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1 Introduction 
1.1 Taxonomy of filoviruses 
Viruses within the family of Filoviridae exhibit a typical rod-like structure and contain a single-stranded, 

non-segmented negative-sense RNA genome. The family Filoviridae belongs to the order 

Mononegavirales as do the families of Paramyxoviridae, Rhabdoviridae and Bornaviridae. The genera 

Cuevavirus, Dianlovirus, Marburgvirus and Ebolavirus are part of the filovirus family, Ebolavirus being 

further divided into the species Zaire ebolavirus (EBOV), Sudan ebolavirus (SUDV), Reston ebolavirus 

(RESTV), Taï Forest ebolavirus (TAFV), Bundibugyo ebolavirus (BDBV) and Bombali ebolavirus (BOMV) 

(Figure 1) [316].  

 

Figure 1: Taxonomy of Mononegavirales and Filoviridae. The order Mononegavirales (top level) contains several viral 
families (second level from top) besides Filoviridae. Ebolavirus (third level from top) is further divided various species (bottom 
level) [316]. 

1.2 Epidemiology 
Filoviruses were first described in 1967 in Marburg when laboratory workers developed a severe 

haemorrhagic fever after handling organs and tissues of vervet monkeys (Cercopithecus aethiops). This 

led to the discovery of Marburg virus (MARV) as the causative agent of the Marburg virus disease 

(MARD) [215]. In the following decades, several outbreaks of MARD were reported. Its close relative, 

Ebola virus, was first discovered in 1976 during nearly simultaneous outbreaks of EBOV and SUDV in 

Zaire (now Democratic Republic of Congo, DRC) and Sudan [81,212]. Since then, numerous Ebola virus 

disease (EVD) outbreaks have been recorded (Figure 2). Most outbreaks occur in Africa, where the 

presumed natural reservoir hosts of EBOV, bats of the species Hypsignathus monstrosus, Epomops 

franqueti and Myonycetris torquata, are endemic [193,194,256]. EBOV and SUDV are the most 

common causes of EVD, while TAFV and BDBV were responsible for only a few human cases [98]. RESTV 

only occurred outside of Africa and caused asymptomatic human infections [47]. 
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Dimeric VP40 adopts a butterfly shape and the two protomers in the crystal are joint via residues 52 

to 65 and 108 to 117 in the NTD (Figure 5 B and C) and can homo-oligomerize further into filaments 

(Figure 5 D and E) or octamers (Figure 5 F and G).  

 

Figure 5: Schematic representation of VP40. A) Residues involved in the homo-oligomerization interfaces are highlighted in 
green, blue and red (for the dimeric, octameric and filamentous interface, respectively) above the sequence graph whereas 
further residues of interest are shown below. Different homo-oligomers of VP40 connected via different interfaces coloured 
in green for dimers (B and C; PDB-code 4LDD), green and red for filaments (D and E, PDB-code 7JZJ) and purple for octamer 
(F and G; PDB-code 1H2C). A close-up of the respective interface(s) in given below the crystal structure of each oligomer. 

Dimers are thought to be quickly formed after translation and can be transported to the plasma 

membrane [32]. This trafficking process was reported to be facilitated by complex formation of 

residues 303 to 307 of VP40 with Sec24C, a component of the COPII vesicular transport system [332]. 

It was also described that VP40 interacts with tubulin via residues 223 to 253 [266] and actin for 

transportation [2]. At the plasma membrane, VP40 dimers are triggered by phosphatidylserine to 

polymerize into filaments [3] where the dimers are connected through their CTD via residues L203, 

I237, M241, M305 and l307 (see Figure 5 A). This CTD-to-CTD interface is discontinued and involves 
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inhibitors might exert a sub-stoichiometric effect that describes the inhibition of a complex or several 

copies of the protein of interest by a single compound [102,210]. 

1.9 Aims of this work 
As of today, there is still no licensed drug against EVD. The matrix protein VP40 plays a central role in 

the viral replication cycle and was investigated as a potential drug target in numerous studies using 

different approaches and techniques. However, in most cases an inhibition of the interaction between 

VP40 and host proteins was targeted. In addition, structural information was either lacking and results 

were not experimentally validated for in silico studies. Therefore, the objective of the present study 

was to develop inhibitors against VP40 using a structure-guided approach. The typical steps of drug 

discovery include target identification, target validation, lead identification, lead optimization, and 

preclinical and clinical phases. Structural information is especially crucial for the earlier steps, 

beginning with lead optimization.  

Specifically synthesized peptides or preselected fragments served as lead structures, which were 

tested for their binding activity to VP40 using various screening methods, such as surface plasmon 

resonance, crystal soaking experiments, and disulfide tethering (DT). Once a hit was identified, it was 

optimized for improved affinity towards VP40. This was performed by the generation of a virtual library 

of derivatives, their molecular docking to VP40, as well as their synthesis by medicinal chemists for 

further testing (Figure 6).  

The present work targets EBOV VP40 (zVP40) and SUDV VP40 (sVP40) depending on the available test 

systems and was divided in three parts: 

Part I:  Characterization of residues directly and indirectly involved in VP40 self-assembly 

Part II: Inhibition of VP40 using peptides 

Part III: Inhibition of VP40 using small molecules 
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Figure 6: Work plan of the present thesis following the typical drug design steps. Steps include target identification and 
validation, lead identification and optimization, divided in three major parts. 
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Figure 7: EBOV-specific minigenome assay. The sequences coding for the seven structural proteins are exchanged for the 
Renilla luciferase gene, flanked by the leader and trailer regions and called the minigenome (MG). Transfection of the MG 
plasmid as well as the necessary components for viral genome replication and transcription (L, VP35, VP30, NP) as well as a 
plasmids coding for a T7 polymerase and VP40 into HEK 293 cells results in the transcription and translation of the viral protein 
and the T7 polymerase. The latter generates the negative-sense RNA of the MG, which serves as a template for replication as 
well as transcription and eventually translation. Reporter gene activity indirectly indicates levels of viral genome replication 
and transcription. 

To measure the inhibitory effect of VP40 on viral genome replication and transcription, cells at a 

confluency of approximately 50% were cultured in 12 (or 6) well plates and transfected with 500 ng 

pCAGGS L, 62.5 ng pCAGGS VP35, 50 ng pCAGGS VP30, 62.5 ng pCAGGS NP, 125 ng pCAGGS T7, 125 ng 

pANDY 3E5E, 50 ng pGL4 firefly luciferase and 400 ng sVP40 WT or mutants (or double the amounts 

for 6 well plates). Differences in the absolute amount of transfected plasmid DNA were compensated 

by the addition of empty pCAGGS vector. 48 h pt, cells were washed twice with ice-cold PBSdef, the cell 

pellet resuspended in Lysis Juice (Promega) and frozen at -20 °C. After thawing, the cell debris was 

spun down for 10 min at 4 °C and 13,200 rpm. After diluting the supernatant 1:100 in Lysis Juice (PJK), 

10 µL were used for the measurement of reporter gene activity of both Renilla and firefly luciferase 

using the Beetle-Juice and Renilla-Juice BIG KITs (PJK) and measured with a Centro LB 960 luminometer 

(Berthold Technologies). For this, 50 µL of substrate was added to the 10 µL sample. Firefly luciferase 

signals were used to normalize for transfection efficiency. The sample without VP40 was considered 

to be the positive control and set to 100%. In addition to the luminometer measurements, 30 µL were 

mixed with 10 µL 4x sample buffer (SB) and used for Western blot (WB) analysis (see section 2.4.3.2) 

to control expression levels of the viral proteins. 

2.3.2 Virus-like particle assays 
8x105 HEK293 cells were tranfected with 500 ng per well of sVP40 WT or mutants along with 500 ng 

GP per well to increase yields [245]. Media was changed 4 h pt to 3 mL DMEM containing 3% FBS. 24 or 

72 h pt cell culture medium was collected, cell debris removed via centrifugation for 10 min at 

2,500 rpm and the supernatants subjected to ultra-centrifugation for 2 h at 4 °C and 40,000 rpm with 

a 20% sucrose cushion using an SW41 or SW60 rotor (Beckman Coulter). Pellets were then 

resuspended in 50 µL SB and analyzed via WB analysis (see section 2.4.3.2). Cells were washed once 

with PBSdef. and resuspended in 100 µL 1x Lysis Juice (Promega) and frozen at -20 °C. After thawing, the 
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incubated with a mixture of AVL buffer, Carrier-RNA and Bromphenol Blue (provided with the kit). After 

a 10 min incubation time, 560 µL of 100% ethanol was added and again incubated. Samples were then 

transferred to new tubes which were surface decontaminated for removal out of the BSL4 laboratory. 

Viral RNA was then applied to a RNA-binding column, washed, eventually eluted and finally transcribed 

into cDNA and used for further analysis (see section 2.1.10). 

2.3.6 Determination of viral titers 
Titers of the (recombinant) EBOV were assessed by TCID50 assay. For this, 180 µL of a VeroE6 cell 

suspension in DMEM with 3% FBS were pipetted in 96 well plates to reach a confluency of approx. 50% 

and plates were transferred to the BSL4 laboratory. 20 µL of the virus-containing suspension (with or 

without prior dilution) were added to 4 to 6 wells. A serial dilution of 1:10 from one row to the next 

was performed and finally 20 µL were removed from th last row and discarded thus resulting in usually 

8 dilution steps containing each 180 µL with 4 to 6 replicative wells. As a mock control, one setup was 

performed with only DMEM without FBS without virus. Cells were then incubated at 37 °C and 5% CO2. 

Six dpi cells were analyzed for CPE and viral titers (TCID50/mL) calculated using the Spearman & Kärber 

algorithm (Hierholzer & Killington 1996). If needed, the procedure was repeated with 1:5 steps 

dilutionusing 160 µL cell culture medium and transferring 40 µL from one row to the next. 

2.3.7 Cloning and rescue of recombinant EBOV 
Reverse genetics systems are powerful tools to study the effect of amino acid changes on the virus 

itself and allow its characterization. The underlying principle was the transfection of a DNA plasmid 

that encodes the full-length viral genome in the presence of a T7 polymerase and the plasmids that 

are necessary for viral genome replication and transcription, namely L, NP, VP30 and VP35. 

2.3.7.1 Cloning of recombinant EBOV 
Cloning of plasmids containing the full-length EBOV genome was performed using three cloning 

cassettes that were eventually fused together and ligated into the final plasmid pAMP [118,240]. 

Fragment 1 contains the sequences of leader sequences, NP, VP35, VP40 and GP, fragment 2 GP, VP30, 

VP24 and the first the beginning of L and fragment 3 contains the rest of the gene coding for L, the 

trailer sequence and ribozyme site. As a first step, selected mutations in the vp40 gene in fragment 1 

were introduced via multisite-directed mutagenesis (see section 2.1.6) with subsequent 

transformation, cultivation of bacterial cultures, DNA extraction and sequencing. Bacterial cultures 

containing the correct VP40 sequence were used for downstream cloning. Each fragment and the final 

vector pAMP were digested using the appropriate restriction enzymes and ligated in a single reaction. 

An analytical restriction digest with subsequent analytical agarose gel electrophoresis revealed 

positive clones which were partially sequenced.  
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1 L centrifugation bottles and centrifuged at 2,500 rpm and 4 °C for 30 min. The bacterial pellet was 

washed once with PBSdef and frozen at -20 °C until further use. This protocol was adapted from 

Bornholdt et al. 2013.  

2.4.2 Protein purification 
2.4.2.1 Cell lysis 
Bacterial pellets were thawed on ice and resuspended in lysis buffer (25 mM Tris, 300 mM NaCl, pH 8, 

and 10 mM imidazole) and lysed mechanically using a microfluidizer (Microfluidics), kindly provided by 

the Bange lab, Philipps-University Marburg. Equilibration of the microfluidizer was achieved with ice-

cold lysis buffer. Afterwards, the bacterial suspension was introduced into the system. After 20 pumps, 

the lysed suspension was collected and the tubes were washed with ice-cold lysis buffer. The lysate 

was then subjected to centrifugation for 30 min at 4°C and 20,000 rpm. The cleared supernatant was 

mixed with 1 mL nickel-nitrilotriacetic acid (Ni-NTA; 1 ml/L expression culture) slurry and incubated 

overnight at 4 °C using an overhead shaker. To determine the ratio of soluble vs. insoluble protein, the 

pellet was resuspended in the same volume of PBSdef as the volume of the cleared supernatant. 

Samples of both the pellet and supernatant were taken for downstream analysis. 

2.4.2.2 Purification via immobilized metal affinity chromatography  
The purification of proteins of interest via immobilized metal affinity chromatography (IMAC) exploits 

the binding of the protein fused to a 6x histidine tag (his-tag) to the nickel ions of the resin, Ni-NTA 

coupled to Sepharose®CL-6B beads in 20% ethanol. The protein-slurry mixture was applied to a 

chromatography column using the column batch purification method. After collection of the flow-

through, the matrix was washed with 4x 10 mL washing buffer (25 mM Tris, 300 mM NaCl, pH 8, and 

20 mM imidazole) and the protein of interest was eventually eluted with 2x 10 mL elution buffer 

(25 mM Tris, 300 mM NaCl, pH 8, and 250 mM imidazole). The underlying principle was the 

competitive binding of imidazole to the Ni-NTA beads due to its structural similarity with the histidines. 

High imidazole concentrations strip his-tagged proteins off the matrix, whereas low concentrations (10 

to 20 mM) can avoid unspecific binding. A 30 µL sample of each fraction was taken and mixed with 

4x SB, incubated for 5 min at 95 °C and afterwards a sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis (SDS-PAGE) with a subsequent Coomassie staining was performed.  

2.4.2.3 Protein concentration 
Elution fractions of both IMAC and SEC (see sections 2.4.2.2 and 2.4.2.4) were judged on both the 

purity and intensity of SDS bands of interest and chosen fractions were pooled and concentrated using 

the Amicon Ultra concentrators with a molecular weight cut-off at 10,000 Da. Concentrators were first 

equilibrated with protein buffer (25 mM Tris, 300 mM NaCl, pH 8) by centrifugation for 10 min at 

4,500 rpm and 4 °C. The protein solution was then applied to the concentrator and the centrifugation 

steps were repeated until the desired volume or concentration was reached, usually 2 mL of final 
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approx. 15 min (or 5 min when heated up), followed by the Coomassie destaining solution until protein 

bands were clearly visible. 

2.4.3.2 Western blot 
To specifically detect proteins of interest with protein-specific antibodies, WB analysis was performed 

where proteins are blotted from the gel onto a membrane using the so-called semi-dry blot system. 

The setup of the blotting sandwich between anode (bottom) and cathode (top) was as follows (from 

bottom to top): 3 Whatman papers, SDS-PAGE, nitrocellulose membrane, 3 Whatman papers. Each 

component was soaked in WB transfer buffer before stacking of the sandwich. Excessive buffer was 

removed and one of the following protocols applied: 1) Standard: 25 V; 1 A; 30 min or 2) Turbo: 25 V; 

2.5 A; 7 min. Afterwards, the blotting success was checked by staining with Ponceau S solution. For 

this, the gel was placed in Ponceau S staining solution for 1 min and washed with H2O until bands were 

clearly visible. To completely destain the membrane, WB washing buffer (PBSdef with 0.1% Tween 20) 

was applied. Blocking of unoccupied sites on the membrane by incubating in 10% skim milk for 1 h at 

RT or overnight at 4 °C reduced unspecific antibody binding. Primary antibodies were diluted 1:500 to 

1:4,000 in 1% skim milk and incubated with the membrane again for either 1 h at RT or overnight at 

4 °C which enabled binding to the epitope of the proteins of interest. After washing the membrane for 

15 min in PBSdef with 0.1% Tween 20, the primary antibodies were added at a 1:5,000 dilution in 1% 

skim milk, coupled to a fluorophore and targeting the species of the primary antibody. The final 

washing steps included 15 min in PBSdef with 0.1% Tween 20 followed by 5 min in PBSdef. For imaging 

and quantification of protein bands the Odyssey® Infrared Imaging Scanner with the ImageStudioTM 

Acquisition software was used. 

2.4.4 Protein crystallography 
Crystallography is one of the most widely used methods for structural determination of biological 

macromolecules, next to nuclear magnetic resonance (NMR) and (cryo) electron microscopy (EM). 

Usually, all datasets of protein crystals are deposited into the openly accessible Protein Data Bank 

(PDB) prior to publication. De novo protein structure determination as well as identification of 

crystallographic binders such as small molecules are two of the main goals of protein crystallography. 

2.4.4.1 Principle 
Proteins can be forced into the crystalline state by slowly decreasing the solubility of the protein and 

simultaneously raising the concentration of precipitants in a controlled fashion. Figure 8 depicts a 

crystallization phase diagram.  
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Figure 8: Phase diagram of protein 
crystallization. Adjustable parameters 
are precipitant and its concentration, 
pH, temperature, additives and their 
concentration. The crystallization 
curves of the four major routes are 
depicted: (i) microbatch, (ii) vapor 
diffusion, (iii) dialysis and (iv) free-
interface diffusion (liquid/liquid 
diffusion). Each method begins at the 
starting conditions indicated by the 
large black dots and uses a different 
route to reach the nucleation and 
metastable zone and eventually the 
solubility curve [55]. 

 

 

If successful, crystallization begins when a protein is in the nucleation zone (oversaturation of the 

protein), forming nuclei, thereby lowering the protein concentration in the solution, resulting in the 

meta-stable zone. These nuclei then serve as a starting point for protein crystals. Both the nucleation 

event and the growth of the crystal can take from days to several weeks [32]. 

2.4.4.2 Crystallization 
Vapor diffusion is the most commonly used technique for producing protein crystals. It is usually 

performed in well plates and each well is filled with the so-called mother or reservoir solution 

containing the chosen crystallization conditions such as selected buffers, salts and precipitants. The 

protein solution as a hanging or sitting drop slowly equilibrates against the reservoir solution, thereby 

increasing the concentration of the precipitating agents and decreasing the solubility of the protein in 

the drop over time, thus favoring crystallization of the protein (Figure 9) [223].  

 

Figure 9: Vapor diffusion sitting vs. hanging 
drop. The drop containing the protein-
reservoir mix is either placed on a bridge 
(sitting drop, A) or on a cover slide (hanging 
drop, B). The well is sealed enabling a closed 
microenvironment for slow equilibration. 
Modified [223]. 

 

The initial screening process for crystallization conditions for recombinant VP40 was performed at the 

Saphire lab, SCRIPPS Institute in La Jolla, California, USA. The plasmids from the original publication by 

Bornholdt et al. [32] were used and included expression plasmids (pET46 EK/LIC) containing genes 

coding for both full-length and truncated (deletion of the first 43 a 
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Additionally, the automated refinement pipeline developed by Schiebel et al. was performed [276]. As 

this tool was written only for certain (older) versions of XDS, ccp4i and Phenix, this analysis was kindly 

performed by Prof. Dr. Andreas Heine (Institute of Pharmaceutical Chemistry, Philipps-University 

Marburg) with the respective software requirements. As input files, all .mtz files of interest as well as 

one template model for molecular replacement were needed. The pipeline output consisted of a new 

folder for each dataset with data for each performed step. Steps included 1) MR, 2) Simulated 

annealing, 3) standard refinement, 4) TLS refinement, 5) water inclusion, 6) deletion of selected 

waters, 7) anisotropic B except water, 8) anisotropic B, 9) hydrogens included, 10) water inclusion and 

11) deletion of selected waters. Log-files of each step of each dataset were evaluated and the step 

with the best R-factor chosen for further visual inspection. Again, as for the promising datasets 

identified by PanDDA, the typical procedure of manual molecular replacement and refinement cycles 

were performed (Figure 12 B). 

 

Figure 12: Refinement process for the present work. A) The typical refinement process started with the original reflection 
and model file. After molecular replacement, several iterative cycles of refinement and manual building were performed 
which eventually resulted in the final model. B) Screening for crystallographic binders was performed using two approaches 
for the identification of promising maps. These maps were then manually evaluated by following the steps outlined in A. 

 

2.4.5 Disulfide Tethering 
As described in the introductory part, disulfide tethering (DT) is a method used for site-directed ligand 

discovery and exploits the formation of disulfide bonds between the protein of interest and a thiol-

pandda.analyse data_dirs=~/Dokumente/PANDDA/* exisiting_datasets=ignore 
pdb_style=*.dimple.pdb mtz_style=*.dimple.mtz out_dir= ~/Dokumente/PANDDA/ cpus=40 
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Figure 13: Crystal structures of dimeric and 
octameric zVP40. The interfaces of the 
respective homo-oligomers (A dimer and B 
octamer) are shown as a close-up with the 
hot spot amino acids highlighted in red or 
orange. PDB IDs: 4LDB and 1H2C, 
respectively. 

 

 

 

 

 

3.1.1.2 Results 
Functional analyses of hot spot mutants of sVP40 in functional cell culture assays 

Since the aim of this work was to inhibit the homo-oligomerization of VP40, the function of the above-

mentioned residues were characterized for sVP40. First, an EBOV Zaire-based MG assay was used to 

analyze the function of sVP40, as a MG reporter assay system was not available for SUDV. The principle 

and protocol are outlined in section 2.3.1. As expected, sVP40 WT inhibited reporter gene expression 

in a dose-dependent manner, although double amounts of sVP40 (400 ng) compared to zVP40 (200 ng) 

had to be transfected in order to reduce the levels of reporter gene activity to similar levels (Figure 14 

A). Upon transfection of 400 ng of plasmid DNA coding for sVP40, the ectopic expression of sVP40 

W95A lowered reporter gene activity even stronger than observed for sVP40 WT (Figure 14 B). In 

contrast, sVP40 L117A was not able to inhibit viral genome replication and transcription.  

 

Figure 14: sVP40 WT and mutants influence reporter gene activity of a MG assay. A) Comparison of zVP40 and sVP40 WT in 
a Zaire-based MG assay and B) VP40 W95A and L117A mutations of sVP40 show statistically significant changes in reporter 
gene activity compared to sVP40 WT. For both experiments, HEK293 cells were transfected with pCAGGS s/zVP40 WT or 
mutants along with the MG assay components. Cells were lysed 48 h pt, reporter gene activity was measured and normalized 
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the interaction was specific to hTrx only stresses the importance of our findings. However, to 

understand the biological relevance of the PTMs, further investigations are necessary. 

In conclusion, the presented results suggest the regulation of EBOV genome replication/transcription 

and budding through the two cysteines in VP40, potentially mediated by posttranslational redox 

modifications such as nitrosylation and/or glutathionylation. Further analyses regarding 

conformational changes in the local environment induced by the mutation of cysteines or the effect of 

redox PTMs as well as a deeper understanding of the hTrx-VP40 interaction are necessary to address 

the molecular mechanism determining the mutants phenotypes. 
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3.3 Part III: Fragment-based lead discovery 
Fragment-based drug design (FBDD) or fragment-based lead design (FBLD) has become a widely used 

approach to identify molecular binders that can be developed into promising inhibitors. The screening 

process usually necessitates only a relatively small library of fragments with low molecular weights 

because the hit rate increases as the size of the molecules decreases. In addition, fragments offer 

potential binding to small pockets that are hard to reach by conventional (larger) inhibitors. On the 

other hand, the molecules need to be large enough to form interactions with the target protein, 

typically exhibiting affinities in the µM to mM range. To generate lead structures, fragments (or lead-

like molecules) must be optimized regarding size and functional groups via fragment growing, linking 

or merging. The low chemical complexity of fragments offers the exploitation of a large chemical space 

to achieve sufficient extension. However, the selected screening method needs to be sensitive enough 

to detect these usually weak binders and specific enough to distinguish low binders from false-positive 

ones [85,95,170,183,235]. 

To identify VP40-inhibiting compounds, two parallel approaches of FBLD were employed for the 

present work. While disulfide tethering (DT) enables site-specific binding of thiol-containing fragments 

to a native or engineered cysteine close to the location of interest, crystal soaking detects low-affinity 

binders to the protein of interest without guiding the ligand to a specific binding site. The latter 

approach offers the advantage of immediate structural information which gives insight in not just the 

exact binding location but also the binding mode of the fragment. DT on the other hand is a less 

laborious approach and downstream modification and enlargement of potential fragment hits are 

more intensive due to removal of the thiol group.  

As potential binders identified via crystal soaking are not necessarily able to inhibit homo-

oligomerization of VP40, the present two-pronged approach offers the additional opportunity to steer 

the binders to an oligomerization interface of interest thus doubling the chances of developing a 

functional inhibitor.  

 

3.3.1 Site-directed ligand discovery via disulfide tethering 
3.3.1.1 Introduction 
The novel technique DT (see section 2.4.5) was designed to guide molecules to a specific site on the 

surface of the protein (site-directed ligand discovery, SDLD) [87] to circumvent typical issues during 

the FBDD process. These include the binding of fragments to random sites of the protein of interest, 

the potentially low structural accessibility of binding sites and the need for highly specific (high-

throughput) assays and/or high compound concentrations that are necessary to detect weak binders, 

the latter often resulting in assay artifacts. The DT approach exploits the formation of disulfide bridges 














































































































































































































