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Abstract 18 

The Bunyaviricetes class includes several human pathogens, such as the Lassa virus (LASV), 19 

which pose a significant threat to global health and impact the society and economy in 20 

affected countries of the Global South. At present, there are no an]viral treatments or 21 

vaccines approved to treat or prevent, for example, poten]ally fatal human Lassa fever. 22 

Relevant processes for the development of an]viral strategies include viral genome replica]on 23 

and transcrip]on, which are catalysed by the mul]func]onal large (L) protein. Specific binding 24 

of the 3‘ and 5‘ viral genome termini to the L protein has been proven to be essen]al for these 25 

processes. Therefore, we inves]gated the tractability of the 3’ and 5’ RNA binding sites as drug 26 

targets. To this end, in vitro assays for high-throughput screening (HTS) of small molecule 27 

libraries were used to iden]fy inhibitors of 3‘ and 5‘ RNA binding to the L protein. Two assays 28 

per binding site based on fluorescence polariza]on (FP) and homogenous ]me-resolved 29 

fluorescence resonance energy transfer (HTRF) were established and used for the orthogonal 30 

screening of a repurposing collec]on. Selected compounds were profiled in biochemical 31 

experiments and analysed for an]viral ac]vity and cytotoxicity in cell-based assays. In silico 32 

analyses support the proposed mechanism of ac]on of the hit molecule micafungin to inhibit 33 

5’ RNA binding to L. We established the specific viral promoter RNA–polymerase interfaces as 34 

druggable targets and demonstrate the first pharmacological inhibi]on of a bunyaviral 35 

promoter RNA-binding site. This established early-stage drug discovery pipeline paves the way 36 

for the development of an]viral therapeu]cs against bunyaviruses and could also translate to 37 

influenza viruses. 38 
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 39 
Introduc&on 40 

Lassa virus (LASV) is a member of the Arenaviridae family belonging to the order Hareavirales 41 

within the highly diverse class of Bunyaviricetes [1, 2]. As highlighted by the WHO’s scien]fic 42 

framework for epidemic and pandemic research preparedness [3], LASV poses a significant 43 

threat to global health causing regular outbreaks of Lassa fever with poten]ally fatal outcome 44 

in West Africa [4, 5]. At present, no vaccines protec]ng from LASV infec]ons or therapeu]cs 45 

for treatment of Lassa fever have been approved. As LASV is a biosafety level 4 pathogen, 46 

research towards the development of an]viral strategies is somewhat limited by the necessity 47 

for high-containment laboratories. 48 

An]viral drug discovery typically follows one of two strategies: a phenotypic approach, in 49 

which compounds are iden]fied based on their ability to reduce viral replica]on in cell culture 50 

models without ini]ally focusing on a specific molecular target, or a target-based approach, 51 

in which specific viral proteins are studied and compounds are evaluated using biochemical 52 

or binding assays to measure their func]onal effects on those defined targets [6]. Insights into 53 

the structure and func]on of LASV proteins have been increasing in the past years and offer 54 

poten]al avenues for target-based an]viral drug discovery. In par]cular, the L protein as a 55 

mul]func]onal viral protein with a central role in viral genome replica]on and transcrip]on 56 

processes bears several func]ons that could be targeted: (i) the RNA-dependent RNA 57 

polymerase (RdRp) func]on resides within a highly conserved RdRp domain of the L protein 58 

and can likely be targeted by nucleoside analogues and non-nucleoside inhibitors. The (ii) cap-59 

binding and (iii) endonuclease func]ons required for produc]on of short capped RNA primers 60 

for viral transcrip]on ini]a]on, although structurally very similar to homologous domains of 61 

other bunyaviruses, have been shown to be inac]ve or weakly ac]ve in vitro, strongly limi]ng 62 

in vitro drug discovery approaches. In fact, for another bunyavirus family, the Phenuiviridae, 63 

despite clearly showing specific ac]vity in vitro, the cap-binding site of the L protein has been 64 

found to have limited druggability [7]. For the endonuclease, several studies have been 65 

published on the development of targeted inhibitors, however, none of these have been 66 

clinically approved yet [8, 9]. (iv) The binding site of the viral 5’ RNA terminus has been found 67 

to be essen]al for genome replica]on and transcrip]on processes and ac]vate the RdRp 68 

ac]vity of L [10, 11]. (iv) Finally, the secondary binding site of the viral 3’ RNA terminus, located 69 
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below the so-called pyramid domain, was also found to be essen]al for viral genome 70 

replica]on and transcrip]on in cell-based mini-replicon experiments [10].  71 

Targe]ng these viral RNA binding sites would theore]cally also limit the poten]al for 72 

muta]onal escape of the virus from an inhibitor as this is an important virus-virus interface, 73 

which would require adjustment on both the protein and RNA sequences. However, so far it 74 

has not been a9empted to target these sites. 75 

Here, we developed high-throughput-feasible in vitro assays for screening of small molecule 76 

libraries against the 3’ and 5’ RNA binding sites of the LASV L protein. The screening strategy 77 

encompassed two orthogonal assays for each RNA binding site to reduce the number of false 78 

posi]ve hits and use of a repurposing collec]on to validate assay performance and 79 

robustness. Aker hit confirma]on in primary assays, valida]on experiments on compounds 80 

were performed in vitro, in cellular studies followed by mechanis]c analysis based on in silico 81 

models.  82 

This is the first established pipeline for high-throughput screening of small molecules 83 

interfering with viral RNA binding to the specific 3’ and 5’ RNA binding sites within the LASV L 84 

protein. This target-based approach demonstrates the significance of the specific viral RNA 85 

binding sites as targets for an]viral drug development against LASV and other bunyaviruses. 86 

It provides a solid founda]on for broad screening campaigns and also opens opportuni]es for 87 

mechanism-of-ac]on studies of inhibitors detected in phenotypic screening approaches.  88 

 89 
 90 
Results 91 
 92 
Target iden&fica&on 93 
 94 
Several studies on LASV and related Machupo virus (MACV) characterized the specific 95 

interac]on of the highly conserved, untranslated 3ʹ and 5ʹ termini of each viral RNA segment 96 

(here denoted 3’ RNA and 5’ RNA) with the L protein [10-14]. Cryo-EM structures revealed 97 

dis]nct sites where the terminal 3’ and 5’ RNAs bind with the 5ʹ RNA forming a characteris]c 98 

hook-like conforma]on with an intramolecular base pair formed [10, 14]. 5’ RNA binding leads 99 

to conforma]onal rearrangements ac]va]ng the L protein’s RdRp ac]vity [10, 14, 15]. During 100 

RNA synthesis elonga]on and in a presumed res]ng state of L, the terminal 7 nucleo]des of 101 

the 3ʹ RNA are bound to a 3ʹ RNA secondary binding site of the L protein [10, 14, 16]. 102 

Biochemical studies are in line with this, revealing a maximum affinity of MACV L for the 7 103 
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terminal nucleo]des of the 3’ RNA while longer RNA sequences did not show a significant 104 

addi]onal increase [12]. For the 5’ RNA of MACV, biochemical studies demonstrated that a 105 

reduced length of 13 nt is enough to enhance RNA synthesis in vitro [15]. In LASV, the terminal 106 

10 nt are enough to form the characteris]c hook, including a non-templated G at the 5’ 107 

resul]ng from a prime-and-realign mechanism of genome synthesis ini]a]on (therefore 108 

termed nt 0-9) [10, 11]. These biochemical studies all relied on electrophore]c mobility shik 109 

assays using radioac]vely labeled RNA oligonucleo]des [11, 12]. This assay format, however, 110 

only has a low throughput, commonly requires addi]onal components like unspecific RNA or 111 

BSA to op]mize specificity and separa]on of the signals for bound and unbound frac]ons 112 

upon electrophoresis and is therefore not feasible for small molecule drug discovery at a 113 

reasonable scale. Addi]onal evidence from cell-based studies emphasizes the biological 114 

significance of these specific RNA binding sites within L. Muta]ng residues in the 5’ RNA or 3ʹ 115 

RNA secondary binding site led to a total loss of func]on of viral genome replica]on and 116 

transcrip]on in a mini-replicon system [10]. Therefore, targe]ng the 5’ and 3’ RNA binding 117 

sites with small molecules could inhibit viral genome replica]on and transcrip]on. 118 

 119 

Our goal was to establish high-throughput-compa]ble assay systems for detec]on and 120 

quan]fica]on of viral 3’ and 5’ RNA binding to the LASV L protein to enable small molecule 121 

screening campaigns. To reduce the number of false-posi]ve hits from high-throughput 122 

screening (HTS), we employed two orthogonal assay principles: fluorescence polariza]on (FP) 123 

and homogeneous ]me-resolved fluorescence coupled to Förster resonance energy transfer 124 

(or homogeneous ]me-resolved fluorescence energy transfer, HTRF). We used purified LASV 125 

L protein (strain Bantou-289) [11] and designed short Cy5-labeled RNA oligonucleo]des based 126 

on the structural data available [10].  127 

 128 

Development and op&miza&on of an FP-based HTS-feasible RNA binding assay 129 

FP-based assays are well established for high-throughput applica]ons [17, 18] and require 130 

labeling of one binding partner with a fluorophore, usually the smaller binding partner, which 131 

is called tracer. Polarized light is then used for excita]on of only the fluorophores in a certain 132 

orienta]on causing fluorescence emission in a single plane. However, as molecules rotate in 133 

between excita]on and emission, the emi9ed light is depolarized. Since the rate of rota]on 134 

of molecules in solu]on is inversely propor]onal to their macromolecular size, binding of the 135 
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tracer to a protein, such as the L protein, results in a detectable reduc]on of depolariza]on. 136 

Consequently, if a small molecule affects this binding event, a change in the FP signal can be 137 

measured (Fig. 1A). Based on the structural data of L-RNA complexes [10] as well as 138 

biochemical data [10-12], tracers were designed consis]ng of the terminal 7 nucleo]des (3’ 139 

1-7 nt) for the 3’ RNA binding assay and consis]ng of the terminal 9 nt plus an extra G at the 140 

5’ end (5’ 0-9 nt) for the 5’ binding assay (Fig. 1B). These RNA sequences should retain the 141 

essen]al and specific interac]ons with the L protein and the 5’ tracer should be able to form 142 

the observed hook-like 3D structure by intermolecular base pairing between nt 1 and nt 7, 143 

while being short enough to avoid addi]onal movement independent of the L protein. For 144 

that same reason, short linkers between RNAs and the label were used (Supplementary Fig. 145 

12). A Cyanine5 (Cy5) fluorophore label was chosen because it is well established in labeling 146 

of nucleic acids and its spectral proper]es in the red range of the electromagne]c spectrum 147 

reduce the probability of interference with small molecules in screening libraries, which oken 148 

absorb or emit light with shorter wavelength (blue-violet) [17, 19]. To ensure the labels did 149 

not sterically hinder the interac]on of the L protein with the 3’ and 5’ RNA, respec]vely, the 150 

Cy5 fluorophore was a9ached opposite the natural RNA terminus, i.e. at the 5’ for the 3’ RNA 151 

tracer and at the 3’ for the 5’ RNA tracer (Fig. 1B). Because small molecules binding to the 5ʹ 152 

or 3ʹ promoter binding sites remain to be discovered, condi]ons without L protein present 153 

were used as posi]ve controls for maximum inhibi]on. 154 

Tracer concentra]ons were set to 5 nM for the 3’ RNA and 10 nM for the 5’ RNA yielding 155 

sufficient fluorescence intensity signals for reliable assessment of the FP shiks. Tracer binding 156 

was characterized by ]tra]ng L protein against a constant concentra]on of tracer (Fig. 1C). 157 

From the resul]ng binding curves, Kd values were es]mated to be around 6.1 nM (± 0.5 nM) 158 

for the 3’ RNA and 83.8 nM (± 13.6 nM) for the 5’ RNA. As a consequence, L protein 159 

concentra]ons of 10 nM and 50 nM were chosen to achieve an op]mal assay window for the 160 

3’ and 5’ RNA binding assay, respec]vely. Next, addi]onal assay components were evaluated 161 

for their poten]al to enhance the assay window and stabilize the system, while s]ll keeping 162 

the complexity of the assay at a minimum for HTS feasibility.  163 

To reduce unspecific interac]ons of the RNA tracers with the protein and other material as 164 

well as L protein aggrega]on, we op]mized the ion and detergent content in the reac]on 165 

buffer as well as the assay plate material. We tested the influence of NaCl and KCl on the FP 166 

signal and found an op]mum in a physiological range between 100-200 mM NaCl or KCl, 167 
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respec]vely (Supplementary Fig. S1A). Next, we evaluated the influence of Mg2+ and Mn2+ on 168 

the FP signal since these are known to be important for RNA folding [20], protein stability [21, 169 

22] in general and for L protein func]on specifically [10, 23, 24] (Supplementary Fig. S1B). The 170 

3’ RNA binding assay was unaffected by the presence of Mg2+ ions (0.5-10 mM). At Mn2+ 171 

concentra]ons above 2 mM, a decrease in FP signal was observed. Similarly, the 5’ RNA 172 

binding assay did not improve in the presence of increasing Mn2+ or Mg2+ concentra]ons but 173 

the signals were reduced. We did therefore not include Mn2+ or Mg2+ ions in the final assay. 174 

Addi]on of 0.1% (w:v) CHAPS in the buffer resulted in a lower FP signal of the unbound tracer 175 

likely due to reduced unspecific interac]on of tracer and protein adsorp]on to the plate 176 

material (Fig. 1D). All assays were then adapted to automated screening condi]ons. 177 

 178 

Development and op&miza&on of an orthogonal HTRF-based HTS-assay 179 

To reduce the number of false posi]ve hits from HTS for valida]on in further experiments with 180 

significantly lower throughput, our strategy included development of an orthogonal assay. 181 

HTRF is a FRET assay that uses a monoclonal an]body coupled to a terbium (Tb) cryptate 182 

donor with a long fluorescence life]me and a large Stokes shik (i.e., separa]on between the 183 

excita]on and emission wavelengths). This Tb-cryptate an]body was used in combina]on 184 

with the same Cy5-labelled 3’ and 5’ RNAs from the FP assay as FRET acceptors. The long 185 

fluorescence life]me of the Tb FRET donor helps eliminate short-lived background 186 

fluorescence (Fig. 2A). A Tb-cryptate labelled monoclonal an]-His tag an]body (An]-6His mAb 187 

Tb-conjugate, Cisbio/revvity) was used as a FRET donor to bind to the C-terminal 6xHis tag at 188 

the LASV L protein. The assay components were op]mized to achieve the lowest possible FRET 189 

acceptor concentra]on whilst maintaining a sufficient signal-to-background ra]o. To this end, 190 

]tra]ons were performed with the FRET acceptors 3'(1-7)-Cy5 or 5'(0-9)-Cy5, respec]vely, at 191 

constant concentra]ons of 75 nM L protein and 0.1 ng/µL Tb-cryptate mAb (as recommended 192 

by the manufacturer) (Fig. 2B). Under these condi]ons, at 10 nM of the 3'(1-7)-Cy5 and 30 nM 193 

of the 5'(0-9)-Cy5 tracer, respec]vely, signals were approximately double as high as the 194 

background. Reac]ons without L protein or an L protein with an internal StrepII-tag (L-StrepII) 195 

instead of a His-StrepII tandem tag (L-His) served as nega]ve controls with no detectable 196 

difference between the two controls (Fig. 2B). Comparing mAb concentra]ons, both 0.1 ng/µl 197 

and 0.05 ng/µl mAb showed very similar performance (Supplementary Fig. S2). 198 

 199 
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Compe&&on vs. displacement setup 200 

Although the viral 3’ and 5’ RNA termini can bind to their specific pockets in the L protein 201 

outside of the RdRp ac]ve site, for a full cycle of genome replica]on both RNA termini need 202 

to be released at some point. Therefore, two biologically consistent assay setups were 203 

conceived: (i) a direct compe]]on of small molecules and the tracer for the binding site and 204 

(ii) displacement of the tracer from the binding site by small molecules. As there were no 205 

established inhibitors available of 3’ or 5’ RNA binding to the L protein, both assay formats 206 

were evaluated for HTS-feasibility using the unlabeled viral RNAs as compe]tors. These 207 

experiments were conducted for both the FP and HTRF assays (Fig. 3). 208 

To test the displacement setups, the respec]ve 3’ and 5’ tracers were mixed with the L protein, 209 

and each mixture was incubated for 30 min to allow complexes to form. Unlabelled 3’ and 5’ 210 

RNAs (compe]tors), respec]vely, were subsequently ]trated against the L protein-tracer 211 

complex. A non-specific, unlabelled polyA-RNA (9 nt) was used as a nega]ve control. In the 212 

compe]]on setup, the tracer was mixed with the compe]tor at different ra]os and the L 213 

protein was added aker 30 min. The equilibra]on ]me for stable measurements and an 214 

op]mal assay window was 180 min (Supplementary Fig. S3). In the displacement assay setup, 215 

no significant concentra]on-dependent signal reversion to the baseline values could be 216 

observed for the HTRF and FP 3’ RNA binding assays, despite a 500-fold excess of compe]tor 217 

over the tracer (Fig. 3A and 3B, lek panels; Supplementary Fig. S3). It appears, therefore, that 218 

the binding of the 3’ RNA to the secondary binding site of L is not easy to disrupt, not even by 219 

addi]on of the same amount of (unlabelled) RNA. This is likely due to the conforma]onal 220 

changes in the pyramid region of L upon 3’ RNA binding [10]. For 5’ RNA binding, displacement 221 

of the labelled RNA in the HTRF assay was possible although not complete even at a 500-fold 222 

excess of the compe]tor. The resul]ng assay window was however sufficient for HTS (Fig. 3A 223 

and 3B, right panels). In the FP assay, the signals increased at compe]tor concentra]ons above 224 

2 µM, sugges]ng nonspecific effects between the 5' tracer and the high RNA concentra]on in 225 

this assay setup (Supplementary Fig. S4). For this reason, the difference between the 226 

condi]ons with and without L protein (DFP) was analyzed here for both the 3’ and the 5’ RNA 227 

(Fig. 3B).  228 

 229 

High-throughput screening against 3’ and 5’ RNA binding sites of LASV L protein 230 
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The final composi]on of the FP assay for HTS against the 3’ RNA binding site contained 12.5 231 

nM of LASV L protein and 6 nM of Cy5-labelled 3’ RNA (nt 1-7) as a tracer in a final volume of 232 

10 µl yielding a signal window (DFP) of about 200 mP. For the 5’ RNA binding site, the final FP 233 

assay contained 50 nM of LASV L protein and 10 nM Cy5-labelled 5’ RNA (nt 0-9) tracer in a 234 

final volume of 10 µl resul]ng in a signal window of about 100 mP. 235 

The HTRF assay used a Tb-cryptate mAb concentra]on of 0.05 ng/µl in a final volume of 10 µl 236 

including 12.5 nM or 25 nM of L protein and 6 nM or 25 nM of 3’ RNA and 5’ RNA FRET 237 

acceptors, respec]vely. The signal window (DHTRF) was about 4000 counts for the 3’ RNA 238 

binding assay and about 3000 counts for the 5’ RNA binding assay.  239 

For the 5’ RNA, both the FP and the HTRF assay were conducted in displacement format as it 240 

was considered more stringent in the selec]on of potent small molecules compared to the 241 

compe]]on format. HTS against the 3’ RNA binding site was conducted using the compe]]on 242 

format. In this setup the L protein was mixed with the small molecules first and then the tracer 243 

was directly added.  244 

  245 

The Fraunhofer Repurposing Collec]on containing 5632 compounds [25] was used for 246 

screening at a constant compound concentra]on of 10 µM in 384-well plates using semi-247 

automated dispensing of reagents and acous]c dispensing of small molecules. As a posi]ve 248 

control (100% inhibi]on of RNA binding), condi]ons without L protein were used that 249 

contained either only the labeled RNA (FP) or addi]onally the FRET donor (HTRF). As nega]ve 250 

controls (0% inhibi]on of binding), condi]ons without small molecules but with L and labeled 251 

RNA and with or without the FRET donor in case of the HTRF or FP assay were used, 252 

respec]vely. Z’ values above 0.5 demonstrated robustness and quality of the developed 253 

assays. Hit criteria are defined in the methods sec]on. Screening results are summarized in 254 

Fig. 4 for the 3’ RNA and in Supplementary Figures S5 and S6 for the 5’ RNA assay. 255 

Some 40 and 83 molecules were identified as primary hits in the 5' RNA screening using the 256 

FP assay in the two replicates n1 and n2, respectively, with 23 of these molecules identified 257 

in both replicates. Therefore, the total number of hit classified molecules from the FP-based 258 

5’ RNA screening was 100. In the HTRF 5’ RNA screening, 25 and 75 molecules were classified 259 

as hits after 3 and 18 hours, respectively, with 21 of these overlapping. This resulted in a total 260 

of 79 primary hits from the HTRF-based 5’ RNA screening. Analysis of the overlap between 261 
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these two orthogonal assays (FP and HTRF) resulted in 23 molecules for further analysis. In 262 

addition, 9 molecules with inhibition values below 20% in the HTRF screening but values >20% 263 

in both replicates of the FP-based screening were also selected adding up to a total of 32 264 

molecules for validation in dose-response experiments. 265 

Based on the criteria specified for the 3'-RNA screening, a total of 204 compounds were 266 

classified as primary hits with 140 molecules identified only in the FP assay, 117 molecules 267 

only identified in the HTRF assay, and 53 classified as hits in both the FP and HTRF assays.  268 

Hit confirma&on and cell-based tes&ng 269 

The 204 hits of the 3’ RNA screens were first retested at single concentra]ons in technical 270 

triplicates in both FP and HTRF assays and confirmed hits entered dose-response experiments 271 

(8-point ]tra]ons from 14 nM to 30 µM). All hits of the 5’ screens were directly tested in dose-272 

response experiments (10-point ]tra]ons from 2.5 nM to 50 µM) without intermediate 273 

confirma]on. Selected dose response curves are presented in Fig. 5, addi]onal curves are 274 

included in the supplement (Supplementary Fig. S7 and S8). Subsequently, compounds with 275 

an IC50 above 10 µM in both FP and HTRF assays were depriori]sed. Compounds binding 276 

directly to RNA were removed by applying filters established by Kuzikov et al. [25], who 277 

previously performed a PicoGreen™ intercala]on assay on the Fraunhofer Repurposing 278 

Collec]on. Only compounds with below 20% ac]vity in the PicoGreen™ intercala]on assay 279 

were retained. Addi]onal considera]on was given to the small molecule proper]es and 280 

bioac]vity profiles [26] and thus compounds with reported high toxicity, poten]al for a 281 

covalent mechanism of inhibi]on, or without clear prospects for further development were 282 

removed. Finally, only compounds declared as hits in both orthogonal screening assays and 283 

those available for purchase at the respec]ve ]me were taken forward. Applying all these 284 

selec]on criteria resulted in a total of 11 hits from the 5’ and 3’ RNA screening, each. Table 1 285 

summarizes the performance of these hit molecules through all valida]on steps. 286 

Selected compounds were then repurchased from commercial sources and re-tested in dose-287 

response experiments, with 15 out of 22 hits reconfirming ac]vity (Supplementary Fig. S9 and 288 

S10, Table 1). Subsequently, compounds were progressed to cell-based experiments. In 289 

preliminary studies, a viral mini-replicon system was employed, recapitula]ng viral genome 290 

replica]on and transcrip]on processes under biosafety level 1 condi]ons [10, 27]. This system 291 

is commonly used with BSR-T7 cells, which are baby hamster kidney cells stably expressing 292 
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the T7 polymerase, and all addi]onal components are co-transfected. The assay was scaled 293 

down from 24 to a 96 well format and ]tra]on studies showed addi]on of dimethyl sulfoxide 294 

(DMSO) up to 2% vol/vol was well tolerated. Ribavirin served as a posi]ve control for the cell-295 

based mini-replicon assay [27] (Fig. 6A). However, BSR-T7 cells were found to be sensi]ve to 296 

combined transfec]on and compound treatments, leading to unacceptably wide variability in 297 

measured cell viability and compound responses. Therefore, compounds were tested for their 298 

effect on LASV amplifica]on on human A549 cells using complete viruses in a biosafety level 299 

4 facility, with ribavirin and T705 (favipiravir) as posi]ve controls. Both control compounds led 300 

to a reduc]on of viral ]ters with IC50 values of approximately 44 and 140 µM, respec]vely, 301 

with no apparent effect on cell viability (Fig. 6B). From all 17 tested compounds, micafungin 302 

was the only effec]ve compound showing a reduc]on in LASV ]ters at a concentra]on of 200 303 

µM whilst s]ll non-toxic to cells (Fig. 6B), the IC50 was es]mated to 195 µM. All other 304 

compounds tested, led to a severe decline in cell viability simultaneously as viral ]ters were 305 

reduced (Fig. 6B, Suppl. Fig. S11, Table 1).  306 

 307 

Inves&ga&ng the mechanism of ac&on of micafungin  308 

The screening assays were based on detec]ng the reduc]on of specific labelled RNA binding 309 

to L. To provide further evidence that the effect of micafungin was indeed specific, binding to 310 

L was tested using spectral shik analysis. This method measures changes in the chemical 311 

environment of a dye covalently linked to the L protein upon binding of a small molecule. 312 

Micafungin was indeed found to cause a concentra]on-dependent spectral shik, strongly 313 

indica]ng direct binding to the L protein (Fig. 7A). As binding of the 5’ RNA had been shown 314 

to boost polymerase ac]vity of L, an impairment of 5’ RNA binding to L in presence of an 315 

inhibitor may influence in vitro polymerase ac]vity. Therefore, primed in vitro RNA synthesis 316 

in the presence of micafungin was tested (Fig. 7B). The rela]ve effect of micafungin on primed 317 

RNA synthesis by the L protein seems independent of the presence of the 5’ RNA. However, 318 

in absolute terms, the boosted signals were reduced to background levels in the same 319 

concentra]on range and with a very comparable IC50, which is also very close to the Kd 320 

determined in the screening assay. Therefore, micafungin might simultaneously affect both 321 

the RNA synthesis ac]vity and the boos]ng effect by the 5’ RNA or the RNA synthesis alone.  322 

    323 

In silico analysis of micafungin’s poten&al to bind to the 5’ RNA binding site of L 324 
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To investigate whether micafungin could bind to LASV L protein and identify possible 325 

micafungin binding modes, a computational workflow was employed, which integrated 326 

consensus binding site identification with precision docking (Suppementary Fig. S13, see 327 

methods). Three consensus sites were identified by both AF3 [28] and AutoDock Vina [29] 328 

using a model of the full-length L-protein. One of these sites was within the 5’ binding site 329 

and subsequently selected for further refinement.  330 

Precision docking on this site was performed on the experimentally resolved structure (7OJN) 331 

of the protein using a consensus docking approach (Supplementary Fig. S13, see methods) 332 

[30]. This structure was chosen because it represents the RNA-bound state, in which the 333 

sidechains better reflect the bound environment. Docking of the full ligand did not produce a 334 

strict consensus between the two methods, likely reflecting the large size and high 335 

conformational flexibility of micafungin (31 rotatable bonds, Fig. 7C). However, two of the full 336 

ligands poses agreed in the positioning of the sulphate moiety within a positively charged 337 

cavity of the binding site, while the macrocycle adopted a very similar conformation. In 338 

contrast, the orientation of the aromatic tail was not consistent (Fig. 7C). To better sample 339 

this region, the aromatic tail fragment was docked separately, generating a consensus 340 

orientation within a cleft of the binding site. Notably, this consensus overlapped with the 341 

attachment point of the macrocycle in one of the full ligand poses. Based on the agreement 342 

of the sulphate hotspot, the macrocycle conformation and the consensus aromatic tail 343 

orientation, this pose was selected for further refinement (Fig. 7D). 344 

In our models, micafungin stretches along the left side of the 5’ RNA binding site, overlapping 345 

with the region accommodating the first four nucleotides of the RNA (Supplementary Fig. 346 

S14). This binding mode involves several polar and non-polar interactions. In particular, the 347 

sulphate moiety forms electrostatic and hydrogen bond interactions with positively charged 348 

residues that normally coordinate with the RNA phosphate backbone. Additional hydrogen 349 

bonds and hydrophobic contacts are formed along the aromatic tail, which inserts into a cleft 350 

normally occupied by the first guanine (G0). The aromatic tail while the macrocycle extends 351 

along the pocket. These interactions are consistent with the observed competition between 352 

micafungin and the 5’ RNA, supporting the hypothesis that micafungin may bind to the 5’ RNA 353 

binding site of LASV L. However, it cannot be excluded that the compound binds to alternate 354 

sites within the L protein. Nevertheless, the concordance of biochemical, biophysical and virus 355 
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amplification inhibition effects supports the use of our screening approach to target the 356 

interface of LASV L protein and the viral RNA. 357 

 358 

Discussion 359 

The general an]viral strategy explored here to target the specific RNA-binding sites within the 360 

viral L protein presents several benefits: The genomic RNA termini are essen]al for specific 361 

recogni]on of the viral RNA template by the viral polymerase (i.e., the L protein). When this 362 

recogni]on is impaired, the L protein would likely also associate non-specifically with other 363 

RNAs of the cell, limi]ng efficiency of both viral genome replica]on and transcrip]on 364 

processes and poten]ally changing the localiza]on and composi]on of viral replica]on foci 365 

within the cell. An evasion of this inhibi]on by selec]on of resistant virus mutants is, however, 366 

unlikely as muta]ons of the RNA binding site would most likely have to be accompanied by 367 

muta]ons in the viral genome termini. The likelihood of an emergence of a viable combina]on 368 

of such muta]ons can be considered extremely low. The development of mul]ple inhibitors 369 

targe]ng dis]nct essen]al func]ons within a virus life cycle for a combina]on therapy has 370 

been established, for example, as a standard therapy for human immunodeficiency virus (HIV) 371 

and hepa]]s C virus (HCV), which also mutate at high frequency [31-34]. The biochemical 372 

stage hits derived from our screening approach did show a minimal overlap (3 compounds, 373 

Saroglitazar, Salirasib and GW-3965) between the 3’ and the 5’ RNA binding sites, which leaves 374 

the possibility of a common pocket for allosteric regula]on of viral RNA binding to L. Overall, 375 

the hit rates were generally normal for HTS involving bioac]ve compounds with values 376 

between 1.4 and 3.6%. The use of repurposing collec]ons for HTS can significantly reduce the 377 

]me, cost, and risks associated with drug discovery as many of the molecules are well 378 

characterized in terms of ADMET (Absorp]on, Distribu]on, Metabolism, Excre]on, Toxicity), 379 

pharmacokine]c and pharmacodynamic proper]es as well as, in some cases, clinical safety 380 

data [25, 26, 35]. In this study, however, many of the hit molecules were found to cause 381 

cytotoxic effects in the cell lines used for the mini-replicon experiments and the virus growth 382 

inhibi]on studies. This was not foreseeable and limited the scope of cell-based experiments. 383 

For micafungin, the availability of the compound in the cell could be a problem. It has been 384 

predicted to have poor oral bioavailability [36], is therefore applied intravenously to pa]ents, 385 

and was shown to be highly protein bound in the blood plasma (99.8%). While red blood cells 386 

do not significantly take up micafungin, intracellular concentra]ons in peripheral white blood 387 
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cells and lung cells were found to be approximately 10-fold and 5-fold higher, respec]vely, 388 

than corresponding plasma concentra]ons [36, 37]. However, although a lung cancer cell line 389 

(A459) was used for the viral growth inhibi]on experiments, intracellular availability of 390 

micafungin was not confirmed. Therefore, it is s]ll possible that (i) micafungin might not have 391 

entered the cells efficiently, (ii) the compounds preferred loca]on in the cell might be different 392 

from viral genome replica]on and transcrip]on processes (poten]ally phase-separated, 393 

membrane-less organelles), (iii) the compound may be metabolized at a high rate inside these 394 

cells, or (iv) the compound may be ac]vely removed from the cell cytoplasm by an efflux pump 395 

such as the p-Glycoprotein [38]. Micafungin is known to be metabolized by arylsulfatase, 396 

catechol-O-methyltransferase, and several cytochrome P450 (CYP) isoenzymes (3A4, 1A2, 2B6 397 

and 2C) [36]. However, at least for the catechol-O-methyltransferase a lower ac]vity in A549 398 

cells compared to hepa]c and kidney cells has been demonstrated [39] and the CYP profiles 399 

do not indicate an induc]on of the relevant isoforms in A549 cells [40]. We also tested a 400 

combina]on treatment of LASV infected A549 cells with the p-Glycoprotein inhibitor CP-401 

100356 and micafungin (Supplementary Fig. S15). Inhibi]on of p-Glycoprotein has been used 402 

successfully in combina]on with a protease inhibitor against SARS-CoV-2, resul]ng in the 403 

combina]on therapeu]c known as Paxlovid [41, 42]. However, no change in the effect of 404 

micafungin on LASV replica]on has been observed. In summary, it is unclear why micafungin 405 

only presented an an]viral effect on LASV at rather high concentra]ons in A549 cells. Due to 406 

the compounds’ proper]es and also administra]on preferences, it does not represent a 407 

promising molecule for further drug development steps. However, the observed effect in cell 408 

culture and the addi]onal in vitro and in silico data presented in this work support the 409 

conclusion that the specific RNA:protein interfaces of bunyaviruses are druggable.  410 

Despite the high sequence diversity in bunyaviruses, the hook-like structure of the 5’ RNA 411 

termini bound by the respec]ve L proteins is very similar [24]. Even in influenza viruses, the 412 

5’ RNA termini are bound to the polymerase complex in a very similar manner. In addi]on, all 413 

bunyaviruses and influenza viruses also harbor specific binding pockets for the 3’ RNA termini 414 

in their polymerase proteins. Therefore, these protein:RNA interfaces may represent virus-415 

specific targets with broad relevance for segmented nega]ve-strand RNA viruses.  416 

The 3D RNA structures of the 5’ genome termini themselves might also represent druggable 417 

targets [43] that could be explored using the presented pipeline and respec]ve small molecule 418 

collec]ons binding to RNA.  419 
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The established screening assays and the orthogonal screening approach presented here have 420 

been demonstrated to be highly robust and selec]ve. They require a standard screening 421 

infrastructure and allow for high-throughput target based screening against highly pathogenic 422 

viruses at a low biosafety level. High-safety lab infrastructure is only required for valida]on 423 

steps. The screening assay principles can be also used for mechanism of ac]on studies of 424 

compounds resul]ng from phenotypical an]viral screening. Transfer of the assay principles to 425 

assess L protein:RNA interac]ons in other bunyaviruses will enable selec]on of poten]ally 426 

broad-ac]ng molecules. In summary, we here presented a target-based high-throughput early 427 

drug discovery pipeline against LASV valida]ng the specific viral RNA binding sites of the L 428 

protein as promising targets for an]viral therapies. 429 

 430 

Methods 431 

Expression and purifica&on of LASV L protein 432 

The L gene of LASV Bantou 289 (GenBank accession no. MK044799) containing a His-StrepII 433 

tandem tag at the C terminus (L-His) was used for baculovirus produc]on and protein 434 

expression in Hi5 insect cells as described previously [11]. Harvested insect cells were 435 

resuspended in 50 mM HEPES(NaOH) pH 7.0, 1 M NaCl, 10% (w/v) glycerol and 2 mM 436 

dithiothreitol, 0.05% (v/v) Tween20 and protease inhibitors (Roche, cOmplete mini), lysed by 437 

sonica]on and centrifuged two ]mes (20,000 × g for 30 min at 4 °C). Strep-Tac]nXT beads 438 

(IBA) were used for affinity purifica]on and the protein was eluted with 50 mM Bio]n 439 

(Applichem) in 50 mM HEPES(NaOH) pH 7.0, 500 mM NaCl, 10% (w/v) glycerol and 2 mM 440 

dithiothreitol. L protein-containing frac]ons were pooled and diluted 1:1 with 20 mM 441 

HEPES(NaOH), pH 7.0 before heparin chromatography (HiTrap Heparin HP, GE Healthcare) and 442 

one-step elu]on in 50 mM HEPES(NaOH), pH 7.0, 1 M NaCl, 10% (w/v) glycerol and 2 mM 443 

dithiothreitol. The protein was concentrated using centrifugal filter units (Amicon Ultra, 444 

30 kDa MWCO), flash frozen and stored at −80 °C. Protein integrity was checked by SDS-PAGE 445 

and an A260/A280 ra]o (as an indicator for contamina]on by nucleic acids) of 0.6 was 446 

considered acceptable. 447 

 448 

Fluorescence polariza&on binding assay 449 

LASV L protein was used either in combina]on with Cy5-labeled 3ʹ (nt 1-7, 3’-HO-GCGUGUC-450 

(linker)-Cy5-5’) or 5ʹ (nt 0-9, 5’-Cy5-(linker)-GCGCACCGGG-OH-3’) RNA termini of the L 451 
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segment as a tracer. Linker structures are presented in Supplementary Fig. S12. For HTS, this 452 

assay was performed either in compe]]on (3’) or displacement (5’) format in 10 mM 453 

HEPES(NaOH), pH 7.0, 200 mM NaCl, 0.1% CHAPS (w/v). Posi]ve and nega]ve assay controls 454 

contained the tracer only or tracer and L protein, respec]vely, as well as 0.1% DMSO. 455 

Compounds to be screened were stored at -20°C in 100% DMSO and transferred by acous]c 456 

dispensing (Echo 550R, Labcyte Inc./Beckmann Coulter) to the assay plates (Greiner Small 457 

Volume 384-well Black Flat Bo9om Polystyrene Non-Binding Microplate, Prod. Nr 784900). In 458 

compe]]on format, L protein was added first followed by a 30 min incuba]on period at room 459 

temperature, before addi]on of the 3’ RNA tracer. In displacement format, tracer and protein 460 

were pre-incubated for 30 min at room temperature mixing with the compounds in the assay 461 

plates. Plates were sealed with ]n foil during incuba]on ]me. Aker 2 h incuba]on at room 462 

temperature FP signals were measured using an Mul]label Reader (2103 EnVision™ HTS 463 

Microplate Imager, PerkinElmer, USA) with an excita]on wavelength of 620 nm (filter X620, 464 

BW=40 nm), and emission recording at a wavelength of 688 nm via the P channel (filter 465 

M688p, BW=45 nm) and the S channel (filter M688s, BW=45 nm). 466 

 467 

The final concentra]ons of specific assay components were 50 nM LASV L, 10 nM 5’(nt 0-9)-468 

Cy5, 10 µM compound and 0.1% DMSO in a total volume of 10 µL/well for the displacement 469 

format; and 12.5 nM LASV L, 6 nM 3’(nt 1-7)-Cy5, 10 µM compound and 0.1% DMSO in a total 470 

volume of 10 µL/well for the compe]]on format. 471 

 472 

Homogenous &me resolved FRET assay 473 

LASV L protein was combined with an an]-6HIS Tb cryptate gold-labelled mAb (Cisbio) as FRET 474 

donor and either the Cy5-labeled 3ʹ (nt 1-7) or 5ʹ (nt 0-9) RNA of the L segment as FRET 475 

acceptors, respec]vely. The assay was performed either in compe]]on (3’) or displacement 476 

(5’) format in 10 mM HEPES(NaOH), pH 7.0, 200 mM NaCl, 0.1% CHAPS (w/v). Posi]ve and 477 

nega]ve controls contained the FRET acceptor (Cy5) and donor (Tb cryptate) in absence or 478 

presence of the L protein, respec]vely, as well as 0.1% DMSO. Compounds to be screened 479 

were stored at -20°C in 100% DMSO and transferred by acous]c dispensing (Echo 550R, 480 

Labcyte Inc./Beckmann Coulter) to the assay plates (Corning® Low Volume 384-well White 481 

Flat Bo9om Polystyrene NBS Microplate, Prod. Nr 3824). Ini]ally, L/donor complex forma]on 482 

was performed by mixing the an]body coupled to the FRET donor with the L protein in the 483 
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assay buffer and incuba]on for 15 min at room temperature. In displacement format, this 484 

complex was then incubated with the 5’ FRET acceptor oligo (Cy5) for 30 min at room 485 

temperature before it was added to the assay plate containing the compounds. In compe]]on 486 

format, the L/donor complex was added first to the assay plate containing the compounds 487 

and the 3’ FRET acceptor oligo (Cy5) was added aker a 30 min incuba]on period at room 488 

temperature. HTRF signals were measured aker 3 h and/or 18 h incuba]on at room 489 

temperature using an Mul]label Reader (2103 EnVision™ HTS Microplate Imager, 490 

PerkinElmer/Revvity) with an excita]on wavelength of 340 nm (filter X340, BW=60 nm) and 491 

emission detec]on at wavelengths of 665 nm (filter M665, BW=75 nm) and 620 nm (filter 492 

X620, BW=10 nm) aker a ]me delay of 120 ms. 493 

 494 

Hit criteria, filtering and sta&s&cal analysis 495 

Assay robustness of the FP and HTRF assay was assessed via the Z’ value and only experiments 496 

resul]ng in a Z’ > 0.5 were considered [44]. Hit criteria for FP-based 5’ RNA HTS were: (i) 497 

Inhibi]on (%) > Inhibi]on (mean nega]ve) (%) + 4s (meaning an inhibi]on of more than 20% 498 

in this case); (ii) op]cal interference I(S) had to fulfill the criterion of Ineg(S)(mean) - 3s < I(S) < 499 

Ineg(S)(mean) + 3s; (iii) hit criteria had to be met in either replicate n1 or n2. Hit criteria for 500 

HTRF-based 5’ RNA HTS were: (i) Inhibi]on (%) > Inhibi]on (mean nega]ve) (%) + 4s (meaning 501 

an inhibi]on of more than 20% in this case); (ii) I(Donor) should be within ± 5s of a linear 502 

regression between the posi]ve and nega]ve controls in the assay; (iii) hit criteria had to be 503 

met in either the readout aker 3 h or 18 h. Except for (iii), the same criteria applied for the 504 

HTRF-based 3’ HTS. For the FP-based 3’ HTS criterion (ii) was set to Ineg(S)(mean) - 5s < I(S) < 505 

Ineg(S)(mean) + 5s, and there were no biological replicates to consider.  506 

At the intermediate confirma]on step (single concentra]on retes]ng) of 3’ RNA hits, 507 

compounds that did not confirm the inhibi]on rates from the screening or showed less than 508 

20% inhibition in either the FP or HTRF assays were excluded. Plo�ng and fi�ng of dose-509 

response data was performed with GraphPad Prism version 10.6.0. The models used for curve 510 

fi�ng are indicated in the respec]ve figure cap]ons. 511 

LASV mini-replicon system 512 

The experiments were performed in the context of the T7 RNA polymerase-based LASV (strain 513 

Bantou 289) mini-replicon system [11, 27]. In a 96 well plate 1.1 x 104 BSR-T7/5 cells/well 514 
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stably expressing T7 RNA polymerase [45] were seeded. After 24 h, cells were transfected per 515 

well with 50 ng of pCITE2a-minigenome plasmid expressing renilla luciferase (Ren-Luc), 50 ng 516 

of pCITE2a-L expressing either LASV L protein wildtype or a catalytically inactive mutant, 50 ng 517 

of pCITE-NP expressing NP, and 10 ng of pCITE-FF-Luc expressing firefly luciferase as an 518 

internal transfection control using Lipofectamine 2000 according to the manufacturer’s 519 

instructions. At 4h after transfection, the transfection mix was replaced by 100 µL/well GMEM 520 

(Gibco) supplemented with 5% FCS and the compound at a final DMSO concentration of 2%. 521 

24 h post transfection, the compound containing media was removed and cells were lysed for 522 

20 min at room temperature in 25 µL of passive lysis buffer (Promega) per well. 10µL of the 523 

lysate were transferred to a 384 well plate (Corning® low volume 384-well white flat bottom 524 

polystyrene NBS microplate, prod. no 3824) and FF-Luc signals were measured 10 min after 525 

addition of 10 μL Dual-Glo Luciferase Assay Reagent (Promega) and centrifugation at 500 x g 526 

for 1 min. Ren-Luc signals were subsequently measured 10 min after addition of 10 μL Dual-527 

Glo Stop & Glo Luciferase Assay Reagent (Promega) and centrifugation at 500 x g for 1 min. 528 

Measurements were conducted with a Tecan Spark reader. Ren-Luc signals were corrected by 529 

dividing by the square root of the respective FF-Luc signals to compensate for differences in 530 

transfection efficiency and cell density, resulting in relative luminescence signals which are 531 

shown as % of the DMSO controls.  532 

Viral infec&on experiments  533 

A549 (ATCC, CCL-185™) and Vero 76 (ATCC, CRL-1587™) cells were maintained in Dulbecco’s 534 

modified Eagle’s medium (DMEM GlutaMAX, Gibco) supplemented with 3% (v:v) fetal calf 535 

serum (FCS; Gibco), non-essen]al amio acids (NEAA, Gibco) and Penicillin-Streptomycin 536 

(Gibco) and kept under 5% CO2 at 37 °C.  537 

For dose–response inhibi]on experiments of LASV infec]on, A549 cells were seeded in 96 well 538 

plates at 1 × 104 cells/well. The following day, the medium was removed and cells were 539 

infected at an MOI 0.1 with LASV Ba366 (GenBank ID: GU830839) [46, 47] in 50 µL cell culture 540 

medium. Aker 1 h at 37°C, 5% CO2, the virus inoculum was removed and replaced with 100 µL 541 

compound containing medium or the solvent control, both containing 0.5% (v:v) DMSO final. 542 

Supernatants were harvested 72 h post infec]on and frozen at −80°C. To assess the viability 543 

of cells, an MTS assay (CellTiter 96® Aqueous) according to the manufacturer's protocol was 544 

used. For that, immediately aker harves]ng the virus-containing supernatant, 120 µL/well of 545 
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MTS assay reagent (diluted 1:5 in medium) was added to the cells followed by an incuba]on 546 

at 37°C and 5% CO₂ for 1.5 h. The absorp]on of the reduced substrate and non-specific 547 

background were recorded at 490 and 630 ± 9 nm, respec]vely, in an Infinite 200 PRO plate 548 

reader (Tecan). The background-subtracted values were used for data analysis.  549 

Viral ]ters were determined by immunofocus assay (IFA) [48-50] using 50 µL of thawed, 550 

serially diluted cell culture supernatants for the infec]on of Vero 76 cells in 96-well plates 551 

(2 × 104/well). Aker 1 h, virus-containing supernatants were replaced with 100 µL overlay 552 

medium (1% (w:v) methylcellulose in cell culture medium with 10% (v:v) FCS) and cells were 553 

incubated at 37°C and 5% CO2 for 72 hours. Overlay medium was removed and cells were fixed 554 

with 4.5% (v:v) formaldehyde in PBS for 30 min at room temperature. Aker washing with H2O, 555 

cells were permeabilized for 20 min with 100 µL/well PBS containing 0.5% (v:v) Triton X-100, 556 

followed by washing with H2O and a blocking step (3% FCS in PBS over night at 4°C). For 557 

an]body-based detec]on, the LASV NP-specific mouse monoclonal an]body 2B5 (1:5000 558 

diluted in PBS with 1.5% FCS)[51] was applied for 1 h at room temperature, followed by a 559 

washing step and incuba]on with Peroxidase-conjugated AffiniPure Sheep An]-Mouse IgG 560 

(H+L) (Jackson Immuno Research) secondary an]body (1:1000 diluted in PBS with 1.5% FCS) 561 

for 1 h at room temperature. Aker staining with Tetramethylbenzidin (Immonublot TMB 562 

substrate, Mikrogen) NP-posi]ve cell foci/well were quan]fied and focus-forming units per ml 563 

(FFU/ml) of cell culture supernatant were calculated. For all infec]on experiments, ]ters for 564 

three biological replicates per compound and concentra]on were determined and normalized 565 

to the average of the solvent control (set to 100%). 566 

In vitro polymerase assay 567 

To test for primed polymerase activity in the presence of inhibitors, 0.5 µM LASV L protein 568 

was incubated with micafungin or 3’dGTP (control) for 15 min on ice before sequential 569 

addition of RNA: 2 µM single-stranded viral 3ʹ RNA (3‘ HO-GCGUGUCACCUAGGAUCCG-OH 5’) 570 

as a template, 1 µM fluorescently labeled primer (5’ DY649P1-ACGC-OH 3’), and if indicated 571 

2 µM of single-stranded viral 5ʹ RNA (5‘ HO-GCGCACCGGGGAU-OH 3’). Reactions were 572 

conducted in 10 mM HEPES (NaOH), pH 7.0, 50 mM NaCl, 2 mM DTT, 0.1% (w:v) CHAPS and 573 

100 nM sulfo-Cyanine3 dimethyl (as an internal loading control for quantification of product 574 

bands) on ice for 15 min. The reaction was started by addition of 2 mM MnCl2 and 1 µM NTPs 575 

reaching a final reaction volume of 10 µL. After incubation at 30 °C for 1 h the reaction was 576 
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stopped by adding an equivalent volume of 98% formamide, 18 mM EDTA, 0.025 mM SDS, 577 

and Orange G and heating the samples at 95 °C for 5 min. Products were separated by 578 

denaturing Urea-PAGE (gels: 20% polyacrylamide, 8 M urea, 45 mM tris, 45 mM boric acid, 1 579 

mM EDTA; running buffer: 45 mM tris, 45 mM boric acid, 1 mM EDTA). The gels, measuring 580 

160 x 400 x 0.4 mm, were run at a constant power of 70 W and a temperature > 50°C to ensure 581 

the separation of single-stranded RNA. Fluorescence signals were detected using an 582 

Amersham Typhoon Biomolecular Imager (Cytiva) with excitation at 635 nm and emission 583 

detection at 670 ± 30 nm for the products based on the extended primer and an excitation at 584 

532 nm and emission detection at 570 ± 20 nm for the Cy3 reference channel (loading 585 

control). Signals were quantified using ImageQuantTL v10.2 (Cytiva). Curves were fitted using 586 

Prism (version 10.6) according to an inhibition vs. response model (three parameters). The 587 

labelled primer was chemically synthesised with 5ʹ- DY649P1 modification (Biomers) using the 588 

same linker chemistry as for the 5’ Cy5 modification of the labeled oligos use in the screening 589 

(see Supplementary Fig. S12). 590 

Spectral ShiQ Experiments 591 

Covalent labeling of lysine residues of LASV L was performed using the Protein Labeling Kit 592 

RED-NHS 2nd Genera]on (NanoTemper). In brief, LASV L was prepared at a final concentra]on 593 

of 5 μM in Labeling buffer, included in the kit, supplemented with 500 mM NaCl. A ten-fold 594 

molar excess of dye was added to the protein, followed by incuba]on for 30 min at room 595 

temperature in a total volume of 100 µL in the dark. Buffer exchange to 10 mM HEPES(NaOH) 596 

pH 7.0, 200 mM NaCl, 0.1% (w:v) CHAPS and removal of excess dye was done using the B-597 

Column of the labeling kit. The protein concentra]on aker labeling was es]mated to 1 μM 598 

and the degree-of-labeling was not determined.  599 

Micafungin was prepared as 10 mM stock and diluted in anhydrous DMSO, of which 0.4 µl (1 600 

nM – 200 µM final concentra]on) was transferred by acous]c dispensing (Echo 550R, Labcyte 601 

Inc./Beckmann Coulter) to the assay plates (Dianthus 384-well plate Prod. Nr DI-P001A). 20 µL 602 

of 20 nM L protein in 10 mM HEPES(NaOH), pH 7.0, 200 mM NaCl, 0.1% (w:v) CHAPS was 603 

added, centrifuged shortly (184 x g, 1 min) and Spectral shik measurements were performed 604 

using the Dianthus NT23.PicoDuo (NanoTemper) aker 30 min incuba]on at room 605 

temperature. Curves were fi9ed using Prism (version 10.6) according to a one-site binding 606 

model for binding.  607 
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 608 

In silico docking analysis 609 

For the in silico inves]ga]on of possible binding sites of micafungin on the RNA-dependent 610 

RNA polymerase of Lassa virus (L protein), a docking and cofolding strategy was employed. 611 

This was performed using AlphaFold3 [28] and AutoDock Vina [29] to iden]fy consensus 612 

ligand-binding sites. Importantly, this approach required the modelling of the full-length L 613 

protein, as currently available experimentally determined structures lack several domains. 614 

Modelling the full-length Polymerase (Supplementary Fig. S13) 615 

The elonga]on-state cryo-EM structure (PDB: 7OJN, EMDB: 12956, 2.92 Å resolu]on) served 616 

as the template for ini]al L protein models (+/− RNA). The missing pendant domain was 617 

modelled based on two structures of the pre-ini]a]on state (PDBs: 7OJK and 7OJJ). These 618 

structures were trimmed, leaving 200 residue overlap (N- and C- terminus) with the ini]al 619 

model. Five complete models were generated using MODELLER v10.6 [52] and ranked based 620 

on DOPE score [53]. The best scoring model was used as a template to ColabFold (v 1.5.5) [54] 621 

to be9er connect the pendant domain to the core of the L protein through their long loop 622 

regions. A final energy minimisa]on step was performed using the AMBER force field [55]. 623 

To derive the complete model of the L elonga]on state in the presence of RNA L, the RNA 624 

conforma]on derived from the original cryo-EM structure was integrated into the 625 

complete RNA-free model using MODELLER, before a final round of energy minimisa]on. 626 

Binding site iden]fica]on (Supplementary Fig. S13) 627 

Micafungin binding sites on the L protein were iden]fied using the consensus of two dis]nct 628 

methodologies. First, a blind docking approach was applied using Autodock Vina (v 1.2.0) [29]. 629 

Briefly, docking with AutoDock Vina [56] was run 500 ]mes and results combined to ensure 630 

conforma]onal space explora]on. Parameters were: exhaus]veness 10, 20 models, and a 631 

maximum energy difference of 3 kcal/mol. The search box contained all protein atoms 632 

(128.188, 112.531, 146.374). To eliminate redundancy, conforma]ons with a root-mean-633 

square devia]on (RMSD) £ 2 Å were represented by the pose with the best vina score. Unique 634 

conforma]ons were grouped based on the spa]al proximity of their centroid and ranked 635 

based on both docking score and cluster popula]on. In the second approach AlphaFold3 was 636 

applied for the co-folding of the L protein and micafungin. The LASV Bantou 289 sequence 637 

(GenBank: MK044799.1) was used as input together with the corresponding SMILEs 638 

(PubChem CID: 477468) representa]on of micafungin. A total of 1000 seeds were generated 639 
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using a local installa]on of AlphaFold3 with default parameters. For comparison with the 640 

docking results, generated models were structurally aligned using the Superimposer func]on 641 

from Bio.PDB (Biopython) [57] to the reference model used for docking in the first approach. 642 

All models having an RMSD £ 5.0 Å to the reference model were retained. Subsequently, for 643 

each micafungin conforma]on, protein–ligand contacts were iden]fied by determining the 644 

interac]ng amino acid residues within 5 Å. The micafungin conforma]ons were clustered 645 

according to similari]es in their residue contact pa9erns. To further consolidate the clustering 646 

results and reduce fragmenta]on into small clusters, a second hierarchical clustering step was 647 

performed, in which individual conforma]ons were reassigned to larger clusters based on 648 

centroid distances. Finally, the clusters were ranked based on their ipTM (with the highest 649 

score being 0.5) [58].  650 

Clusters obtained by AutoDock Vina docking and AlphaFold3 co-folding were subsequently 651 

compared and integrated to iden]fy micafungin-binding sites that are in close proximity (joint 652 

binding site). For each cluster, the mean centroid was determined. The Euclidean distance 653 

between the mean centroids derived from the two methodologies was then calculated. 654 

Clusters were defined as a consensus binding site if the distance between their corresponding 655 

averaged centroid was < 6 Å. To reduce the consensus analysis, only the top 20 ranked clusters 656 

from the AutoDock Vina results were considered.  657 

Precision docking (Supplementary Fig. 13) 658 

To determine a plausible binding pose for the top-ranked binding site for micafungin, a 659 

consensus docking strategy [30] was employed to identify possible poses. This was performed 660 

by a hybrid approach, utilizing two docking methods, the latest version of ChemEM [59] and 661 

AutoDock Vina (with the Vinardo scoring function)[60]. Initially, ChemEM was used to identify 662 

potential binding pockets within the region corresponding to the previously detected ligand-663 

binding cluster. Analysis of the pockets revealed a main cavity consistent with the binding site 664 

suggested by the preliminary structural analysis. The centroid of this pocket (-35.9, 4.1, 10.9) 665 

was therefore used as the center of the search region for subsequent docking. Given the high 666 

conformational flexibility of micafungin, which contains 31 rotatable bonds, two 667 

complementary docking strategies were explored. In the first approach, docking of the entire 668 

ligand was performed. In the second, micafungin was divided into two fragments: (i) the 669 

portion composed of the three terminal aromatic groups and (ii) the macrocycle core in order 670 

to sample more efficiently the binding region.   671 
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The same docking scheme was applied in parallel using AutoDock Vina. To ensure accurate 672 

representation of the protonation state of the ligand, Dimorphite-DL [61] was used to 673 

determine the protonation state of micafungin at physiological pH (7.4). The resulting 674 

protonated form was then used as input in docking simulations with Vina. In the case of 675 

docking the complete molecule, the search region was defined using a cubic grid with 676 

dimensions equal to 2.9 times the radius of gyration of the molecule [62], maintaining the 677 

same center identified during the pocket identification phase with ChemEM2. The parameters 678 

used in both approaches are summarized in Supplementary Table S1.  679 

Finally, the binding pose considered most consistent between the two docking approaches 680 

was further refined through a post-processing step with ChemEM (version 0.0.3) [59], using a 681 

box sized 30, 30, 30, and centered on the same point used in the previous docking simulations. 682 

Structural analysis 683 

To compare between predicted ligand poses and evaluate structural similarity, root mean 684 

square devia]on (RMSD) values were calculated. To account for possible permuta]ons of the 685 

atomic index resul]ng from ligand symmetry, symmetry-corrected RMSD calcula]ons were 686 

performed using the Python package spyrmsd [63]. The analysis pipeline was implemented 687 

via an internal Python script that integrates the spyrmsd library. Visualiza]on of structural 688 

models was done using Pymol (Schrödinger) and UCSF ChimeraX [64]. 689 

 690 

Figure cap&ons 691 

Figure 1: Fluorescence polariza&on (FP) assay. A) Schema]c illustra]on of the FP assay 692 

principle. For explana]on see results and methods sec]ons. B) Illustra]on of the tracer 693 

design. Linker structures are detailed in Supplementary Fig. S12. RNA models generated 694 

using Pymol (version 3.1.3). C) Apparent binding affini]es (KD) were determined by ]tra]ng 695 

5 nM 3’(1-7)-Cy5 (orange) or 10 nM 5’(0-9)-Cy5 (pink) tracer with increasing concentra]ons 696 

of LASV L-StrepII protein. FP signal was measured aker 3h incuba]on at room temperature 697 

(RT) in 10 mM HEPES(NaOH), pH 7.0, 200 mM NaCl, and CHAPS (0.1% (w:v)). Curves were 698 

fi9ed using Prism (version 10.6) according to a one-site binding model. Data points are 699 

shown as mean ± SD (n=3). D) The FP signals of 10 nM of the tracers only were measured at 700 

increasing CHAPS concentra]ons (in %, w:v) in 10 mM HEPES(NaOH), pH 7.0, 200 mM NaCl 701 

aker 5 min (t0, solid lines) and 90 min (t1, do9ed lines) at RT. Curves for the 5’(0-9)-Cy5 702 
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tracer are shown in magenta, for the 3’(1-7)Cy5 tracer in orange. A single nucleo]de with 703 

the same label (pCp-Cy5) was used as a dye control (grey). Data points are shown as mean ± 704 

SD (n=3). 705 

Figure 2: Homogeneous time-resolved Förster resonance energy transfer (HTRF) assay. A) 706 

The HTRF assay principle is based on FRET-based fluorescence intensity detection, which is 707 

only detectable when the Tb donor coupled to the antibody and the Cy5 acceptor coupled to 708 

the viral RNA are in close proximity (~10 nm) (left panel). The long fluorescence lifetime of the 709 

Tb cryptate (in the scale of ms) allows for measurment after non-specific fluorescence (in the 710 

scale of ns) has declined (right panel). B) The influence of increasing Cy5-RNA concentrations 711 

as FRET acceptor on the HTRF ratio (representing emission intensities of the FRET-based ac-712 

ceptor normalized to the donor emission, ratio intensity at 665 nm/620 nm) was tested. 0.1 713 

ng/µL anti-His mAb-Tb cryptate FRET donor was mixed with increasing amounts of Cy5-RNA 714 

FRET acceptor (0-90 nM) in absence (dashed line) or presence of 75 nM LASV L with either a 715 

C-terminal His-StrepII tandem tag (L-His, continuous line) or an internal StrepII-Tag (L-StrepII, 716 

negative control, dotted line) in 10 mM HEPES(NaOH), pH 7, 200 mM NaCl, 0.1% (w:v) CHAPS) 717 

at RT. 5’(0-9)-Cy5 is shown in magenta, 3’(1-7)-Cy5 in orange. Simple linear regression using 718 

Prism (10.6) was used to fit the data. Data points are shown as mean ± SD (n=3). 719 

Figure 3: Displacement vs. competition format. Displacement vs. competition of unlabelled 720 

3‘ and 5‘ RNAs with the Cy5-labeled 3‘ and 5‘ RNAs was tested in the HTRF (A) and FP (B) 721 

assays. 3'(1-7) and 5'(0-9) RNAs were used as specific controls while a poly-A9 RNA served as 722 

a non-specific control. Conditions without L protein were used to determine the background 723 

signals (indicated by grey curve (A) or dotted lines (B)). In displacement format, L protein was 724 

first incubated with 3’(1-7)-Cy5 (left panels, yellow squares) or 5’(0-9)-Cy5 (right panels, pur-725 

ple squares), respectively, before the unlabeled RNA (competitor) was added. In competition 726 

format, 3’(1-7)-Cy5 (left panels, orange circles) or 5’(0-9)-Cy5 (right panels, magenta circles) 727 

was first incubated with the unlabeled RNA before additon of L protein. For the HTRF assay 728 

(A), 6 nM 3’(1-7)-Cy5 + 13 nM L protein and 25 nM 5’(0-9)-Cy5 + 25 nM L protein, were used, 729 

respectively. For the FP assay, 6 nM 3’(1-7)-Cy5 + 13 nM L protein and 10 nM 5’(0-9)-Cy5 + 50 730 

nM L protein were used, respectively. Since the FP signal increased with increasing concene-731 

trations of 5’(0-9) competitor RNA (see Supplementary Fig. S4), the difference between the 732 

conditions with and without L protein (DFP) is plotted in B. Signals for all experiments were 733 
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measured after 3h incubation at RT in 10 mM HEPES(NaOH) pH 7.0, 200 mM NaCl and CHAPS 734 

(0.1% (w:v)). Curves were fitted using Prism (version 10.6) according to an inhibition vs. re-735 

sponse model (three parameters). Data points are shown as mean ± range (n=2). 736 

Figure 4: Screening of the Fraunhofer Repurposing collection for inhibition of 3ʹ RNA binding 737 

by LASV L protein using the FP and HTRF assay. Dot plot representations of the inhibition 738 

calculated for the whole screening data sets of FP (A) and HTRF (B) assays with screened com-739 

pounds colored in light grey, identified hits in orange, positive controls in green (tracer only) 740 

and negative controls (tracer plus L protein) in red. Both controls contained an additional 0.05 741 

ng/µL mAb a-6HIS Tb in the HTRF assay. C) Measured intensities in the P versus the S channel 742 

are shown for the FP assay, color coding as in A. D) Measured intensities of the donor versus 743 

the acceptor emission in the HTRF assay are presented, color coding as in B. E) The correlation 744 

of the hits selected in the FP and HTRF assays is shown. Shared hits between FP and HTRF 745 

screening are highlighted in orange, additional hits from both screens selected for profiling 746 

are colored in light yellow. F) Key data of both screens are summarized in the table. 747 

Figure 5: Dose-response curves of selected hits from the 3’ RNA screening (A) and the 5’ 748 

RNA screening (B). A) Hit molecules (see labels of panels) of the 3’ RNA screening were tested 749 

in the FP (orange curve/dots) and HTRF (brown curve/triangles) assays at a concentration 750 

range of 14 nM to 30 µM of the respective compound, 6 nM 3ʹ(1-7)-Cy5, 13 nM LASV L and 751 

0.05 ng/μL mAb-Tb in case of HTRF. Signals were detected after 2h. B) 5’ RNA screening hit 752 

molecules (see labels of panels) were tested in the FP (brown curve/dots) and HTRF (magenta 753 

curve/triangles, pink curve/squares) assays at concentrations between 2.5 nM  and 50 µM of 754 

the respective compound. For FP, 10 nM 5ʹ(0-9)-Cy5 and 50 nM LASV L were used and signals 755 

were detected after 3h at RT. For the HTRF assay, 25 nM 5ʹ(0-9)-Cy5, 25 nM LASV L and 0.05 756 

ng/μL MAb-Tb were used with signals detected after 3h (magenta curve/triangles) and 16h 757 

(pink curve/squares) at RT. All dose-response experiments were carried out in competition 758 

format (preincubation of L and small molecules for 30 min before addition of Cy5-RNAs) in 10 759 

mM HEPES(NaOH), pH 7.0, 200 mM NaCl, and CHAPS (0.1% (w:v)). Compounds were picked 760 

from the screening plates. Curves were fitted using Prism (version 10.6) according to an inhi-761 

bition vs. response model (four parameter, variable slope). Data points are shown as mean ± 762 

range (n=2). 763 
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Figure 6: Cell-based dose-response experiments. A) The ability of compounds to interfere 764 

with viral genome replication and transcription was assessed using the LASV mini-replicon 765 

system. Data of two selected compounds, tiplaxtinin and micafungin, are presented. Ribavirin 766 

(RBV) was used as a positive control. See methods section for experimental details. Compound 767 

concentrations were in the range 22 nM – 100 µM, DMSO concentration was at 2%. Viral ge-768 

nome replication and transcription was quantified via firefly and renilla luciferase signals after 769 

cell lysis. Cell viability was determined based on ATP levels using a CellTiter-Glo assay 770 

(Promega). Curves were fitted using Prism (version 10.6) according to an inhibition vs. re-771 

sponse model (three parameters). Data points are shown as mean ± range of 2 biological rep-772 

licates (n=2). B) The effect of selected compounds (see panel labels) on LASV amplification in 773 

A459 cells was assessed. Ribavirin (RBV) and T705 were chosen as controls. Cell were infected 774 

in a 96 well format with LASV Ba366 at an MOI of 0.1 for 1h. The virus inoculum was removed 775 

and replaced with 100 µL compound containing medium (0.5% DMSO) or the solvent control. 776 

Compound concentrations of 20 nM – 33 µM and in a second step also 100 and 200 µM were 777 

tested (interrupted curves for transparency). Supernatants containing LASV were harvested 778 

72 h post infection for determination of viral titres by a titration series and an immuno-focus 779 

assay (IFA, all samples in technical duplicates). Cell viability was determined using an MTS 780 

assay. Data points are shown as the normalized mean of three biological replicates ± SD (n=3). 781 

Figure 7: In vitro and in silico assessment of the effect of micafungin on L. A) Binding of 782 

micafungin to LASV L was demonstrated using spectral shift analysis. For this experiment, 20 783 

nM LASV L, covalently labeled via the lysin residues (RED-NHS 2nd Generation, NanoTemper), 784 

was titrated with increasing amounts of micafungin (1 nM – 200 µM) at a final DMSO concen-785 

tration of 2% in 10 mM HEPES(NaOH), pH 7.0, 200 mM NaCl, and 0.1% (w:v) CHAPS. Spectral 786 

shift measurements were performed using the Dianthus NT23.PicoDuo (NanoTemper) after 787 

30 min incubation at RT evaluating a shift of the emission spectra detected at 670 vs. 650 nm. 788 

Experiments were performed in three biological replicates (n=3). Curves were fitted using 789 

Prism (version 10.6) according to a one-site binding model for binding. K
d
 and R

2
 are provided. 790 

B) To test for an effect of micafungin on the L protein‘s RNA polymerase activity, an in vitro 791 

polymerase assay was performed. 0.5 µM LASV L-StrepII was incubated with different concen-792 

trations of micafungin or 3’dGTP as a control (both at a concentration range of 3.3 to 270 µM) 793 

for 15 min on ice before sequential addition of RNA as indicated (2 µM 5ʹ RNA, 2 µM 3ʹ) and 1 794 
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µM of a fluorescently labeled primer in 10 mM HEPES(NaOH), pH 7.0, 50 mM NaCl, 2 mM DTT, 795 

0.1% (w:v) CHAPS and 100 nM sulfo-Cyanine3 dimethyl (as an internal loading control). The 796 

reaction was started by the addition of 2 mM MnCl
2
 and 1 µM NTPs reaching a final reaction 797 

volume of 10 µL. After 1 h at 30°C, the RNA products were separated by denaturing Urea-PAGE 798 

(20% polyacrylamide, 8M Urea). Fluorescence signals were detected using a Amersham Ty-799 

phoon Biomolecular Imager (Cytiva). The estimated size of the main product is 21 nt (*). Sig-800 

nals were quantified using ImageQuantTL v10.2 (Cytiva). Curves were fitted using Prism (ver-801 

sion 10.6) according to an inhibition vs. response model (three parameters). An uncropped 802 

gel image is included in Supplementary Fig. S12. C) 2D representation of micafungin, highlight-803 

ing the three main components we refer to as aromatic tail (green), macrocycle (yellow) and 804 

sulphate moiety (red). D) Consensus docking results for micafungin in the 5’ RNA binding site 805 

of the L protein. The consensus clusters (see methods) are shown in purple. For comparison, 806 

two close-ups of the 5’ RNA binding pocket are presented: (i) containing the micafungin pre-807 

dicted pose and (ii) containing the 5’ RNA from the experimentally determined structure 808 

(7OJN). The surface around the binding site is semi-transparent with the interacting residues 809 

colored in blue for micafungin (i) and violet for the 5’ RNA (ii). Micafungin and 5’ RNA are 810 

presented in black sticks with additional coloring by element. Structures were visualized in 811 

ChimeraX. 812 
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Figure 1

Figure 1: Fluorescence polarization (FP) assay. A) Schematic illustration of the FP assay principle. For

explanation see results and methods sections. B) Illustration of the tracer design. Linker structures are

detailed in Supplementary Fig. S12. RNA models generated using Pymol (version 3.1.3). C) Apparent 

binding affinities (KD) were determined by titrating 5 nM 3’(1-7)-Cy5 (orange) or 10 nM 5’(0-9)-Cy5 (pink) 

tracer with increasing concentrations of LASV L-StrepII protein. FP signal was measured after 3h 

incubation at room temperature (RT) in 10 mM HEPES(NaOH), pH 7.0, 200 mM NaCl, and CHAPS (0.1% 

(w:v)). Curves were fitted using Prism (version 10.6) according to a one-site binding model. Data points 

are shown as mean ± SD (n=3). D) The FP signals of 10 nM of the tracers only were measured at

increasing CHAPS concentrations (in %, w:v) in 10 mM HEPES(NaOH), pH 7.0, 200 mM NaCl after 5 min 

(t0, solid lines) and 90 min (t1, dotted lines) at RT. Curves for the 5’(0-9)-Cy5 tracer are shown in 

magenta, for the 3’(1-7)Cy5 tracer in orange. A single nucleotide with the same label (pCp-Cy5) was 

used as a dye control (grey). Data points are shown as mean ± SD (n=3).
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Figure 2

Figure 2: Homogeneous time-resolved Förster resonance energy transfer (HTRF) assay. A) The

HTRF assay principle is based on FRET-based fluorescence intensity detection, which is only

detectable when the Tb donor coupled to the antibody and the Cy5 acceptor coupled to the viral

RNA are in close proximity (~10 nm) (left panel). The long fluorescence lifetime of the Tb cryptate

(in the scale of ms) allows for measurment after non-specific fluorescence (in the scale of ns) has

declined (right panel). B) The influence of increasing Cy5-RNA concentrations as FRET acceptor on

the HTRF ratio (representing emission intensities of the FRET-based acceptor normalized to the

donor emission, ratio intensity at 665 nm/620 nm) was tested. 0.1 ng/µL anti-His mAb-Tb cryptate

FRET donor was mixed with increasing amounts of Cy5-RNA FRET acceptor (0-90 nM) in absence

(dashed line) or presence of 75 nM LASV L with either a C-terminal His-StrepII tandem tag (L-His,

continuous line) or an internal StrepII-Tag (L-StrepII, negative control, dotted line) in 10 mM 

HEPES(NaOH), pH 7, 200 mM NaCl, 0.1% (w:v) CHAPS) at RT. 5’(0-9)-Cy5 is shown in magenta, 3’(1-

7)-Cy5 in orange. Simple linear regression using Prism (10.6) was used to fit the data. Data points 

are shown as mean ± SD (n=3).
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Figure 3

Figure 3: Displacement vs. competition format. Displacement vs. competition of unlabelled 3‘ and

5‘ RNAs with the Cy5-labeled 3‘ and 5‘ RNAs was tested in the HTRF (A) and FP (B) assays. 3'(1-7) 

and 5'(0-9) RNAs were used as specific controls while a poly-A9 RNA served as a non-specific 

control. Conditions without L protein were used to determine the background signals (indicated by 

grey curve (A) or dotted lines (B)). In displacement format, L protein was first incubated with 3’(1-

7)-Cy5 (left panels, yellow squares) or 5’(0-9)-Cy5 (right panels, purple squares), respectively, before 

the unlabeled RNA (competitor) was added. In competition format, 3’(1-7)-Cy5 (left panels, orange 

circles) or 5’(0-9)-Cy5 (right panels, magenta circles) was first incubated with the unlabeled RNA 

before additon of L protein. For the HTRF assay (A), 6 nM 3’(1-7)-Cy5 + 13 nM L protein and 25 nM 

5’(0-9)-Cy5 + 25 nM L protein, were used, respectively. For the FP assay, 6 nM 3’(1-7)-Cy5 + 13 nM L 

protein and 10 nM 5’(0-9)-Cy5 + 50 nM L protein were used, respectively. Since the FP signal 

increased with increasing concenetrations of 5’(0-9) competitor RNA (see Supplementary Fig. S4),

the difference between the conditions with and without L protein (DFP) is plotted in B. Signals for 

all experiments were measured after 3h incubation at RT in 10 mM HEPES(NaOH) pH 7.0, 200 mM 

NaCl and CHAPS (0.1% (w:v)). Curves were fitted using Prism (version 10.6) according to an 

inhibition vs. response model (three parameters). Data points are shown as mean ± range (n=2).
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Figure 4: Screening of the Fraunhofer Repurposing collection for inhibition of 3ʹ RNA binding by 

LASV L protein using the FP and HTRF assay. Dot plot representations of the inhibition calculated for 

the whole screening data sets of FP (A) and HTRF (B) assays with screened compounds colored in 

light grey, identified hits in orange, positive controls in green (tracer only) and negative controls 

(tracer plus L protein) in red. Both controls contained an additional 0.05 ng/µL mAb a-6HIS Tb in the 

HTRF assay. C) Measured intensities in the P versus the S channel are shown for the FP assay, color 

coding as in A. D) Measured intensities of the donor versus the acceptor emission in the HTRF assay 

are presented, color coding as in B. E) The correlation of the hits selected in the FP and HTRF assays is 

shown. Shared hits between FP and HTRF screening are highlighted in orange, additional hits from 

both screens selected for profiling are colored in light yellow. F) Key data of both screens are 

summarized in the table.
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Figure 5

A

B

FP HTRF 3h HTRF 16h

Figure 5: Dose-response curves of selected hits from the 3’ RNA screening (A) and the 5’ RNA 

screening (B). A) Hit molecules (see labels of panels) of the 3’ RNA screening were tested in the FP 

(orange curve/dots) and HTRF (brown curve/triangles) assays at a concentration range of 14 nM to 

30 µM of the respective compound, 6 nM 3ʹ(1-7)-Cy5, 13 nM LASV L and 0.05 ng/μL mAb-Tb in case 

of HTRF. Signals were detected after 2h. B) 5’ RNA screening hit molecules (see labels of panels) were 

tested in the FP (brown curve/dots) and HTRF (magenta curve/triangles, pink curve/squares) assays 

at concentrations between 2.5 nM  and 50 µM of the respective compound. For FP, 10 nM 5ʹ(0-9)-Cy5 

and 50 nM LASV L were used and signals were detected after 3h at RT. For the HTRF assay, 25 nM 

5ʹ(0-9)-Cy5, 25 nM LASV L and 0.05 ng/μL MAb-Tb were used with signals detected after 3h (magenta 

curve/triangles) and 16h (pink curve/squares) at RT. All dose-response experiments were carried out 

in competition format (preincubation of L and small molecules for 30 min before addition of Cy5-

RNAs) in 10 mM HEPES(NaOH), pH 7.0, 200 mM NaCl, and CHAPS (0.1% (w:v)). Compounds were 

picked from the screening plates. Curves were fitted using Prism (version 10.6) according to an 

inhibition vs. response model (four parameter, variable slope). Data points are shown as mean ± 

range (n=2).
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Figure 6: Cell-based dose-response experiments. A) The ability of compounds to interfere with viral

genome replication and transcription was assessed using the LASV mini-replicon system. Data of two 

selected compounds, tiplaxtinin and micafungin, are presented. Ribavirin (RBV) was used as a positive 

control. See methods section for experimental details. Compound concentrations were in the range 22 

nM – 100 µM, DMSO concentration was at 2%. Viral genome replication and transcription was quantified 

via firefly and renilla luciferase signals after cell lysis. Cell viability was determined based on ATP levels 

using a CellTiter-Glo assay (Promega). Curves were fitted using Prism (version 10.6) according to an 

inhibition vs. response model (three parameters). Data points are shown as mean ± range of 2 biological 

replicates (n=2). B) The effect of selected compounds (see panel labels) on LASV amplification in A549 

cells was assessed. Ribavirin (RBV) and T705 were chosen as controls. Cell were infected in a 96 well 

format with LASV Ba366 at an MOI of 0.1 for 1h. The virus inoculum was removed and replaced with 

100 µL compound containing medium (0.5% DMSO) or the solvent control. Compound concentrations of 

20 nM – 33 µM and in a second step also 100 and 200 µM were tested (interrupted curves for 

transparency). Supernatants containing LASV were harvested 72 h post infection for determination of 

viral titres by a titration series and an immuno-focus assay (IFA, all samples in technical duplicates). Cell 

viability was determined using an MTS assay. Data points are shown as the normalized mean of three 

biological replicates ± SD (n=3).
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Figure 7: In vitro and in silico assessment of the effect of micafungin on L. A) Binding of micafungin to

LASV L was demonstrated using spectral shift analysis. For this experiment, 20 nM LASV L, covalently

labeled via the lysin residues (RED-NHS 2nd Generation, NanoTemper), was titrated with increasing

amounts of micafungin (1 nM – 200 µM) at a final DMSO concentration of 2% in 10 mM HEPES(NaOH),

pH 7.0, 200 mM NaCl, and 0.1% (w:v) CHAPS. Spectral shift measurements were performed using the

Dianthus NT23.PicoDuo (NanoTemper) after 30 min incubation at RT evaluating a shift of the emission

spectra detected at 670 vs. 650 nm. Experiments were performed in three biological replicates (n=3).

Curves were fitted using Prism (version 10.6) according to a one-site binding model for binding. Kd and

R2 are provided. B) To test for an effect of micafungin on the L protein‘s RNA polymerase activity, an in

vitro polymerase assay was performed. 0.5 µM LASV L-StrepII was incubated with different 

concentrations of micafungin or 3’dGTP as a control (both at a concentration range of 3.3 to 270 µM) for 

15 min on ice before sequential addition of RNA as indicated (2 µM 5ʹ RNA, 2 µM 3ʹ) and 1 µM of a 

fluorescently labeled primer in 10 mM HEPES(NaOH), pH 7.0, 50 mM NaCl, 2 mM DTT, 0.1% (w:v) CHAPS 

and 100 nM sulfo-Cyanine3 dimethyl (as an internal loading control). The reaction was started by the 

addition of 2 mM MnCl2 and 1 µM NTPs reaching a final reaction volume of 10 µL. After 1 h at 30°C, the 

RNA products were separated by denaturing Urea-PAGE (20% polyacrylamide, 8M Urea). Fluorescence 

signals were detected using a Amersham Typhoon Biomolecular Imager (Cytiva). The estimated size of 

the main product is 21 nt (*). Signals were quantified using ImageQuantTL v10.2 (Cytiva). Curves were 

fitted using Prism (version 10.6) according to an inhibition vs. response model (three parameters). An 

uncropped gel image is included in Supplementary Fig. S12. C) 2D representation of micafungin, 

highlighting the three main components we refer to as aromatic tail (green), macrocycle (yellow) and 

sulphate moiety (red). D) Consensus docking results for micafungin in the 5’ RNA binding site of the L 

protein. The consensus clusters (see methods) are shown in purple. For comparison, two close-ups of 

the 5’ RNA binding pocket are presented: (i) containing the micafungin predicted pose and (ii) containing 

the 5’ RNA from the experimentally determined structure (7OJN). The surface around the binding site is 

semi-transparent with the interacting residues colored in blue for micafungin (i) and violet for the 5’ RNA 

(ii). Micafungin and 5’ RNA are presented in black sticks with additonal coloring by element. Structures 

were visualized in ChimeraX.



NAME PubChem CID CAS Number HTRF FP FP HTRF FP
new batch 

HTRF

new batch 

FP

LASV amplification 

(IFA)
R

2 
(IC50) 

FPA-124 56972210 902779-59-3 98 97 99 2.3 0.6 1.0 0.1

SCH-202676 11957689 265980-25-4 98 95 100 3.2 2.0 2.4 1.8

Gossypol 3503 303-45-7 86 89 99 6.9 0.1 5.8 0.3

Saroglitazar 60151560  495399-09-2 73 56 75 4.1 16.2 n.d. n.d

Thiram 5455 137-26-8 69 68 72 10.0 n.d. 1.0 0.7

IPA-3 521106 42521-82-4 41 63 80 1.7 1.1 3.6 0.6

SDZ-220-040 6604839 174575-40-7 38 34 57 10.9 8.0 n.d. n.d.

GW-3965 16078973 405911-17-3 36 95 94 41.7 2.1 n.d. 2.8

Gambogic Acid 9852185 2752-65-0 35 58 47 n.d. 3.7 n.d. 1.8

Droxidopa 92974 23651-95-8 35 21 49 8.9 2.3 n.d. n.d.

Salirasib 5469318 162520-00-5 27 45 64 n.d. 3.2 n.d. 3.4

NAME PubChem CID CAS Number HTRF (18h) FP (n1) FP (n2) HTRF (3h) HTRF (18h) FP 
new batch 

HTRF 
new batch FP 

LASV amplification 

(IFA)
R

2 
(IC50) 

Tiplaxtinin 6450819 393105-53-8 65 64 73 13.6 18.3 2.1 10.9 5.6

GW-3965 16078973 405911-17-3 55 108 106 n.d. n.d. n.d. n.d. 1.7

Micafungin 23666118 208538-73-2 53 77 83 0.4 0.5 1.6 12.2 5.6 195 0.800

BMS-309403 16122583 300657-03-8 41 60 59 20.2 10.0 5.6 12.4 7.8

TAK-875 57339446 1374598-80-7 34 47 37 24.4 15.1 13.8 n.d. n.d.

L-755507 9829836 159182-43-1 34 16 31 7.6 7.0 1.2 n.d. n.d.

Salirasib 5469318 162520-00-5 33 33 34 31.2 4.9 2.4 10.9 3.1

Cefsulodin 656644 52152-93-9 32 27 25 2.6 2.2 4.0 5.3 8.6

Cephapirin 23675312 24356-60-3 24 20 26 6.2 5.9 13.2 n.d. n.d.

Avasimibe 166558 166518-60-1 20 52 50 17.8 10.0 8.7 61.4 3.7

Saroglitazar 60151560  495399-09-2 19 47 54 19.3 12.0 5.7 n.d. n.d.

* data do not represent standard dose-response curves

Blue compounds detected in both 3' and 5' HTS

'n.d.' - non-determinable from the data or not reasonable to determine because of curve fit

'not tested' - experiment not performed

effect linked to cytotoxicity high cytotoxicity

effect linked to cytotoxicity high cytotoxicity

not tested

not tested

not tested

effect linked to cytotoxicity high cytotoxicity

no effect no effect

effect linked to cytotoxicity high cytotoxicity

effect linked to cytotoxicity high cytotoxicity

not tested

no effect

Compound infos

effect linked to cytotoxicity high cytotoxicity

high cytotoxicity

effect linked to cytotoxicity

effect linked to cytotoxicity

effect linked to cytotoxicity

effect linked to cytotoxicity

effect linked to cytotoxicity

effect linked to cytotoxicity

high cytotoxicity

high cytotoxicity

high cytotoxicity

Compound infos
HTS

Inhibition / [%]

In vitro activity

  IC50 / [µM]

HTS In vitro activity Cell-based activity

Inhibition / [%]   IC50 / [µM]   IC50 / [µM] Cytotoxicity (MTS)
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