to minimize variances, each docking was repeated three times. We

choose a final pose based on the cluster and energy rank. Three isomers RSR, RRS and

SRS were predicted to display a similar binding pose. We superpose these isomers on

the hydrophobic central cavity (Fig. 2A). All of them showed the hydrogen interaction

with Trp67B and another hydrogen bond with Glu95A (Fig. 2B). Additionally, by align-

ing the isomers with 63Q (Fig. 2C), we can see that the amide, secondary amine and

ester groups, which could provide H-bonds to amino acid residues, could match with

the functional amides of the reference 63Q, which further verified our primary research

hypothesis.

Conclusion

Recently the question was raised ‘Why is it that despite the remarkable success of

IL17 antibodies, there is no small molecule antagonist of IL17A in the clinic?’. Here

we present the design, synthesis and structure-activity relationship of a series of small

molecules binding to IL17A. The design was based on a known structure of an artificial

macrocycle (63Q) binding to the IL17A dimer. Analysis of the binding mode revealed

via 4 key hydrogen bonds which we used as pharmacophores to screen different MCR

scaffolds. The Ugi-5C-4CR scaffold looked promising and indeed binding of selected

resynthesized examples towards IL17A dimer was verified by DSF and cross-validated

MST. By initial DSF screening, we found 14 of 40 compounds could bind to IL17A.

Next, we applied MST to cross-validate the initial hit MD01 and its derivative MD09.

Of these 10 optimized compounds, 4 of MD09 analogues displayed good MST binding

90



5

Figure 2. Docking analysis of MD46 toward IL17A. A: The overlapped 8 stereoismes of MD46 in the

central pocket of IL17A; B: R-S-R-MD46 as an representitive isomer to illustrate hydrogen bonds with

IL17A, hydrogen hond were showed as red dotted line C: three isomers overlapp with 63Q. Isomer RSR

is shown as light green sticks, isomer RRS is shown as pink sticks, and isomer SRS is shown as grey

sticks, respectively.

curves with IL17A. MD46 measured as Kd of 49.70nM, 10-fold better than that of 63Q

in our assay. To facilitate chemical optimization, we visualized 8 stereoisomers of MD46

in the IL17A apo structure by molecular docking. After three-round of random docking,

three binding poses showed the hydrogen bond with Trp67B as we predicted and another

hydrogen bond with Glu95A instead of Leu97A. Further experiments are on-going to

obtain the crystal structure of MD46 single isomers. IL17A is a challenging target but

the discovery of small molecules binders is clearly possible. The future will reveal if

such compounds can be converted into biologically active modifiers of inflammation and

efforts towards this from our laboratory will be reported in the near future.
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Method

General Synthetic Protocols.

All isocyanides were made in house by performing the Ugi procedure. Other reagents

were available from commercial suppliers (Sigma Aldrich, ABCR, Acros, Fluorochem

and AK Scientific) and used without any purification unless otherwise noted. Thin layer

chromatography was performed on Fluka precoated silica gel plates (0.20mm thick, par-

ticle size 25µm). Flash chromatography was performed on a Teledyne ISCO Combiflash

Rf, using RediSep Rf Normal-phase Silica Flash Columns (Silica Gel 60Å, 230 - 400

mesh) and on a Reveleris R© x2 Flash Chromatography, using Grace R© Reveleris Silica

flash cartridges (12 grams) and a gradient of petroleum ether/ethyl acetate (0-100%)

was applied. Nuclear magnetic resonance spectra were recorded on a Bruker Avance 500

spectrometer. Chemical shifts for 1H NMR were reported relative to TMS (δ 0ppm) or

internal solvent peak (CDCl3 δ 7.26ppm, DMSO-d6 δ 2.50ppm or CD3OD δ 3.31ppm)

and coupling constants were in hertz (Hz). The following abbreviations were used for

spin multiplicity: s = singlet, d = doublet, t = triplet, dt = double triplet, ddd = doublet

of double doublet, and m = multiplet. Chemical shifts for 13C NMR reported in ppm rel-

ative to the solvent peak (CDCl3 δ 77.23ppm, MeOD δ 49.00ppm, DMSO δ 39.52ppm).

Mass spectra were measured on a Waters Investigator Supercritical Fluid Chromatograph

with a 3100 MS Detector (ESI) using a solvent system of methanol and CO2 on a Viridis

silica gel column (4.6 x 250 mm, 5µm particle size) and reported as (m/z). High resolu-

tion mass spectra (HRMS) were recorded using a QTOF Bruker Maxis Plus, mass range

100-1500 m/z, spectra rate 2.00 Hz. Yields given refer to chromatographically purified

and spectroscopically pure compounds unless otherwise stated.

Purification of His-IL17A

Constructs for expression of the human IL17A (19-144aa) were obtained by gene synthe-

sis (Eurofins) and inserted into pETM13 and pETM11 vectors, respectively. pETM11

includes an N-terminal 6*histidine tag followed by a tobacco etch virus (TEV) cleavage

site. Plasmids were transformed into E.coli strain BL21(star) and Rosetta respectively
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to yield IL17A with and without His-tag. For protein expression, LB medium (Thermo

Fisher) containing kanamycin (50µg/ml) was added, induced with IPTG(1M) at OD 600

0.6 and grown overnight at 37oC. Cell pellets was resuspended in buffer A (50mM Tris

pH 7.5, 150mM NaCl, 10mM BME) and the lysate was sonicated for a total 4min (5s

pulse followed by 5s rest on ice). The sonicated lysate was clarified by centrifuge at

10,000g for 45min at 20oC. The cell pellet was washed in buffer B (Buffer A with 0.5%

Triton X-100). The cell was lysate by sonicated, as described previously [11]. After 5

times washing, the pellet was solubilised in buffer C (100mM Tris pH 8.0, 150mM NaCl,

6M Guanidine, 10mM BME) for 1h at room temperature. The denatured IL17A was

shocked diluted into refolding buffer (100mM CHES pH 9.5, 900mM arginine, 0.5mM

Cystine, 5mM Cysteine, 10mM BME) and stirred overnight at room temperature. The

refolded protein was concentrate and purified by SEC with buffer D (20mM MES pH

6.0, 150mM NaCl, 10mM BME).

Differential scanning fluorimetry(DSF)

The experiments we performed using a Bio-Rad CFX384 Real-Time System (C1000

Touch Thermal Cycler) in sealed Hard-Shell 96-well plates. 1µl compound from 100mM

DMSO stock was added to 50µl assay (1xPBS) buffer. Manual addition of 5µl of IL17A

SYPRO Orange pre-mixture including 1-1.5mg/ml IL17A and 25x dilution of SYPRO

orange (5000x stock) into the 50µl assay. Compound alone controls were performed to

assess fluorescence at 600nM. Assay optimisation resulted in an experimental condition

with pH range from 6.5 to 7.5 (1xPBS pH 7.0). Thermal denaturation was achieved by

applying a temperature gradient from 25 to 95 with fluorescence readings every 0.5oC.

Microscale thermophoresis (MST)

MST was performed using the Monolith NT.115 instrument (NanoTemper Technologies

GmbH). 100ul of His-tagged IL17A with (200nM) in assay buffer (1xPBST) was labeled

using 100µl the MO-L008 MonolithTM His-Tag Labeling Kit RED-tris-NTA dye (100nM)

and incubated for 30minutes at room temperature, followed by centrifugation of the

93



5

mixture for 10minutes at room temperature and 15,000g. At the same time, prepared 

25µl of the ligands at two times concentration at 1mM. 15 serial dilutions were made 

respectively in PCR tubes, by addition of 10µl of labelled protein to each well (1-16) 

and mixed by pipetting. The final concentration of IL17A is 50nM. The capillaries were 

loaded and MST data measured the samples at manufacturers recommended settings 

(40% LED/excitation power and medium MST power).

Molecular Docking

Small molecule docking of IL17A with MD46 was performed by rigid-docking using Swiss 

dock [17] (http://www.swissdock.ch/docking), based on EADock [18]. The coordinate 

file for IL17A (4HR9) as edited to remove all water molecules. Compounds were prepared 

via Chemdraw. The grid box was constrained at the protein center. Flexible side chains 

were not allowed. All rotatable single bonds were allowed to rotate within the ligand. 

Docking results were screened via Chimera [19].

Contributions

Wenjia Wang expressed and optimized the purification procedure, performed ligand-

binding assay and molecular docking for IL17A. Wenjia and Jingyao Li writed original 

draft.
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Supplemental figure

Figure S1. Multiple sequence alignment of human IL17A and human IL17F were generated using

BLAST, T-Coffee and ENDscript 2.0. IL17F exhibits a sequence identity of 56% over 69% of its

sequence to IL17A.

Figure S2. (A) Overall structure of IL17 apo (4HR9). The two chains of the dimers are shown in blue

and green colors. The disulfide bonds between Cys71, 121 and Cys76, 123 form a Cystine-knot fold

and are shown as yellow sticks. (B) overview of IL17A/IL17RA complex interface. IL17A interacts with

IL17RA with 3 regions shown as Region 1, Region 2 and Region 3. Region 1 and region 2, formed by

N-terminus and central β-strands, and region 3 contains the C-terminal of IL17A, of which, region 2 is

the primary interface between IL17A/IL17RA. IL17A dimer was implicated as cartoon, colored as cyan

and green respectively. IL17RA was indicated as was described as surface, colored as pink.
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Figure S3. Primary ligand screen by DSF. DSF curve of initial ligands for IL17A. IL17A is indicated

as red curve; IL17A with ligand was indicated as green curve. Tm shift increased by at least 2oC was

consider as a potential positive hit.
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Chapter 6

Structure-Activity Based

IL17A/IL17RA Small-Molecule

Antagonists Discovery

During preparing this manuscript, I continue to work on optimizing ligands stereochem-

istry based on the structures. Due to intellectual property application, after discussion

with my supervisors, Prof. dr. Alexander Dömling and Prof. dr. Matthew Groves, we

decided not to add the chemical structures of the ligands in this thesis now. It will be

published in the future until more results to be collected.
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Abstract

Interleukin-17A (IL17A) expressed from Th17 CD4+ cell is a critical cytokine corre-

lated to many autoimmune diseases. Significance of covalent IL17A dimer in proriasis

is evidenced by the approval of Secukinumab (Costentyx), a mAb neutralizing IL17A.

However, there is no promising small-molecule IL17A antagonist that has progressed into

the market. Here, we investigated a series of small molecules ligands targeting IL17A

based on a structure-activity relationship (SAR) strategy. We present the crystal struc-

ture of human IL17A with our initial hit F2 with a Kd of 71.2nM. One molecule of F2

is visible on the hydrophobic surface of monomer A of IL17A. It forms multiple inter-

actions with Trp67A and surrounding residues. After optimization, we obtained ligand

F37 that showed similar binding of 10.46nM. Further, a cell assay based on downstream

IL8 expression is ongoing for determination of inhibition effect. Our study provides a

promising strategy to design small molecule inhibitors based on the IL17A structure and

provides a starting point to further develop IL17A/IL17RA anagonists in the future. The

chemical structures of our ligand is currently not shown as it will be the subject of a

intellectual property application.

Introduction

IL17A as pro-inflammatory cytokine expressed from Th17 subset T cells can cause air-

way remodeling [1] and stimulation of CD4+ T cells [2]. Therefore, the IL17 family

has been implicated and reported to relate many immune/ autoimmune-related disease,

such as psoriasis, psoriatic arthritis, rheumatoid arthritis and multiple sclerosis [3-5]. In

general, the IL17 have six family members [6]. Of them, IL17A and IL17F 50% con-

served sequence and high structural similarity [7]. IL17RA is the primary receptor for

IL17A, which expressed in multiple tissues, including vascular endothelial, peripheral T

cells, B cell lineages and fibroblasts [8]. It recognizes dimerized IL17A or heterodimeric

IL17A/IL17F. IL17A pathway signalling is blocked by antagonists that can competitively

bind to IL17A or IL17RA. In 2016, Liu and his colleagues discovered a series of linear

peptides and macrocyclic IL17A antagonists, of which 63Q displayed an IC50 of 300µM
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in keratinocytes [9,10]. Also, many X-ray crystal structures of IL17A apo and IL17A

complex have been reported, including IL17A apo [11], IL17F [12], IL17A/IL17F [13],

IL17A with antibody [14], IL17A with peptides [10,15], IL17A with both peptide and

macrocycle [9]. Cosentyx (Secukinumab), as IL17A inhibiting monoclonal antibody, is

currently successfully on the market and used for the TNF inhibition in non-response

plaque psoriasis treatment [16]. However, there were no potential small molecules de-

veloped to provide orally active agents.

The investigation of small-molecule antagonists is invariably changeling, especially on

an interaction surface like IL17A/IL17RA. It covers a large surface area, is rather flat, has

no apparent hot spots and has been classified undruggable by small molecules. However,

Liu et al., solved the X-ray structure of the complex of 63O, 63P and 63Q, suggesting

that small molecule approaches may provide an alternative to the current antibody-based

therapy. Due to the stability and large conformational change as a result of 63Q ligand

binding, additional Fab and peptide HIP stabilizers were added. A widened pocket at

the N-terminus of IL17A dimer caused by binding to the HIP peptide created a highly

druggable central pocket. This provided an excellent starting point for structure-activity

based IL17A/IL17RA small molecule antagonists discovery as shown in this report.

Method and Result

Lead small molecule IL-17A antagonists

In our experiment, we firstly purified and refolded the IL17A protein. The gene for

expression of human IL17A (19-144aa) was obtained by gene synthesis and inserted

in pETM13 and pETM11 vectors for crystallization and screening assays, respectively.

pETM11 includes an N-terminal 6*histidine tag followed by a tobacco etch virus (TEV)

cleavage site. Plasmids were used to transform E.coli, strain BL21(star) and Rosetta to

yield IL17A with and without His-tag, respectively. For protein expression, LB medium

(Thermo Fisher) containing kanamycin (50µg/ml) was inoculated with freshly trans-

formed BL21 cells, induced with IPTG (1M) at OD600 0.6 and grown overnight at 37oC.

Cell pellets obtained after centrifugation were solubilized in buffer A (50mM Tris pH
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7.5, 150mM NaCl, 10mM BME). The cell was lysate by sonication (Branson) for a total

of 4min (5s pulse followed by 5s rest on ice). The sonicated lysate was clarified by

centrifuge at 10,000g for 45min at 20oC. The cell pellet was resuspended in buffer B

(Buffer A with 0.5% Triton X-100) and sonicated as described previously. After washing

five times, the pellet was solubilized in buffer C (100mM Tris pH 8.0, 150mM NaCl,

6M Guanidine, 10mM BME) for 1h at room temperature. The denatured IL17A was

shocked diluted into refolding buffer (100mM CHES pH 9.5, 900mM arginine, 0.5mM

Cystine, 5mM Cysteine) stirred overnight at room temperature. The refolded protein

was purified by SEC and concentrated to 10mg/ml for crystallization (Figure 1).

Figure 1. IL17A protein purification. Two peaks were shown from the SEC chromatogram. After

comparing to standards, the first peak was identified as a 28kD dimer, and the second as the 14kD

monomer. The presence of 10mM DTT in the loading buffer breaks the interchain disulfide bonds.

Thus only the 14kD monomer band is visible in the SDS-PAGE.

Additionally, we designed and synthesised 8 ligands to test their potential binding

affinity to His-IL17A by MST [17] (Table 1). 100µl of IL17A (200nM) was mixed with

100µl of dye (100nM) and incubate for 30 minutes at room temperature. The mixture

was centrifuged for 10 minutes at room temperature and 15,000g. At the same time, we

prepared 25µl of the ligands at 1mM from stock of 100mM in 100% DMSO. 15 serial

dilutions were made in PCR tubes. 10µl of labelled protein was added to each well (1-16)

and mixed by pipetting. The final concentration of IL17A is 50nM. The capillaries were
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loaded and MST data was collected following the manufacturer’s recommended settings

(40% LED/excitation power and medium MST power). F2 and F7 were determined to

be IL17A binders with Kd of 71.8nM and 155µM, respectively.

Table 1. MST binding affinity of initial hit F2

Protein stability in solution is an essential issue during protein co-crystallisation and

soaking process. Therefore, we performed thermal shift assays to predict whether the

binding of F1 will result in significant conformational shifts of protein relative to the IL17A

apo structure. Using a Bio-Rad CFX384 Real-Time System (C1000 Touch Thermal

Cycler) in sealed Hard-Shell 96-well plates, 1µl F1 from 100mM DMSO stock was added

to 50µl assay (1xPBS) buffer. Manual addition of 5µl of IL17A SYPRO Orange pre-

mixture including 1-1.5mg/ml IL17A and 25x dilution of SYPRO orange (5000x stock)

into the 50µl assay. Compound alone was tested to avoid fluorescence at 600nM. Assay

optimisation resulted in an experimental condition with a pH range from 6.5 to 7.5

(1xPBS, pH 7.0). Thermal denaturation was achieved by applying a temperature ramp

from 25 to 95 with fluorescence readings every 0.5oC. We found in the presence of

F1, IL17A becomes more stable shown as 2oC increase in Tm (Figure 2). As it was

previously reported that an anti-IL17A Fab stabilised IL17A and allowed its structure

to be determined, we evaluated whether the same approach would serve in the present

case.
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Figure 2. A typical thermal melting curve of IL17A in the presence of F1 or not. IL17A apo after

refolding behaves like a well-folded protein with a Tm of 55oC. In the presence of F1, Tm was shift to

right at least 2oC at pH 7.0

Determination of IL17A/ligand complex structures

We tried both ligands in soaking and co-crystallization experiments. For soaking experi-

ments IL17A was concentrated to 10mg/ml. After optimization, crystals were grown at

22oC in sitting-drop vapor-diffusion plates, equilibrated against a reservoir with 10mM

MES pH 6.0, 40.5mM NaBr, 40.5mM NaI, 20% EDO, 20% PEG 8000 (Figure 3). For

soaking experiment, the crystal grows to full size in 1 week. Cryo buffer (same com-

ponent as crystallization buffer) plus 1mM compound (1% DMSO) was used to soak

IL17A apo for 24h to 72h and flash-frozen in liquid nitrogen for data collection. X-ray

diffraction data were collected at 100K at the P11 PETRA III beamline, DESY, Ham-

burg. Crystals of apo or soaked IL17A belonged to the C222 Space group. Datasets were

indexed, integrated and scaled together using XDS [18] before merging using Aimless

[19]. The structure was determined by Molecular Replacement (Phaser [20]) and the

structure of IL17A (PDB 4HR9) as the search model. The model was iteratively rebuilt

using COOT [21] and refined using Refmac5 [22] and Phenix [23] (Table 3).
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Figure 3. IL17A apo crystallization. (A) Initial hit of IL17A from commercial kit. (B) Final shape of

IL17A apo crystal after multiple rounds optimization.

For co-crystallization experiment, dimeric IL17A was collected after SEC in a buffer

containing 10mM MES, pH 6.5, 100mM NaCl, 10mM fresh BME and concentrated to

2mg/ml. The compound was prepared from 100mM stock in DMSO. After calculation,

the mixture containing IL17A: F2 at a ratio of 1:10 was incubated at 4oC overnight. The

mixture was then spun at 130,000g for 10min and concentrated again to 5mg/ml. This

procedure was repeated twice again until reaching a complex concentration to 10mg/ml

for setting up the crystallization. The crystals were grown at 22oC in sitting-drop vapor-

diffusion plates, equilibrated against a reservoir with 10mM MES pH 6.0, 40.5mM NaBr,

40.5mM NaI, 20% EDO, 20% PEG 8000 plus 1mM F2 from stock. The crystals were

grown to full size after 2 weeks and flash-frozen in liquid nitrogen for data collection.

X-ray diffraction data were collected at 100K at the P11 PETRA III beamline, DESY,

Hamburg. IL17A-F2 complex crystal belonged to C222 Space group, the same as IL17A

apo. Complex structure was determined and refined as described above.

We successfully obtained the structure of F2 with IL17A co-crystal structure at a

resolution of 2.8Å. We found a single molecule of F2 in the central pocket of IL17A

dimer, which formed interaction with residues Trp67A, Arg38A and Gln94B (Figure 4).

Below we show the electron density of F2 in the IL17A pocket.
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Figure 4. Overall structure of IL17A-F2. IL17A is shown as a coloured chain with the surface. One

molecule F2 is shown as red mesh bound at the entrance of the central pocket of IL17 dimers. It forms

multiple interactions with surrounding residues Trp67A, Arg38A, Gln93B and Gln94B shown as sticks.

Figures created using Pymol (Molecular Graphics System, Version 1.8 Schrödinger, LLC.).

To further optimise the initial hit F2, we design and synthesis 33 derivatives by ex-

ploring strong novel interactions and tested their binding affinity by MST. The results

are shown in Table 2. Of them, 7 ligands showed nM range binding affinity after opti-

misation. We took the same strategy successfully obtain IL17A-F37 co-crystal structure

(Figure 5A). Mw of F37 is smaller comparing to F2; thus, it forms less contact with

surrounding residues. But they overlapped F2 and inhibition peptide 18-1 [15] at the

IL17A/IL17RA interface (Figure 5B).
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Figure 5. The overall structure of IL17A-F37. IL17A is shown as a coloured chain beneath the surface.

(A) Electron density for 1 molecule of F37 is shown as yellow mesh bound at the entrance of the central

pocket of the IL17 dimers. It forms multiple interactions with surrounding residues Trp67A, Arg38A,

Gln83B and Glun94B, shown as sticks. (B) An overlapping of F37 with F2 and inhibitory peptide

18-115. Electron density for F2 is shown as a red mesh, and peptide 18-1 is shown as a pink cartoon.

Discussion

IL17A is very challenging for targeting due to its large and flat interaction surface with

its receptor, but small molecule antagonists to IL17A would have significant advantages

compared to the monoclonal antibody Cosentyx (secukinumab), such as preferable en-

tropic signatures, oral bioavailability, shorter half-life times and higher stability. Here, we

present a brief report on the progress of a first-in-class small-molecule binders discovery,

the detail of scaffold design will not be descripted due to IP restrictions, but our previous

effort in fragment screening and in silico docking make a significant contribution to the

new development. The initial hit F2 from the first 8 ligands was shown to have a Kd

of 71.2nM, similar to the that of 63Q described in Liu et al. The determination of the

crystal structure of IL17A-F2 complex, allowed us to visualize one molecule of F2 with

clear electron density settled on the hydrophobic surface of monomer A of IL17A nearby

the central pocket of two monomers. The pocket was indicated as hot spot for ligand

discovery. Additionally, F2 forms multiple interactions with Trp67A, Arg38A, Gln93B

and Gln94B. These residues play an important role in interaction with both IL17RA
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and inhibition peptide 18-1. After chemical optimization, we obtained one of analogues

F37 overlapped with F2 in the crystal structure with IL17A. Besides, based on a SAR

(structure-activity relationship) concept, we are currently working on chemical substi-

tute optimization to increase the binding affinity. Furthermore, a cell assay based on

downstream IL8 expression is ongoing to determine the in vivo effect of F2.

Note

During the preparation of this manuscript, I continued to work on optimizing ligand

stereochemistry based on the structures. Two ligand-IL17A F2 and F37 complexes have

been determined. Ligands were visible close to the pocket, stabilizing an extended

helix that interacts with IL17RA. Until now, more than 20 compounds from this series

have shown various binding affinity after optimization from the initial hit F2. F2 has

demonstrated inhibition efficacy in IL17A/IL17RA based cell assay. More experiments

will be done in the future. After discussion with my supervisors, Prof. dr. Alexander

Dömling and Prof. dr. Matthew Grove, we decided not to specify the chemical structures

of novel ligands in this work. It will be published in the future after more validation and

an intellectual property application.

Contributions

Wenjia Wang made the IL17A-pETM13 construct, expressed and optimized the purifica-

tion procedure, performed crystallization trials and optimized crystallization conditions,

collected and analyzed diffraction data, and designed, performed ligand-binding assay for

IL17A. Rick Oerlemans prepared the construct IL17A-pETM11 for ligand binding assay

and developed a purification procedure. Maryam Ahmadian, Mojgan Hadian provided

the compounds for crystallization and ligand assay. Wenjia Wang prepared the orignal

draft.
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Abstract

Human milk oligosaccharides (hMOs) can attenuate systemic and intestinal inflamma-

tion by modulating intestine epithelial cells, but the mechanisms of action are not well-

understood. Here we study the effects of six different hMOs (2’-FL, 3-FL, 6’-SL, LNT,

LNnT, LDFT) and one hMOs acid hydrolysate LNT2 on TNF-α induced inflammatory

event in immature and mature gut epithelial cells, and we explore the possible mech-

anisms of action. 3’-FL, LNnT, and LDFT significantly attenuated TNF-α induced

inflammation in immature intestine epithelial cells, while LNT2 induced IL-8 secretion

in mature intestine epithelial cells. The anti-inflammatory effects of 3’-FL, LNnT, and

LDFT were through TNFR1-signalling inhibition through different mechanisms. 3’-FL,

LNnT, and LDFT exerted TNFR1 ectodomain shedding while LNnT also showed binding

affinity to TNFR1.

Keywords

human milk oligosaccharides; TNF-α; intestine cells; inflammation; TNF receptors.

Introduction

Breastfeeding is the gold standard for infant nutrition as it offers complete nutrition

and essential bioactive components for the development of the newborn (Doare, Holder,

Bassett, Pannaraj, 2018). Exclusive breastfeeding is therefore recommended for the first

six months of life by the World Health Organization (WHO) (Walker, 2010). For a

variety of reasons, over 70% of the infants can not be exclusively breastfed (Heymann,

Raub, Earle, 2013), as a consequence of which the infants have to be fed with cow-milk

based infant formula, which attempts to mimic the nutritional composition of breast milk

(Coulet, Phothirath, Allais, Schilter, 2014; Piemontese et al., 2011). However, currently,

these infant formulas do not contain the same bioactive molecules as human milk (Aly,

Ali Darwish, Lopez-Nicolas, Frontela-Saseta, Ros-Berruezo, 2018), as a consequence
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these formula-fed babies have a higher risk of infections and inflammatory diseases than

babies solely fed with infant formula (Ladomenou, Moschandreas, Kafatos, Tselentis,

Galanakis, 2010). One of the most important bioactive components of mother milk are

human milk oligosaccharides (hMOs), which are unique to humans and are not found

in the same variety and composition in other mammals (Bode, 2012). Recently, major

advances have been made with the inclusion of human milk oligosaccharides (hMOs) in

cow-milk based infant formula. Some hMOs can be produced via genetically engineered

microorganisms and are now applied in infant formulas (Vandenplas et al., 2018).

It has been shown that hMOs provide multiple health-promoting effects, which include

support of growth of beneficial bacteria (Asakuma et al., 2011), anti-pathogenic effects

(Morrow et al., 2004), immune modulating effects (Cheng, Kiewiet, Groeneveld, Nauta,

de Vos, 2019), enhancement of intestinal barrier function (Cheng, Kong, Walvoort, Faas,

de Vos, 2019; Wu et al., 2019), as well as attenuation of systemic and intestinal inflam-

mation (Y. He, Liu, Leone, Newburg, 2014). It is however still unclear which and how

individual hMOs contribute to processes such as prevention and attenuation of intestinal

inflammatory events (Bode et al., 2016). It has been reported that hMO can directly in-

teract with intestinal cells and modulate immunity (Y. Y. He et al., 2016). The majority

of hMOs can reach the intestine without being digested and some undergo hydrolyzation

at low pH during transit through the gastrointestinal tract (Gnoth, Kunz, Kinne-Saffran,

Rudloff, 2000). This may lead to the formation of lacto-N-triose II(LNT2), which is the

acid hydrolysate of the tetra and higher hMOs such as lacto-N-tetraose (LNT) and lacto-

N-neotetraose (LNnT) (Bidart, Rodríguez-Díaz, Yebra, 2016; Gnoth et al., 2000). How

these acid hydrolysates impact the inflammatory responses through intestine epithelial

cells is also not known.

HMOs are considered to guide immune development during early postnatal intestinal

gut immune barrier development (Figueroa-Lozano, de Vos, 2019; Wu et al., 2019).

This early postnatal developing gut is very susceptible for inflammatory events (Yu et al.,

2018). Disturbances in intestinal immune development in neonates may lead to intestinal

inflammatory diseases such as necrotizing enterocolitis (NEC) and inflammatory bowel

diseases (IBD) (Schirbel, Fiocchi, 2011; Wu et al., 2019). Tumor necrosis factor-α

(TNF-α) plays an important role in these inflammatory diseases (Bradley, 2008). To
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induce inflammation, TNF-α needs to bind to the TNF-receptors on the cell surface.

There are two different receptors for TNF-α, TNF receptor 1 (TNFR1) and TNF receptor

2 (TNFR2) (Bradley, 2008). These receptors have two distinct roles, TNFR1 mainly

induces inflammatory signaling pathways, while TNFR2 mediates immune modulatory

functions and promotes tissue homeostasis and regeneration (Bradley, 2008). Therefore,

the blockage of TNFR1 signaling, either by binding with TNFR1 as antagonists or by

increasing the shedding of soluble TNFR1, may attenuate the response of the cells to

TNF-α (Fischer, Kontermann, Maier, 2015). Whether hMOs interfere with these TNFR

signaling pathways is subject of investigation in the current study.

In the present study, we investigated the effects of six different hMOs (2’-FL, 3-FL,

6’-SL, LNT, LNnT, LDFT) and one hMOs acid hydrolysate LNT2 on TNF-α induced

inflammatory event in gut epithelial cells. To this end, two types of gut epithelial cells

were tested. An immature human primary fetal intestinal epithelial cell FHs 74 Int was

applied as well as the adult colonic epithelial cell line T84 cells (Y. Y. He et al., 2016) to

determine possible differences in the efficacy of hMOs in modulating inflammatory events

in immature or adult cells. As the IL-8 induction by intestine epithelial cells strongly

reflects the degree of inflammatory response after stimuli (Nanthakumar et al., 2011),

IL-8 secretion in FHs 74 Int and T84 were measured to determine possible hMO induced

attenuation of inflammatory events. In order to further explore the possible mechanisms

of action, the interactions between effective hMOs and TNFR1 were also investigated,

which including the possible binding affinity between hMOs and TNFR1, and whether

hMOs cause TNFR1 ectodomain shedding.
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Hypotheses

Human milk oligosaccharides attenuate TNF-α induced inflammation through TNFR1

in a hMO structure-dependent way.

Material and Method

Components

In the present study, 2’-FL (provided by FrieslandCampina Domo, Amersfoort, the

Netherlands), 3-FL, 6’-SL, LNT2, LNT, LNnT, and LDFT (provided by Glycosyn LLC,

Woburn, MA, USA) were tested. An overview of the structure and components are

shown in Table 1.

Cell culture and reagents

Nontransformed human small intestinal epithelial FHs 74 Int cells (ATCC, Manassas,

VA, USA) were maintained in Hybri-Care medium (ATCC, Manassas, VA, USA) supple-

mented with 10% heat-inactivated fetal bovine serum (Sigma–Aldrich, Zwijndrecht, The

Netherlands), 50µg/mL Penicillin-Streptomycin Solution (Sigma–Aldrich, Zwijndrecht,

The Netherlands), and 30ng/ml EGF (ATCC, Manassas, VA, USA). Human colon carci-

noma T84 cells were cultured in Dulbecco’s Modified Eagle Medium:F-12 (DMEM:F12)

medium (Gibco, Life Technologies, Bleiswijk, The Netherlands) supplemented with 10%

heat-inactivated fetal bovine serum (Sigma–Aldrich, Zwijndrecht, The Netherlands) and

50 mg/mL gentamicin (Lonza, Verviers, Belgium). Cells were cultured at 37oC in 5%

CO2 as recommended by the manufacturer. Recombinant human TNF-α was obtained

from PeproTech (Rocky Hill, NJ, USA).
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Cell viability and WST-1 assay

FHs 74 Int and T84 cells were resuspended in fresh culture medium at 10,000cells/mL,

after which 200µL of cell suspension was seeded per well in 96-well plates (Corning, NY,

USA). Cells were then cultured until reaching 70–80% confluence. Prior to treatment,

cells were washed twice with phosphate-buffered saline (PBS; Lonza, Verviers, Belgium),

after which, culture medium was replaced by 100µL of fresh medium containing one of the

ingredients. FHs 74 Int and T84 cells treated with 5mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2,

LNT, LNnT, and LDFT for 24h. Cell viability was determined by WST-1 assay following

the manufacturer’s instructions. Briefly, after 24h treatment, 10µL WST-1 reagent

(Sigma-Aldrich, Zwijndrecht, The Netherlands) was added to the culture medium in

1:10 final dilution and incubated for 1h at 37oC and 5% CO2. Absorbance (450nm) was

measured using a Benchmark Plus Microplate Reader using Microplate Manager version

5.2.1 for data acquisition. The data for each sample was plotted as the percentage

change compared to the negative control.

Cell stimulation

FHs 74 Int and T84 cells were resuspended and seeded at 10,000 cells/mL in a flat

bottom 96-well plate at 200µL per well. Cells were then cultured until reaching 70–80%

confluence. Prior to treatment, cells were washed twice with phosphate-buffered saline

(PBS; Lonza, Verviers, Belgium), after which culture medium was replaced by 200µL

of fresh medium containing one of the ingredients. For IL-8 induction, FHs 74 Int and

T84 cells were treated with 5mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, LNT, LNnT, and

LDFT in the absence or presence of 10ng/mL TNFα for 24h. After 24h of incubation,

the secretion of the proinflammatory cytokine IL-8 was measured in the supernatant

by ELISA (R&D SYSTEM, Minneapolis, MN, USA) according to the manufacturer’s

protocol. For soluble TNFR1 measurement, FHs 74 Int cells were treated with 5mg/mL

of 3-FL, LNnT, and LDFT in the absence or presence of 10ng/mL TNF-α for 24h. After

24h of incubation, the soluble TNFR1 was measured in the supernatant by ELISA (R&D

SYSTEM, Minneapolis, MN, USA) according to the manufacturer’s protocol.

119



7

Western blot

FHs 74 Int and T84 cells were resuspended and seeded at 10,000 cells/mL in a 6 wells

plate at 2mL per well for 48h. After that, the culture medium was replaced by 2mL

of fresh medium in the absence or presence of 10ng/mL TNF-α for 24h. After the

treatments, total protein extracts were obtained from cells. Cells were harvested in

ice-cold PBS and lysed with RIPA Lysis and Extraction Buffer (Thermo Scientific, MA,

USA) supplemented with Protease Inhibitor Cocktails (Sigma-Aldrich, Zwijndrecht, The

Netherlands). Lysates were sonicated (5s twice) and centrifuged (12000g, 20min, 4oC).

Subsequently the supernatants were collected, and protein yield was quantified using

Pierce BCA Protein Assay Kit (Thermo Scientific, MA, USA). Normalized 30µg of

protein samples were prepared with Laemmli sample buffer containing β-mercaptoethanol

and electrophoresed on an SDS-polyacrylamide gel. Proteins were transferred to a PVDF

membrane (Sigma-Aldrich, Zwijndrecht, The Netherlands). After blocking for 1h with

1:1 mixture of Licor blocking buffer (LI-COR Biosciences) and 1x PBS for the blocking

solution, the membrane was probed with the primary antibody TNFR1 (1:500, Abcam,

Cambridge, UK) and TNFR2 (1:1000, Abcam, Cambridge, UK) overnight at 4oC. After

that, the membrane was washed in 4x PBS-T and followed by incubation with the

secondary antibody for 1h at room temperature. Immunoreactivity was visualized by the

Odyssey Imaging System (LI-COR Biosciences). Signal intensity was analyzed by using

Image J (National Institutes of Health, Bethesda, MD).

TNFR1 binding assay

The binding affinity between hMOs and TNFR1 was quantified with the microscale ther-

mophoresis (MST) assay. MST experiments were performed on a NanoTemper R©Mono-

lith NT.115 with blue/red filter (NanoTemper Technologies GmbH, Munich, Germany)

according to the manufacturer’s protocol. After optimization, the final concentration

of His-tagged TNFR1 (Abcam, Cambridge, UK) was kept constant at 50nM, 10µL of

the 5mM 3-FL, 5mM LDFT, and 250µM LNnT were diluted 1:1 in 10µL PBS-T buffer

(PBS 1x ; 0.05% Tween20) to make a 16-sample dilution series. The 50nM His-tagged

TNFR1 was incubated with dye for 30min, after that, 16 different concentrations of
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samples were incubated with 50nM His-tagged TNFR1 with dye for 2h. Pre-incubated

samples and protein mixtures were loaded into standard capillaries (NanoTemper Tech-

nologies GmbH, Munich, Germany), measurements were performed at 25oC using 40%

MST power with 80% excitation power. All experiments were repeated at least three

times. Data analyses were performed using the NanoTemper R© analysis software.

Statistical analysis

The results were analyzed using GraphPad Prism. Normal distribution of the data was

confirmed using the Kolmogorov-Smirnov test. Parametric data are expressed as mean

standard deviation (SD). Statistical comparisons of parametric distributed data were

performed using one-way ANOVA with Dunnett multiple comparison tests or two-way

ANOVA for group analysis. p < 0.05 was considered as statistically significant (, * p <

0.05, , **p < 0.01, , ***p < 0.001, , ****p < 0.0001).

Results

hMOs and hMO’s acid hydrolysis product did not influence cell via-

bility

To exclude toxic effects of the tested hMOs on cell viability of FHs 74 Int and the human

colon carcinoma cell line T84, cells were treated with 5mg/mL of 2’-FL, 3-FL, 6’-SL,

LNT2, LNT, LNnT, and LDFT for 24h after which the cell viability was quantified. As

shown in Figure 1, 5mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, LNT, LNnT, and LDFT did

not have a statistically significant negative effect on the cell viability of both FHs 74 Int

and T84 cells.
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Figure 1. hMOs and the hMOs acid hydrolysate LNT2 did not alter cell viability of FHs 74 Int and

T84. (A) FHs 74 Int and (B) T84 cells were treated with 5mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, LNT,

LNnT, and LDFT for 24h, cells treated with culture medium served as negative control. Results are

presented as percentage change against negative control. Data are presented as mean SD (n=5),

significant differences compared to the negative control were determined by using one-way analysis of

variance with Dunnett multiple comparisons test and indicated by * (p < 0.05), ** (p < 0.01), *** (p

< 0.001) or by **** (p < 0.0001).

hMO’s acid hydrolysis LNT2 induces IL-8 production in T84 cells

First, the impact of the tested hMOs and the hMO’s acid hydrolysis LNT2 on IL-8

production was tested as IL-8 is one of the primary gut-epithelial cell derived chemokine

responsible for inducing inflammation (Cotton et al., 2016). To this end, FHs 74 Int and

T84 were treated with 5mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, LNT, LNnT, and LDFT

for 24h.

As shown in Figure 2A, hMOs and LNT2 were not able to modulate IL-8 secretion in

the fetal cell line FHs 74 Int. Also, in T84 the tested hMOs did not alter IL-8 production

but the hMO’s acid hydrolysis product LNT2 significantly induced IL-8 secretion in T84

cells (Figure 2B). LNT2 significantly increased IL-8 secretion to 1.4-fold compared to

the untreated control (p < 0.0001).
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Figure 2. hMO’s acid hydrolysate LNT2 induce IL-8 production in T84 cells under homeostatic condi-

tions. FHs 74 Int (A) and T84 cells (B) were incubated with 5mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2,

LNT, LNnT, and LDFT for 24h. Cells treated with culture medium served as negative control. Re-

sults are presented as fold change against negative control. Data are presented as mean SD (n=6),

significant differences compared to the negative control were determined by using one-way analysis of

variance with Dunnett multiple comparisons test and indicated by * (p < 0.05), ** (p < 0.01), *** (p

< 0.001) or by **** (p < 0.0001).

hMOs attenuates TNF-α-induced IL-8 secretion in FHs 74 Int in a

chemical structure-dependent way

In order to investigate the ability of hMOs and LNT2 to attenuate inflammatory responses

in fetal and adult intestine epithelial cells, we investigated the effects of hMOs and LNT2

on IL-8 secretion after exposure of the epithelial cells to the proinflammatory cytokine

TNF-α. To this end, FHs 74 Int and T84 cells were treated with 10ng/mL TNF-α

for 24h with 5mg/mL of either 2’-FL, 3-FL, 6’-SL, LNT2, LNT, LNnT, LDFT. After

that, the concentration of the proinflammatory cytokine IL-8 in the supernatant was

measured. As shown in Figure 3, TNF-α significantly increased IL-8 secretion in both

FHs 74 Int and T84 (p < 0.0001). Interestingly, the hMO’s inhibiting effects on TNF-α

induced IL-8-secretion was restricted to the fetal FHs 74 Int cells. 3-FL, LNnT, and

LDFT reduced TNF-α induced IL-8-secretion with 70% (p < 0.05), 38% (p < 0.0001),

and 64% (p < 0.01), respectively (Figure 3A). The HMOs 2’-FL, 6’-SL, LNT and the

hydrolysis product LNT2 did not reduce the TNF-α induced IL-8 secretion. Results were

different with the adult gut epithelial cell line. With the adult cell line T84, only the

hMO’s acid hydrolysis product LNT2 impacted TNF-α induced IL-8-secretion but this

was an enhancement instead of an attenuation (p < 0.001).
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The above results suggest that hMOs were able to suppress TNF-α induced IL-8-

secretion in the fetal gut epithelial cell FHs 74 Int in a structural-dependent way, and

it also confirmed that hMOs and LNT2 have different regulatory patterns on fetal cells

and adult cells.

Figure 3. 3-FL, LNnT, and LDFT attenuate TNF-α-induced IL-8 secretion in FHs 74 Int cells. (A)

FHs 74 Int and (B) T84 cells were stimulated with 5 mg/mL of 2’-FL, 3-FL, 6’-SL, LNT2, LNT, LNnT,

and LDFT in presence of TNF-α (10 ng/mL) for 24 h. Cells treated with culture medium served as

negative control. Results are presented as fold change against positive control. Data are presented as

mean SD (n=6), statistical significance was analyzed using one-way analysis of variance with Dunnett

multiple comparisons test (* vs. Medium; vs. TNF; , *p < 0.05; , **p < 0.01; , ***p < 0.001; , ****

p <0.0001).

FHs 74 Int and T84 have different expression patterns of TNF-α re-

ceptors

As 3-FL, LNnT, and LDFT attenuate TNF-α induced IL-8 secretion on fetal cells, we

hypothesized that hMOs might have anti-inflammatory effects on fetal intestine epithelial

cells through interfering in TNF-α induced proinflammatory pathway. TNF-α has two

distinct cell surface receptors, TNF receptor 1 (TNFR1) and TNF receptor 2 (TNFR2).

To determine whether the receptors are differently expressed in FHs 74 Int and T84, we

compared the expression level of TNFR1 and TNFR2 after western blot. To this end,

FHs 74 Int and T84 were cultured in the presence TNF-α for 24h. Cells cultured in

normal medium served as controls. As shown in Figure 4A, FHs 74 Int and T84 showed

different protein expression patterns of TNFR1 and TNFR2 but was not influenced by

TNF-α. The protein expression of TNFR1 in fetal cells was significantly higher than in

the adult cell line T84 (p < 0.0001, Figure 4B). However, the expression of TNFR2 in
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fetal FHs 74 Int cells was significantly lower than in T84 (p < 0.001, Figure 4C). Neither

TNFR1 nor TNFR2 was significantly altered by TNF-α (Figure 4B&C).

Figure 4. FHs 74 Int and T84 showed different expression pattern of TNFR1 and TNFR2. FHs 74

Int and T84 were incubated with or without 10ng/mL TNF-α for 24h. (A) The TNFR1 and TNFR2

expression in western blot. Western blot results were analyzed by using Image J gradation analysis

of (B) TNFR1 and (C) TNFR2. Results are represented as mean SD (n=5). Significant differences

compared between medium and TNF-α, FHs 74 Int and T84 were determined by using two-way ANOVA

and indicated by * (p < 0.05), ** (p < 0.01), *** (p < 0.001) or by **** (p < 0.0001).

LNnT attenuate TNF-α-induced IL-8 secretion by interacting with the

TNF receptor 1 in fetal gut epithelial cells

As 3-FL, LNnT, and LDFT only inhibited TNF-α induced IL-8 secretion in the fetal

cell line FHs 74 Int, and as FHs 74 Int has high expression of TNFR1 and low ex-

pression of TNFR2 compared to T84, we hypothesized that hMOs might have its anti-

inflammatory effects through interaction with TNFR1. To study the interaction with

hMOs and TNFR1, the binding affinity of 3-FL, LNnT, LDFT with TNFR1 was de-

termined with microscale thermophoresis (MST). A wide concentration range of 3-FL
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(0.00061µM to 5mM), LNnT (0.00763µM to 250µM), and LDFT (0.00061µM to 5mM)

were incubated with His-tagged TNFR1 in a constant range (50nM) at room temper-

ature for 2h. Subsequently the binding affinity was measured by MST. As shown in

Figure 5, a ligand-dependent binding effect was detected but only LNnT interacts with

TNFR1. There was no detectable binding of 3-FL and LDFT to TNFR1 (Figure 5A and

C). LNnT was shown to bind TNFR1 with a Kd of 900±660nM (Figure 5B).

The above results confirm binding of LNnT to TNFR1 but also suggests that 3-FL

and LDFT inhibit TNF-α induced IL-8 secretion via another mechanisms.

Figure 5. LNnT has binding affinity to TNFR1. Dose-response curve for the binding inter-

action between (A) 3-FL, (B) LNnT, (C) LDFT and TNFR1. Values on the X-axis represent

the ligand (3-FL, LNnT, and LDFT) concentration, Y-axis represent the normalized fluores-

cence. The binding affinity is observed for the LNnT-TNFR1 interaction, which was a Kd of

900±660nM. All binding curves were determined in at least triplicate by MST, represented as the mean±

SD.
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3-FL, LNnT, and LDFT cause ectodomain shedding of TNFR1 and thereby

inhibit TNF-α induced inflammation

Another possible explanation for attenuation of TNF-αinduced IL-8 secretion by 3-FL,

LNnT, and LDFT is ectodomain shedding of TNFR1. TNF-α needs to bind to the

receptors on the cell surface to induce downstream pro-inflammatory effects in epithelial

cells (Dostert, Grusdat, Letellier, & Brenner, 2019). Ectodomain shedding is a process

in which the ectodomain of TNFR1 is detached from the cell-source (Bartsch et al.,

2010). This can be done by several mechanism and might be influence by bioactive

molecules (Yang, Moon, Lee, & Park, 2016), such as hMOs. Shedding will reduce the

number of receptors on the cell surface and might serve as soluble decoy protein that

competes with cell-surface bound TNFR1 thereby decreasing the response of the cells to

TNF-α (Bartsch et al., 2010). The quantification of the soluble receptor is a measure

for the degree of shedding of the ectodomain of TNFR1 (Yang et al., 2016). To test

whether 3-FL, LNnT, and LDFT induce ectodomain shedding of TNFR1 on FHs 74 Int,

we incubated FHs 74 Int in the absence or presence of 10 ng/mL TNF-α for 24h with

either 5mg/mL of 3-FL, LNnT, and LDFT. After that, the concentration of TNFR1 in

the supernatant was measured. As shown in Figure 6A, 3-FL, LNnT, and LDFT did

not modulate the soluble TNFR1 under homeostatic conditions. As expected, TNF-α-

exposure induced a significant decrease of soluble TNFR1 (p < 0.001), while 3-FL (p

< 0.05), LNnT (p < 0.0001), and LDFT (p < 0.01) significantly prevented this TNF-α

induced TNFR1 concentration increase in the medium (Figure 6B). TNF-α inhibited

TNFR1 ectodomain shedding to 70% compared to the medium control (p < 0.001), and

treatment with 3-FL, LNnT, and LDFT restored TNFR1 to 87% (p < 0.05), 108 percent

(p < 0.0001), and 92% (p < 0.01) respectively. This suggests that 3-FL, LNnT, and

LDFT could attenuate TNF-α induced inflammation by TNFR1 ectodomain shedding in

fetal cell line FHs 74 Int.
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Figure 6. hMOs cause ectodomain shedding of TNFR1. FHs 74 Int cells were incubated with 5 mg/mL

of 3-FL, LNnT, LDFT in the absence (A) or presence (B) of 10 ng/mL TNF-α for 24h. Cells treated

with culture medium served as negative control. Data are presented as mean SD (n=5), statistical

significance was measured using one-way analysis of variance with Dunnett multiple comparisons test

(* vs. Medium; vs. TNF; , *p < 0.05; , **p < 0.01; , ***p < 0.001; , **** p <0.0001).

Discussion

Previous studies have shown that hMOs in human milk can attenuate intestinal inflamma-

tion (Y. He et al., 2014), however, how individual hMO’s impact inflammatory responses

in intestinal epithelial cells and which mechanisms are involved is still largely unknown.

Here we studied, to the best of our knowledge for the first time, the attenuating effects

of six different hMOs and one hMOs acid hydrolysate on TNF-α induced inflammatory

responses in fetal and adult intestinal epithelial cells. TNF-α is a key-cytokine in necro-

tizing enterocolitis (NEC) and inflammatory bowel diseases (IBD) (Bradley, 2008). We

show that the modulatory effects of individual hMOs are strongly structure-dependent

and that attenuating effects on inflammatory responses are mainly observed in imma-

ture fetal epithelial cells that express more TNFR1. Especially 3’-FL, LNnT, and LDFT

significantly attenuated TNF-α induced IL-8 secretion in fetal cells FHs 74 Int. The

anti-inflammatory effects of effective hMOs were strongly related to TNFR1 through

different mechanisms, 3’-FL, LNnT, and LDFT exerted TNFR1 ectodomain shedding

while LNnT showed binding affinity to TNFR1.

As Kuntz et al. reported that acidic and neutral hMOs isolated from human milk may

impact the viability of intestinal epithelial cells under homeostatic conditions (Kuntz,
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Rudloff, & Kunz, 2008) and thereby decrease cell-responses such as release of cytokines.

To exclude such an impact on viability and IL-8 secretion in our study we tested the

impact of the hMOs on viability of FHs 74 Int and T84 cells and confirmed that the

tested hMOs had no negatively impact on cell-survival in the concentration range applied.

Also, we confirmed that under homeostatic condition in the absence of an inflammatory

challenge, the six tested hMOs did not alter the IL-8 secretion. Surprisingly we found

that only the hMOs acid hydrolysate LNT2 increased IL-8 secretion in T84 cells under

homeostatic condition but also under TNF-α stimulation. This might be explained by

the strong activation effects of LNT2 on Toll-like receptors (TLRs) signaling (Cheng,

Kiewiet, et al., 2019). Cheng et al. showed that LNT2 significantly activated TLRs

signaling and induced cytokine production in THP-1 macrophages (Cheng, Kiewiet, et

al., 2019). T84 constitutively express TLRs (Cario et al., 2000; Melmed et al., 2003),

which could be responsible for the increased production of the proinflammatory cytokine

IL-8 when exposed to LNT2.

3-FL, LNnT, and LDFT attenuated TNF-α induced IL-8 secretion in immature ep-

ithelial cells, while 2’-FL, 6’-SL, and LNT did not change the inflammatory response.

The effective 3-FL and non-effective 2’-FL only differ in the attachment position of L-

fucose (Fuc) residues on the lactose core region, while the effective hMO LNnT and

non-effective LNT differ in their hMO type 1 chain (Galβ1-3GlcNAc-) or type 2 chain

(Galβ1-4GlcNAc-) linkage on lactose (Table 1). This underpins our previous notion that

seemingly minor differences in molecular structure of the molecules can have significant

impact on their biological actions (Cheng, Kiewiet, et al., 2019). As effects were re-

lated to attenuation of the effects of TNF-α, we focused on possible interactions of the

hMOs with the two receptors for TNF-α. The immature intestinal epithelial cell FHs

74 Int expressed more of the proinflammatory variant, i.e. TNFR1 than T84, while the

more immune regulatory receptor TNFR2 (Bradley, 2008) was lower in FHs 74 Int than

in T84 (Figure 4). This might explain the more pronounced impact of hMOs on the

immature fetal cells than on the adult cells and the higher susceptibility of fetal cells for

inflammation (Rognum, Thrane, Stoltenberg, Vege, & Brandtzaeg, 1992). In vivo, most

of the proinflammatory effects of TNF-α are exerted via TNFR1 (Figure 7A) (Horiuchi,

Mitoma, Harashima, Tsukamoto, & Shimoda, 2010). As shown in our current study

3-FL, LNnT, and LDFT all attenuated TNF-α induced inflammation by interfering with
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this TNF-α binding to cell-surface bound TNFR1. During TNF-α stimulation, 3’-FL,

LNnT, and LDFT could induce shedding of the TNFR1 ectodomain which subsequently

serve as soluble decoy protein that competes with cell-surface bound TNFR1 as well

as by decreasing the number of cell-surface bound TNFR1 available for ligand binding.

This shedding process involves the proteolytic cleavage of TNFR1 ectodomains, which

is dependent on the activation of TNF-converting enzyme (TACE) (Steeland, Libert, &

Vandenbroucke, 2018). This process is, as shown here, might be stimulated by 3’-FL,

LNnT, and LDFT and thereby contributes to lowering of inflammatory events in imma-

ture epithelial cells (Figure 7B). Besides induced ectodomain shedding of TNFR1, LNnT

could also bind TNFR1 which inhibited the TNF-α/TNFR1 signaling pathway (Figure

7C). The multifold ways of inhibition of LNnT coincides with the observation that LNnT

had a stronger inhibiting effect than 3-FL and LDFT on TNF-α induced IL-8 secretion.

In the present study, we provide evidence that some hMOs attenuate TNF-α induced

inflammation by directly influencing TNFR1 signaling, and subsequently inhibiting in-

flammatory responses. It therewith might also be instrumental in preventing or atten-

uating inflammatory events in TNF-α dependent diseases such as rheumatoid arthritis

and inflammatory bowel disease (Steeland et al., 2018). Currently, these diseases are

treated with TNF-α-inhibitors that block both TNFR1 and TNFR2, and not only TNFR1

signaling which is the main proinflammatory receptor (Steeland et al., 2018). This is

undesired as TNFR2 is involved in tissue repair and immune modulation and should

therefore not be suppressed (Fischer et al., 2015). Here we show that specific chemical

hMO structures may specifically block TNFR1 signaling which might be beneficial for

the treatment of the aforementioned diseases (Steeland et al., 2018).
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Figure 7. Schematic representation of the mechanisms of action of hMOs attenuate TNF-α induced

inflammation via TNFR1. (A) TNF-α signaling via its receptors TNFR1; (B) hMOs induce shedding

of cell-surface TNFR1 through activating TNF-converting enzyme (TACE), increase soluble TNFR1

(sTNFR1) and inhibit the inflammatory response; (C) hMOs binding to TNFR1, inhibit the binding of

TNF-α and inflammatory response.

Conclusions

In conclusion, we demonstrate that specific hMO types inhibit TNF-α induced inflam-

matory responses in fetal gut epithelial cells in a structure-dependent fashion. Especially

3-FL, LNnT, and LDFT can effectively attenuate TNF-α induced inflammation by in-

teracting with the TNFR1 receptor which is highly expressed in the fetal cells compared

to adult gut epithelial cells. Our findings not only contribute to better understanding of

the structure-function relationship of hMOs, but opens new venues to explore hMOs in

management of TNF-α dependent diseases as the hMOs have more specificity for the

proinflammatory pathways than currently applied TNF-α-inhibitors. Understanding how

and which hMOs have anti-inflammatory effects could contribute to the future design of

hMO containing products with predictable beneficial effects in specific target groups. A

possible application of the current knowledge is application of 3-FL, LNnT, and LDFT in

infant formula for premature neonates that are more prone to NEC or other inflammatory
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disorders than term born babies.

Table 1. Overview of the structure of selected hMOs.

Contributions

Wenjia Wang helped to performed and analysed MST experiments.

References

1. Aly, E., Ali Darwish, A., Lopez-Nicolas, R., Frontela-Saseta, C., & Ros-Berruezo,

G. (2018). Bioactive Components of Human Milk: Similarities and Differences between

Human Milk and Infant Formula. In Selected Topics in Breastfeeding.

https://doi.org/10.5772/intechopen.73074

2. Asakuma, S., Hatakeyama, E., Urashima, T., Yoshida, E., Katayama, T., Ya-

132



7

mamoto, K., . . . Kitaoka, M. (2011). Physiology of consumption of human milk

oligosaccharides by infant gut-associated bifidobacteria. Journal of Biological Chem-

istry, 286(40), 34583–34592.https://doi.org/10.1074/jbc.M111.248138

3. Bartsch, J. W., Wildeboer, D., Koller, G., Naus, S., Rittger, A., Moss, M.

L., . . . Jockusch, H. (2010). Tumor Necrosis Factor-α (TNF-α ) Regulates Shed-

ding of TNF- Receptor 1 by the Metalloprotease-Disintegrin ADAM8: Evidence for a

Protease-Regulated Feedback Loop in Neuroprotection. Journal of Neuroscience, 30(36),

12210–12218. https://doi.org/10.1523/JNEUROSCI.1520-10.2010

4. Bidart, G. N., Rodríguez-Díaz, J., Yebra, M. J. (2016). The extracellular wall-

bound -N-acetylglucosaminidase from Lactobacillus casei is involved in the metabolism of

the human milk oligosaccharide lacto-N-triose. Applied and Environmental Microbiology,

82(2), 570–577. https://doi.org/10.1128/AEM.02888-15

5. Bode, L. (2012). Human milk oligosaccharides: Every baby needs a sugar mama.

Glycobiology, 22(9), 1147–1162. https://doi.org/10.1093/glycob/cws074

6. Bode, L., Contractor, N., Barile, D., Pohl, N., Prudden, A. R., Boons, G. J.,

. . . Jennewein, S. (2016). Overcoming the limited availability of human milk oligosac-

charides: Challenges and opportunities for research and application. Nutrition Reviews,

74(10), 635–644. https://doi.org/10.1093/nutrit/nuw025

7. Bradley, J. R. (2008). TNF-mediated inflammatory disease. Journal of Pathology,

214(2), 149–160. https://doi.org/10.1002/path.2287

8. Cario, E., Rosenberg, I. M., Brandwein, S. L., Beck, P. L., Reinecker, H.-C., &

Podolsky, D. K. (2000). Lipopolysaccharide Activates Distinct Signaling Pathways in In-

testinal Epithelial Cell Lines Expressing Toll-Like Receptors. The Journal of Immunology,

164(2), 966–972. https://doi.org/10.4049/jimmunol.164.2.966

9. Cheng, L., Kiewiet, M. B. G., Groeneveld, A., Nauta, A., & de Vos, P. (2019).

Human milk oligosaccharides and its acid hydrolysate LNT2 show immunomodulatory

effects via TLRs in a dose and structure-dependent way. Journal of Functional Foods,

59(March), 174–184. https://doi.org/10.1016/j.jff.2019.05.023

133



7

10. Cheng, L., Kong, C., Walvoort, M. T. C., Faas, M. M., & de Vos, P. (2019).

Human Milk Oligosaccharides Differently Modulate Goblet Cells Under Homeostatic,

Proinflammatory Conditions and ER Stress. Molecular Nutrition & Food Research,

e1900976. https://doi.org/10.1002/mnfr.201900976

10. Cotton, J. A., Platnich, J. M., Muruve, D. A., Jijon, H. B., Buret, A. G., & Beck,

P. L. (2016). Interleukin-8 in gastrointestinal inflammation and malignancy: Induction

and clinical consequences. International Journal of Interferon, Cytokine and Mediator

Research, 8, 13–34. https://doi.org/10.2147/IJICMR.S63682

11. Coulet, M., Phothirath, P., Allais, L., & Schilter, B. (2014). Pre-clinical safety

evaluation of the synthetic human milk, nature-identical, oligosaccharide 2’-O-Fucosyllactose

(2’FL). Regulatory Toxicology and Pharmacology, 68(1), 59–69.

https://doi.org/10.1016/j.yrtph.2013.11.005

12. Doare, K. Le, Holder, B., Bassett, A., & Pannaraj, P. S. (2018). Mother’s Milk:

A purposeful contribution to the development of the infant microbiota and immunity.

Frontiers in Immunology, 9(FEB), 361. https://doi.org/10.3389/fimmu.2018.00361

13. Dostert, C., Grusdat, M., Letellier, E., Brenner, D. (2019). The TNF family

of ligands and receptors: Communication modules in the immune system and beyond.

Physiological Reviews, 99(1), 115–160. https://doi.org/10.1152/physrev.00045.2017

14. Figueroa-Lozano, S., & de Vos, P. (2019). Relationship Between Oligosaccha-

rides and Glycoconjugates Content in Human Milk and the Development of the Gut

Barrier. Comprehensive Reviews in Food Science and Food Safety, 18(1), 121–139.

https://doi.org/10.1111/1541-4337.12400

15. Fischer, R., Kontermann, R. E., & Maier, O. (2015). Targeting sTNF/TNFR1

signaling as a new therapeutic strategy. Antibodies, 4(1), 48–70.

https://doi.org/10.3390/antib4010048

16. Gnoth, M. J., Kunz, C., Kinne-Saffran, E., & Rudloff, S. (2000). Human Milk

Oligosaccharides Are Minimally Digested In Vitro. The Journal of Nutrition, 130(12),

134



7

3014–3020. https://doi.org/10.1093/jn/130.12.3014

17. He, Y., Liu, S., Leone, S., & Newburg, D. S. (2014). Human colostrum oligosac-

charides modulate major immunologic pathways of immature human intestine. Mucosal

Immunology, 7(6), 1326–1339. https://doi.org/10.1038/mi.2014.20

18. He, Y. Y., Liu, S. B., Kling, D. E., Leone, S., Lawlor, N. T., Huang, Y., . . .

Newburg, D. S. (2016). The human milk oligosaccharide 2-fucosyllactose modulates

CD14 expression in human enterocytes, thereby attenuating LPS-induced inflammation.

Gut, 65(1), 33–46. https://doi.org/10.1136/gutjnl-2014-307544

19. Heymann, J., Raub, A., & Earle, A. (2013). Breastfeeding policy: A glob-

ally comparative analysis. Bulletin of the World Health Organization, 91(6), 398–406.

https://doi.org/10.2471/BLT.12.109363

20. Horiuchi, T., Mitoma, H., Harashima, S. I., Tsukamoto, H., & Shimoda, T.

(2010). Transmembrane TNF-α: Structure, function and interaction with anti-TNF

agents. Rheumatology, 49(7), 1215–1228. https://doi.org/10.1093/rheumatology/keq031

21. Kuntz, S., Rudloff, S., & Kunz, C. (2008). Oligosaccharides from human milk

influence growth-related characteristics of intestinally transformed and non-transformed

intestinal cells. British Journal of Nutrition, 99(3), 462–471.

https://doi.org/10.1017/S0007114507824068

22. Ladomenou, F., Moschandreas, J., Kafatos, A., Tselentis, Y., & Galanakis, E.

(2010). Protective effect of exclusive breastfeeding against infections during infancy: A

prospective study. Archives of Disease in Childhood, 95(12), 1004–1008.

https://doi.org/10.1136/adc.2009.169912

23. Melmed, G., Thomas, L. S., Lee, N., Tesfay, S. Y., Lukasek, K., Michelsen,

K. S., . . . Abreu, M. T. (2003). Human Intestinal Epithelial Cells Are Broadly Unre-

sponsive to Toll-Like Receptor 2-Dependent Bacterial Ligands: Implications for Host-

Microbial Interactions in the Gut. The Journal of Immunology, 170(3), 1406–1415.

https://doi.org/10.4049/jimmunol.170.3.1406

135



7

24. Morrow, A. L., Ruiz-Palacios, G. M., Altaye, M., Jiang, X., Lourdes Guerrero,

M., Meinzen-Derr, J. K., . . . Newburg, D. S. (2004). Human milk oligosaccharides are

associated with protection against diarrhea in breast-fed infants. Journal of Pediatrics,

145(3), 297–303. https://doi.org/10.1016/j.jpeds.2004.04.054

25. Nanthakumar, N., Meng, D., Goldstein, A. M., Zhu, W., Lu, L., Uauy, R.,

. . . Walker, W. A. (2011). The mechanism of excessive intestinal inflammation in

necrotizing enterocolitis: An immature innate immune response. PLoS ONE, 6(3),

17776. https://doi.org/10.1371/journal.pone.0017776

26. Piemontese, P., Giannì, M. L., Braegger, C. P., Chirico, G., Grüber, C., Riedler,

J., . . . Roggero, P. (2011). Tolerance and safety evaluation in a large cohort of healthy

infants fed an innovative prebiotic formula: A randomized controlled trial. PLoS ONE,

6(11), e28010. https://doi.org/10.1371/journal.pone.0028010

27. Rognum, T. O., Thrane, P. S., Stoltenberg, L., Vege, A., & Brandtzaeg, P.

(1992). Development of intestinal mucosal immunity in fetal life and the first postna-

tal months. Pediatric Research, 32(2), 145–149. https://doi.org/10.1203/00006450-

199208000-00003

28. Schirbel, A., & Fiocchi, C. (2011). Targeting the innate immune system in pedi-

atric inflammatory bowel disease. Expert Review of Gastroenterology and Hepatology,

5(1), 33–41. https://doi.org/10.1586/egh.10.76

29. Steeland, S., Libert, C., & Vandenbroucke, R. E. (2018). A new venue of TNF

targeting. International Journal of Molecular Sciences, 19(5).

https://doi.org/10.3390/ijms19051442

30. Vandenplas, Y., Berger, B., Carnielli, V. P., Ksiazyk, J., Lagström, H., Luna,

M. S., . . . Wabitsch, M. (2018). Human milk oligosaccharides: 2’-fucosyllactose

(2’-FL) and lacto-n-neotetraose (LNnT) in infant formula. Nutrients, 10(9), 1161.

https://doi.org/10.3390/nu10091161

31. Walker, A. (2010). Breast Milk as the Gold Standard for Protective Nutrients.

Journal of Pediatrics, 156(2 SUPPL.), S3–S7. https://doi.org/10.1016/j.jpeds.2009.11.021

136



7

32. Wu, R. Y., Li, B., Koike, Y., Määttänen, P., Miyake, H., Cadete, M., . . . Sher-

man, P. M. (2019). Human Milk Oligosaccharides Increase Mucin Expression in Experi-

mental Necrotizing Enterocolitis. Molecular Nutrition and Food Research, 63(3), 1–11.

https://doi.org/10.1002/mnfr.201800658

33. Yang, W. S., Moon, S. Y., Lee, M. J., & Park, S. K. (2016). Epigallocatechin-3-

gallate attenuates the effects of TNF-α in vascular endothelial cells by causing ectodomain

shedding of TNF receptor 1. Cellular Physiology and Biochemistry, 38(5), 1963–1974.

https://doi.org/10.1159/000445557

34. Yu, J. C., Khodadadi, H., Malik, A., Davidson, B., Salles, É. da S. L., Bhatia,

J., . . . Baban, B. (2018). Innate Immunity of Neonates and Infants. Frontiers in

Immunology, 9, 1759. https://doi.org/10.3389/fimmu.2018.01759

137



Chapter 8

Summary

Structure-based drug design method is a powerful method for discovering new ligands

against important targets. After the structure of that target determined, new ligand

can be designed from chemical principles or chosen from a subset of small molecules

that score well in in silico docking. After a preliminary assessment of bioavailability,

candidates continue into an iterative process of structure determination and re-evaluation

for optimization.

In Chapter 2, the review was written as summary of IL17A commercial inhibitors. In

2016, researchers from Pizer determinated three small molecule including two macrocy-

cles as IL17A/IL17RA inhibitors. In deposited structures, the bound HIP at the widened

N-terminus was implied to contribute more possibilities for ligand binding between two

IL17A dimers. However, it is important to note how the IL-17A dimer in cells adopt

such distinct conformations? Even so, they provided key advances in designing novel

class ligand in the central cavity. Based on their contributions, we took use of complex

structure IL17A/63Q to design a basic scaffold in the Chapter 5, and screened MD01

and MD09 compound as leads to optimize further MD compounds and accumulate in-

formation and experience to discovery novel binders. In Chapter 6, we described 1 lead

compound F2 with crystal structure with IL17A, the efforts to design and screen provide

key information for us to successfully discovery a new series compound implied binding
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affinity at nano molar and inhibition efficiency from IL17A signal pathway. Until now,

two structures of them have been determined (F2 and F37). It is good starting to

investigate anti-IL17A small molecule antagonist.

Chapter 3, bCAII was used as a model system to develop in vitro labeling approaches.

We successfully got apo bCAII crytal diffracted to 1.8Å. Based on the apo structure, 7

ligands were used in X-ray crystallography studies to understand how the probes binding

and labeling.This study is an example in combination of chemical biology methods, X-

ray crystallography and protein tandem mass spectrometry to illustrate insight into the

protein–probe interactions.

In Chapter 4, we obtained the structure of the Pf pdxk complex with AMP-PNP and

PL. In this study we found a (XMXH)m motif region within Pf pdxk without affecting

structural integrity. It was proposed to play an important role in malaria cell cycle. In

addition, we took used of in silico modeling to speculate the mechanism that Pf Pdxk

selectively phohspohrylated PT3, PT5 and PHME into potential active anti-malaria drug.

Although in silico modeling to predict the binding mode of potential ligand cannot provide

a solid and accuracy results, they provides valuable possibility to guide experimental

validation in future studies.

In Chapter 7, we made use of Microscale thermophoresis (MST) to determinate the

potential binding affinity of 3-FL, LNnT, and LDFT with His-TNFR1 receptor. From the

results, only LNnT was observed to show a ligand-dependent binding effect of LNnT with

His-TNFR1 of a Kd around 900nM. It proposed LNnT might bind directly to TNFR1 in

structure-function relationship to perform its anti-inflammatory effect .

In all, the application of biophysical methods plays very crucial roles in small-molecule

modulators targeting protein function research.

Besides, to optimize a promising hit into a potential lead molecule, the determination

of structure is very critical. X-ray crystallography is amenable to the realm of FBDD.

However, an area in which structural biology has been struggling for many years is integral

membrane proteins (IMP). Due to their large hydrophobic regions embedded in the

membrane, their structural and functional integrity is often membrane-dependent. The

development in electron microscopy allows the determination of the structure of proteins
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and proteins complexes at near-atomic resolution by Cryo-EM. With these techniques,

the conformation of the protein, especially IMP is against not constrained by growing

crystals. It may provide a more natural way to obtain insight into the conformation

of a drug target as part of a more physiological protein complex, thus offer crucial

information complementary to the inhibitor design efforts on isolated protein targets or

protein domains.

The first Cryo-EM structure visualizing bound small-molecule ligands have already

been reported and include ribosome structures with bound antibiotics and the human

20S proteasome structure with a covalently bound substrate analogue. Together, the

combination of X-ray crystallography and Cryo-EM will become more powerful methods

in structure-based drug design. The step forward to structure-based drug design will not

stop.
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Nederlandse Samenvatting

Op structuur gebaseerde medicijnontwerpmethode is een krachtige methode voor het

ontdekken van nieuwe liganden tegen belangrijke doelen. Nadat de structuur van dat

doelwit is bepaald, kan een nieuw ligand worden ontworpen vanuit chemische principes

of gekozen uit een subset van kleine moleculen die goed scoren in silico-docking. Na een

voorlopige beoordeling van de biologische beschikbaarheid gaan kandidaten verder met

een iteratief proces van structuurbepaling en herevaluatie voor optimalisatie.

In Hoofdstuk 2 is de review geschreven als een samenvatting van commerciële IL17A-

remmers. In 2016 bepaalden onderzoekers van Pizer drie kleine moleculen, waaronder

twee macrocycli, als IL17A / IL17RA-remmers. In gedeponeerde structuren werd geïm-

pliceerd dat de gebonden HIP aan de verwijde N-terminus bijdroeg aan meer mogeli-

jkheden voor ligandbinding tussen twee IL17A-dimeren. Het is echter belangrijk op te

merken hoe het IL-17A-dimeer in cellen zulke verschillende conformaties aanneemt? Toch

zorgden ze voor belangrijke vorderingen bij het ontwerpen van nieuwe klasse-liganden in

de centrale holte. Op basis van hun bijdragen hebben we gebruik gemaakt van de

complexe structuur IL17A / 63Q om een basisscaffold te ontwerpen in Hoofdstuk 5,

en hebben we MD01- en MD09-compound gescreend om verdere MD-verbindingen te

optimaliseren en te accumuleren Informatie en ervaring om nieuwe bindmiddelen te ont-

dekken.
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In Hoofdstuk 6 beschreven we 1 lead compound F2 met kristalstructuur met IL17A,

de pogingen om te ontwerpen en screenen leveren belangrijke informatie voor ons om

met succes een nieuwe serieverbinding te ontdekken met impliciete bindingsaffiniteit 8

op nanomolaire en remmingsefficiëntie van IL17A signaalpad. Tot nu toe zijn er twee

structuren van bepaald (F2 en F37). Het is goed om een anti-IL17A-antagonist met een

klein molecuul te onderzoeken.

In Hoofdstuk 3, bCAII, werd gebruikt als modelsysteem om in vitro labelingbenaderin-

gen te ontwikkelen. We hebben met succes apo bCAII crytal afgebogen tot 1.8Å. Op ba-

sis van de apo-structuur werden 7 liganden gebruikt in röntgenkristallografie-onderzoeken

om te begrijpen hoe de probes binden en labelen. Deze studie is een voorbeeld in een

combinatie van chemische biologiemethoden, röntgenkristallografie en proteïne tandem

massaspectrometrie om inzicht te geven in de proteïne-sonde interacties.

In Hoofdstuk 4 hebben we de structuur van het Pf pdxk-complex verkregen met

AMP-PNP en PL. In deze studie vonden we een (XMXH) m-motiefregio binnen Pf pdxk

zonder de structurele integriteit aan te tasten. Er werd voorgesteld om een belangrijke

rol te spelen in de malariacelcyclus. Bovendien hebben we gebruik gemaakt van in silico-

modellering om het mechanisme te speculeren dat Pf Pdxk selectief phohspohrylated

PT3, PT5 en PHME in een mogelijk actief antimalariamedicijn heeft omgezet. resultaten

bieden ze een waardevolle mogelijkheid om experimentele validatie in toekomstige studies

te begeleiden.

In Hoofdstuk 7 hebben we gebruik gemaakt van Microscale thermoforese (MST) om

de potentiële bindingsaffiniteit van 3-FL, LNnT en LDFT met His-TNFR1 receptor te

bepalen. Uit de resultaten bleek dat alleen LNnT een ligandafhankelijk bindingseffect

vertoonde van LNnT met His-TNFR1 van een Kd rond 900 nM. Het stelde voor dat

LNnT zich rechtstreeks aan TNFR1 zou kunnen binden in structuur-functie-relatie om

zijn ontstekingsremmende effect uit te oefenen.

Al met al speelt de toepassing van biofysische methoden een zeer cruciale rol in mod-

ulatoren van kleine moleculen die gericht zijn op eiwitfunctieonderzoek. Bovendien is

de bepaling van de structuur zeer kritisch om een veelbelovende hit in een potentiële

leadmolecule te optimaliseren. Röntgenkristallografie is vatbaar voor het rijk van FBDD,
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maar een gebied waar structurele biologie al jaren mee worstelt, zijn integrale mem-

braaneiwitten (IMP). Vanwege hun grote hydrofobe gebieden ingebed in het membraan,

is hun structurele en functionele integriteit vaak membraanafhankelijk. De ontwikkeling

in elektronenmicroscopie maakt het mogelijk de structuur van eiwitten en eiwitcomplexen

te bepalen met een bijna atomaire resolutie door Cryo-EM. Met deze technieken wordt

de conformatie van het eiwit, vooral IMP, niet belemmerd door groeiende kristallen. Het

kan een meer natuurlijke manier zijn om inzicht te krijgen in de conformatie van een ge-

neesmiddeldoelwit als onderdeel van een meer fysiologisch eiwitcomplex, en dus cruciale

informatie bieden die complementair is aan de inspanningen om remmers te ontwerpen

op geïsoleerde eiwitdoelen of eiwitdomeinen.

De eerste Cryo-EM-structuur die gebonden liganden van kleine moleculen visualiseert,

is al gerapporteerd en omvat ribosoomstructuren met gebonden antibiotica en de menseli-

jke 20S-proteasoomstructuur met een covalent gebonden substraatanaloog. Samen zal

de combinatie van röntgenkristallografie en Cryo-EM krachtigere methoden worden in

op structuur gebaseerd medicijnontwerp. De stap voorwaarts naar een op structuur

gebaseerd medicijnontwerp zal niet stoppen.
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