
Small-molecule inhibitors for the
Prp8 intein as antifungal agents

Item Type Article

Authors Li, Zhong; Tharappel, Anil Mathew; Xu, Jimin; Lang, Yuekun;
Green, Cathleen M.; Zhang, Jing; Lin, Qishan; Chaturvedi, Sudha;
Zhou, Jia; Belfort, Marlene; Li, Hongmin

Citation Li, Z., Tharappel, A. M., Xu, J., Lang, Y., Green, C. M., Zhang, J., ...
& Li, H. (2021). Small-molecule inhibitors for the Prp8 intein
as antifungal agents. Proceedings of the National Academy of
Sciences, 118(2), e2008815118.

DOI 10.1073/pnas.2008815118

Publisher Proceedings of the National Academy of Sciences

Journal Proceedings of the National Academy of Sciences of the United
States of America

Rights © 2021 The Author(s). Published under the PNAS license.

Download date 24/05/2023 20:58:25

Item License http://rightsstatements.org/vocab/InC/1.0/

Version Final accepted manuscript

Link to Item http://hdl.handle.net/10150/665548

http://dx.doi.org/10.1073/pnas.2008815118
http://rightsstatements.org/vocab/InC/1.0/
http://hdl.handle.net/10150/665548


1 
 

         Novel small molecule inhibitors for the Prp8 intein as new antifungal agents 1 

 2 

Zhong Li1, Anil Tharappel1, Jimin Xu2, Yuekun Lang1, Cathleen M. Green3, Jing Zhang1, Qishan 3 

Lin4, Sudha Chaturvedi1,5, Jia Zhou2, Marlene Belfort3*, Hongmin Li1,5*,# 4 

 5 

1 Wadsworth Center, New York State Department of Health, 120 New Scotland Ave, Albany, 6 

New York 12208, USA 7 

2 Chemical Biology Program, Department of Pharmacology and Toxicology, University of Texas 8 

Medical Branch, Galveston, TX 77555, USA 9 

3 Department of Biological Sciences and RNA Institute, 4 RNA Epitranscriptomics & Proteomics 10 

Resource, University at Albany, 1400 Washington Avenue, Albany, New York 12222, USA 11 

5 Department of Biomedical Sciences, School of Public Health, University at Albany, Empire 12 

State Plaza, PO Box 509, Albany, New York 12201-0509, USA 13 

 14 

 15 

*Corresponding author:  16 

Marlene Belfort, Phone: +1-518-437-4466, Email: mbelfort@albany.edu  17 

Hongmin Li, Phone: + 1- 520-621-5728, Email: hli1@pharmacy.arizona.edu    18 

#Current address: Department of Pharmacology and Toxicology, College of Pharmacy, 19 

University of Arizona, 1703 E Mabel Street, Tucson, AZ  85721, USA 20 

 21 

  22 

mailto:test@uamail.albany.edu
mailto:hli1@pharmacy.arizona.edu


2 
 

All other authors’ email: 23 

 24 

Zhong Li: zhong.li@health.ny.gov 25 

Anil Tharappel, anil.tharappel@health.ny.gov  26 

Jimin Xu: jimxu@utmb.edu  27 

Yuekun Lang, yuekun.lang@health.ny.gov  28 

Cathleen M. Green: cgreen90@gmail.com  29 

Jing Zhang: jingzhang537@gmail.com  30 

Qishan Lin: qlin@albany.edu  31 

Sudha Chaturvedi: Sudha.chaturvedi@health.ny.gov  32 

Jia Zhou: jizhou@utmb.edu  33 

  34 

mailto:zhong.li@health.ny.gov
mailto:anil.tharappel@health.ny.gov
mailto:jimxu@utmb.edu
mailto:yuekun.lang@health.ny.gov
mailto:cgreen90@gmail.com
mailto:jingzhang537@gmail.com
mailto:qlin@albany.edu
mailto:Sudha.chaturvedi@health.ny.gov
mailto:jizhou@utmb.edu


3 
 

Abstract 35 

Self-splicing proteins, called inteins, are present in many human pathogens, including the 36 

emerging fungal threats Cryptococcus neoformans (Cne) and Cryptococcus gattii (Cga), the 37 

causative agents of cryptococcosis. Inhibition of protein splicing in Cryptococcus sp. interferes 38 

with activity of the only intein-containing protein, Prp8, an essential intron splicing factor. Here, 39 

we screened a small molecule library to find addititonal, potent inhibitors of the Cne Prp8 intein 40 

using a split-green fluorescence protein (GFP) splicing assay. This revealed the compound 6G-41 

318S, with IC50 values in the low micromolar range in the split-GFP assay and in a complementary 42 

split-luciferase system. A fluoride derivative of the compound 6G-318S displayed improved 43 

cytotoxicity in human lung carcinoma cells, although there was a slight reduction in splicing. 6G-44 

318S and its derivative inhibited splicing of the Cne Prp8 intein in vivo in Escherichia coli and in 45 

C. neoformans. Moreover, the compounds repressed growth of wild-type C. neoformans and C. 46 

gattii. In contrast, the inhibitors were less potent at inhibiting growth of the inteinless Candida 47 

albicans. Drug resistance was observed when the Prp8 intein was overexpressed in C. neoformans, 48 

indicating specificity of this molecule towards the target. No off-target activity was observed, such 49 

as inhibition of serine/cysteine proteases. The inhibitors bound covalently to the Prp8 intein and 50 

binding was reduced when the active-site residue Cys1 was mutated. 6G-318S showed a 51 

synergistic effect with amphotericin B and additive to indifferent effects with a few other clinically 52 

used antimycotics. Overall, the identification of these small molecule intein splicing inhibitors 53 

opens up prospects for a new class of antifungals. 54 

 55 

Keywords: Small molecule inhibitor, antifungal, Cryptococcus, Prp8 intein, protein splicing  56 
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Statement of significance 57 

Cryptococcus neoformans is an opportunistic human pathogen, causing cryptococcal meningitis 58 

in immunocompromised individuals, with a mortality rate of more than 50%. We previously found 59 

that the Prp8 intein was a viable drug target for C. neoformans. In an effort to find new therapies, 60 

we developed screening assays and identified a small molecule and its fluoride derivative as potent 61 

Prp8 intein splicing inhibitors. These inhibitors bind covalently to an intein active-site residue and 62 

inhibit protein splicing, leading to non-functional Prp8, which is essential for fungal growth. These 63 

molecules inhibited growth of C. neoformans and showed synergistic or additive effects with 64 

FDA-approved antimycotics. Overall, the identification of these intein splicing inhibitors opens 65 

up prospects for a new class of antifungals. 66 

  67 
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Introduction 68 

Many microbial pathogens contain self-splicing elements called inteins, which are internal 69 

proteins that self-excise from their intein-hosting proteins and catalyze ligation of the flanking 70 

sequences (exteins) with a natural peptide bond (1-4). Overall, more than 1,700 inteins have been 71 

identified (5). Among intein-containing deadly human pathogens is Mycobacterium tuberculosis 72 

(Mtu), which has inteins in three critical genes, involved in replication (DnaB), iron-sulfur cluster 73 

assembly (SufB), and recombination (RecA). M. tuberculosis infections cause 2 million annual 74 

tuberculosis-related deaths worldwide (6). Pathogenic fungi such as Crypotococcus neoformans 75 

(Cne), Crypotococcus gattii (Cga), and Aspergillus fumigatus (Afu) also encode inteins, in the pre-76 

mRNA processing factor 8 (Prp8) gene (7, 8). Globally, over 300 million people are affected by 77 

invasive fungal infections (IFIs), with estimated deaths of over 1 million people every year (9-12). 78 

Moreover, the emergence of severely drug-resistant strains of M. tuberculosis and pathogenic 79 

fungi, plus the deadly synergistic association with HIV/AIDS, represent significant public health 80 

challenges (13-18). 81 

Since inteins consistently interrupt highly conserved sites of intein-hosting proteins, 82 

splicing inhibition can cause a disruption of functions that are essential for the pathogen’s survival. 83 

Inteins are therefore attractive targets for drug development (7, 8, 19-21). Additionally, inteins do 84 

not occur in multi-cellular organisms including humans nor in unicellular organisms including 85 

bacteria normally associated with the human gut flora, making intein-inhibiting drugs highly 86 

selective for intein-containing pathogens such as M. tuberculosis, C. neoformans, C. gattii, and A. 87 

fumigatus. 88 

Previously we found that cisplatin, an FDA-approved chemotherapeutic drug, inhibited 89 

fungal Prp8 intein splicing in vitro and reduced fungal burden in vivo (8). The action of cisplatin 90 
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is by the platinum ion being coordinated by the catalytic Cys1 of the inetin, thereby inhibiting the 91 

first step of splicing and subsequent branched intermediate formation and extein ligation. 92 

However, the high cytotoxicity of cisplatin and its derivatives (22-24) may limit their use in 93 

immunocompromised patients. In the current study, we performed a pilot screening of a small-94 

molecule library and found a compound and its derivative that impede fungal Prp8 intein splicing 95 

in a dose-dependent manner. In addition, these molecules inhibited the Prp8 intein-containing 96 

fungi C. neoformans and C. gattii, but not the yeast Candida albicans, a major human pathogen 97 

that does not encode a Prp8 intein. Furthermore, C. neoformans treated with the small molecules 98 

led to accumulation of unspliced Prp8 precursor. The potency of these inhibitors is better than or 99 

comparable to the current frontline antifungal drugs. Mechanistic studies indicated that the small 100 

molecules inhibited Prp8 intein splicing by covalently binding to the Prp8 intein active-site residue 101 

Cys1, the nucleophile that initiates the protein splicing reaction. 102 

 103 

Results 104 

 105 

Development of split green fluorescence protein (GFP)-based Prp8 intein splicing assay 106 

Previously, we developed a high throughput screening (HTS) assay based on split Renilla 107 

luciferase (RLuc-Prp8) (8). Although the RLuc-Prp8 assay is highly robust, it can potentially 108 

identify luciferase inhibitors. Although it is not surprising that compounds often inhibit multiple 109 

targets, some compounds may yield false positives by inhibiting luciferase instead of Prp8 intein 110 

splicing. One way to eliminate these false positives is to screen positive hits against luciferase 111 

itself. However, this method may potentially remove true inhibitors that display dual inhibition 112 

activities towards both Prp8 intein splicing and luciferase. 113 
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To better address this concern, we developed an intein splicing assay with a split-GFP, 114 

using methods similar to those described previously (21, 25). We inserted the Prp8 intein between 115 

GFP residues G128 and D129 using a mega-PCR mutagenesis strategy (8, 21, 26). The GFP-Prp8 116 

intein fusion protein (GFP-Prp8i) was expressed as inclusion bodies, refolded at pH 9.0 to prevent 117 

auto-splicing, and purified using affinity and size exclusion chromatography (8, 21). 118 

The intein splicing assay was initiated by diluting the purified, concentrated GFP-Prp8i 119 

into assay buffer at pH 8 in a 96-well plate. Reducing agents such as Tris (2-carboxyethyl) 120 

phosphine (TCEP) are required to reduce the nucleohilic cysteine (Cys1) and thereby trigger in 121 

vitro intein splicing (8). As expected, purified GFP-Prp8i did not generate fluorescence in the 122 

absence of TCEP (Fig. 1A). In contrast, addition of TCEP led to a significant increase in 123 

fluorescence, presumably because TCEP triggers Prp8 intein splicing to generate reconstituted 124 

full-length GFP (Fig. 1A, buffer vs. TCEP). To rule out the possibility that TCEP may affect native 125 

GFP fluorescence, we measured wild-type GFP fluorescence with or without TCEP incubation. 126 

As shown in Fig. 1A, TCEP did not have any effect on the native GFP fluorescence.  127 

The Prp8 intein insertion site between G128 and D129 in GFP is not in a conserved region 128 

essential for GFP fluorophore formation. To eliminate the possibility that the observed 129 

fluorescence increase is due to unspliced GFP-Prp8i precursor refolding and maturation, we 130 

performed SDS-PAGE analysis of GFP-Prp8i in the presence and absence of TCEP (Fig. S1A). 131 

The GFP-Prp8i precursor did not self-splice after overnight incubation in the absence of TCEP. 132 

Addition of TCEP triggered GFP-Prp8i splicing, resulting in an additional band near 25 KDa, 133 

which is consistent with the molecular weight  of native full-length GFP.  The GFP-Prp8i precursor 134 

did not become fluorescent regardless of TCEP addition (Figs. S1A, S1B). In contrast, the 25-KDa 135 
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protein showed significant fluorescence upon TCEP addition, indicating that the fluorescence 136 

increase observed in the 96-well plate resulted from Prp8 intein splicing. 137 

 138 

Application of split-GFP assay for small molecule screening 139 

To further validate the split-GFP assay, we used cisplatin as a control inhibitor (8). We first 140 

showed that addition of cisplatin did not affect native GFP fluorescence, (Fig. 1A). Notably, the 141 

fluorescence increase of the GFP-Prp8i fusion was significantly reduced by cisplatin (Fig. 1A). 142 

The assay had a Z’ score of 0.89, indicating that it is suitable for HTS (Z’>0.5) (27) (Fig. 1A).  We 143 

next investigated dose-dependent inhibition of Prp8 intein splicing by cisplatin. Our data showed 144 

that cisplatin inhibited Prp8 intein splicing in a dose-dependent manner, with an IC50 of 6.7 µM 145 

(Fig. 1B). This IC50 value is comparable to that determined using the RLuc-Prp8 assay (2.5 µM) 146 

(8).  147 

We next carried out a pilot screen of small molecule inhibitors of Prp8 intein splicing. The 148 

compound library (Timtec) contained about 240 putative protease inhibitors (28) and 60 149 

compounds from an in-house collection. At 20 µM, three compounds showed greater than 50% 150 

inhibition of the GFP-Prp8i signal (Fig 2A, 2B). The three compounds were further tested using 151 

the RLuc-Prp8 intein splicing assay (8). Our results showed that only compound 3, 5-[(4-152 

chlorophenyl)sulfonyl]-N-(4-fluorophenyl)-1,2,3-thiadiazole-4-carboxamide (commercial name 153 

6G-318S) suppressed more than 50% of RLuc-Prp8 intein splicing activity at 20 µM (Fig 2C). 154 

 155 

Inhibition of Prp8 intein splicing by 6G-318S 156 

Using a concentration series of 6G-318S, our results indicated that 6G-318S inhibited Prp8 157 

intein splicing in a dose-dependent manner in both GFP-Prp8i and RLuc-Prp8 assays. The IC50 158 



9 
 

values determined by the two assays were 5.8 µM and 11.2 µM, respectively (Fig 2D, 2E). In 159 

addition, using in-gel GFP-fluorescence, we showed that 6G-318S inhibited GFP-Prp8i splicing 160 

in a dose-dependent manner (Fig. S1B).  161 

We used an additional fluorescence reporter system to investigate inhibition of Prp8 intein 162 

splicing by 6G-318S(8). This reporter system, MIG-Prp8, comprising a fusion protein of the Prp8 163 

intein flanked by maltose binding protein (MBP) and green fluorescent protein (GFP), allowed 164 

observation of functional Prp8 intein splicing in Escherichia coli lysate (8). Incubation of the MIG-165 

Prp8 fusion protein precursor (PP) with TCEP triggered Prp8 intein splicing, leading to reduced 166 

PP and accumulation of ligated extein (LE) product MBP-GFP (MG) (Fig 2F, time 0 vs. solvent 167 

dimethylformamide (DMF) control). C-terminal cleavage product (CC; GFP) could also be 168 

visualized. Using the MIG-Prp8 intein construct, we showed in vitro inhibition of Prp8 intein 169 

splicing by 6G-318S, leading to accumulation of the MIG-Prp8 precursor PP and decrease of LE 170 

product in a dose-dependent manner (Fig. 2F). Quantification of the PP and LE bands indicated a 171 

perfectly inverse relationship (Fig 2F, right panel). Overall, the data indicated that 6G-318S 172 

inhibits Prp8 intein splicing in vitro. 173 

 174 

Derivatives of 6G-318S and inhibition selectivity 175 

To explore 6G-318S analogs, we performed a substructure search and found four 176 

commercially available derivatives, namely 6G-319S, 12G-305S, 6G-313S, and 12G-315S (Fig 177 

3A). We performed the Prp8 intein splicing inhibition assay using the GFP-Prp8i construct for 178 

these compounds at 20 µM concentration. Our results showed that none of the four compounds 179 

displayed better inhibition than 6G-318S, but that one derivative, 6G-319S, showed more than 180 

50% inhibition of the Prp8 intein splicing (Fig 3B). In dose-response inhibition of the Prp8 intein 181 
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splicing using the GFP-Prp8i construct, 6G-319S registered an IC50 value of 9.7 µM (Fig 3C), in 182 

the same range as 6G-318S (5.8 µM). Apparently, the aniline moiety and the phenylsulfone 183 

pharmacophore group are essential for these thiadiazole derivatives to maintain their inhibitory 184 

activities against Prp8 intein splicing. The other sulfide or sulfoxide analogs were found to be 185 

inactive. 186 

Intein self-splicing may resemble serine/cysteine protease activity in function by using 187 

nucleophilic residues to cleave peptide bonds. The identified inhibitors, 6G-318S and 6G-319S, 188 

were further evaluated for specificity using a counter-screening assay measuring inhibition of 189 

representative serine (trypsin) and cysteine (papain) proteases, as we described previously (29, 190 

30). Cisplatin was also included. Using a FRET substrate Abz-RRRRSAG-nTyr developed 191 

previously (29, 30), we showed that at 400 µM, neither 6G-318S, 6G-319S, nor cisplatin 192 

significantly inhibited the protease activities of trypsin and papain (Fig 3D). In contrast, control 193 

inhibitor antipain dihydrochloride (AP-2HCl) (31) at 3.5 µM completely abolished the protease 194 

activities (Fig 3D). The results suggest that these compounds are specific to Prp8 intein splicing. 195 

 196 

Inhibition of intein splicing and growth of C. neoformans  197 

Using a broth microdilution assay (32), we evaluated the antifungal efficacy of 6G-318S 198 

and 6G-319S against the Prp8 intein-containing fungus C. neoformans H99 strain. We also used 199 

C. albicans, a fungus without the Prp8 intein, as a control. Our results demonstrated that the 200 

compounds 6G-318S and 6G-319S are potent inhibitors of C. neoformans (Table 1). The 201 

minimum inhibitory concentration (MIC) values (0.6 µg/ml and 1.3 µg/ml for 6G-318S and 6G-202 

319S, respectively) (Table 1) were comparable to or better than those of the current first-line 203 

antifungal drugs, such as 5-fluorocytosine (5-FC), itraconazole (IZ), fluconazole (FZ), and 204 



11 
 

amphotericin B (AmB) (33). In contrast, 6G-318S and 6G-319S did not inhibit growth of C. 205 

albicans (MIC >5 µg/ml), (Table 1). These results suggest that these compounds selectively 206 

inhibit the growth of Prp8 intein-containing fungi. We found the minimum fungicidal 207 

concentration (MFC) of 6G-318S to be 1.25 µg/ml for C. neoformans (Fig. S2). Compounds 208 

exhibiting a MFC/MIC ratio <4 are considered fungicidal, and 6G-318S displays a ratio of 2, thus 209 

confirming that it is fungicidal (34).  210 

Compound 6G-319S differs from 6G-318S only by the addition of a fluoride to the phenyl 211 

ring (Fig. 2A & 3A). Both in vitro Prp8 intein splicing and in vitro fungal killing assays indicated 212 

that the introduction of a 2-F substituent on the aniline moiety (as with 6G-319S) led to a slight 213 

loss of potency (Figs. 2D, 3C, Table 1). However, this modification significantly improved its 214 

cytotoxicity profile (Fig. 4). As shown in Table 1, 6G-319S showed a 3.2-fold higher cytotoxicity 215 

value (CC50) than 6G-318S (CC50: compound concentration required for 50% inhibition of cell 216 

viability). Values were 44.9 µg/ml (~108 µM) for 6G-319 and 13.9 µg/ml (~35 µM) for 6G-318S, 217 

indicating that 6G-319S is less toxic to human cells than 6G-318S. The results also demonstrated 218 

that these compounds have a good (>10) therapeutic index (TI) because the cytotoxicity CC50 219 

values of compounds 6G-318S and 6G-319S are 22- and 35-fold, respectively, of their 220 

corresponding MIC values towards C. neoformans. 221 

 222 

Synergy with existing drugs 223 

To test if the Prp8 intein splicing inhibitor 6G-318S has synergistic effects with clinically 224 

used drugs, we first performed a drug combination study using the Sensititre YeastOne Y09 AST 225 

Kit (Thermofisher) that contains 9 drugs, AmB, 5-FC, IZ, FZ, Anidulafungin (AND), Micafungin 226 

(MF), Caspofungin (CAS), Posaconazole (PZ), and Voriconazole (VOR). We chose 6G-318S at 227 
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0.16 ug/ml, at which concentration C. neoformans is viable. As shown in Figs. S3A, S3B, addition 228 

of 6G-318S did not change the MICs for AND, MF, CAS, PZ and FZ. In contrast, 6G-318S 229 

addition reduced MICs more than 4-fold for AmB and 2-fold for 5-FC, IZ and VOR. It is noted 230 

that combination of AmB at the lowest available concentration in the test plate with 6G-318S was 231 

sufficient to suppress C. neoformans growth (Fig. S3A). Therefore, the AmB MIC reduction may 232 

be higher than 4-fold when combined with 6G-318S. 233 

To further investigate a possible synergistic effect of 6G-318S with existing drugs, we 234 

carried out the checkerboard assay (35-37) to determine the fractional inhibitory concentration 235 

(FIC) (Fig. S3C, Table 2). In the FIC experiment, 6G-318G showed a synergistic effect (FIC 0 – 236 

0.5) with AmB with a FIC index value of 0.37 (38). The combination of 6G-318G with 5-FC or 237 

IZ had an additive effect (FIC 0.5 – 1), with FIC indices of 0.63 and 1, respectively. The 238 

combination of 6G-318G and VOR had an indifferent effect (FIC 1 – 4), with a FIC index of 2.04. 239 

 240 

Inhibitors bind covalently to the active site of the Prp8 intein 241 

To investigate the mode of action, we first evaluated if the compounds bind to the Prp8 242 

intein using a protein thermal shift assay (PTSA), as we described previously (26). Results of the 243 

PTSA confirmed that addition of the compounds induced large Tm changes (Fig 5A), indicating 244 

binding of the small molecule inhibitor to the Prp8 intein. Interestingly, the binding of intein 245 

inhibitors decreased Tm of the Prp8 intein, indicating reduced protein stability. Covalent 246 

modification of active site residues by inhibitors could account for the reduced protein stability 247 

(see below). 248 

To further investigate the nature of inhibitor binding, we performed electrospray 249 

ionization–mass spectrometry (ESI-MS), using purified Cga Prp8 intein as described previously 250 
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(8).The Cga Prp8 intein only contains the intein residues without any flanking extein sequence, 251 

and is 88% identical to the Cne Prp8 intein. The Prp8 intein was incubated overnight with or 252 

without 6G-318S or 6G-319S and then subjected to ESI-MS analysis. As shown in Fig 5B, 253 

deconvolution of the ESI-MS data revealed that untreated Prp8 intein had a molecular mass of 254 

19,428 Dalton (Da), exactly as predicted from its sequence. In contrast, the deconvoluted 255 

molecular masses for the Prp8 samples treated with 6G-318S and 6G-319S, respectively, shifted 256 

221 Da and 239 Da, compared to that of untreated Prp8 intein, to 19,649 and 19,667, respectively. 257 

The mass differences were much smaller than the molecular weights for 6G-318S (397.83 Da) and 258 

6G-319S (415.82 Da). These results suggest that the compounds react covalently with the Prp8 259 

intein, possibly through the active site Cys1 thiol, and become truncated in the process. 260 

The mass difference between the adducts of compounds 6G-318S and 6G-319S upon 261 

binding to the Prp8 intein is 18 Da, which is the exact mass of the extra fluoride atom for 6G-319S 262 

compared to 6G-318S. The results indicated that the two Prp8 intein inhibitors 6G-318S and 6G-263 

319S followed the same chemistry to react with the Prp8 intein. Examination of the chemical 264 

structures of 6G-318S and 6G-319S suggested that the free thiol group of the catalytic Cys1 of the 265 

Prp8 intein likely attacks the carbon-carbon double bond of the thiadiazole moiety of the inhibitors, 266 

resulting in the cleavage of the bond between the phenylsulfonyl and thiadiazole ring (Fig. 5C). 267 

This would lead to a phenylcarbamoyl-thiadiazole adduct of 223.2 Da (6G-318S) or 241.2 Da (6G-268 

319S) to form the intein-inhibitor complex, followed by the removal of the 4-269 

chlorobenzenesulfinic acid fragment (176.6 Da), according to the mass spectrometry analysis. 270 

Covalent reaction of the thiadiazole ring of the adduct with the active site Cys1 led to the loss of 271 

two hydrogens, resulting in a final total mass addition of 221 Da for 6G-318S or of 239 Da for 6G-272 

319S to the Prp8 intein, respectively.  273 
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To verify this hypothesis, we first evaluated if a Prp8 active -ite cysteine splicing-defective 274 

mutant (C1A) retained reactivity to the compounds. Using ESI-MS, we showed that the 275 

compounds failed to modify the C1A mutant (Fig. 5D), because no mass shifts were observed for 276 

the complexes, which is in contrast to those of the wild-type (WT) Prp8 intein (Fig. 5B). Moreover, 277 

liquid chromatography with tandem mass spectrometry (LC-MS/MS) verified the predicted 278 

covalent modification of Cys1 of the Prp8 intein and a Cys-containing peptide by the 6G-318S 279 

fragment, both undergoing a mass shift of 221 Da, which is not affected by the choice of salt (Fig. 280 

S4A, S5).  281 

The Cga Prp8 intein used in the above experiments does not have extein residues flanking 282 

the intein due to the purification chemistry. Using an extein-containing Prp8 intein construct (8), 283 

we showed that a Prp8 intein with exteins was modified at the Cys1 position by 6G-318, in the 284 

same way as the Prp8 intein without exteins (Fig. S4B).  285 

 To quantitate the molecular interaction between the splicing inhibitors and the Prp8 intein, 286 

we carried out a surface plasmon resonance (SPR) experiment to determine the binding affinity 287 

between 6G-318S and the Prp8 intein (Figs 5C & 5E). The results demonstrated that 6G-318S 288 

binds directly to the Prp8 intein with a binding affinity of 0.36 µM.  289 

Previously, we showed that the Prp8 intein splicing inhibitor cisplatin binds to the active 290 

site of the Prp8 intein (8). We also generated three inactive mutants involving active-site residues, 291 

C1A, H169A, and C1A/H62A/D95A/H169A (the AAAA mutant) (8). To further explore the 292 

mechanism of action, we evaluated the binding affinity of these mutants to 6G-318S. As shown 293 

(Fig. 5E, Table 3), mutation of the C-terminal active site residue H169 to alanine did not affect 294 

the binding affinity. In contrast, mutation of the N-terminal active site residue Cys1 to alanine 295 

reduced the binding affinity nearly 3-fold. Moreover, the AAAA mutant completely lost  binding 296 
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affinity to 6G-318S, indicating that the compound requires an additional intein feature for binding 297 

(Fig. 5E, Table 3). The SPR data were also consistent with the MS results showing that 6G-318S 298 

reacted with the free thiol group of the Prp8 intein.  299 

 300 

Inhibition of Prp8 intein splicing in C. neoformans 301 

Using an anti-Prp8 intein antibody against the recombinant Prp8 intein, we performed 302 

Western blot (WB) analysis (Fig 6). We used the recombinant Cga Prp8 intein comprising of 170 303 

amino acids as a positive control. We first confirmed that a protein of 20 KDa could be detected 304 

by immunoblot (Fig 6A). The antibody serum could also detect intein from the cell lysate of C. 305 

neoformans H99.  In contrast, no band could be detected for the cell lysate of inteinless C. albicans, 306 

implying that the antibody was specific for the Prp8 intein. Next, we performed WB analysis of 307 

cryptococcal samples with/without 6G-318S at different concentrations at 3 h post-treatment (Fig 308 

6B). We found that 6G-318S inhibited Prp8 splicing in vivo in C. neoformans, leading to a dose-309 

dependent reduction of spliced Prp8 intein product (Fig 6B). At 0.32 µg/ml, 6G-318S completely 310 

inhibited Prp8 splicing. The results were consistent with our fungal susceptibility studies, 311 

indicating that the MIC value for 6G-318S for the C. neoformans H99 strain was 0.62 µg/ml 312 

(Table 1). 313 

 A light band corresponding to a protein with a size larger than 180 KDa was observed for 314 

the C. neoformans H99 cell lysate treated with 6G-318S for 4 h after WB with the Prp8 intein 315 

antibody serum (Fig 6C). In contrast, this putative precursor band (~292 KDa) was not observed 316 

for the DMF-treated control sample. Next, we performed WB analysis of the C. neoformans 317 

samples treated with different concentrations of 6G-318S or DMF control for 18 h. As shown in 318 

Fig 6D, even after this long incubation period, samples treated with DMF did not show high 319 
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molecular-weight protein using the anti-Prp8 intein serum in WB. In contrast, a dose-dependent 320 

increase of high molecular-weight protein was seen for samples treated with 6G-318S. Conversely, 321 

as the high molecular-weight protein accumulated, the spliced Prp8 intein was diminished. Overall, 322 

a clear inverse relationship was observed between the accumulation of the high molecular-weight 323 

protein and the decrease of the spliced Prp8 intein in vivo for samples treated with 6G-318S (Fig 324 

6D, right panel).  325 

We suspect that the high molecular-weight protein represents unprocessed Prp8 protein 326 

precursor or branched intermediate (39), with a molecular weight of 291.9 KDa, which accumulate 327 

over time due to splicing inhibition by 6G-318S. To test this hypothesis, we excised the band and 328 

carried out MS proteomic analysis. Our MS results verified that the high molecular weight protein 329 

contained representative peptides from the Cne Prp8 precursor, including both the Prp8 intein and 330 

exteins (Fig 6E). These results are consistent with our hypothesis that inhibitors preventing intein 331 

splicing lead to accumulation of unprocessed and nonfunctional precursor, ultimately resulting in 332 

fungal death. 333 

 334 

Overexpression of the Prp8 intein in C. neoformans leads to drug resistance 335 

 336 

To further investigate the mechanism of inhibition in C. neoformans, we performed an 337 

overexpression experiment. We previously developed a system to overexpress wild-type (WT) and 338 

a non-splicing AAAA Prp8 intein mutant in cryptococcal cells under the strong TEF1 promoter 339 

(8). The empty vector, WT, and the AAAA mutant plasmid were individually transformed into the 340 

C. neoformans H99 strain. We had shown that transformation of the empty vector, Prp8 WT intein 341 

and the AAAA mutant did not affect the growth of cryptococcal cells in the absence of an inhibitor 342 
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(8). Using this system, we determined the MIC values of 6G-318S in these transformed cells. Our 343 

results showed that 6G-318S had identical MIC values with empty vector or AAAA mutant Prp8 344 

intein-transformed H99 cells. In contrast, transformation of the WT Prp8 intein into H99 led to 4-345 

fold increase of MIC for 6G-318S, compared to H99 transformed with empty vector or the AAAA 346 

mutant. Importantly, our result was consistent with our hypothesis that the Prp8 intein is the 347 

intracellular target of 6G-318S.  348 

 349 

Discussion 350 

 C. neoformans and C. gattii cause cryptococcal meningitis (CM) and pulmonary 351 

cryptococcosis, which are very difficult to treat. There are over 1 million annual cases of CM 352 

worldwide, with estimated deaths of 700,000 per year (9, 40-42). CM is seen most commonly in 353 

immunocompromised patients, such as those with HIV, severe combined immunodeficiency, or 354 

post-organ transplant status (43, 44). However, recent reports of infections caused by C. gattii in 355 

non-immunocompromised people have raised concerns about the overall threat of the 356 

Cryptococcus species to public health (45-56). 357 

Cryptococcal infection is usually treated by combination therapy, with administration time 358 

ranging from 12-14 weeks to lifelong (57-62). Mainstay drugs for CM include AmB, 5-FC, 359 

triazoles (fluconazole, voriconazole, posaconazole, itraconazole), and caspofungin (in 360 

combination therapy only) (43, 57-59, 63, 64). These drugs kill fungi through various mechanisms, 361 

including interfering with membrane permeabilisation (AmB) (65, 66), inhibition of 14α-362 

demethylase (triazoles) (67), inhibition of DNA/RNA synthesis (5-FC) (68), and inhibition of 363 

(1→3)-β-D-glucan synthase (caspofungin) (69). However, caspofungin does not work for C. 364 

neoformans (70-73). Despite the availability of these antifungal drugs, mortality rates associated 365 
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with cryptococcal infections often exceed 50%. In addition, these drugs are frequently associated 366 

with severe side effects, high toxicity, and many serious drug-drug interactions (74-76). Moreover, 367 

because of the lengthy treatment, drug resistance is a significant problem (16, 17).  368 

The pathogenic cryptococcal fungi C. neoformans and C.gattii contain the Prp8 intein (77-369 

80), which belong to the class 1 intein family (77, 79, 80). The Prp8 protein is essential and the 370 

most highly conserved protein of the spliceosome, which processes pre-mRNA into mRNA by 371 

RNA splicing. Previously, we found that cisplatin, an FDA-approved chemotherapeutic drug, 372 

could inhibit fungal Prp8 intein splicing in vitro and reduce the lung burden of C. neoformans in 373 

mice (8). We also determined the crystal structure of the Cne Prp8 intein in complex with cisplatin 374 

(7, 8), providing the structural basis for cisplatin inhibition of C. neoformans. 375 

In the current study, we developed a split-GFP-based Prp8 intein splicing assay suitable 376 

for high throughput screening. Using this assay, we performed a pilot screening of small molecules 377 

targeting Prp8 intein splicing and identified the candidate compounds 6G-318S and 6G-319S as 378 

potent inhibitors of Prp8 intein splicing. Both compounds appear specific to Prp8 intein splicing, 379 

and do not inhibit representative serine (trypsin) and cysteine (papain) proteases. We validated that 380 

these compounds bind covalently to the Prp8 intein active site residue Cys1, using mass 381 

spectrometry, PTSA, mutagenesis experiments, and SPR techniques. Functional studies 382 

demonstrated that both compounds are fungicidal and potent inhibitors of the Prp8 intein-383 

containing fungi C. neoformans and C. gattii, but not of C. albicans, which does not encode the 384 

Prp8 intein. Their MIC values are comparable to or better than the current frontline drugs for 385 

management of infections caused by C. neoformans and C. gattii. These Prp8 intein splicing 386 

inhibitors also showed synergistic or additive effects with current frontline antifungals. More 387 

importantly, we showed that treatment of C. neoformans with 6G-318S led to accumulation of 388 
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unspliced Prp8 protein precursor, supporting our hypothesis that splicing arrest leads to inhibition 389 

of the processing of Prp8 precursor protein. Finally, we demonstrated that overexpression of the 390 

Prp8 intein in C. neoformans but not an active-site C1A mutant led to resistance to 6G-318S 391 

treatment, reinforcing the contention that the compound acts by targeting the intein active site.  392 

Microbial inteins are attractive drug targets (8, 19, 21). Because processed proteins carry 393 

out essential cellular functions in fungi, an intein splicing inhibitor is a mechanistically novel 394 

antifungal agent. Intein splicing inhibitors would have the following advantages over traditional 395 

antifungal drugs: (1) The Cryptococcus Prp8 inteins share high sequence identity (78-83%) (79). 396 

Particularly, the active site residues are absolutely conserved among the Prp8 inteins (79, 80). 397 

Therefore, it is likely that Prp8 intein splicing inhibitors would be effective against all 398 

Cryptococcus fungal species. (2) Humans do not have inteins, isuggesting that Prp8 intein 399 

inhibitors could be specific to the fungus. Our work demonstrates the potential of development of 400 

small-molecule inhibitors targeting Prp8 intein splicing and opens a new avenue to develop a novel 401 

class of antifungals.  402 

 403 

Materials and Methods 404 

 405 

Compounds 406 

Tris(2-carboxyethyl)phosphine (TCEP) and cisplatin were from Sigma-Aldrich. Compounds 6G-407 

318S, 6G-319S, 12G-305S, 6G-313S, and 12G-315S were from Key Organics.  408 

 409 

Cloning, expression and purification  410 
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The split GFP-Prp8i was constructed using a mega-PCR mutagenesis approach (26). 411 

Briefly, a PCR DNA fragment representing the Prp8 intein (italic) flanked by GFP overlapping 412 

sequences (underlined) was amplified using the C. gattii genomic DNA as a template, with primers 413 

prp8_N_GFP_F 414 

(CCTTGTTAATCGTATCGTGTTAAAAGGTTGTCTGCAGAACGGTACCCG) and 415 

prp8_C_GFP_R 416 

(CGAGAATGTTTCCATCTTCTTTAAAATCTGAGTTGTGTAATACCAAATAGTCATGAC). 417 

The overlapping PCR product was then used as a megaprimer for PCR mutagenesis with the split 418 

GFP-RecA intein plasmid(21) as a template. After digestion with Dpn I restriction enzyme, the 419 

PCR product was transformed into DH5α Escherichia coli. Clones were verified by plasmid DNA 420 

sequencing. The expression, refolding and purification of the GFP-Prp8i fusion protein were 421 

carried out as described previously (21). One exception is that prior to refolding, we treated the 422 

denatured and solubilized GFP-Prp8i inclusion body with 5,5'-dithiobis-(2-nitrobenzoic) acid 423 

(DTNB) to further prevent GFP-Prp8i self-splicing, by reacting with free cysteine at the intein 424 

active site. 425 

The Cga MIG Prp8 and the Prp8 intein using pXI and pET28a vectors were constructed, 426 

expressed, and purified as described previously (8). The Flag-Prp8 intein and mutant constructs 427 

were cloned or synthesized into the pXL1-PTEF1 vector, as described previously(8) and 428 

transformed into the C. neoformans H99 strain, using a Bio-Rad electroporator. 429 

 430 

Split GFP-Prp8i intein splicing assay  431 

Using black and clear bottom 96-well plates, the DPNB-treated, refolded and concentrated 432 
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GFP-Prp8i fusion protein (0.5 µM) was incubated with compounds or dimethylformamide (DMF) 433 

solvent control for 30 min at 25 ºC in a 100 µl intein splicing buffer (20 mM Bis-tris propane, 0.5 434 

M NaCl, 0.5 M arginine, 1 mM EDTA, and 0.05% CHAPS). Then 100 µl 2X TCEP was added to 435 

a final concentration of 20 µM. The reactions were incubated at 25 ºC overnight. GFP-Prp8i 436 

splicing was monitored using a Bio-Tek FL800 microplate reader with excitation and emission 437 

wavelengths of 485 nm and 528 nm, respectively. Two readings were taken, one prior to addition 438 

of TCEP (I0) and one after incubation overnight with TCEP (If). Fluorescence/luminescence 439 

differences (∆Fluorescence or ∆Luminescence) were defined as If-I0 for each well. Relative GFP 440 

fluorescence-Prp8 (FLU) or RLuc-Prp8 luminescence (RLU, see below) was calculated by the 441 

following formula: % FLU (or % RLU) = (If-comp-I0-comp)/(If-DMF-I0-DMF) x 100. DMF control served 442 

as 100% splicing activity. 443 

 444 

Split luciferase Prp8 intein splicing assay 445 

The split RLuc-Prp8 fusion protein was carried out and monitored using a Veritas 446 

luminometer, as described previously(8). 447 

 448 

Trypsin and papain protease inhibition 449 

 An Abz FRET substrate (Abz-RRRRSAG-nTyr) developed previously (29) was used as 450 

the substrate for inhibition of trypsin and papain proteases. In black and clear-bottom 96-well 451 

plates, 1 µg trypsin (Sigma-Aldrich) was incubated with DMF or compounds at 400 µM at 25 ºC 452 

for 30 min in a 70 µl reaction buffer containing 20 mM Tris, pH 8.0, 100 mM NaCl, 5% Glycerol, 453 

and 0.05% CHAPS. For papain, 1 µg Papain (Sigma-Aldrich) was incubated with compounds at 454 

400 µM at 25 ºC for 30 min in a 70 µl reaction buffer composed of 1.1 mM EDTA, 0.067 mM β-455 
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mercaptoethanol, 5.5 mM cysteine. Substrate cleavage was monitored using a Bio-Tek FL800 456 

microplate reader with excitation and emission wavelengths of 360 nm and 420 nm, respectively. 457 

 458 

The MIG-Prp8 and Prp8-GFP in-gel splicing assays  459 

The MIG Prp8 and Prp8-GFP splicing assays were carried out as described (8). The 460 

samples were analyzed in SDS-PAGE without boiling. The gels were quantified using GFP 461 

fluorescence and Coomassie blue staining with the Bio-Rad Gel Doc EZ.  462 

 463 

Cytotoxicity 464 

Cytotoxicity assays were carried out using human lung carcinoma cell line A549, as 465 

described (81). Briefly, the A549 cells (5x103) were incubated with/without compounds in a 96-466 

well plate at 37ºC for 48 h. Cell viability was determined using the MTT assay (ATCC) as we 467 

described previously (81, 82). N=3. 468 

 469 

Western blot (WB) 470 

Fresh colonies of Cryptococcus neoformans were grown in yeast extract peptone dextrose 471 

(YPD) broth in an environmental shaker (250 rpm) overnight at 30 °C. The fungal cells (5 ml) 472 

were diluted in 125 ml YPD broth and grown for 1.5 h to a final cell density of 0.2 at OD530. The 473 

cells were distributed to test tubes (3 ml/tube). Then 3 ml of YPD medium containing DMF or 2-474 

fold diluted compounds was added to the cells. The mixtures were incubated at 30 °C in a shaker 475 

at 250 RPM for up to 18 h. Samples were spun down and pellets were frozen for WB analysis. 476 

Cryptococcal cells treated with DMF or compounds were washed twice with PBS buffer. 477 

Cells were spun down and supernatant was removed. For a 6-ml cell pellet, 30 µl of complete 478 
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protease inhibitor cocktail in PBS was added to the cells, followed by addition of 400 µl lysis 479 

buffer (50 mM Tris, pH 8.0, 500 mM NaCl, 10% glycerol) and 500 µl glass beads. The fungal 480 

cells were lysed by rigorous beating for 2 min 3 times. The cell lysate was spun down. Supernatant 481 

was mixed with SDS-PAGE loading buffer (1:1). The mixtures were boiled at 95ºC for 10 min, 482 

followed by centrifugation at 15,000 rpm for 10 min. Samples were analyzed using 12% SDS-483 

PAGE. The separated samples were blotted to a PVDF membrane and subjected to WB analysis 484 

using an antibody against the Prp8 intein (7). 485 

 486 

Mass spectrometry (MS) 487 

The electrospray ionization mass spectrometry (ESI-MS) experiment was carried out as 488 

described (8). Briefly, the Cga Prp8 intein in pXI and pET28a backgrounds to yield intein only or 489 

intein flanked by extein sequence (30 µM) was incubated at 25 ºC with compounds (300 µM) in a 490 

binding buffer (50 mM sodium phosphate, 100 mM NaCl, pH 7.0) for ~18 h. Mass spectrometry 491 

of the incubated samples was carried out on an LTQ Orbitrap Velos instrument (Thermo Scientific, 492 

Grand Island, NY) in the positive ion mode.  493 

LC-MS/MS was carried out as described (29). Briefly, the protein band of interest on SDS-494 

PAGE gel was manually excised, processed, and treated with 25 ng of sequencing grade modified 495 

trypsin (Sigma-Aldrich), as described (29). The digested peptides were extracted, separated, 496 

desalted, and subjected to LC-MS/MS analysis with a Jupiter C18 column (3 μm, 100 μm ID × 497 

150 mm, Phenomenex, Torrance, CA), using a QSTAR® XL Hybrid LC/MS/MS System, as 498 

described (29).  499 

MS data acquisition was performed using Analyst QS 1.1 software (ABSciex) in positive 500 

ion mode for information dependent acquisition (IDA) analysis. The MASCOT 2.5 from Matrix 501 
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Science (London, UK) was used to query fungal protein and contaminant data subsets using the 502 

following parameters: peptide mass tolerance, 0.3 Da; MS/MS ion mass tolerance, 0.3 Da; and 503 

allowing up to two missed cleavages. Several variable modifications were applied, including 504 

methionine oxidation and cysteine carbamidomethylation. Only significant scores for the peptides 505 

defined by the Mascot probability analysis 506 

(http://www.matrixscience.com/help/scoring_help.html#PBM) greater than “identity” with 95% 507 

confidence were considered for the peptide identification. 508 

 509 

Protein thermal shift assay 510 

The protein thermal-shift assay (PTSA) was conducted using an Applied Biosystem 7500 511 

Fast Real-Time PCR System (ThermoFisher Scientific) from 25 to 80 °C, with methods similar to 512 

those described previously (29). Briefly, the Prp8 intein at a final concentration of 2.5 µM in 1x 513 

PBS was mixed with each compound to attain a 4.8 µM final concentration in 1.6% DMF for 30 514 

min at 25 ºC. PTSA was carried out in the MicroAmp® Fast Optical 96-Well Reaction Plate 515 

(ThermoFisher Scientific). Thermal denaturation was monitored using SYPRO Orange (Life 516 

Technologies) according to manufacturer’s manual. The melting temperature (Tm) was calculated, 517 

using a Derivative model using the Protein Thermal ShiftTM Software v1.0 (ThermoFisher 518 

Scientific). Compounds were considered to be binders when ∆Tm > 0.5 °C. 519 

 520 

Surface plasmon resonance (SPR) 521 

Surface plasmon resonance (SPR) was used to determine the affinity and kinetic analyses 522 

of the interactions between each drug and the Prp8 intein at 25 °C using a ProteOn XPR36 SPR 523 

instrument (Bio-Rad). The Prp8 intein and mutants were immobilized onto a ProteOnTM GLH 524 

http://www.matrixscience.com/help/scoring_help.html#PBM
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sensor chip (2,500-7,000 RU) (Bio-Rad). A 3-fold dilution series of compounds was injected as 525 

the analytes. A blank surface blocked by ethanolamine was used as the control surface. The 526 

experiment was carried out at a flow rate of 100 µl/min using a PBSTD buffer containing 1x PBS, 527 

0.005% surfactant P20, and 5% DMSO. Association (ka) and dissociation (kd) rates, as well as the 528 

dissociation constant (KD), were obtained by global fitting of the SPR data from multiple 529 

concentrations to a simple 1:1 Langmuir binding model, using the ProteOn Manager software suite 530 

(Bio-Rad). 531 

 532 

Fungal susceptibility test 533 

The fungal susceptibility test was carried out with a compound concentration series as 534 

described(8). The broth microdilution method was used to determine the compound MIC values 535 

against C. neoformans. In brief, serial 2-fold dilutions of the 6G-318SS (20 to 0.03 µg/ml) were 536 

made in 100 µl RPMI-1640 medium with MOPS in 96-well U-bottom plates. The C. neoformans 537 

H99 strain (100 µl of 0.5 X105/ml) in log phase was added to each well. After incubating the cells 538 

at 30 °C for 48 h, the cell culture was visualized to determine MIC. The MIC break-point was 539 

defined as no visible fungal growth by naked eye or by determining the 90% growth inhibition 540 

using absorbance at 630 nm, compared with no inhibitor control in a 96-well plate. 541 

To determine minimum fungicidal concentration (MFC), the cultured cells in selected 542 

wells were first suspended by gentle pipetting. Then 50 ul of the cell culture suspension from each 543 

well was plated onto the Sabouraud dextrose agar (SDA) plates and further incubated for 48 h. 544 

MFC is defined as the minimum fungicidal concentration where there is no growth after plating 545 

on the SDA plates. The ratio of MFC/MIC≤4 is considered as fungicidal.  546 
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For resistance studies, C. neoformans H99 strain transformed with an empty pXL1-PTEF1 547 

vector, the Prp8-pXL1-PTEF1 (WT Prp8) construct, or the AAAA mutant were used, as described 548 

(8). MICs for selected compounds were determined for these transformed  cells as described above.  549 

 550 

Sensititre YeastOne Y09 AST assay 551 

Fungal susceptibility to a combination of compounds was carried out using the Sensititre 552 

YeastOne Y09 AST assay kit (Thermofisher), according to the manufacturer’s manual. Briefly, 553 

fungal C. neoformans cells in exponential growth phase were diluted to a final OD530 of 0.1. Then 554 

20 µl diluted cells were further diluted into 10 ml YPD as a stock. Prior to cell addition, a Sensititre 555 

YeastOne Y09 AST assay plate was prepared with 6G-318S (100 µl) at 2X final concentration 556 

(0.16 µg/ml) or DMF control in YPD. The stock C. neoformans (100 µl, ~200 cells) were 557 

dispensed into the compound-ready 96-well plate. The fungal cells (treated or with DMF) were 558 

incubated at 30 °C for 48 h. The cell cultures were visualized by nacked eye. The MIC break points 559 

were determined according to manufacturer’s instructions.  560 

 561 

Checkerboard assay 562 

To determine the impact on potency of 6G-318S in combination with known antifungals, 563 

a checkerboard assay was carried by the microbroth dilution method in a 96-well plate as per 564 

Clinical and Laboratory Standards Institute (CLSI)-M60. A combination of 6G-318S (0.063 - 4.0 565 

µg/ml) with amphotericin B (AmB, 0.005 to 4.62 µg/ml) or 5-fluorocytosine (5-FC,  0.032 to 32.4 566 

µg/ml) or itraconazole (IZ, 0.003 to 2.820 µg/ml) or voriconazole (VOR, 0.0003 to 0.349 ug/ml) 567 

were used in 96-well flat bottom plates for absorbance reading and round bottom tissue culture 568 

plates for visual examination. Compounds were initially dissolved in DMSO and diluted in RPMI-569 



27 
 

1640-MOPS media four times the targeted final concentration and 50 µl was added per well. The 570 

second compound was similarly diluted and 50 µl was added per well, to a final volume of 100 571 

µl/well.  C. neoformans H99 inoculum (100 µl) prepared from freshly grown cultures and diluted 572 

to an absorbance of 0.1 at 530 nm in water and further diluted (1:500) in RPMI-1640-MOPS was 573 

added to each well. To determine the fungicidal concentration of a compound, the wells with no 574 

visible growth were serially diluted, plated on SDA, and incubated at 30oC for 48-72 h for the 575 

recovery of colony-forming units. Additionally, the cell density of treated and untreated wells was 576 

also estimated by reading absorbance at 630 nm using an EL808 reader (Bio-Tek). Percentage of 577 

inhibition compared to that of the no-drug-control well was calculated. MIC is defined as the 578 

minimum concentration of drugs required to inhibit 90% of the growth. Fractional inhibitory 579 

concentration (FIC) index value is calculated as the ratio between MIC of compounds in 580 

combination and the sum of MIC of individual drug alone. The FIC index value is then used to 581 

categorize the interaction of the two compounds tested. FIC index value of ≤0.5 is considered as 582 

synergy, 0.5 to 1 is additive, >1 to 4 is indifferent, >4 is antagonistic (38). 583 

 584 

Statistical analysis 585 

All experiments were performed in triplicate unless specified otherwise. GFP fluorescence 586 

in gel was quantified using the Bio-Rad Gel Doc EZ system and Image LabTM software #1709690 587 

(Bio-Rad). One-way ANOVA and student T-test were used to carry out statistical analyses with 588 

the Prism software. 589 

 590 

 591 

 592 
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Figure 1. Validation of the split-GFP Prp8 intein splicing assay. (A) The Prp8 intein splicing assay 611 

based on split-GFP. GFP (200 nM) and GFP-Prp8i (200 nM) were used with DMF or cisplatin (40 612 

µM) for fluorescence detection. N=8. ***, P < 0.001. (B) Dose-response fitting of inhibition of 613 

splicing of the GFP-Prp8i by cisplatin. GFP-Prp8i (200 nM) was used. Cisplatin was in two-fold 614 

serial dilutions with concentrations ranging from 100 µM (30 µg/ml) to 0.78 µM (0.23 µg/ml). 615 

N=3. 616 

 617 

Figure 2. Pilot screening reveals a strong intein inhibitor. (A) Chemical structures of hit 618 

compounds. (B) Inhibition of split-GFP Prp8 splicing by hit compounds at 20 µM concentration. 619 

(C) Inhibition of the split RLuc-Prp8 intein splicing by hit compounds at 20 µM concentration. 620 

(D-E) Dose-dependent inhibition of the split GFP-Prp8i (200 nM) and RLuc-Prp8 (2 nM) intein 621 

splicing by 6G-318S, which was in two-fold serial dilutions with concentrations ranging from 100 622 

µM to 0.78 µM. N=3. (F) Dose-dependent inhibition of MIG-Prp8 splicing by 6G-318S. Left, 623 

SDS-PAGE analysis of each sample; right, relative percentage reduction of the MIG precursor 624 

upon treatment, compared to the starting material (T0). %P decrease is calculated as (%PT0-625 

%PSample)/(%PT0-%PDMF)*100, where %P indicates percent of the MIG precursor at time point 0 626 

(PT0) and/or after ~18 h of treatment with DMF (PDMF) or cisplatin at different concentrations 627 

(PSample). N=3. 628 

 629 

Figure 3. Analogs of 6G-318S have lower inhibitory activity but are intein-specific. (A) Chemical 630 

structure of 6G-318S analogs. (B) Inhibition of the split GFP-Prp8i splicing by the 6G-318S 631 

analogs at 20 µM. (C) Dose-dependent inhibition of the GFP-Prp8i intein splicing by 6G-319S, 632 

which was in two-fold serial dilutions with concentrations ranging from 100 µM to 0.78 µM. N=3. 633 
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(D) No inhibition of the trypsin and papain protease activities by intein inhibitors. Compound 634 

concentration for cisplatin, 6G-318S, and 6G-319S was set at 400 µM. Control inhibitor AP-2HCl 635 

was at 3.5 µM. N=3. 636 

 637 

Figure 4. Improved cytotoxicity profile with 6G-319S. Cell viability assay with 6G-318S (A) and 638 

6G-319S (B). A549 cells were incubated with various concentrations of the drugs and then assayed 639 

for viability at 48 h post-incubation. Experimental data were fitted using a sigmoidal function. Cell 640 

viability with DMSO control was set as 100% viable. Medium alone with DMSO was set as 0% 641 

viability. N=3. 642 

 643 

Figure 5.  Direct binding of 6G-318S and 6G-319S to the Prp8 intein. (A) PTSA for binding of 644 

compounds to the Prp8 intein. ∆Tm was defined as Tm-drug-Tm-DMSO. (B) Deconvolution of MS 645 

spectra of the recombinant wild-type Prp8 intein (pXI version) and its complex with 6G-318S and 646 

6G-319S. (C) Proposed mechanism of inhibition of the Prp8 intein splicing by compounds 6G-647 

318S and 6G-319S. Chemical reaction as illustrated. (D) Deconvolution of MS spectra of the 648 

recombinant C1A Prp8 intein mutant (pXI version) and its complex with 6G-318S and 6G-319S. 649 

(E) Kinetic binding data. SPR sensograms are shown with different colors for the binding of 6G-650 

318S at different concentrations to recombinant Cga Prp8 or mutant inteins (pXI version) which 651 

were coupled to a ProteOnTM GLH sensor chip. Global fitting of data to a 1:1 binding model is 652 

shown in black. 653 

 654 

Figure 6. 6G-318S inhibits Prp8 intein splicing in vivo. (A) The antibody serum is specific to the 655 

Prp8 intein-containing fungi C. gattii and C. neoformans. Western blot (WB) analysis of cell 656 
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lysates of C. gattii, C. neoformans, and C. albicans, using a polyclonal anti-Prp8 intein serum. (B) 657 

Dose-dependent inhibition of Prp8 intein splicing in C. neoformans H99 by 6G-318S. (C) Time-658 

course of inhibition of Prp8 intein splicing in C. neoformans H99 by 6G-318S. WB analysis of 659 

cell lysates of C. neoformans H99 treated with DMF or 6G-318S (0.16 ug/ml), using the polyclonal 660 

anti-Prp8 intein serum. (D) Dose-dependent accumulation of high molecular band, likely 661 

corresponding to Prp8 precursor in 6G-318S-treated C. neoformans H99 cells. Left, WB analysis 662 

of cell lysates of C. neoformans H99 treated with DMF or 6G-318S at indicated concentrations, 663 

using the polyclonal anti-Prp8 intein serum; right, relative ratio between unspliced Prp8 protein 664 

precursor (P8P) and spliced intein (Int). N=3. (E) MS/MS spectra obtained from the fragmentation 665 

of Prp8 precursor, including both Prp8 intein and extein peptides. Fragment ions corresponding to 666 

y- and b-ions were observed (red lines). 667 

 668 

 669 

670 
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Table 1. Inhibition of pathogenic fungi by identified compounds using microdilution assay.  

 

 

 

 

Table 2: Effect of 6G318S in combination with known antifungals.  

Well 

position 

Compounds MICa-alone 

(µg/ml) 

MICa-comb 

(µg/ml) 

FICa 

index 

Effect 

 6G-318S 1.000 0.125 0.37 Synergistic 

F6 AmB 0.578 0.144 

 6G-318S 1.000 0.500 0.63 Additive 

D6 5-FC 8.100 1.013 

 6G-318S 1.000 0.500 1.00 Additive 

D6 IZ 0.176 0.088 

 6G-318S 1.000 0.063 2.04 Indifferent 

G3 Vor 0.044 0.087 
aMIC and FIC index were calculated by checkerboard assay, as illustrated in Figure S3. FIC 

index value of ≤ 0.5 is considered as synergy, >0.5 to 1 is additive, >1 to 4 is indifferent.  

 

 

Table 3. Binding affinity between 6G-318S and the WT and mutant Prp8 inteins,  

 WT C1A H169A AAAA 

KD (µM) 0.36 1.05 0.23 ND 

ND: Not detected. Values were determined by SPR (Figure 5E). 

Compounds MIC (µg/ml) CC50 (µg/ml)/(µM) TI 

 C. neoformans Candida albicans A549 Cne 

6G-318S 0.62 5.0 13.9 (35) 22 

6G-319S 1.3 20.8 44.9 (108) 35 
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