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ABSTRACT 9 

 Clostridioides difficile is a bacterium that causes life-threatening intestinal infections. 10 

Infection symptoms are mediated by a toxin secreted by the bacterium. Toxin pathogenesis is 11 

modulated by the intracellular molecule, inositol-hexakisphosphate (IP6). IP6 binds to a cysteine 12 

protease domain (CPD) on the toxin, inducing auto-proteolysis, which liberates a virulence factor 13 

in the cell cytosol. We developed second-generation IP6 analogs designed to induce auto-14 

proteolysis in the gut lumen, prior to toxin uptake, circumventing pathogenesis. We synthesized a 15 

panel of thiophosphate-/sulfate-containing IP6 analogs, and characterized their toxin binding 16 

affinity, auto-proteolysis induction and cation interactions. Our top candidate was soluble in 17 

extracellular cation concentrations, unlike IP6. The IP6 analogs were more negatively charged 18 

than IP6, which improved affinity and stabilization of the CPD, enhancing toxin auto-19 

proteolysis. Our data illustrate the optimization of IP6 with thiophosphate biomimetics which are 20 

more capable of inducing toxin auto-proteolysis than the native ligand, warranting further studies 21 

in vivo. 22 
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 23 
INTRODUCTION 24 

 Clostridioides difficile is an anaerobic, spore-forming bacterium that can cause symptoms 25 

ranging from diarrhea to life-threatening inflammation of the colon. C. difficile infection (CDI) is 26 

facilitated by alteration of the microbiome following antibiotic administration, and is prevalent in 27 

settings where antibiotics are frequently used.1,2 In fact, in 2019 the Centers for Disease Control 28 

and Prevention (CDC) listed CDI is an urgent antibiotic resistant threat in the United States.3 29 

First line treatments for CDI typically involve antibiotics, however, antibiotics can lead to high 30 

rates of recurrent infection, creating a need for more novel therapeutics.4 An interesting 31 

therapeutic strategy is to block the pathogen’s ability to harm the host by inhibiting its virulence 32 

factor(s), this would neutralize the pathogenic factor while leaving the microbiome unaltered.5 33 

The pathogenesis of CDI is mediated by the large clostridial toxins: toxin A (TcdA) and toxin B 34 

(TcdB), of which are secreted in the colon lumen.6,7 Both TcdA and TcdB can cause injuries in 35 

vitro and in hamsters, but TcdB is the main virulence factor in murine models and human 36 

disease.8,9,10 After binding to epithelial cells via its receptor binding domain, TcdB is 37 

endocytosed.11 Following a pH-dependent conformational change, the cysteine protease domain 38 

(CPD) and glucosyltransferase domain (GTD) are translocated to the cytosol. There, intracellular 39 
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inositol hexakisphosphate (IP6) binds to the CPD allosteric binding site, inducing auto-40 

proteolysis, liberating the GTD.12 The freed GTD glucosylates Rho and Rac GTPases to disrupt 41 

the actin cytoskeleton, causing cell rounding and ultimately cell death.13 TcdB is a validated 42 

therapeutic target. Bezlotoxumab, a human monoclonal antibody that targets TcdB, has been 43 

shown to prevent the recurrence of CDI in conjunction with antibiotics.8,14 Efforts have also been 44 

made to develop small molecules that target TcdB, although none have been FDA 45 

approved.15,16,17,18,19 46 

IP6 analogs that irreversibly inactivate TcdB in the gut lumen by pre-emptively triggering 47 

CPD auto-proteolysis is an attractive therapeutic strategy that showed in vivo efficacy in a CDI 48 

mouse model.20 IP6 binds to an allosteric binding site on CPD, initiating interactions with a β-49 

flap region that is coupled to protease activation.21 IP6 has an unusually high charge density22 50 

and the CPD allosteric binding site has many basic amino acids that are positively charged at a 51 

neutral pH; the resultant electrostatic interactions stabilize the active protease conformation, 52 

inducing auto-proteolysis.21 It is hypothesized that dietary sources of IP6 are incapable of 53 

inducing pre-emptive auto-proteolysis in the gastrointestinal (GI) lumen due to its insolubility in 54 

the presence of multivalent cations.23 In fact, IP6 is a known anti-nutrient due to its strong 55 

chelative properties which precipitates essential nutrients.24,25 The first-generation IP6 analogs 56 

improved the solubility of IP6 in the presence of calcium by replacing the phosphate groups with 57 

sulfates.20 Akin to IP6, the IP6 analogs are cell impermeable due to the bulky electronegative 58 

functional groups, making these small molecules capable of inducing auto-proteolysis in the GI 59 

lumen. We aim to pursue this strategy further and design improved IP6 analogs for the treatment 60 

of CDI. 61 

We report a structure-activity relationship (SAR) effort that led the development of 62 

second-generation IP6 analogs containing thiophosphates and sulfates on the inositol core. 63 

Swapping of phosphates for thiophosphates has shown to have advantageous properties in other 64 

drug design strategies. For example, thiophosphate analogs have been shown to be resistant to 65 

phytase hydrolysis20,26, improve potency, stabilization27, binding affinity28 and substrate 66 

kinetics29 with their target protein, in comparison with their phosphate counterparts. Collectively 67 

these results suggest thiophosphate biomimetics are a promising means to improve the 68 

pharmacodynamic properties of phosphate containing molecules. Here we carefully control the 69 

position and number of thiophosphates on the inositol core to resolve the SAR between the 70 
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thiophosphate moieties and the allosteric binding site by assessing our resultant library of small 71 

molecules. First, we determined the effect thiophosphates have on IP6 analog solubility and 72 

divalent cation chelation, to ensure our analogs maintain allosteric activation in the GI lumen. 73 

Second, we characterized the binding interaction between the analogs and TcdB by determining 74 

their binding affinity and potency. We found the thiophosphate analogs were soluble in the 75 

presence of divalent cations and improved affinity to the CPD and potency for TcdB auto-76 

proteolysis. The improved pharmacodynamic properties were attributed to differences in pK 77 

between phosphates and thiophosphates determined via NMR titration curves. The increased 78 

charge density of the IP6 analogs improved stabilization of TcdB which caused structural 79 

differences in the apo- form as observed via protein NMR. The novel lead IP6 analog, IT3S3, is 80 

more capable of inducing TcdB auto-proteolysis than the natural co-factor of the toxin, IP6. 81 

 82 

RESULTS AND DISCUSSION 83 

Synthesis. 84 

We synthesized a series of IP6 analogs where the phosphate groups were replaced with a 85 

varied ratio of sulfates and thiophosphates, intending to determine the SAR between the 86 

thiophosphate containing IP6 analogs and the CPD of TcdB. We synthesized IP6 analogs 87 

containing one (IT1S5 and IS5T1), two (IT2S4, previously synthesized20), three (IT3S3 and 88 

IS3T3), or six (IT6) thiophosphates, where the remaining functional groups were sulfates (Figure 89 

1). We also synthesized two sets of regioisomers, IT1S5/IS5T1 and IT3S3/IS3T3, to determine 90 

whether the placement of the thiophosphates on the inositol core altered the functionality of the 91 

IP6 analogs.  92 

Synthesis of the inositol orthoformate 1 and orthobenzoate 2 served as starting points for 93 

the differentiation of the various inositol derivatives.30,31 Next, benzyl and/or para-methoxy 94 

benzyl protective groups were selectively added to differentiate specific free hydroxyl groups for 95 

the addition of sulfates in the final step of each synthetic route.31,32,33 The orthoesters were then 96 

deprotected via either a reduction (Na/NH3 or DIBAL-H) or an acidification (HCl). 97 

Thiophosphorylation was performed by a PIII method, followed by sulphur oxidation.34 Thus, the 98 

partially protected inositols 3, 9, 13, or 18 were reacted with dibenzyl-N,N-diisopropyl 99 

phosphoramidite and 5-phenyl-1H-tetrazole and then oxidized using sulphur in pyridine to afford 100 

the fully protected phosphorothioate intermediates 6, 10, 14, and 19. A complete deprotection of 101 
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the benzyl groups was performed with sodium in liquid ammonia.34 Final sulfation of the free 102 

hydroxyl groups in the presence of deprotected phosphate groups proceeded smoothly with 103 

sulfur trioxide N,N-dimethylformamide complex, as previously demonstrated for the synthesis of 104 

IT2S4.20 IT6 was synthesized as reported previously.35 The compounds were purified via size-105 

exclusion chromatography, and then treated with a cation-exchange resin to ensure compounds 8, 106 

12, 16, and 21 were in their Na+ form. The concentration of the compounds was determined via 107 
1H NMR with an internal standard to account for the Na+ counterions.  108 

 109 
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 110 
Figure 1. Synthesis of novel inositol thiophosphate and sulfate compounds. Synthesis of IT6 was 111 
previously reported.35 BnBr, benzyl bromide; DMF, dimethylformamide; O/N, overnight; 112 
PMBCl, para-methoxybenzyl chloride; DIBAL-H, diisobutylaluminum hydride; TFA, 113 
trifluoroacetic acid; THF, tetrahydrofuran; SO3·DMF, sulfur trioxide N,N-dimethylformamide 114 
complex. 115 
 116 

https://doi.org/10.26434/chemrxiv-2024-2cf6g-v2 ORCID: https://orcid.org/0000-0002-9207-1329 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-2cf6g-v2
https://orcid.org/0000-0002-9207-1329
https://creativecommons.org/licenses/by-nc-nd/4.0/


 7 

Determination of the ability for IP6 analogs to induce TcdB auto-proteolysis. 117 

 To test the ability of the IP6 analogs to induce TcdB auto-proteolysis (Figure 2A) we 118 

performed an extent cleavage assay to determine the amount of TcdB each IP6 analog can cleave 119 

over 3 hr at 37°C. The toxin cleavage was assessed via densitometry measurements from an 120 

SDS-PAGE with a silver stain (Figure 2C). First, we found increasing the number of 121 

thiophosphates on the inositol core progressively improved extent cleavage (Figure 2D). 122 

Maximal TcdB cleavage was observed for IT3S3 with no further improvement by IT6. 123 

Previously we found that myo-inositol hexasulfate (IS6) was incapable of inducing TcdB 124 

cleavage in this context.20 Interestingly, IT1S5 performed as well as IP6, suggesting that the 125 

presence of a single thiophosphate was sufficient to restore activity of IS6. Moreover, the 126 

placement of the thiophosphates on the inositol core was important, as both isomer pairs, 127 

IT1S5/IS5T1 and IT3S3/IS3T3, showed a significant difference in their ability to induce TcdB 128 

cleavage. This finding suggests that despite a pseudosymmetry, the IP6 analogs do not rotate in 129 

the CPD allosteric binding site to find an optimal binding position. If the analogs could adopt 130 

different binding poses, we would expect no difference in extent cleavage between the isomer 131 

pairs. In addition, IT1S5 and IT3S3 both performed better than their respective isomers. Both 132 

structures position a thiophosphate on the 5-position of the inositol core, suggesting a potential 133 

important interaction between this functional group and its target (vide infra). 134 
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 135 
Figure 2. Determination of the ability for IP6 analogs to induce TcdB auto-proteolysis, 136 
quantified by TcdB extent cleavage (%). (A) IP6 binds to the CPD domain of TcdB which 137 
induces auto-proteolysis, liberating the GTD from the toxin. PDB: 6OQ5.36 (B) Structure and 138 
identifier for each of the IP6 analogs tested. IT2S4 was previously synthesized and described.20 139 
(C) SDS-PAGE with a silver stain of TcdB auto-proteolysis induced by incubation of 150 ng 140 
TcdB for 3 hr at 37°C with 1 mM IP6 (positive control), 50 µM of IP6 or analog(s). (D) Percent 141 
of TcdB cleaved by 50 µM of IP6, or analog(s) over 3 hr at 37°C. Mean ± SD with data points, n 142 
= 15; Tukey’s MCT, ns = non-significant, ** p ≤ 0.01, *** p ≤ 0.001, **** p ≤ 0.0001 (Table 143 
1).   144 
 145 

Characterization of IP6 analog binding to divalent cations. 146 

 Since IP6 cannot effectively induce TcdB cleavage in the presence of divalent cations, we 147 

were interested in determining whether the thiophosphate moieties on the inositol core would 148 

also interact strongly with divalent cations, hindering their ability to interact with TcdB in the GI 149 

tract environment. First, we tested whether the presence of physiologically low and high levels of 150 

the common divalent cations: calcium (3 and 10 mM)37, magnesium (1.25 and 10 mM)38, and 151 

zinc (20 and 100 µM)39,40 affected the ability of the IP6 analogs to induce extent cleavage 152 

(Figure 3A). Low and high levels of calcium and magnesium and high levels of zinc significantly 153 
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reduced extent cleavage for all compounds in comparison with the extent cleavage observed in 154 

the absence of divalent cations. In the presence of high levels of calcium and magnesium a 155 

maximal extent cleavage was reached with IT3S3 (51% and 42%), which was reduced upon 156 

additional substitution of sulfates for thiophosphates as observed with IT6 (6% and 23%). High 157 

levels of zinc reduced extent cleavage for each ligand to negligible levels, whereas low levels of 158 

zinc had a marginal effect on extent cleavage, and the extent cleavage successively increased 159 

with a greater number of thiophosphate moieties. To note, the divalent cation concentrations 160 

used, particularly zinc, may be over approximations as food-derived macromolecules or low 161 

molecular weight ligands may complex the cations, reducing bioaccessiblity.39 These results 162 

indicate that IT3S3 has the optimal ability to induce auto-proteolysis in the presence of calcium 163 

and magnesium and that further increasing the number of thiophosphates on the inositol core 164 

above three is detrimental. 165 

The extent cleavage assay results are a summation of the differences in the ability for IP6 166 

analogs to induce extent cleavage, and the strength of their interaction with divalent cations. To 167 

directly address how the number of thiophosphate moieties effects the binding interaction with 168 

divalent cations in the GI tract, we determined whether each of the IP6 analogs precipitates, as 169 

observed with IP6, in the presence of low and high concentrations of CaCl2, MgCl2, and ZnCl2 at 170 

a pH of 2 – 8 (Figure 3B). EDTA acted as a control as it is a strong chelator of Ca2+ and Mg2+.41 171 

We performed a turbidimetric precipitation assay to qualitatively determine the amount of 172 

precipitation observed in the varied solutions. IP6 precipitated out of solution in the presence of 173 

low and high concentrations of CaCl2 and MgCl2 at pH’s found in the small and large intestines. 174 

IS5T1, IT2S4, IT3S3, and IT6 had no detectable precipitate in any of the conditions. The analogs 175 

remained soluble in the presence of divalent cations, irrespective of the number of thiophosphate 176 

moieties on the inositol core; therefore thiophosphate-containing IP6 analogs do not precipitate 177 

in the presence of divalent cations, unlike phosphate-containing IP6 analogs.20 It is however 178 

possible that the IP6 analogs chelate the divalent cations without precipitating.  179 

We tested the chelative properties of IT1S5, IT2S4, IT3S3, and IT6 via a colorimetric 180 

assay to determine the amount of free divalent cations in the presence of each of the IP6 analogs. 181 

In the presence of 200 µM CaCl2 or MgCl2 all the IP6 analogs decreased the concentration of 182 

free cations (Figure 3C). However, in the presence of CaCl2 increasing the number of 183 

thiophosphate moieties on the inositol core decreased the concentration of free calcium (Figure 184 
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4D). Collectively these results indicate that increasing the number of thiophosphates did not alter 185 

the solubility of the ligands, but progressively increased calcium chelation, explaining the need 186 

to balance the number of thiophosphates and sulfates on the inositol core necessary to ensure 187 

binding to TcdB in physiological conditions. 188 

 189 
Figure 3. Determination of the effect of thiophosphates on the interaction between IP6 analogs 190 
and divalent cations. (A) Percent of TcdB cleaved by 50 µM of IP6 or analogs over 3 hr at 37°C 191 
in the presence of 3 and 10 mM CaCl2, 1.25 and 10 mM MgCl2, and 20 and 100 µM ZnCl2. 192 
Mean ± SD with data points, n = 4; Tukey’s MCT, ns = non-significant, * p ≤ 0.05, ** p ≤ 0.01, 193 
*** p ≤ 0.001, **** p ≤ 0.0001 (Table 2). Black bars have no divalent cations present, as 194 
originally shown in Figure 2., n = 15. (B) Heat map of the relative precipitation of 250 µM of 195 
IP6, IS5T1, IT2S4, IT3S3, IT6, and EDTA at various pH’s and in the presence of low and high 196 
concentrations of divalent cations (3 and 10 mM CaCl2, 1.25 and 10 mM MgCl2, 20 and 100 µM 197 
ZnCl2). Precipitation was measured by a turbidimetric precipitation assay. n = 4; Wilcoxon T-test, 198 
*** p ≤ 0.001, **** p ≤ 0.0001. (C) Determination of the amount of free CaCl2 or MgCl2 by a 199 
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colorimetric assay. 200 µM of IP6 analog, 200 µM of CaCl2 or MgCl2, and 500 µM of calmagite 200 
were mixed, incubated, and centrifuged. Absorbance of the supernatant at 550 nm and 539 nm 201 
for CaCl2 and MgCl2 was used to determine free calcium and magnesium as an indirect 202 
measurement of chelation. Mean ± SD with data points, n = 8; Tukey’s MCT, * p ≤ 0.05, *** p 203 
≤ 0.001, **** p ≤ 0.0001. See Figure S1 for standard curve relating calmagite absorbance (Au) 204 
with CaCl2/MgCl2 concentration. (D) Correlation (Pearson r, r) of the number of thiophosphates 205 
on the IP6 analogs with the amount of available CaCl2 detected for each IP6 analog. The 206 
diagonal line is the simple linear regression.  207 
 208 

Characterizing IP6 analog binding to TcdB. 209 

Next, we wanted to test the thermodynamic properties of IP6 analogs binding to TcdB, to 210 

further understand the impact of the number and placement of thiophosphates on inducing TcdB 211 

auto-proteolysis. The dissociation constant (KD) of each of the IP6 analogs was determined via 212 

isothermal calorimetry (ITC) (Figure 4A-B). Full-length TcdB was not used for this experiment, 213 

as the binding event would induce auto-proteolysis, disturbing the ITC measurement. We 214 

recombinantly expressed a fragment of TcdB, a truncated CPD (tCPD), which encompassed the 215 

CPD but lacked the cleavable N-terminal portion (TcdB544-797). In the absence of calcium, IT3S3 216 

and IT6 had a strong binding interaction with tCPD (662 nM and 184 nM), while IP6, IT1S5, 217 

IS5T1, IT2S4, and IS3T3 had moderate binding interactions (≥ 1.36 µM). These results mirror 218 

those from the extent cleavage assay. As we increased the number of thiophosphate moieties on 219 

the inositol core, we decreased the KD. In addition, the isomeric pairs had different KD’s, where 220 

the analogs with a thiophosphate on the 5-position of the inositol core (IT3S3 and IT1S5) had a 221 

significantly higher affinity for tCPD than their isomeric pair. Thus further confirming the 222 

importance of the binding interaction between CPD and the 5-position of inositol. In the 223 

presence of calcium, IT6, IP6, IT1S5, and IS5T1 did not have a quantifiable binding interaction 224 

with tCPD. IT3S3 had the strongest binding interaction (2.66 µM) compared to the other IP6 225 

analogs. These results further suggest that too many thiophosphates on the inositol core 226 

prevented IT6 from interacting with CPD due to its strong chelative interaction with Ca2+. While 227 

too few thiophosphates prevented IT1S5 and IS5T1 from interacting with CPD, due to a lack of 228 

highly electronegative isosteres. These results further confirm that thiophosphates have a 229 

stronger binding interaction with CPD than phosphates, however a balance in the number of 230 

thiophosphates and sulphates is necessary to ensure accessibility to CPD to avoid cation 231 

complexation. 232 
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The effective median concentration (EC50) of IP6, IT2S4, IT3S3, and IT6 was determined 233 

by the extent cleavage assay in the absence and presence of CaCl2, MgCl2, and ZnCl2. The toxin 234 

cleavage was quantified via densitometry measurements from a western blot, and the resultant 235 

dose-response curves were fitted to determine the EC50 (Figure 4C). IT3S3 and IT6 had the 236 

lowest EC50’s in the absence of divalent cations (3.56 and 2.31 µM); however, in the presence of 237 

CaCl2, MgCl2, and ZnCl2, IT3S3 had a substantially lower EC50 (113 µM) than IT6, IP6, and 238 

IT2S4 (≥536 µM). Therefore, less IT3S3 was required to induce TcdB auto-proteolysis in a 239 

physiologically relevant environment when compared to IP6 and the IP6 analogs. Interestingly, 240 

the EC50 results also indicated a difference in efficacy of the small molecules, as the maximal 241 

extent cleavage was higher for IT3S3 (117%) than IP6 (98%) (Figure 4D). To note, there is a 242 

discrepancy between the quantified KD and EC50 values for each of the compounds. This 243 

discrepancy can be attributed to the use of tCPD versus TcdB, as TcdB is a large, dynamic, multi-244 

domain protein which has a less accessible allosteric binding site than tCPD.11,36   245 

To gain further insight into the binding pose of IP6 and analogs we determined the crystal 246 

structure of tCPD bound to IP6 (PDB 9BJA) at 2.1 Å resolution with molecular replacement 247 

using the previous structure of tCPD as a search model (Table 4, align RMSD = 0.297).21 Co-248 

crystallization of tCPD with analogs were pursued under similar conditions although no 249 

diffraction quality crystals were formed. Conditions were also culled with crystallization screens, 250 

although no usable hits were found. As a result, we modeled in the structure of IT1S5 and IS5T1, 251 

assuming a similar pose to that of IP6 in order to gain insight as to why the placement of the 252 

thiophosphate on the 5-position of the inositol core improved the efficacy of the IP6 analog’s 253 

ability to induce TcdB auto-proteolysis. The thiophosphate on IS5T1 is solvent facing, while the 254 

thiophosphate on IT1S5 is buried in the allosteric binding site, interacting with Lys57 and 255 

Arg209. Shen et al. previously performed site-directed mutagenesis on amino acids directly 256 

interacting with IP6 in the allosteric binding site, and determined which amino acids were linked 257 

to formation of the CPD active site.21 Both Lys57 and Arg209 were found to play important roles 258 

in the formation of the CPD active site, which corresponded with the cleavage of TcdB. In 259 

addition, to validate there are no meaningful interactions between the functional group on the 260 

inositol carbon 2-position and CPD, we tested the extent cleavage of IP6 versus 1,3,4,5,6-261 

phosphate-2-O-benzyl-myo-inositol (IP5Bn), where a non-polar, bulky benzyl group was 262 

attached to the 2-position of IP5 (Figure S3). We found there was no significant difference in 263 
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extent cleavage induced by IP6 and IP5Bn, confirming that position 2 does not contribute 264 

meaningfully to binding and allosteric activation and further validating the model suggested in 265 

Figure 4F.  266 

 267 

https://doi.org/10.26434/chemrxiv-2024-2cf6g-v2 ORCID: https://orcid.org/0000-0002-9207-1329 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-2cf6g-v2
https://orcid.org/0000-0002-9207-1329
https://creativecommons.org/licenses/by-nc-nd/4.0/


 14 

Figure 4. Characterization of the thermodynamic properties of the IP6 analogs binding to TcdB. 268 
(A) ITC thermograms of tCPD bound to IP6 and analogs in 10 mM tris, 150 mM NaCl, 1 mM 269 
TCEP, pH 7.5. Curves were fit in the Origin software using a one-site model curve fit to 270 
determine the dissociation constant (KD). Errors were derived from fitting statistics. See S2 for 271 
raw data set. (B) ITC thermograms of tCPD bound to IP6 and analogs in 10 mM tris, 150 mM 272 
NaCl, 1 mM TCEP, pH 7.5 with 10 mM CaCl2. Curves were fitted in the Origin software using a 273 
one-site model curve fit to determine the KD. Errors are derived from fitting statistics. (C) Dose-274 
response curves for the determination of the EC50 of IP6, IT2S4, IT3S3, and IT6 in the absence 275 
or presence of divalent cations. Percent of TcdB cleaved by a serial dilution of IP6 or analogs 276 
over 3 hr at 37°C in the absence and presence of 1 mM CaCl2, 150 µM MgCl2, and 12 µM ZnCl2 277 
was plotted. The data were fitted with a nonlinear curve fit. Mean ± SD; n = 6. (D) Maximal 278 
percentage of TcdB cleaved, set to a positive control of 1 mM IP6. Percent cleavage above 100% 279 
indicates more cleavage was observed than the positive control. Mean ± SD, n = 6; Tukey’s 280 
MCT, * p ≤ 0.05. (E) Summary table showing the calculated KD and EC50 values for the IP6 281 
analogs with tCPD or TcdB, respectively. (F) Model of IT1S5 and IS5T1 binding pose in tCPD 282 
based on IP6 binding (PDB 9BJA).  283 
 284 

pK determination and net proton change upon tCPD binding.  285 

Next, we wanted to understand why the thiophosphate containing analogs showed an 286 

improved affinity and efficacy for the CPD allosteric binding site and a higher potency for auto-287 

proteolysis than the natural co-factor IP6. Previous literature has left conflicting explanations as 288 

to why thiophosphate analogs have an improved thermodynamic profile when compared with the 289 

respective phosphate-containing compounds.27,35,42 It was suggested that thiophosphate analogs 290 

maintain an amphipathic character due to a desolvation advantage of sulfur over oxygen, 291 

potentially permitting hydrophobic interactions within a binding site.42 Alternatively, it was 292 

suggested the thiophosphate sulfur has a stronger hydrogen bonding potential than the phosphate 293 

oxygen, which effectively eliminates competitive interference with water, permitting more polar 294 

interactions with the binding site.35 It has also been reported that the pK of a lone phosphate is 295 

6.7, while that of a thiophosphate is 5.4.43 Such a difference in pK could explain an improved KD 296 

for a highly positively charged binding site due to a difference in net charge. Therefore, we 297 

determined the pK’s of IT6 and IP6 to compare the pK of the thiophosphates and phosphates at 298 

each position on the inositol core.  299 

We performed a 31P NMR (with 1H coupling) titration to determine the pK of IP6’s 300 

phosphates, as described previously (Figure 5A).22 We explored a pH range of 4-10 which was 301 

above the pK values for the diprotic to monoprotic form of each of the phosphate groups.22 The 302 

pK for the phosphates attached to carbons 3, 4, and 6 on the inositol core were not determined as 303 
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they fell above the experimental range. The pK’s of the remaining phosphates were determined 304 

and fell within 0.2 units of the literature values (P1 – 5.96 (5.70), P2 – 6.79 (6.85), P3 – 7.64 305 

(7.60)).22 Using the same methodology, we determined the monoprotic to dianionic pK of each 306 

thiophosphate on IT6. We were surprised to find that IT6 had a substantially lower pK for most 307 

of its thiophosphate groups, ranging from 5.47 to 6.63 (Figure 5B). These results suggest that at a 308 

pH of 7.5 all the thiophosphates on IT6 are in their dianionic form, unlike IP6. Therefore, IT6 309 

has a greater net charge than IP6 at a physiologically relevant pH. The increased net charge could 310 

explain the improved solubility of the IP6 analogs in the presence of divalent cations due to a 311 

higher electroneutrality threshold point.44 312 

Next, we wanted to test whether IP6 or the IP6 analogs lost a proton at a pH of 7.5 when 313 

binding to CPD, due to some of the functional groups having a pK near this pH. We tested the 314 

potential coupling of a protonation event with the tCPD binding event using ITC in buffers with 315 

different heat of enthalpies, as described previously.45 We found that IP6 lost 1.28 protons per 316 

binding interaction, while IT2S4, IT3S3, and IS3T3 did not have a significant gain or loss of 317 

protons during the binding event (Figure 5C). Loss of a ligand proton incurred by a protein is a 318 

rare occurrence at a neutral pH due to the energy compromising nature of the event.46 319 

Collectively these results indicate that the thiophosphate containing compounds are more 320 

negatively charged and resistant to the energy compromising protein-induced deprotonation at 321 

pH 7.5, further bolstering the IP6 analogs as superior ligands to IP6. These results also explain 322 

the improved thermodynamics of IT3S3 and IT6 in comparison with IP6.  323 
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 324 
Figure 5. pK determination of IP6 and IT6 and quantification of net proton change upon IP6 325 
analogs binding to tCPD at pH 7.5. (A) 31P NMR (with 1H coupling) titration curves of IP6 326 
(black) and IT6 (gold) for each phosphorus on the inositol core (P1-6). The titration curves were 327 
determined between pH 4 to 10, which corresponds with the pK for the monoprotic to dianionic 328 
form of most of the phosphorus-containing functional groups. Three replicates were performed 329 
for each titration curve, all data points are presented, and have an asymmetric sigmoidal non-330 
linear curve fit. Note: The ppm of each phosphorus in IT6 could not be reliably determined 331 
above pH 8.75 due to peak broadening, data points above this pH were excluded. See also Figure 332 
S8 and S9. (B) Macroscopic pK determined for the monoprotic to dianionic form of each 333 
phosphate on IP6 and IT6. Mean ± SD, n = 3. *Indicates the pK is above the experimental range 334 
of pH 4-10. (C) Enthalpy change of binding, ∆Hobs, of tCPD to IP6, IT2S4, IT3S3, and IS3T3, as 335 
a function of the ionization enthalpy, ∆Hion, of the respective buffers at pH 7.5. The solid lines 336 
represent linear least-square fitting of these points. The change in number of bound protons per 337 
binding interaction (NH+) is given by the slope. See also Figure S4-S7.  338 
 339 

Stabilization and structural changes.  340 

Next, we wanted to determine whether the greater charge density of the thiophosphate 341 

containing compounds induced a greater stabilization of tCPD. To test this, we performed a 342 

differential scanning fluorimetry (DSF) experiment to determine the melting temperature (TM) of 343 

tCPD alone and in the presence of serial dilutions of IP6, IT1S5, IT2S4, IT3S3, and IT6. From 344 
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this we determined the change in melting temperature (∆TM) for each ligand concentration when 345 

compared to the TM of tCPD alone (Figure 6A). We then performed a non-linear curve fit on the 346 

data set and calculated the maximal ∆TM for each ligand (Figure 6B). IT2S4, IT3S3, and IT6 had 347 

a significant increase in ∆TM (5.3, 5.1, 5.6°C) while the ∆TM was comparable for IP6 and IT1S5 348 

(3.3, 3.1°C). These results confirm that the analogs with a higher net charge were more capable 349 

of stabilizing tCPD than the natural co-factor IP6.  350 

Following this, we wanted to see whether there were notable structural changes that 351 

corresponded with the increased stabilization of IT3S3 when compared to IP6. To test this, we 352 

performed a 1H-15N-HSQC NMR experiment of 15N-enriched tCPD alone and in the presence of 353 

a molar equivalent of IP6 or IT3S3. We looked at the number of detectable peaks (Figure 6D and 354 

Figure S10) to infer the extent of protein immobilization in the active conformer, and we 355 

calculated the change in chemical shift of number-matched peak pairs (chemical shift 356 

perturbation (CSP) ∆∆δ ppm) to quantify whether there were significant structural differences 357 

between two overlapped spectra.47 tCPD contains 260 backbone N-H pairs and we only observe 358 

141 peaks in apo-tCPD, likely as a result of exchange broadening in the ligand binding site. 359 

Indeed, upon addition of IP6 or IT3S3, the number of peaks increased to 193 and 208 360 

respectively, as a result of stabilization in the binding site (see Figure S10). These results 361 

corroborate those from the DSF experiment; IP6 and IT3S3 both stabilized tCPD whereas IT3S3 362 

had a greater stabilization affect than IP6. To note, CSP scores were not calculated for the apo- 363 

and holo-tCPD due to unreliable peak numbering from the drastic differences between the HSQC 364 

spectra. Next, the holo-tCPD HSQC spectra were superposed for both IP6 and IT3S3 to 365 

determine the CSP for each unassigned peak pair (Figure 6C). We found that 49% of the peaks 366 

had a significant change in CSP, indicating there was a global structural change that 367 

corresponded with the enhanced stabilization of tCPD induced by IT3S3. Finally, we performed 368 

a competition assay with equimolar tCPD, IP6, and IT3S3 to determine whether tCPD 369 

preferentially bound to IP6 or IT3S3. The resultant HSQC NMR spectrum was superposed with 370 

that of IP6-tCPD (Figure S11B) or IT3S3-tCPD (Figure S11A) and a CSP value was calculated 371 

for each number-matched peak pair (Figure S12). When the spectrum was superposed with that 372 

of IP6-tCPD, 47% of the peak pairs had a significant change and when superposed with that of 373 

IT3S3-tCPD, 7% of the peak pairs had a significant change. Therefore, the HSQC spectrum from 374 

the competition assay was very similar to that of IT3S3, indicating IT3S3 successfully 375 
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outcompetes IP6 to bind tCPD. In addition, a 31P NMR was performed on the competition assay 376 

sample (Figure S13) which confirmed IP6 was free while IT3S3 was bound to tCPD. Therefore, 377 

the improved thermodynamic properties of IT3S3 allows it to outcompete IP6 for the tCPD 378 

allosteric binding site.  379 

 380 
Figure 6. Stabilization and structural changes incurred by the increased net charge of the 381 
thiophosphate containing analogs. (A) Dose-response curves for binding of IP6, IT1S5, IT2S4, 382 
IT3S3, and IT6 with tCPD and the correspondent temperature stabilization. Stabilization of tCPD 383 
was determined via Differential Scanning Fluorometry. The melting temperature (TM) was 384 
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determined for tCPD alone and tCPD in the presence of a serial dilution of IP6 analogs. The 385 
difference in melting temperature (∆TM) was then plotted and the data were fit with a nonlinear 386 
curve fit. Mean ± SD; n = 6. (B) Maximal change in TM (°C) for IP6, IT1S5, IT2S4, IT3S3, and 387 
IT6, as determined in (A). Mean ± SD, n = 6. (C) Quantification of the change in chemical shift, 388 
Chemical Shift Perturbation (CPS, ∆∆δ), of matched peaks corresponding to holo-tCPD (350 389 
µM) bound to a molar equivalent of IP6 (350 µM) or a molar equivalent of IT3S3 (350 µM) at 390 
pH 7.5. See (D) for data set. The dashed line indicates the 95% threshold (θ) for the variability 391 
between two holo-tCPD HSQC bound to the same ligand. Values above θ are noted to have a 392 
significant CSP. 49% of the tCPD residues exceeded θ. (D) Two overlapping 1H-15N-HSQC 393 
NMR spectra generated from holo-tCPD (350 µM) bound to a molar equivalent of IT3S3 (350 394 
µM, peaks shown in green) or IP6 (350 µM, peaks shown in blue). Peak assignment was made 395 
based on the peaks closest together and assignment went from 1 to 208, where 1 was the peak 396 
with the lowest ppm on the 1H spectrum and 208 was the peak with the highest ppm. See also 397 
Figure S10, S11, and S12.   398 
 399 

CONCLUSION 400 

Here we propose IT3S3 as our second-generation lead compound to inactivate C. difficile 401 

TcdB by pre-emptively inducing auto-proteolysis in the presence of physiologically relevant 402 

concentrations of divalent cations. We optimized the IP6 analogs by replacing phosphates with 403 

thiophosphates and sulfates. We then determined how the thiophosphates affected the IP6 analog 404 

solubility in the presence of divalent cations, and the efficacy of the compounds to induce TcdB 405 

auto-proteolysis. We found that the number of thiophosphates on the inositol core needed to be 406 

tempered with sulfates to avoid strong chelation with cations present in the GI lumen. 407 

Surprisingly, addition of thiophosphates to the inositol core improved the affinity and potency of 408 

the analogs for the TcdB CPD beyond that of the natural co-factor IP6. These improved 409 

thermodynamic properties can be attributed to the lower pK of the thiophosphate groups on the 410 

inositol core, resulting in a greater net charge of the small molecules at a pH of 7.5. As the net 411 

charge of the compounds increased above -7, as observed with IT2S4, IT3S3, and IT6, this 412 

resulted in a drastic stabilization of tCPD, which had a resultant global structural modification. 413 

We hypothesize that the improved stabilization of CPD restrains the conformational dynamics in 414 

the active conformer, promoting the activation of the allosteric circuit; thus, causing IT3S3 to 415 

induce TcdB auto-proteolysis more effectively than IP6. The second-generation IP6 analog, 416 

IT3S3, is a product of the simultaneous optimization of improved binding properties and reduced 417 

cation interference. We are currently pursuing the preclinical testing of IT3S3 as a small 418 

molecule therapeutic against CDI. In addition, the decreased pK of the thiophosphate-containing 419 

analogs and concomitant increased affinity to basic proteins suggest that these bioisosteres could 420 
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be useful in the context of other phosphate-binding proteins, both as research tools and/or 421 

therapeutics. 422 

 423 

EXPERIMENTAL SECTION 424 

Methods and General Procedures  425 

Reagents  426 

Reagent or Resource Source  Identifier 
Biological Samples 
BL21(DE3) New England Biolabs Cat# C2527H 
pET22b-TcdB543-799 Dr. Matthew Bogyo Stanford University 
Native C. difficile toxin B abcam Cat# ab124001 
Chemicals for In Vitro Testing 
Acrylamide/Bis-Acrylamide 
30% BioShop Canada Inc. Cat# ACR009 

Ammonium Chloride (15N, 
99%) 

Cambridge Isotope 
Laboratories, Inc. CAS No. 39466-62-1 

Ammonium Citrate Dibasic Sigma-Aldrich Cat# 25102 
Ammonium Persulfate Sigma-Aldrich Cat# 248614 
Biotin Sigma-Aldrich CAS No. 58-85-5 
Bis Tris BioShop Canada Inc.  CAS No. 6976-37-0 
Boric Acid Sigma-Aldrich CAS No. 10043-35-3 
Calcium Chloride Fisher Scientific Cat# BP510500 
Calmagite Sigma-Aldrich Cat# C204-10G-A 
Cobalt Chloride Hexahydrate BioShop Canada Inc. Cat# COB001 
Copper (II) Sulfate 
Pentahydrate Sigma-Aldrich CAS No. 7758-99-8 

D-Glucose BioShop Canada Inc.  Cat# GLU601 
Ethylenediaminetetraacetic 
Acid (EDTA) BioShop Canada Inc.  CAS No. 6381-92-6 

Ferrous Sulfate Heptahydrate BioShop Canada Inc.  Cat# FER005 
Formaldehyde, 37% by 
weight Sigma-Aldrich Cat# F8775-25ML 

Glycerol Sigma-Aldrich Cat# G2025 
HEPES Sodium Sigma-Aldrich Cat# H7006-500G 
HisPur Ni-NTA Resin ThermoFisher Scientific Cat# PI88221 
Imidazole Fisher Scientific Cat# O3196 
Isopropyl β-D-1-
thiogalactopyranoside (IPTG) Fisher Scientific CAS No. 367-83-1 

Magnesium Chloride 
Hexahydrate BioShop Canada Inc.  Cat# MAG510 

Manganese Sulfate BioShop Canada Inc.  Cat# MAG511 
2-(N-morpholino) BioShop Canada Inc.  Cat# MES503 
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ethanesulfonic acid (MES) 
MOPS BioShop Canada Inc.  Cat# MOP005.500 
Pierce ECL Western Blotting 
Substrate ThermoFisher Scientific Cat# 32209 

Potassium Phosphate 
Monobasic BioShop Canada Inc.  Cat# PPM302 

Potassium Phosphate Dibasic BioShop Canada Inc. Cat# PPD303 
Reagent or Resource Source Identifier 
Silver Nitrate Millipore Sigma Cat# S-8157 
Sodium Acetate Trihydrate BioShop Canada Inc. Cat# SAA555.1 
Sodium Chloride BioShop Canada Inc.  Cat# SOD002 
Sodium Dodecyl Sulfate BioShop Canada Inc.  CAS No. 151-21-3 
Sodium Phosphate 
Monobasic BioShop Canada Inc.  Cat# SPM400 

Sodium Thiosulfate ACP Chemicals Cat# S-5662 
SYPRO Orange Protein Gel 
Stain Invitrogen Cat# S6650 

Tetramethylethylenediamine 
(TEMED) BioShop Canada Inc. Cat# TEM001 

Tetrabutylammonium 
Hydroxide, ~1.5 M Sigma-Aldrich Cat# 86880-100ML 

Thiamine-HCl BioShop Canada Inc.  Cat# THA001 
Tris(2-carboxyethyl) 
phosphine (TCEP) Sigma-Aldrich CAS No. 51805-45-9 

Tryptone BioShop Canada Inc. Cat# TRP402.500 
Tween 20 Sigma-Aldrich Cat# P1379-100ML 
UltraPure Tris Invitrogen CAS No. 77-86-1 
Yeast Extract BioShop Canada Inc. Cat# YEX401.500 
Zinc Chloride BioShop Canada Inc.  Cat#ZNC222 
Chemicals for Synthesis 
1H-Tetrazole, 0.45 M in 
acetonitrile Alfa Aesar/Johnson Matthey CAS No. 288-94-8 

4-Methoxybenzyl Chloride Sigma-Aldrich Cat# 270245 
5-Phenyl-1H-Tetrazole Alfa Aesar/Johnson Matthey Cat# B25664 
Acetic Anhydride Sigma-Aldrich Cat# 320102-1L 
Ammonium Chloride Sigma-Aldrich Cat# 213330-500G 
Benzyl Bromide Sigma-Aldrich Cat# B17905-25G 
Camphor-10-sulfonic acid Sigma-Aldrich CAS No. 5872-08-2 
Carbon Disulfide Sigma-Aldrich Cat# 180173-500ML 
Cyclohexane Fisher Scientific CAS No. 110-82-7 
Dibenzyl-N,N-diisopropyl 
phosphoramidite Sigma-Aldrich Cat# 416436-5ML 

Dichloromethane Sigma-Aldrich CAS No. 75-09-2 
Diethyl Ether, Anhydrous Fisher Scientific CAS No. 60-49-7 
Diisobutylammonium Sigma-Aldrich CAS No. 1191-15-7 
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Hydride Solution, 1.0 M in 
Toluene  
N,N-Dimethylformamide 
(DMF), Anhydrous Acros Organics N.V. CAS No. 68-12-2 

Dimethyl sulfoxide (DMSO), 
Anhydrous Fisher Scientific CAS No. 67-68-5 

Reagent or Resource Source Identifier 
Dowex 50WX8, 50-100 
mesh, ion-exchange resin Fisher Scientific Cat# AC335331000 

Ethyl Acetate Fisher Scientific CAS No. 141-78-6 
Hexanes Fisher Scientific CAS No. 110-54-3 
Hydrochloric Acid Fisher Scientific Cat# A144S-500 
Magnesium Sulfate 
Anhydrous Fisher Scientific Cat# MAG511 

Methanol, Anhydrous Sigma-Aldrich CAS No. 67-56-1 
Myo-inositol  Sigma-Aldrich Cat# I5125 
Potassium Sodium L-(+)-
Tartrate Tetrahydrate TCI America CAS No. 6381-59-5 

Pyridine Sigma-Aldrich Cat# 270970 
Sephadex LH-20 Sigma-Aldrich Cat# LH20100 
Silica Sigma-Aldrich CAS No. 112926-00-8 
Sodium, in kerosene Sigma-Aldrich CAS No. 7440-23-5 
Sodium Bicarbonate BioShop Canada Cat# SOB308.5 
Sodium Hydride, 60% 
dispersion in mineral oil Sigma-Aldrich Cat# 452912 

Sodium Hydroxide Fisher Scientific Cat# S318-500 
Sodium Methoxide Sigma-Aldrich CAS No. 124-41-4 
Sulfur Sigma-Aldrich CAS No. 7704-34-9 
Sulphur Trioxide Sigma-Aldrich CAS No. 7446-11-9 
Tetrahydrofuran (THF), 
Anhydrous Acros Organics N.V. CAS No. 109-99-9 

p-Toluenesulfonic Acid 
Monohydrate Sigma-Aldrich Cat# 402885-100G 

Triethylamine Sigma-Aldrich Cat# T0886-100ML 
Triethyl Orthoformate, 
Anhydrous Sigma-Aldrich CAS No. 122-51-0 

Trifluoroacetic Acid Sigma-Aldrich Cat# T6508-100ML 
Trimethyl orthobenzoate Sigma-Aldrich Cat# 164534-50G 
Software and Algorithms 

OriginPro OriginLab https://www.originlab.com 
/origin 

Prism 10 GraphPad Software https://www.graphpad.com/ 

ImageJ NIH https://imagej.net/ij/ 
download.html 

Mnova Mestrelab Research https://mestrelab.com 
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PyMOL 2.5 Schrödinger https://pymol.org/2/ 
TopSpin 4.3.0 Bruker https://bruker.com/en.html 

POKY University of Colorado, 
Denver 

https://doi.org/10.1093/ 
bioinformatics/btab180 

 427 
Characterization of Compounds  428 

NMR spectra were recorded on AVIIIHD 500 or 600 MHz Bruker spectrometers and a Varian 429 

Inova QUANC 400 or 500 MHz. The spectra were calibrated to the residual 1H and 13C signals 430 

of the solvents. Chemical shifts are reported in ppm. Multiplicities are abbreviated as follows: 431 

singlet (s), doublet (d), triplet (t), quartet (q), septet (sept), doublet-doublet (dd), doublet-triplet 432 

(dt), doublet-quartet (dq), triplet-doublet (td), multiplet (m), and broad signal (br s). High 433 

resolution electrospray ionization mass spectrometry, HRMS (ESI), were obtained on a Thermo 434 

Exactive Plus Orbitrap or a Bruker Maxis Impact QTOF. The purity of the compounds was 435 

assessed via NMR as the high polarity and lack of chromophore of the compounds rendered 436 

them unsuitable for an LC-MS purity assessment. The concentration of final compounds used in 437 

the in vitro experiments were determined via 1H NMR using an internal standard. All final 438 

compounds were lyophilized (Christ Alpha 2-4 LDplus) prior to usage to ensure dryness.   439 

 440 

Synthetic Methods  441 

All reagents were used as received unless otherwise noted. Solvents were purchased in the best 442 

quality available, anhydrous solvents were stored under nitrogen and dried over activated 443 

molecular sieves (4 Å, 1.6-2.6mm, Sigma-Aldrich). Reactions were monitored by thin layer 444 

chromatography (TLC) using SiliCycle TLC silica gel 60 F254 with UV light (254 nm) as a 445 

visualizing agent and acidic ceric ammonium molybdate (CAM) or potassium permanganate 446 

solutions and heat as developing agents. Purification was achieved by either: flash column 447 

chromatography with silica gel (230-400 mesh), a size-exclusion column with sephadex LH-20, 448 

or ion-exchange chromatography with a sodium charged Dowex 50WX8, 50-100 mesh resin. 449 

The Dowex resin was purchased in its protonated form and was converted to the sodium charged 450 

form by washing the resin with milli-Q H2O until a neutral pH was achieved, charging with 1 M 451 

NaOH until a basic pH was achieved, and washing again with milli-Q H2O until a neutral pH 452 

was achieved. No unexpected or unusually high safety hazards were encountered during this 453 

work. 454 

 455 
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Synthesis Schemes 456 

 457 
Figure 7. Scheme for the synthesis of hexakis-thiophosphate-myo-inositol (IT6). DMF, 458 
dimethylformamide; RT, room temperature; O/N, overnight; THF, tetrahydrofuran. 459 
 460 

 461 
Figure 8. Scheme for the synthesis of 1,3,4,5,6-phosphate-2-O-benzyl-myo-inositol (IP5Bn). 462 
DMF, dimethylformamide; pTsOH, p-toluenesulfonic acid; RT, room temperature; O/N, 463 
overnight; p-MBCl, 4-methoxybenzyl chloride; m-CPBA, meta-chloroperoxybenzoic acid; TFA, 464 
trifluoroacetic acid; TMSBr, trimethylsilyl bromide. 465 
 466 
Synthesis 467 

  468 
1,3,5-O-Methylidyne-myo-inositol (1) 469 

Synthesis of 1 was performed as described previously.30 To a stirred suspension of dry myo-470 

inositol (13.50 g, 75.00 mmol) in anhydrous DMF (90 mL) anhydrous triethyl orthoformate 471 

(22.40 mL, 135.00 mmol) and p-toluenesulfonic acid monohydrate (3.60 g, 18.90 mmol) were 472 

added under a nitrogen atmosphere. The reaction mixture was heated to 130°C overnight and 473 

was allowed to cool to room temperature before being concentrated in vacuo. Pyridine (40 mL) 474 

and acetic anhydride (40 mL) were added. The mixture was stirred at room temperature for 90 475 
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min and then put on ice overnight. A white precipitate formed which was filtered, washed with 476 

cyclohexane (3 x 30 mL), and dried. The white solid was taken up in dry methanol (100 mL) and 477 

sodium methoxide (0.88 g, 16.40 mmol) was added. The stirred mixture was heated to reflux 478 

overnight. The solution was allowed to cool to room temperature, quenched with DOWEX 50W 479 

X8 resin (H+ form) until a neutral pH was reached, and filtered. It was dried over anhydrous 480 

MgSO4, filtered, and concentrated in vacuo to afford compound 1 as a white solid (9.86 g, 51.85 481 

mmol, 69% yield).  482 

 483 

SMILES: O[C@H]([C@H](O1)[C@H]2O)[C@H]3O[C@@H]1O[C@@H]2[C@H]3O 484 
1H NMR (600 MHz, D2O): δ 5.59 (d, J = 1.4 Hz, 1H, CH), 4.57 (t, J = 4.0 Hz, 2H, H4-H6), 4.34-485 

4.32 (m, 1H, H2), 4.27-4.26 (m, 1H, H5), 4.24-4.22 (m, 2H, H1-H3).  486 
1H NMR spectrum is in agreement with the literature report.30  487 

 488 

 489 
myo-Inositol-1,3,5-orthobenzoate (2) 490 

Synthesis of 2 was performed as described previously.31 To a stirred suspension of dry myo-491 

inositol (9.00 g, 50.00 mmol) and camphorsulfonic acid (232 mg, 1.00 mmol) in anhydrous 492 

DMSO (30 mL) trimethyl orthobenzoate (10 mL, 55.00 mmol) was added. The reaction mixture 493 

was heated to 80oC under vacuum (260 mbar) for 6 hr on a rotary evaporator. The resulting 494 

solution was cooled to room temperature and the catalyst was neutralized by addition of 495 

triethylamine (1.00 mL). The reaction mixture was concentrated in vacuo. Hot ethyl acetate (500 496 

mL) was added, and the mixture was then filtered through a pad of silica gel. The resulting 497 

filtrate was concentrated in vacuo and the homogenous solution was left in the refrigerator 498 

overnight. The precipitate was then filtered to afford compound 2 as a white filtrate (6.91 g, 499 

26.00 mmol, 77% yield).  500 

 501 

SMILES: O[C@H]([C@H](O1)[C@H]2O)[C@H]3O[C@]1(C4=CC=CC=C4)O[C@@H]2 502 

[C@H]3O 503 
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1H NMR (600 MHz, DMSO-d6): δ 7.56-7.55 (m, 2H, HPh), 7.38-7.32 (m, 3H, HPh), 5.53 (s, 2H, 504 

2 × OH), 5.33 (d, J = 6.3 Hz, 1H, OH), 4.40 (t, J = 4.1 Hz, 2H, H4 and H6), 4.22-4.20 (dt, J = 3.7, 505 

1.7 Hz, 1H, H5), 4.16-4.15 (m, 2H, H1 and H3), 4.08 (br s, 1H, H2).  506 
1H NMR spectrum is in agreement with the literature report.31  507 

 508 

  509 
2,4,6-Tri-O-benzyl-myo-inositol-1,3,5-O-orthoformate (3) 510 

Synthesis of 3 was performed as described previously.32 To a stirred solution of compound 1 511 

(2.52 g, 13.25 mmol) in anhydrous DMF (40 mL) NaH (60% dispersion in mineral oil, 1.34 g, 512 

55.65 mmol) was added portionwise at 0°C, under a nitrogen atmosphere. The reaction mixture 513 

was stirred at 0°C for 30 min and then benzyl bromide (6.30 mL, 53.00 mmol) was added. The 514 

reaction mixture was left at room temperature for 24 hr. At this time, NaH (60% dispersion in 515 

mineral oil, 0.57 g, 23.85 mmol) was added because the reaction was incomplete. After 42 hr, the 516 

reaction mixture was carefully quenched with a few drops of H2O and concentrated in vacuo. 517 

The residue was dissolved in DCM (200 mL), washed successively with H2O (200 mL) and brine 518 

(200 mL), dried (MgSO4), filtered, and concentrated in vacuo to give an oil as the crude product. 519 

Diethyl ether was added (20 mL) and the mixture was stirred vigorously. After a few minutes, the 520 

solid was filtered and washed successively with diethyl ether (30 mL) and methanol (30 mL) to 521 

afford compound 3 as a white solid (3.56 g, 7.45 mmol, 58% yield). 522 

 523 

SMILES: [C@@H]1(O[C@@H]2O3)[C@H]([C@H](O2)[C@H](OCC4=CC=CC=C4)[C@H] 524 

3[C@H]1OCC5=CC=CC=C5)OCC6=CC=CC=C6 525 
1H NMR (600 MHz, CDCl3): δ 7.40-7.21 (m, 15H, HPh), 5.55 (d, J = 0.5 Hz, 1H, CH), 4.66 (s, 526 

2H, CH2), 4.56 (dd, J = 81.6, 11.6 Hz, 4H, 2 x CH2), 4.45 (m, 1H, H2), 4.35 (t, J = 3.5 Hz, 2H, 527 

H1-H3 or H4-H6), 4.31-4.30 (m, 2H, H1-H3 or H4-H6), 4.07 (d, J = 1.0 Hz, 1H, H5). 528 
1H NMR spectrum is in agreement with the literature report.32  529 

 530 
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  531 
4,6-Di-O-benzyl-myo-inositol-1,3,5-orthobenzoate (4) 532 

Synthesis of 4 was performed as described previously.31 To a stirred solution of compound 2 533 

(192 mg, 0.72 mmol) in anhydrous DMF (2.30 mL) NaH (60% dispersion in mineral oil, 66.40 534 

mg, 1.66 mmol) was added portion-wise at 0°C, under a nitrogen atmosphere. The reaction 535 

mixture was stirred at 0°C for 30 min and then benzyl bromide (0.19 mL, 1.58 mmol) was added. 536 

The reaction mixture was allowed to warm to room temperature for 16 hr and then quenched 537 

with methanol dropwise (2 mL). H2O (30 mL) and DCM (30 mL) were added. The aqueous layer 538 

was extracted with DCM (3 x 50 mL). Organic layers were recombined, washed with H2O (30 539 

mL), brine (30 mL), dried (MgSO4), filtered, and concentrated in vacuo. Purification was 540 

achieved by flash chromatography on silica gel (cyclohexane/EtOAc 9/1 to 7/3) to afford 541 

compound 4 as a white solid (121 mg, 0.27 mmol, 38% yield). 542 

 543 

SMILES: O[C@H]([C@H](O1)[C@H]2OCC3=CC=CC=C3)[C@H]4O[C@]1(C5=CC=CC=C 544 

5)O[C@@H]2[C@H]4OCC6=CC=CC=C6 545 
1H NMR (600 MHz, CDCl3): δ 7.76-7.75 (m, 2H, HPh), 7.49-7.46 (m, 3H, HPh), 7.43-7.38 (m, 546 

10H, HPh under CDCl3), 4.76 (dd, J = 11.5 Hz, 4H, 2 × CH2), 4.68 (sept, J = 1.8 Hz, 1H, H5), 547 

4.60 (t, J = 3.9 Hz, 2H, H4 and H6), 4.55 (m, J = 1.8 Hz, 2H, H1 and H3), 4.39 (d, J = 11.4 Hz, 548 

1H, H2), 3.27 (d, J = 11.7 Hz, 1H, OH). 549 
1H NMR spectrum is in agreement with the literature report.31  550 

 551 

  552 
1,3,5-O-Orthobenzoate-2,4,6-tri-O-benzyl-myo-inositol (5) 553 

Synthesis of 5 was performed as described previously.33 To a stirred solution of compound 2 554 

(4.00 g, 15.02 mmol) in dry DMF (7 mL), NaH (60% dispersion in mineral oil, 3.60 g, 90.12 555 
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mmol) was added portion-wise at 0°C, under a nitrogen atmosphere. The mixture was stirred at 556 

0°C for 45 min and then benzyl bromide (10.70 mL, 90.00 mmol) was added. The reaction was 557 

allowed to warm to room temperature overnight and then slowly quenched with H2O. The 558 

residue was dissolved in EtOAc (200 mL), washed successively with water (200 mL) and brine 559 

(200 mL), dried (MgSO4), filtered, and concentrated in vacuo. Purification was achieved by flash 560 

chromatography on silica gel (cyclohexane/EtOAc 9/1) to afford compound 5 as a white solid 561 

(6.21 g, 11.57 mmol, 77% yield). 562 

 563 

SMILES: [C@@H]1(O[C@]2(C3=CC=CC=C3)O4)[C@H]([C@H](O2)[C@H](OCC5=CC 564 

=CC=C5)[C@H]4[C@H]1OCC6=CC=CC=C6)OCC7=CC=CC=C7 565 
1H NMR (600 MHz, CDCl3): δ 7.67-7.66 (m, 2H, HPh), 7.42-7.22 (m, 18H, HPh), 4.69 (s, 2H, 566 

CH2), 4.65 (d, J = 11.6 Hz, 2H, CH2), 4.58-4.56 (m, 1H, H2), 4.53-4.51 (m, 4H, CH2 and H1-H3 567 

or H4-H6), 4.47 (t, J = 3.9 Hz, 2H, H1-H3 or H4-H6), 4.12 (t, J = 1.8 Hz, 1H, H5). 568 
1H NMR spectrum is in agreement with the literature report.33  569 

 570 

  571 
4,6-Di-O-benzyl-myo-inositol-1,3,5-orthobenzoate-2-O,O-dibenzylthiophosphate (6) 572 

To a stirred solution of compound 4 (121 mg, 0.27 mmol) in anhydrous DCM (6 mL) was added, 573 

under a nitrogen atmosphere, 5-phenyl-1H-tetrazole (158 mg, 1.08 mmol) and dibenzyl-N,N-574 

diisopropyl phosphoramidite (0.18 mL, 0.54 mmol) dropwise. The mixture was stirred at room 575 

temperature overnight. Thereafter, a solution of DMF and pyridine (3.30 mL, 1:1) were added 576 

followed by sulfur (52 mg, 1.62 mmol). The reaction was stirred at room temperature overnight, 577 

then quenched with H2O (20 mL). The aqueous layer was extracted with EtOAc (3 x 50 mL). 578 

Organic layers were recombined, washed with brine (50 mL), dried (MgSO4), filtered and 579 

concentrated in vacuo. Purification was achieved by flash chromatography on silica gel 580 

(cyclohexane/EtOAc, 9/1) to afford compound 6 as a yellowish gum (119 mg, 0.27 mmol, 61% 581 

yield). 582 

 583 
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SMILES: S=P(OCC1=CC=CC=C1)(OCC2=CC=CC=C2)O[C@H]([C@H](O3)[C@H]4O 584 

CC5=CC=CC=C5)[C@H]6O[C@]3(C7=CC=CC=C7)O[C@@H]4[C@H]6OCC8=CC=CC=C8 585 
1H NMR (600 MHz, CDCl3): δ 7.62 (dd, J = 7.9, 1.8 Hz, 2H, HPh), 7.37-7.25 (m, 23H, HPh), 586 

5.22 (dt, J = 10.1, 2.0 Hz, 1H, H2), 5.17- 5.07 (m, 4H, 2 × P-OCH2), 4.67-4.62 (m, 6H, 2 × C-587 

OCH2, H1 and H3), 4.57 (dq, J = 3.5, 1.8 Hz, 1H, H5), 4.46 (t, J = 3.8 Hz, 2H, H4 and H6). 588 
31P NMR (203 MHz, CDCl3): δ 67.0 (P-C2). 589 
13C NMR (151 MHz, CDCl3): δ 137.5 (2 × CqPh), 137.1 (CqPh), 135.8 (CqPh), 135.7 (CqPh), 590 

129.6 (CHPh), 128.6 (CHPh), 128.5 (CHPh), 128.5 (CHPh), 128.1 (CHPh), 128.1 (CHPh), 128.0 591 

(CHPh), 125.5 (CHPh), 107.9 (CqPh), 73.8 (C4 -C6), 72.4 (d, J = 5.0 Hz, C1-C3), 71.7 (2 × CH2-592 

OC), 70.0 (d, J = 5.5 Hz, 2 × CH2-OP), 69.1 (C5), 67.6 (d, 2JC-P = 4.4 H, C2). 593 

HRMS FTMS E+. Calculated for C41H39NaO8PS [M+Na]+ 745.1995; found 745.1973. 594 

 595 

 596 
myo-Inositol-2-O-thiophosphate (7) 597 

To a stirred solution of compound 6 (105 mg, 0.16 mmol) in anhydrous THF (3 mL) liquid NH3 598 

(20 mL) was added under a nitrogen atmosphere at -78°C. Sodium was added in small pieces 599 

until the solution turned dark blue. The reaction was stirred for 10 min, then quenched with a 600 

saturated NH4Cl solution. NH3 was slowly evaporated overnight, and the remaining solution was 601 

extracted with DCM (10 mL). Purification of the aqueous layer by Sephadex LH-20 (100% H2O) 602 

followed by cation exchange on DOWEX 50W X8 (Na+ form) and freeze-drying provided 603 

compound 7 as a yellowish lyophilizate (37 mg, 0.12 mmol, 76% yield). 604 

 605 

SMILES: O[C@H]1[C@H](O)[C@@H](O)[C@H](O)[C@H](OP([O-2])([O])=S)[C@@H]1O 606 
1H NMR (600 MHz, D2O): δ 4.73 (dt, J = 10.0, 2.7 Hz, 1H, H2), 3.74 (t, J = 9.7 Hz, 2H, H4 and 607 

H6), 3.53 (dd, J = 9.9, 1.6 Hz, 2H, H1 and H3), 3.28 (t, J = 9.4 Hz, 1H, H5). 608 
31P NMR (162 MHz, D2O): δ 45.8 (P-C2). 609 
13C NMR (151 MHz, D2O): δ 76.0 (d, J = 6.6 Hz, C2), 74.4 (C5), 73.2 (C4-C6), 71.4 (d, J = 3.3 610 

Hz, C1-C3). 611 
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HRMS FTMS E-. Calculated for C6H12O8PS [M-H]- 274.9996; found 275.0000. 612 

 613 

 614 
2-(O-Thiophosphate)-myo-inositol-1,3,4,5,6-penta-O-sulfate (8) 615 

To a stirred suspension of compound 7 (11 mg, 0.034 mmol) in dry DMF (0.60 mL) a solution of 616 

TFA (10% in DMF) and sulphur trioxide N,N-dimethylformamide complex (221 mg, 1.44 mmol) 617 

was added. The solution was stirred at room temperature for 30 min then quenched with NaOH 618 

(1M) until pH 8. Methanol (3 mL) was added, and salts were filtered in vacuo. Purification of the 619 

precipitate by size exclusion chromatography (LH-20, 100% H2O) followed by freeze drying 620 

provided compound 8 as a white lyophilizate (5.20 mg, 0.0062 mg, 19% yield). 621 

 622 

SMILES: [O-2]P(O[C@H]1[C@@H](OS([O-])(=O)=O)[C@H](OS(=O)([O-])=O) 623 

[C@@H](OS(=O)([O-])=O)[C@H](OS(=O)([O-])=O)[C@H]1OS(=O)([O-])=O)([O])=S 624 
1H NMR (600 MHz, D2O): δ 5.30 (s, 2H, H2-H5), 4.92 (s, 4H, H1-H3-H4-H6). 625 
31P NMR (162 MHz, D2O): δ 77.98 (P-C2). 626 
13C NMR (151 MHz, D2O): δ 75.10 (d, J = 3.3 Hz), 74.07. 627 

HRMS FTMS E-. Calculated for C6H6O23Na5PS6 [M+5Na]2- 391.8431; found 391.8427. 628 

 629 

 630 
1,3-O-Phenylacetal-2,4,6-tri-O-benzyl-myo-inositol (9) 631 

Synthesis of 9 was performed as described previously.33 To a stirred solution of compound 5 632 

(1.07 g, 2.00 mmol) in dry DCM (16 mL) a solution of DIBAL-H (4 mL, 1M in toluene) was 633 

added dropwise at 0°C under a nitrogen atmosphere. The reaction was allowed to warm to room 634 
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temperature over 2 hr and then poured into a stirred mixture of saturated Na/K tartrate (10 mL) 635 

and saturated NH4Cl (10 mL) and stirred for 2 hr. The heterogenous solution was extracted with 636 

EtOAc (2 x 100 mL). Organic layers were recombined, washed with brine (100 mL), dried 637 

(MgSO4), filtered, and evaporated in vacuo. Purification was achieved by flash chromatography 638 

on silica gel (cyclohexane/EtOAc, 8/2) to afford compound 9 as a clear oil (607 mg, 1.13 mmol, 639 

57% yield). 640 

 641 

SMILES: O[C@@H]1[C@H]([C@H](O[C@@H](C2=CC=CC=C2)O3)[C@H] 642 

(OCC4=CC=CC=C4)[C@H]3[C@H]1OCC5=CC=CC=C5)OCC6=CC=CC=C6 643 
1H NMR (600 MHz, CDCl3): δ 7.54 (d, J = 9.5 Hz, 2H, HPh), 7.37 (d, J = 91.0 Hz, 18H, HPh), 644 

5.72 (s, 1H, CH), 4.73 (s, 2H, CH2), 4.70 (dd, J = 84.1, 11.7 Hz, 4H, 2 × CH2), 4.42 (d, J = 2.5 645 

Hz, 2H, H1-H3 or H4-H6), 4.00 (d, J = 8.5 Hz, 2H, H1-H3 or H4-H6), 3.80 (td, J = 8.6, 2.9 Hz, 1H, 646 

H5), 3.62 (t, J = 2.5 Hz, 1H, H2), 2.49 (d, J = 2.8 Hz, 1H, OH). 647 
1H NMR spectrum is in agreement with the literature report.33  648 

 649 

  650 
2,4,6-Tri-O-benzyl myo-inositol-1,3-orthobenzoate-5-O,O-dibenzylthiophosphate (10) 651 

To a stirred solution of compound 9 (187 mg, 0.35 mmol) in anhydrous CH2Cl2 (8.5 mL) 5-652 

phenyl-1H-tetrazole (205 mg, 1.40 mmol) and dibenzyl-N,N-diisopropyl phosphoramidite (0.23 653 

mL, 0.69 mmol) were added dropwise under a nitrogen atmosphere. The mixture was stirred at 654 

room temperature overnight. Thereafter, a solution of DMF and pyridine (5.1 mL, 1:1) were 655 

added followed by sulfur (67 mg, 2.10 mmol). The reaction was stirred at room temperature 656 

overnight, then quenched with H2O (20 mL). The aqueous layer was extracted with EtOAc (3 x 657 

50 mL). Organic layers were recombined, washed with brine (50 mL), dried (MgSO4), filtered, 658 

and concentrated in vacuo. Purification was achieved by flash chromatography on silica gel 659 

(cyclohexane/EtOAc, 9/1) to afford compound 10 as a yellow gum (206 mg, 0.25 mmol, 72% 660 

yield). 661 

 662 
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SMILES: S=P(OCC1=CC=CC=C1)(OCC2=CC=CC=C2)O[C@@H]3[C@H]([C@H] 663 

(O[C@@H](C4=CC=CC=C4)O5)[C@H](OCC6=CC=CC=C6)[C@H]5[C@H]3OCC7=CC=CC664 

=C7)OCC8=CC=CC=C8 665 
1H NMR (600 MHz, CDCl3): δ 7.54-7.48 (m, 2H, HPh), 7.41-7.22 (m, 25H, HPh), 7.19-7.17 (m, 666 

3H, HPh), 5.87 (s, 1H, CH), 5.04 – 4.91 (m, 4H, 2 × P-OCH2), 4.88 (dt, J = 12.3, 6.1 Hz, 1H, H5), 667 

4.67 (s, 2H, C-OCH2), 4.59 (dd, J = 26.2, 13.3 Hz, 4H, 2 × C-OCH2), 4.36 (d, J = 2.4 Hz, 2H, H1 668 

and H3), 4.14 (d, J = 6.1 Hz, 2H, H4 and H6), 3.70 (s, 1H, H2). 669 
31P NMR (162 MHz, CDCl3): δ 68.4 (P-C5). 670 
13C NMR (151 MHz, CDCl3): δ 138.2 (CqPh), 138.0 (CqPh), 137.4 (2 × CqPh), 135.8 (CqPh), 671 

135.7 (CqPh), 129.5 (CHPh), 128.6 (CHPh), 128.5 (CHPh), 128.5 (CHPh), 128.4 (CHPh), 128.0 672 

(CHPh), 127.9 (CHPh), 127.8 (CHPh), 127.6 (CHPh), 126.7 (CHPh), 93.3 (CH-CPh), 81.2 (d, J = 4.4 673 

Hz, C4-C6), 80.1 (d, 2JC-P = 6.6 Hz, C5), 72.9 (C1-C3), 71.6 (2 × CH2-OC), 70.9 (CH2-OC), 69.9 674 

(d, J = 4.4 Hz, 2 × CH2-OP), 67.9 (C2). 675 

HRMS FTMS E+. Calculated for C48H47NaO8PS [M+Na]+ 837.2621; found 837.2653.  676 

 677 

 678 
myo-Inositol-5-O-thiophosphate (11) 679 

To a stirred solution of compound 10 (206 mg, 0.25 mmol) in anhydrous THF (5.5 mL) liquid 680 

NH3 (20 mL) was added at -78°C under a nitrogen atmosphere. Sodium was added in small 681 

pieces until the solution turned dark blue. The reaction was stirred for 10 min then quenched with 682 

a saturated NH4Cl solution. NH3 was slowly evaporated overnight, and the remaining solution 683 

was then extracted with DCM (20 mL). Purification of the aqueous layer by Sephadex LH-20 684 

(100% H2O) followed by cation exchange on DOWEX 50W X8 (Na+ form) and freeze-drying 685 

provided compound 11 as a yellowish lyophilizate (34 mg, 0.11 mmol, 43% yield). 686 

 687 

SMILES: O[C@H]1[C@H](OP([O-])([O-])=S)[C@@H](O)[C@H](O)[C@H](O)[C@@H]1O 688 
1H NMR (600 MHz, D2O): δ 4.05 (t, J = 3.0 Hz, 1H, H2), 4.00 (q, J = 9.3 Hz, 1H, H5), 3.77 (t, J 689 

= 9.6 Hz, 2H, H4 and H6), 3.62 (dd, J = 10.1, 3.0 Hz, 2H, H1 and H3). 690 
31P NMR (162 MHz, D2O): δ 45.5 (P-C5). 691 
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13C NMR (151 MHz, D2O): δ 78.5 (d, J = 6.6 Hz, C5), 72.0 (C2), 71.9 (d, J = 3.3 Hz, C4-C6), 692 

71.0 (C1-C3). 693 

HRMS FTMS E-. Calculated for C6H12O8PS [M-H]- 274.99960; found 274.99975. 694 

 695 

 696 
5-(O-Thiophosphate)-myo-inositol-1,2,3,4,6-penta-O-sulfate (12) 697 

To a stirred suspension of compound 11 (20.1 mg, 0.063 mmol) in dry DMF (0.60 mL) a solution 698 

of TFA (10% in DMF) and sulphur trioxide N,N-dimethylformamide complex (405 mg, 2.65 699 

mmol) were added. The solution was stirred at room temperature for 30 min then quenched with 700 

NaOH (1M) until pH 8. Methanol (3 mL) was added, and salts were filtered in vacuo. 701 

Purification of the precipitate by size exclusion chromatography (LH-20, 100% H2O) followed 702 

by freeze drying provided compound 12 as a white lyophilizate (9.1 mg, 0.011 mmol, 17% 703 

yield).  704 

 705 

SMILES: [O-]S(O[C@H]1[C@@H](OS([O-])(=O)=O)[C@H](OS(=O)([O-])=O) 706 

[C@@H](OP([O-])([O-])=S)[C@H](OS(=O)([O-])=O)[C@H]1OS(=O)([O])=O)(=O)=O 707 
1H NMR (600 MHz, D2O): δ 5.05-4.87 (m, 5H), 4.54 (d, J = 15.9 Hz, 1H). 708 
31P NMR (162 MHz, D2O): δ 77.98 (P-C5).  709 
13C NMR (151 MHz, D2O): δ 75.66, 73.74. 710 

HRMS FTMS E-. Calculated for C6H7O23Na3PS6 [M+3Na+H]3- 246.23832; found 246.23833. 711 

 712 

  713 
2,4,6-Tri-O-benzyl-myo-inositol (13) 714 

Synthesis of 13 was performed as described previously.32 To a stirred suspension of compound 3 715 

(3.52 g, 7.64 mmol) in MeOH (60 mL) a solution of HCl (1 N, 8 mL) was added. The mixture 716 
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was heated to reflux for 3 hr and allowed to cool to room temperature before evaporation in 717 

vacuo. Purification was achieved by flash chromatography on silica gel (Hexane/EtOAc, 7/3 to 718 

4/6) to afford compound 13 as a colorless oil (3.39 g, 7.52 mmol, 98% yield). 719 

 720 

SMILES: O[C@H]1[C@H](OCC2=CC=CC=C2)[C@@H](O)[C@@H](OCC3=CC=CC=C3) 721 

[C@@H](O)[C@@H]1OCC4=CC=CC=C4  722 
1H NMR (600 MHz, CDCl3): δ 7.40-7.30 (m, 15H, HPh), 4.87 (s, 4H, 2 x CH2), 4.85 (s, 2H, 723 

CH2), 4.01 (t, J = 2.7 Hz, 1H, H2), 3.69-3.66 (m, 2H, H4-H6), 3.59-3.53 (m, 3H, H5, H1-H3), 2.56 724 

(br s, 1H, OH), 2.40 (d, J = 5.7 Hz, 2H, 2 x OH).  725 
1H NMR spectrum is in agreement with the literature report.32  726 

 727 

 728 
1,3,5-O,O-Dibenzylthiophosphate-2,4,6-tri-O-benzyl-myo-inositol (14) 729 

To a stirred solution of compound 13 (300 mg, 0.67 mmol) in anhydrous DCM (10 mL) 5-730 

phenyl-1H-tetrazole (1.17 g, 7.99 mmol) and dibenzyl-N,N-diisopropyl phosphoramidite (1.34 731 

mL, 4.00 mmol) were added dropwise under a nitrogen atmosphere. The mixture was stirred at 732 

room temperature overnight. Thereafter, DMF and pyridine (5 mL, 1:1) were added followed by 733 

sulfur (342 mg, 10.70 mmol). The reaction was stirred at room temperature overnight, then 734 

quenched with H2O (80 mL). The aqueous layer was extracted with DCM (3 x 100 mL). Organic 735 

layers were combined, washed with brine (100 mL), dried (MgSO4), filtered, and concentrated in 736 

vacuo. Purification was achieved by flash chromatography on silica gel (Hexane/EtOAc, 9/1) to 737 

afford compound 14 as a white solid (375 mg, 0.29 mmol, 44% yield). 738 

 739 

SMILES: S=P(OCC1=CC=CC=C1)(OCC2=CC=CC=C2)O[C@H]3[C@H](OCC4=CC=CC 740 

=C4)[C@@H](OP(OCC5=CC=CC=C5)(OCC6=CC=CC=C6)=S)[C@H](OCC7=CC=CC=C7) 741 

[C@@H](OP(OCC8=CC=CC=C8)(OCC9=CC=CC=C9)=S)[C@H]3OCC%10=CC=CC=C%10 742 
1H NMR (600 MHz, CDCl3): δ 7.36-6.90 (m, 45H, HPh), 4.96-4.67 (m, 18H, CH2, H2, H5), 4.56-743 

4.53 (m, 2H, CH2), 4.47 (td, J = 10.5, 2.5 Hz, 2H, H1-H3), 4.10 (t, J = 9.5 Hz, 2H, H4-H6).  744 
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31P NMR (203 MHz, CDCl3): δ 69.3 (P-C5), 67.6 (P-C1, P-C3).  745 
13C NMR (125 MHz, CDCl3): δ 138.7 (CqPh), 138.4 (2 x CqPh), 136.0 (CqPh), 136.0 (CqPh), 746 

135.8 (CqPh), 135.7 (CqPh), 135.7 (CqPh), 135.7 (CqPh), 128.6 (CHPh), 128.6 (CHPh), 128.5 747 

(CHPh), 128.4 (CHPh), 128.4 (CHPh), 128.3 (CHPh), 128.2 (CHPh), 128.1 (CHPh), 128.1 (CHPh), 748 

127.8 (CHPh), 127.6 (CHPh), 127.5 (CHPh), 127.2 (CHPh), 127.1 (CHPh), 80.0 (C5), 78.0 - 77.9 (m, 749 

C4-C6, C1-C3), 77.6 (C2), 75.6 (CH2), 74.1 (2 x CH2), 70.2 (d, 2JCP = 5.0 Hz, 2 x CH2-OP), 69.8 750 

(d, 2JCP = 5.0 Hz, 2 x CH2-OP), 69.7 (d, 2JCP = 4.4 Hz, 2 x CH2-OP). 751 

HRMS FTMS E+. Calculated for C69H69O12NaP3S3 [M+Na]+ 1301,30562; found: 1301.30032. 752 

 753 

 754 
1,3,5-(Tri-O-thiophosphate)-myo-inositol (15) 755 

To a stirred solution of compound 14 (140 mg, 109 µmol) in anhydrous THF (5 mL) liquid NH3 756 

(20 mL) was added at -78°C under a nitrogen atmosphere. Sodium was added in small pieces 757 

until the solution turned dark blue. The reaction was stirred for 10 min then quenched with a 758 

saturated NH4Cl solution. NH3 was slowly evaporated overnight, and the remaining solution was 759 

then extracted with DCM (20 mL). Purification of the aqueous layer by size exclusion 760 

chromatography (LH-20, 100% H2O) followed by cation exchange on DOWEX 50W X8 (Na+ 761 

form) and freeze-drying provided compound 15 as a white lyophilizate (51.2 mg, 85 µmol, 78% 762 

yield). 763 

 764 

SMILES: O[C@H]1[C@H](OP([O-])([O-])=S)[C@@H](O)[C@H](OP([O-])([O-])=S)[C@H] 765 

(O)[C@@H]1OP([O-])([O-])=S 766 
1H NMR (600 MHz, D2O): δ 4.74 (t, J = 3.0 Hz, 1H, H2), 4.21 (td, J = 9.6, 2.6 Hz, 2H, H1-H3), 767 

4.13 (q, J = 9.6 Hz, 1H, H5), 3.91 (t, J = 9.5 Hz, 2H, H4-H6). 768 
31P NMR (203 MHz, D2O): δ 45.2 (P-C5), 43.1 (P-C1, P-C3).  769 
13C NMR (151 MHz, D2O): δ 78.8 (d, 2JCP = 7.0 Hz, C5), 74.3 (d, 2JCP = 6.0 Hz, C1-C3), 71.5 770 

(dd, J = 6.0, 3.3 Hz, C4-C6), 70.1 (C2). 771 
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HRMS FTMS E-. Calculated for C6H12O12Na2P3S3 [M+2Na+3H]- 510.85046; found: 772 

510.85050. 773 

 774 

 775 
1,3,5-(Tri-O-thiophosphate)-myo-inositol-2,4,6-tri-O-sulfate (16) 776 

To a stirred suspension of compound 15 (15.5 mg, 25.8 µmol) in dry DMF (0.50 mL) a solution 777 

of TFA (10% in DMF) and sulphur trioxide N,N-dimethylformamide complex (100 mg, 0.65 778 

mmol) were added. The solution was stirred at room temperature for 30 min then quenched with 779 

NaOH (1M) until pH 8. Methanol (3 mL) was added, and salts were filtered in vacuo. 780 

Purification of the precipitate by size exclusion chromatography (LH-20, 100% H2O) followed 781 

by freeze drying provided compound 16 as a white lyophilizate (11.7 mg, 12.9 µmol, 54% yield). 782 

 783 

SMILES: [O-]P(O[C@H]1[C@H](OS(=O)([O-])=O)[C@@H](OP([O-])([O-])=S)[C@H] 784 

(OS(=O)([O-])=O)[C@@H](OP([O-])([O-])=S)[C@H]1OS(=O)([O-])=O)([O-])=S 785 
1H NMR (600 MHz, D2O): δ 5.22 (br s, 2H, H4-H6), 4.88 (d, J = 13.0 Hz, 2H, H1-H3), 4.79-4.74 786 

(buried, m, 2H, H5, H2). 787 
31P NMR (203 MHz, D2O): δ 44.9 (P-C5, P-C3, P-C1).  788 
13C NMR (151 MHz, D2O): δ 76.9 (C4-C6), 71.1 (d, 2JCP = 5.5 Hz, C1-C3), 70.3 (C2), 68.5 (d, 789 
2JCP = 5.0 Hz, C5). 790 

HRMS FTMS E-. Calculated for C6H12O21P3S6 [M+6H]3- 234.91415; found: 234.91431. 791 

 792 

 793 
2,4,6-Tri-O-(p-methoxybenzyl)-myo-inositol (17) 794 
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Synthesis of 16 was performed as described previously.48 To a stirred solution of compound 1 795 

(2.00 g, 10.52 mmol) in dry DMF (15 mL) NaH (60% dispersion in mineral oil, 2.94 g, 73.64 796 

mmol) was added portion-wise at 0°C. The suspension was stirred at 0°C for 30 min, then 4-797 

methoxybenzyl chloride (6.15 mL, 42.08 mmol) was added and the mixture was allowed to 798 

warm to room temperature for 20 hr. The reaction was quenched with a slow addition of H2O 799 

(100 mL) and extracted with DCM (3 x 150 mL). The organic layers were combined, washed 800 

with brine (200 mL), dried (MgSO4), filtered, and evaporated in vacuo. The crude product was 801 

used in the next step without further purification.  802 

MeOH (500 mL) and HCl (1 N, 50 mL) were added, and the suspension was stirred at room 803 

temperature for 5 days then neutralized with NaOH solution (1 M) until pH 7. Methanol was 804 

evaporated and H2O (150 mL) was added. The aqueous layer was extracted with EtOAc (3 x 150 805 

mL). The organic layers were combined, washed with brine (200 mL), filtered, and concentrated 806 

in vacuo. Purification was achieved by flash chromatography on silica gel (Hexane/EtOAc, 3/7) 807 

to afford compound 17 as a white solid (3.62 g, 6.69 mmol, 64% yield over two steps). 808 

 809 

SMILES: O[C@H]1[C@H](OCC2=CC=C(OC)C=C2)[C@@H](O)[C@@H](OCC3=CC=C 810 

(OC)C=C3)[C@@H](O)[C@@H]1OCC4=CC=C(OC)C=C4 811 
1H NMR (600 MHz, CDCl3): δ 7.31-7.25 (m, 6H, HPh), 6.92-6.89 (m, 6H, HPh), 4.78 (s, 4H, 2 x 812 

CH2), 4.75 (s, 2H, CH2), 3.98 (t, J = 2.8 Hz, 1H, H2), 3.83 (s, 3H, OCH3), 3.81 (s, 6H, 2 x 813 

OCH3), 3.63-3.60 (m, 2H, H4-H6), 3.55-3.52 (m, 2H, H1-H3), 3.49 (td, J = 9.2, 2.1 Hz, 1H, H5), 814 

2.46 (d, J = 2.0 Hz, 1H, OH), 2.32 (d, J = 6.1 Hz, 2H, 2 x OH). 815 
1H NMR spectrum is in agreement with the literature report.48  816 

 817 

 818 
1,3,5-Tri-O-benzyl-myo-inositol (18) 819 

Synthesis of 18 was performed as described previously.49 To a stirred solution of compound 17 820 

(3.61 g, 6.69 mmol) in dry DMF (20 mL) NaH (60% dispersion in mineral oil, 1.87 g, 46.76 821 

mmol) was added portion-wise at 0°C. The suspension was stirred at 0°C for 30 min, then benzyl 822 

bromide (3.18 mL, 26.72 mmol) was added, and the mixture was allowed to warm to room 823 
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temperature for 4 days. The reaction was quenched with a slow addition of H2O (100 mL) and 824 

extracted with DCM (3 x 150 mL). The organic layers were combined, washed with brine (200 825 

mL), dried (MgSO4) and evaporated in vacuo. The crude product was used in the next step 826 

without further purification. DCM (100 mL) was added, followed by a mixture of TFA and water 827 

(50 mL, 4:1) at room temperature. The mixture was stirred for 3 hr then evaporated in vacuo. 828 

DCM (100 mL) was added (150 mL). The organic layer was washed with NaHCO3 saturated 829 

solution (100 mL), brine (100 mL), dried (Na2SO4), filtered and concentrated in vacuo. The 830 

resulting oil was purified via flash column chromatography on silica gel (cyclohexane/ethyl 831 

acetate, 80/20 to 70/30) to afford the product as a white solid (170 mg, 69% yield). Purification 832 

was achieved by flash chromatography on silica gel (Hexane/EtOAc, 8/2 to 5/5) to afford 833 

compound 18 as a yellowish solid (1.08 g, 2.40 mmol, 36% yield over two steps). 834 

 835 

SMILES: O[C@H]1[C@H](OCC2=CC=CC=C2)[C@@H](O)[C@H](OCC3=CC=CC=C3) 836 

[C@H](O)[C@@H]1OCC4=CC=CC=C4 837 
1H NMR (600 MHz, CDCl3): δ 7.35-7.22 (m, 15H, HPh), 4.84 (s, 2H, CH2), 4.70-4.62 (m, 4H, 2 838 

x CH2), 4.20 (t, J = 2.8 Hz, 1H, H2), 4.01 (td, J = 9.5, 1.9 Hz, 2H, H4-H6), 3.22-3.19 (m, 3H, H1-839 

H3, H5), 2.48 (d, J = 2.0 Hz, 2H, 2 x OH), 2.35 (br s, 1H, OH). 840 
1H NMR spectrum is in agreement with the literature report.49  841 

 842 

 843 
2,4,6-O,O-Dibenzylthiophosphate-1,3,5-tri-O-benzyl-myo-inositol (19) 844 

To a stirred solution of compound 18 (300 mg, 0.67 mmol) in anhydrous DCM (10 mL) 5-845 

phenyl-1H-tetrazole (1.17 g, 7.99 mmol) and dibenzyl-N,N-diisopropylphosphoramidite (1.34 846 

mL, 4.00 mmol) were added dropwise under a nitrogen atmosphere. The mixture was stirred at 847 

room temperature for 48 hr. Thereafter, a solution of DMF and pyridine (5 mL, 1:1) was added 848 

followed by sulfur (342 mg, 10.65 mmol). The reaction was stirred at room temperature 849 
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overnight, then quenched with H2O (80 mL). The aqueous layer was extracted with DCM (3 x 850 

100 mL). Organic layers were combined, washed with brine (100 mL), dried (MgSO4), filtered, 851 

and concentrated in vacuo. Purification was achieved by flash chromatography on silica gel 852 

(cyclohexane/EtOAc, 9/1) to afford compound 19 as a white solid (549 mg, 0.43 mmol, 64% 853 

yield). 854 

 855 

SMILES: S=P(OCC1=CC=CC=C1)(OCC2=CC=CC=C2)O[C@H]3[C@@H] 856 

(OCC4=CC=CC=C4)[C@H](OP(OCC5=CC=CC=C5)(OCC6=CC=CC=C6)=S)[C@@H](OCC857 

7=CC=CC=C7)[C@H](OP(OCC8=CC=CC=C8)(OCC9=CC=CC=C9)=S)[C@H]3OCC%10=C858 

C=CC=C%10 859 
1H NMR (600 MHz, CDCl3): δ 7.47-6.90 (m, 45H, HPh), 5.66 (dt, J = 13.1, 2.4 Hz, 1H, H2), 860 

5.33-5.19 (m, 6H, CH2, H4-H6), 4.98 (d, J = 11.1 Hz, 2H, CH2), 4.94 (s, 2H, CH2), 4.88 (t, J = 861 

8.5 Hz, 2H, CH2), 4.85 (t, J = 8.6 Hz, 2H, CH2), 4.69-4.64 (m, 2H, CH2), 4.58 (d, J = 11.1 Hz, 862 

2H, CH2), 4.47 (t, J = 11.5 Hz, 2H, CH2), 3.71 (t, J = 9.5 Hz, 1H, H5), 3.55 (dt, J = 9.9, 2.3 Hz, 863 

2H, H1-H3). 864 
31P NMR (203 MHz, CDCl3): δ 70.2 (P-C4, P-C6), 66.8 (P-C2). 865 
13C NMR (125 MHz, CDCl3): δ 138.5 (CqPh), 136.8 (2 x CqPh), 136.2 (CqPh), 136.2 (CqPh), 866 

136.1 (CqPh), 136.1 (CqPh), 136.0 (CqPh), 136.0 (CqPh), 128.4 (CHPh), 128.4 (CHPh), 128.4 867 

(CHPh), 128.3 (CHPh), 128.2 (CHPh), 128.1 (CHPh), 128.1 (CHPh), 128.0 (CHPh), 127.9 (CHPh), 868 

127.8 (CHPh), 127.8 (CHPh), 126.7 (CHPh), 80.0 (C5), 79.2 (d, 2JCP = 6.0 Hz, C4-C6), 76.5 (C1-869 

C3), 73.8 (CH2), 72.9 (d, 2JCP = 6.0 Hz, C2), 72.4 (2 x CH2), 70.0 (d, 2JCP = 6.4 Hz, 2 x CH2-OP), 870 

69.8 (d, 2JCP = 4.1 Hz, 2 x CH2-OP), 69.6 (d, 2JCP = 4.6 Hz, 2 x CH2-OP). 871 

HRMS FTMS E+. Calculated for C69H69O12NaP3S3 [M+Na]+ 1301,30562; found: 1301.30491. 872 

 873 

 874 
2,4,6-(Tri-O-thiophosphate)-myo-inositol (20) 875 
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To a stirred solution of compound 19 (204 mg, 0.16 mmol) in anhydrous THF (5 mL) liquid NH3 876 

(20 mL) was added at -78°C under an argon atmosphere. Sodium was added in small pieces until 877 

the solution turned dark blue. The reaction was stirred for 10 min at -78°C then quenched with a 878 

saturated NH4Cl solution. NH3 was slowly evaporated overnight, and the remaining solution was 879 

extracted with DCM (20 mL). The aqueous layer was purified by size exclusion chromatography 880 

(LH-20, 100% H2O) followed by cation exchange on DOWEX 50W X8 (Na+ form) and freeze-881 

drying provided compound 20 as a yellowish lyophilizate (58.0 mg, 0.10 mmol, 61% yield). 882 

 883 

SMILES: O[C@H]1[C@H](OP([O-])([O-])=S)[C@@H](O)[C@@H](OP([O-])([O-])=S) 884 

[C@@H](O)[C@@H]1OP([O-])([O-])=S 885 
1H NMR (600 MHz, D2O): δ 4.75 (br s, 1H, H2), 4.45 (q, J = 9.5 Hz, 2H, H4-H6), 3.70 (d, J = 886 

9.7 Hz, 2H, H1-H3), 3.63 (t, J = 8.9 Hz, 1H, H5). 887 
31P NMR (203 MHz, D2O): δ 45.9 (P-C2), 45.1 (P-C4, P-C6).  888 
13C NMR (151 MHz, D2O): δ 77.6 (d, 2JCP = 7.2 Hz, C4-C6), 75.8 (d, 2JCP = 6.6 Hz, C2), 74.3 889 

(C5), 71.1 (t, 2JCP = 3.3 Hz, C1-C3) 890 

HRMS FTMS E-. Calculated for C6H14O12P3S3 [M+5H]- 466.88657; found: 466.88763. 891 

 892 

  893 
2,4,6-(Tri-O-thiophosphate)-myo-inositol-1,3,5-tri-O-sulfate (21) 894 

To a stirred suspension of compound 20 (17.8 mg, 29.70 µmol) in dry DMF (0.60 mL) a solution 895 

of TFA (10% in DMF) and sulphur trioxide N,N-dimethylformamide complex (114 mg, 0.74 896 

mmol) was added. The solution was stirred at room temperature for 30 min then quenched with 897 

NaOH (1M) until pH 8. MeOH (5 mL) was added, and salts were filtered in vacuo. Purification 898 

of the precipitate by size exclusion chromatography (LH-20, 100% H2O) followed by freeze 899 

drying provided compound 21 as a white lyophilizate (17.5 mg, 20.8 µmol, 70% yield). 900 

 901 
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SMILES: [O-]P(O[C@H]1[C@@H](OS(=O)([O-])=O)[C@H](OP([O-])([O-])=S)[C@@H] 902 

(OS(=O)([O-])=O)[C@H](OP([O-])([O-])=S)[C@H]1OS(=O)([O-])=O)([O-])=S 903 
1H NMR (600 MHz, D2O): δ 5.15 (d, J = 14.3 Hz, 2H, H4-H6), 5.02-4.99 (m, 2H, H1-H3), 4.89 904 

(dt, J = 14.8, 3.9 Hz, 1H, H2), 4.83 (br s, 1H, H5). 905 
31P NMR (203 MHz, D2O): δ 44.7 (P-C4, P-C6), 44.2 (P-C2). 906 
13C NMR (151 MHz, D2O): δ 77.3 (C1-C3), 74.2 (C5), 71.1 (d, 2JCP = 4.4 Hz, C4-C6), 64.8 (d, 907 
2JCP = 4.4 Hz, C2). 908 

HRMS FTMS E-. Calculated for C6H12O21P3S6 [M+6H]3- 234.91415; found: 234.91420. 909 

 910 

  911 
Hexakis-O,O-dibenzylthiophosphate-myo-inositol (22) 912 

Synthesis of 22 was performed as described previously.35 To a stirred suspension of myo-inositol 913 

(97 mg, 0.54 mmol) in an anhydrous mixture of DMF (14 mL) and acetonitrile (4 mL) 1H-914 

tetrazole (14 mL, 0.45 M in acetonitrile) and dibenzyl-N,N-diisopropyl phosphoramidite (1.34 915 

mL, 3.98 mmol) were added under a nitrogen atmosphere. The mixture was stirred at room 916 

temperature for 24 hr. Thereafter, pyridine (0.40 mL) and carbon disulfide (0.40 mL, 6.84 mmol) 917 

were added, followed by sulfur (427 mg, 13.34 mmol). The reaction was stirred at room 918 

temperature overnight then diluted with ethyl acetate (150 ml), washed with NaHCO3 saturated 919 

solution (100 mL), brine (100 mL), dried (MgSO4), filtered, and concentrated in vacuo. 920 

Purification was achieved by flash chromatography on silica gel (cyclohexane/ EtOAc 9/1 to 8/2) 921 

to afford compound 22 as a clear oil (236 mg, 0.13 mmol, 24% yield). 922 

 923 

SMILES: S=P(OCC1=CC=CC=C1)(OCC2=CC=CC=C2)O[C@H]3[C@@H](OP(OCC4= 924 

CC=CC=C4)(OCC5=CC=CC=C5)=S)[C@H](OP(OCC6=CC=CC=C6)(OCC7=CC=CC=C7)=S925 

)[C@@H](OP(OCC8=CC=CC=C8)(OCC9=CC=CC=C9)=S)[C@H](OP(OCC%10=CC=CC=C926 
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%10)(OCC%11=CC=CC=C%11)=S)[C@H]3OP(OCC%12=CC=CC=C%12)(OCC%13=CC=C927 

C=C%13)=S 928 
1H NMR (600 MHz, CDCl3): δ 7.39-7.06 (m, 60H, HPh), 5.61-5.55 (m, 3H, H2 or H5 and H1-H3 929 

or H4-H6), 5.49-5.46 (m, 2H, H1-H3 or H4-H6), 5.34 (d, J = 15.8 Hz, 1H, H2 or H5), 5.19-5.00 (m, 930 

24H, CH2). 931 
31P NMR (203 MHz, CDCl3): δ 69.3, 68.8 (2 x P), 68.0.  932 
13C NMR (125 MHz, CDCl3): δ 135.7 (CqPh), 135.7 (CqPh), 135.6 (CqPh), 135.5 (CqPh), 135.5 933 

(CqPh), 135.5 (CqPh), 135.5 (CqPh), 135.5 (CqPh), 135.4 (CqPh), 128.5 (CHPh), 128.5 (CHPh), 128.4 934 

(CHPh), 128.4 (CHPh), 128.4 (CHPh), 128.3 (CHPh), 128.3 (CHPh), 128.3 (CHPh), 128.2 (CHPh), 935 

128.2 (CHPh), 128.1 (CHPh), 128.0 (CHPh), 74.6 (C1-C3 or C4-C6), 74.0 (q, J = 4.7 Hz, C1-C3 or 936 

C4-C6), 70.5-70.4 (m, CH2, C2 and C5), 70.3 (d, J = 5.0 Hz, CH2), 70.2 (d, J = 4.4 Hz, CH2), 70.2 937 

(d, J = 5.5 Hz, CH2). 938 

HRMS FTMS E+. Calculated for C90H90O18NaP6S6 [M+Na]+ 1859,2769; found: 1859,2687. 939 
1H NMR, 31P NMR, and 13C NMR spectrum is in agreement with the literature report.35  940 

 941 

  942 
Hexakis-thiophosphate-myo-inositol (23) 943 

Synthesis was performed as described previously.35 To a stirred solution of compound 22 (235 944 

mg, 0.13 mmol) in anhydrous THF (4 mL) liquid NH3 (20 mL) was added at -78°C under a 945 

nitrogen atmosphere. Sodium was added in small pieces until the solution turned dark blue. The 946 

reaction was stirred for 10 min then quenched with a saturated NH4Cl solution. NH3 was slowly 947 

evaporated overnight, and the remaining solution was extracted with CH2Cl2 (10 mL). 948 

Purification of the aqueous layer was achieved by Sephadex LH-20 (100% H2O) and freeze-949 

drying provided the ammonium form of compound 23 as a white lyophilizate (57 mg, 59 µmol, 950 

47% yield).  951 

 952 
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SMILES: [O-]P(O[C@H]1[C@@H](OP([O-])([O-])=S)[C@H](OP([O-])([O-])=S)[C@@H] 953 

(OP([O-])([O-])=S)[C@H](OP([O-])([O-])=S)[C@H]1OP([O-])([O-])=S)([O-])=S 954 
1H NMR (600 MHz, D2O): δ 4.87 (d, J = 13.4 Hz, 2H, H1-H3 or H4-H6), 4.83 (d, J = 11.8 Hz, 955 

2H, H1-H3 or H4-H6), 4.72 (d, J = 14.5 Hz, 1H, H2 or H5), 4.55 (d, J = 14.1 Hz, 1H, H2 or H5). 956 
31P NMR (203 MHz, D2O): δ 44.5 (P-C2 or P-C5), 43.1 (P-C1, P-C3 or P-C4, P-C6), 43.0 (P-C1, P-957 

C3 or P-C4, P-C6), 42.9 (P-C2 or P-C5). 958 
13C NMR (151 MHz, D2O): δ 74.4 (C1-C3 or C4-C6), 73.9-73.6 (C1-C3 or C4-C6), 71.1 (C2 or C5), 959 

66.5 (C2 or C5). 960 

HRMS FTMS E+. Calculated for C6H6Na8O18P6S6 [M+8Na]2- 463.7748; found: 463.7733. 961 
1H NMR, 31P NMR, and 13C NMR spectrum is in agreement with the literature report.35 962 

 963 

 964 
4,6-Bis-O-(4-methoxybenzyl)-myo-inositol monoorthoformate (24) 965 

Synthesis was performed as described previously.30 Compound 1 (300 mg, 1.58 mmol, 1 eq) was 966 

co-evaporated in toluene thrice. The quenched reactant was then dissolved in 4 mL of anhydrous 967 

DMF. NaH (60% dispersion in mineral oil, 95 mg, 3.96 mmol, 2.5 eq) was dissolved in 2 mL of 968 

anhydrous DMF, and the mixture was left to stir at room temperature for a few minutes. 969 

Compound 1 was then added dropwise to the reaction mixture. This was allowed to react for 30 970 

min at room temperature. The reaction mixture was then cooled to 0°C. para-methoxy benzyl 971 

chloride (496 mg, 3.17 mmol, 2 eq) was added dropwise to the reaction mixture, and the solution 972 

was left to stir for 36 hr at 0°C. The reaction mixture was quenched with equal parts of methanol, 973 

concentrated, and separated between DCM and H2O thrice. The organic layer was dried with 974 

MgSO4, vacuum filtered, and concentrated. The crude product was purified via flash column 975 

chromatography (silica gel, gradient of 30, 35, 40, and 45% ethyl acetate/cyclohexane). The 976 

product was detected with 30% ethyl acetate/cyclohexane (Rf-value = 0.26) using UV light and a 977 

CAM stain. Compound 24 appeared as small white crystals (543 mg, 1.34 mmol, 86% yield).  978 

 979 

SMILES: O[C@H]([C@H](O1)[C@H]2OCC3=CC=C(OC)C=C3)[C@H]4O[C@@H]1O 980 

[C@@H]2[C@H]4OCC5=CC=C(OC)C=C5 981 
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1H-NMR (400 MHz, CDCl3): δ 7.18 (d, J = 8.8 Hz, 4H, HoPh), 6.82 (d, J = 8.4 Hz, 4H, HmPh), 982 

5.45 (s, 1H, H7), 4.58 (d, J = 11.12, 2H, CH2), 4.50 (d, J = 11.08, 2H, CH2), 4.42-4.38 (m, 1H, 983 

H5), 4.34 (t, J = 3.64, 2H, H4-H6), 4.20-4.18 (m, 2H, H1-H3), 4.16-4.13 (m, 1H, H2), 3.80 (s, 6H, 984 

CH3). 985 
1H NMR spectrum is in agreement with the literature report.30 986 

 987 

 988 
2-O-Benzyl-4,6-bis-O-(4-methoxybenzyl)-myo-inositol monoorthoformate (25) 989 

Synthesis of 25 was performed as described previously.50 Compound 24 (305 mg, 0.708 mmol, 1 990 

eq) was combined with NaH (60% dispersion in mineral oil, 51 mg, 2.124 mmol, 3 eq) and 2 mL 991 

of anhydrous DMF and was stirred for 10 min at 0°C. The reaction mixture was warmed to room 992 

temperature and benzyl bromide (182 mg, 1.062 mmol, 1.5 eq) was added dropwise. The mixture 993 

was stirred for 48 hr at room temperature. The reaction mixture was quenched with methanol, 994 

concentrated, and separated between H2O and DCM thrice. The organic layer was dried with 995 

Na2SO4, filtered, and concentrated. The crude product was purified via flash column 996 

chromatography (silica gel, 30% ethyl acetate/cyclohexane). The product was visible by UV 997 

light ad a CAM stain (Rf-value = 0.73; 30% ethyl acetate/cyclohexane). Compound 25 appeared 998 

as a clear viscous oil (238 mg, 0.458 mmol, 98% yield).  999 

 1000 

SMILES: COC(C=C1)=CC=C1CO[C@@H]2[C@@H]3[C@@H](OCC4=CC=CC=C4) 1001 

[C@@H](O5)[C@H](OCC6=CC=C(OC)C=C6)[C@H]2O[C@@H]5O3 1002 
1H-NMR (400 MHz, CDCl3): δ 7.40-7.28 (m, 5H, HBn), 7.12 (d, J = 8.65 Hz, 4H, HoPh), 6.81 (d, 1003 

J = 8.67 Hz, 4H, HmPh), 5.52 (d, J = 1.14 Hz, 1H, H7), 4.64 (s, 2H, CH2-Bn), 4.53 (d, J = 11.18 1004 

Hz, 2H, CH2-PMB), 4.40 (d, J = 11.25 Hz, 2H, CH2-PMB), 4.37 (sept, J = 1.68 Hz, 1H, H5), 1005 

4.30 (t, J = 3.72 Hz, 2H, H4-H6), 4.27-4.23 (m, 2H, H1-H3), 4.01 (q, J = 1.48 Hz, 1H, H2), 3.80 1006 

(s, 6H, CH3). 1007 
1H NMR spectrum is in agreement with the literature report.50  1008 

 1009 
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 1010 
2-O-Benzyl-myo-inositol (26) 1011 

Synthesis of 26 was performed as described previously.50 Compound 25 (187 mg, 0.359 mmol, 1 1012 

eq) was combined with 3 mL of ethanol and 1.5 mL of 1N HClaq at 90°C for 4 hr. The reaction 1013 

mixture was concentrated, and the product was partitioned between H2O and ethyl acetate thrice. 1014 

The aqueous layer was concentrated, producing a white solid, compound 26 (94 mg, 0.348 1015 

mmol, 97% yield).  1016 

 1017 

SMILES: O[C@H]1[C@H](O)[C@@H](O)[C@H](O)[C@@H](O)[C@H]1OCC2=CC=CC= 1018 

C2 1019 
1H-NMR (500 MHz, D2O): δ 7.47 (d, J = 6.93 Hz, 2H, HBn), 7.42 (t, J = 7.34 Hz, 2H, HBn), 7.37 1020 

(t, J = 7.05 Hz, 1H, HBn), 4.83 (s, 2H, H7), 4.02 (t, J = 2.61 Hz, 1H, H2), 3.65 (t, J = 9.59 Hz, 2H, 1021 

H4-H6), 3.58 (dt, J = 2.6, 10.1 Hz, 2H, H1-H3), 3.24 (t, J = 9.12 Hz, 1H, H5).  1022 
1H NMR spectrum is in agreement with the literature report.50  1023 

 1024 

  1025 
1,3,4,5,6-Penta-O-(dibenzyl-N,N-diisopropyl phosphoramidite)-2-O-benzyl-myo-inositol 1026 

(27) 1027 

Synthesis of 27 was performed as described previously.50 Compound 26 (202 mg, 0.746 mmol, 1 1028 

eq) was dried with toluene twice. Compound 26 was then combined with 1 mL of anhydrous 1029 
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DCM, 5-phenyl-1H-tetrazole (335 mg, 2.29 mmol, 9 eq), and dibenzyl-N,N-diisopropyl 1030 

phosphoramidite (559 mg, 1.62 mmol, 6 eq). Initially compound 26 was not soluble in the 1031 

reaction mixture but after a couple hours it became solubilized. The reaction mixture was left to 1032 

stir at room temperature for 16 hr. The reaction mixture was then cooled to -10°C. m-CPBA (395 1033 

mg, 2.29 mmol, 7 eq) was added to the reaction mixture portion-wise while stirring. The reaction 1034 

mixture was then allowed to run for 15 minutes at room temperature. The reaction was diluted 1035 

with DCM and washed with 10% sodium sulfite 3 times. The 10% sodium sulfite was then 1036 

backwashed with DCM. The DCM was dried with sodium sulfate, and the product was filtered 1037 

and concentrated. The product was a yellow viscous oil with small white crystals. The product 1038 

was purified twice, first via flash column chromatography (0, 2, 4, 6, 8% methanol/DCM). 1039 

Fractions 28-32 indicated the presence of an impure product using a TLC with 6% 1040 

methanol/DCM (Rf-value =  0.51). The product was then purified using a Strata C18-E solid 1041 

phase extraction column. The column was washed with methanol and equilibrated with 75% 1042 

acetonitrile/H2O. The crude product was loaded onto the column in 75% acetonitrile/H2O and the 1043 

sample was run with 75, 85, 95, and 100% acetonitrile/H2O. The product eluted in fractions 13-1044 

17, the fractions were lyophilized and compound 27 (1.16 g, 0.738 mmol, 99% yield) was a clear 1045 

solid. 1046 

 1047 

SMILES: O=P(OCC1=CC=CC=C1)(OCC2=CC=CC=C2)O[C@H]3[C@@H](OCC4=CC=CC 1048 

=C4)[C@@H](OP(OCC5=CC=CC=C5)(OCC6=CC=CC=C6)=O)[C@H](OP(OCC7=CC=CC=1049 

C7)(OCC8=CC=CC=C8)=O)[C@@H](OP(OCC9=CC=CC=C9)(OCC%10=CC=CC=C%10)=O1050 

)[C@@H]3OP(OCC%11=CC=CC=C%11)(OCC%12=CC=CC=C%12)=O 1051 
1H-NMR (500 MHz, CDCl3): δ 7.32-7.21 (m, 55H, HBn), 5.11-4.94 (m, 22H, BnCH2OP, H4-H6), 1052 

4.78 (s, 2H, PhCH2O), 4.75 (br s, 1H, H2), 4.41 (q, J = 9.83 Hz, 1H, H5), 4.34 (t, J = 7.9 Hz, 2H, 1053 

H1-H3). 1054 
31P NMR (202 MHz, CDCl3): δ -1.01 (1P), -1.35 (2P), -2.02 (2P). 1055 
13C-NMR (126 MHz, CDCl3): δ 128.57 (5C), 128.55 (5C), 128.50 (5C), 128.36 (5C), 128.33 1056 

(9C), 128.26 (3C), 128.20 (3C), 128.18 (2C), 128.15 (6C), 128.13 (5C), 128.06 (5C), 128.04 1057 

(5C), 127.96 (5C), 127.54 (1C), 127.42 (2C), 76.91 (buried 1C), 75.86 (1C), 75.51 (1C), 75.26 1058 

(1C), 75.19 (1C), 75.14 (1C), 75.10 (1C), 69.84 (1C), 69.79 (1C), 69.73 (1C), 69.68 (1C), 69.66 1059 

(1C), 69.62 (3C), 69.58 (2C).   1060 
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MALDI-MS. Calculated for C83H83NaO21P5 [M+Na] 1593.40; found 1593.42, 1609.40. 1061 
1H NMR spectrum is in agreement with the literature report.50  1062 

 1063 

 1064 
1,3,4,5,6-Phosphate-2-O-benzyl-myo-inositol (28) 1065 

Compound 27 (1571.42 g/mol, 0.318 mmol, 1 eq) was combined with m-cresol (108.14 g/mol, 1066 

195 mg, 37 eq) and thiophenol (110.18 g/mol, 1.851 mmol, 38 eq). The reaction mixture was 1067 

cooled to 0°C and TFA (1.69 g, 14.805 mmol, 304 eq) was added. Next, bromotrimethylsilane 1068 

(261 mg, 1.704 mmol, 35 eq) was added dropwise to the reaction mixture. The solution was 1069 

stirred for 15 min at 0°C and then diluted in equal parts toluene and co-evaporated thrice. 1070 

Distilled water was added to the crude product and it was separated with DCM thrice. The crude 1071 

product was purified using a Strata C18-E solid phase extraction column. The column was 1072 

washed with methanol and equilibrated with 0.1% TFA H2O. The aqueous layer was loaded onto 1073 

the column and the sample was run with 0.1% TFA/H2O. The product eluted in fractions 2-4, the 1074 

fractions were lyophilized and compound 28 was a white solid (132 mg, 0.197 mmol, 62% 1075 

yield).  1076 

 1077 

SMILES: C#CCO[C@H]1[C@@H](OP([O-])([O-])=O)[C@H](OP([O-])([O-])=O)[C@@H] 1078 

(OP([O-])([O-])=O)[C@H](OP([O-])([O-])=O)[C@H]1OP([O-])([O-])=O 1079 
1H-NMR (400 MHz; D2O): δ 7.40 (d, J = 7.08 Hz, 2H, HBn), 7.29 (t, J = 7.00 Hz, 2H, HBn), 7.24 1080 

(d, J = 7.16 Hz, 1H, HBn), 4.78 (s, 2H, Bn-CH2), 4.44 (t, J = 8 Hz, 2H, H4-H6), 4.35 (t, J = 2.56 1081 

Hz, 1H, H2), 4.3-4.23 (m, 3H, H1-H3-H5).  1082 
31P-NMR (202 MHz; D2O): δ 0.26 (1P), -0.08 (2P), -0.79 (2P). 1083 
13C-NMR (126 MHz; D2O): δ 128.64 (3C), 128.38 (3C), 128.16 (1C), 46.64 (3C), 8.19 (3C). 1084 

HRMS FTMS E+. Calculated for C13H22O21P5- [M-H] 668.93; found 668.9. 1085 
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 1086 

Experimental Procedures  1087 

Extent Cleavage Assay 1088 

TcdB extent cleavage induced by IP6 analogs was determined via the extent cleavage assay as 1089 

previously reported, with some modifications.20 In a 1.5 mL microcentrifuge tube Tris Buffer 1090 

(100 mM Tris, 1 mM TCEP, pH 7.4) was combined individually with 50 µM of IP6 and each IP6 1091 

analog (IT1S5, IS5T1, IT2S4, IT3S3, IS3T3, IT6). For the experiments performed in the 1092 

presence of divalent cation, CaCl2, MgCl2, or ZnCl2 was added to the tubes containing IP6 1093 

analogs to get the final concentrations of 3 mM, 10 mM, 1.25 mM, 10 mM, 20 µM, or 100 µM. 1094 

A negative control of no IP6 analog and a positive control of 1 mM IP6, corresponding to 1095 

minimal and maximal toxin cleavage respectively, were included in every experiment. The tubes 1096 

were equilibrated on a thermal shaker (MBI Lab Equipment) at 37ºC for 15 min at 300 rpm. 200 1097 

ng of TcdB (abcam, ab124001) was added to the 1.5 mL microcentrifuge tubes and the samples 1098 

were shaken at 300 rpm at 37ºC for 3 hr. The assay was stopped upon addition of Laemmli 1099 

sample buffer (LBx4), and the samples were boiled for 5 min. Samples were stored at -20ºC. The 1100 

toxin cleavage products were separated by SDS-PAGE using a hand cast 8% acrylamide gel and 1101 

MOPS SDS running buffer. The SDS-PAGE results were visualized using a modified version of 1102 

the Vorum silver stain protocol and imaged on an Amersham Imager 600 (GE Healthcare).51 The 1103 

band intensities of the gels were quantified using ImageJ and the molar extent of cleavage (EoC) 1104 

was calculated using the following formula:  1105 

EoC (%) = 
!!"#$"#$ "

!!"#$"#$#
!"$#
"$# "

 x 100 1106 

(1) 1107 

The EoC values were then normalized to the internal references for maximum (positive control) 1108 

and minimum (negative control) cleavage: 1109 

EoCnorm = (%&'(	%&'%&')
(%&'%()(	%&'%&')

 1110 

(2) 1111 

The EoCnorm of each IP6 analog was compared in Prism 10 (GraphPad) using Tukey’s MCT, p ≤ 1112 

0.05, n = 15. 1113 

 1114 
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Precipitation Assay 1115 

The precipitation of IP6 analogs in a simplified GI tract environment was determined via a 1116 

modified turbidimetric precipitation assay.52 To determine a qualitative assessment of 1117 

precipitation, 250 µM of the ligand of interest (IP6, IS5T1, IT2S4, IT3S3, IT6, and EDTA) was 1118 

combined with 100 mM of varied buffers at a pH of 2, 3, 4, 5, 6, 7, or 8. The buffers used were 1119 

chloride, citrate, acetate, MES, HEPES, and Bis Tris. Each buffer was combined with either 3 1120 

mM or 10 mM CaCl2, 1.25 mM or 10 mM MgCl2, or 20 µM or 100 µM ZnCl2, in a 96 well plate 1121 

(Thermo Scientific, Nunclon Delta Surface) to achieve a final volume of 350 µL. The plate was 1122 

rocked at room temperature for 30 min. The absorbance of each well was measured at 275 nm 1123 

using a plate reader (Tecan Spark 10M Multimode Plate Reader) to determine the optical density 1124 

(OD) of each well. The wavelength of 275 nm was determined experimentally based on the 1125 

precipitate particle size. 1126 

Each OD readout was subtracted from its respective control OD (buffer with 250 µM of the 1127 

ligand of interest), as none of the IP6 analogs absorb UV light. Next, OD was set relative to 1128 

maximal OD, which was the highest observed OD value that could be induced by any of the 1129 

small molecules (0.8083 AU induced by 250 µM IP6 in 10 mM MgCl2, pH 7). Finally, in Prism 1130 

10 the average relative OD was plotted in a heat map with “1” as maximal precipitation and “0” 1131 

as no observed precipitation. The OD for each experimental condition was compared to zero with 1132 

a Wilcoxon t-test, p ≤ 0.001, n = 4. To note, a significant p-value corresponded with visible 1133 

white precipitate in the 96 well plate, except for the false positive reported for EDTA in 10 mM 1134 

CaCl2 at pH 8.     1135 

 1136 

Chelation Assay 1137 

The amount of free CaCl2 and MgCl2 in the presence of the IP6 analogs was determined using a 1138 

modified colorimetric assay protocol.20 First, a standard curve was determined for CaCl2 and 1139 

MgCl2 (500 nM – 1.6 mM) with 500 µM calmagite in 20 mM tris. The experiment was 1140 

performed in a 96 well plate (Thermo Scientific, Nunclon Delta Surface) and the absorbance of 1141 

Ca2+ and Mg2+ was measured with a plate reader (Tecan Spark 10M Multimode Plate Reader) at 1142 

550 and 539 nm, respectively.53 The absorbance of calmagite alone subtracted from the 1143 

absorbance with varied divalent cation concentrations was plotted against CaCl2 and MgCl2 1144 

concentration (log(M)), n = 4. The linear region of the corresponding semilog plot was fit with a 1145 
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semilog linear regression in Prism 10 to yield the slopes 0.08722 and 0.06308 for CaCl2 and 1146 

MgCl2, respectively. Next, the colorimetric assay was performed with 200 µM of IT1S5, IT2S4, 1147 

IT3S3, and IT6, 500 µM calmagite, and either 200 µM of CaCl2 or MgCl2. The absorbance of 1148 

Ca2+ and Mg2+ was measured, then subtracted from the absorbance of calmagite alone. The 1149 

absorbance values were interpolated using the standard curve, giving the concentration of free 1150 

divalent cation present in each sample. The amount of free Ca2+ and Mg2+ was compared in 1151 

Prism 10 with a Tukey’s MCT, p ≤ 0.05, n = 8. The correlation between number of 1152 

thiophosphates and amount of free Ca2+ was quantified via a simple linear regression (r), p ≤ 1153 

0.05, n = 8. 1154 

 1155 

Expression of the Truncated Cysteine Protease Domain 1156 

To generate the truncated cysteine protease domain (tCPD) from TcdB (TcdB 543-799 His6), the 1157 

nucleotide sequence coding for amino acids 543—799 of TcdB was used. The pET22b-TcdB543-1158 

799 plasmid was kindly donated by Dr. Matthew Bogyo and Dr. Aimee Shen, Stanford University. 1159 

The plasmid was transformed into Escherichia coli BL21(DE3) by standard techniques. 1160 

Overnight cultures of transformed BL21(DE3) were diluted 1:100 in 2 L Terrific Broth and 1161 

grown at 37ºC until an OD600 of 0.8—0.9 was reached. IPTG was added and the cultures were 1162 

grown for 3.5 hr at 30ºC. The cultures were pelleted by centrifugation at 5,000 x g for 30 min at 1163 

4ºC (Beckman J2-21, JS5.3). The cell pellets were resuspended in sonication buffer (20 mM 1164 

phosphate, 100 mM NaCl, 1 mM MgCl2, pH 8). The cell lysates were shaken for 30 min at 4ºC 1165 

and then sonicated with a probe sonicator (Misonix Sonicator 3000). The cells were centrifuged 1166 

at 5,000 x g for 30 min at 4ºC, then the supernatant was collected. tCPD was purified from the 1167 

cleared lysate by metal-ion affinity chromatography using Co-NTA resin (ThermoFisher 1168 

Scientific) at 4ºC. Eluted fractions containing protein were placed on a size exclusion gel 1169 

filtration column (Superdex 75 HiLoad Prep column) at 4ºC and eluted into the desired buffer.  1170 

 1171 

Crystallization and Structure Determination 1172 

Crystallization 1173 

The crystallization of tCPD was performed as previously described in the literature.21 For tCPD 1174 

bound to IP6, crystal hits were observed in 0.1 M tris HCl, pH 8.2, 36% (w/v) PEG2000 1175 

monomethyl ether as the precipitant. Diffraction quality crystals were grown at 22°C using the 1176 
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sitting-drop vapor-diffusion method by mixing 1 mM of tCPD and 2 mM IP6 in 10 mM tris HCl, 1177 

150 mM NaCl, pH 7.5 with an equal volume of mother liquor and allowing the crystals to grow 1178 

for 54-70 days.   1179 

 1180 

Structure Determination  1181 

Diffraction data for both structures were collected on the CMCF-08ID-1 beamline at the 1182 

Canadian Light Source. 1800 images were collected with an oscillation angle of 0.2° at 1183 

0.95371Å wavelength. Reflections were processed with autoPROC,54 merged, and scaled 1184 

with Aimless.55 The structures were solved by molecular replacement using the structure of IHP-1185 

bound TcdB cysteine protease domain (PDB 3PEE) with PHASER56 and refined with the Phenix 1186 

suite57 and Buster.58 Models were built with Coot.59 Data collection and refinement statistics are 1187 

given in Table 4. The structure was deposited to the Protein Data Bank (code 9BJA). 1188 

 1189 

Table 4. X-ray crystallography data collection and refinement statistics.  1190 

TcdB: IP6 (PDB 9BJA)           
 Crystal Parameter 
Wavelength (Å) 0.95371 
Resolution range (Å) 89.17–2.1 (2.16–2.1) 
Space group P121 
Unit cell dimensions (Å) 44.051 89.171 67.597 
Unit cell angles (deg) 90 103.782 90 
Total reflections 199,044 (2,573) 
Unique reflections 29,657 (403) 
Multiplicity 6.7 (6.29) 
Completeness (%) 99.9 (99.5) 
Mean I/sigma(I) 9.3 (18.1) 
Wilson B-factor 33.8 
R-merge 0.106 (0.545) 
CC1/2 0.996 (0.911) 
Reflections used for R-free 1496 
R-work 0.2296 
R-free 0.2574 
# non-hydrogen atoms 4220 
Macromolecules 3949 
Ligands 72 
Water 199 
Protein residues 417 
RMS (bonds, Å) 1.209 
Ramachandran favored (%) 99 
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Ramachandran allowed (%) 1 
Ramachandran outliers (%) 0 
Clashscore 8.06 
Average B-factor 44 
Macromolecules 73 
Ligands 32 
Solvent 43.2 
 1191 

KD Determination by ITC 1192 

ITC measurements were performed on the MicroCal iTC200 (Malvern Panalytical). All samples 1193 

were prepared in a 10 mM tris buffer, 150 mM NaCl, 1 mM TCEP, pH 7.5. The sample cell 1194 

contained 280 µL of 53 µM tCPD in the tris buffer. Protein used for this experiment was 1195 

prepared the same day due to protein instability. A total of 39 µL of 530 µM IP6 analog in tris 1196 

buffer was titrated into the sample cell with 29 successive injections at 10ºC. All samples were 1197 

degassed and thermostated prior to measurements. Heat of dilution (HOD) runs were measured 1198 

by injecting  530 µM IP6 analog into tris buffer alone. HOD measurements were subtracted from 1199 

the corresponding thermal peaks measured for the sample prior to data analysis. The resulting 1200 

differential binding heat data were analyzed with the MicroCal ORIGIN software using the one 1201 

site model fitting. Errors were derived from fitting statistics.  1202 

 1203 

EC50 Determination by Western Blotting 1204 

Extent Cleavage Assay 1205 

The experiment was followed similarily to what was described earlier, with some modifications. 1206 

In a 1.5 mL microcentrifuge tube 10X bicarbonate buffer, pH 7.4, 10 mM TCEP, and a serial 1207 

dilution of IP6, IT2S4, IT3S3, and IT6 were combined in either the absence or presence of 1208 

divalent cations (1 mM CaCl2, 150 µM MgCl2, 12 µM ZnCl2) and equilibrated in a thermal 1209 

shaker (MBI Lab Equipment) at 300 rpm for 15 min at 37ºC. 500 pg of TcdB was added to the 1210 

tubes and they were shaken at 300 rpm for 3 hr at 37ºC. The reaction was stopped with LBx4, 1211 

and the samples were boiled for 5 min. Samples were stored at -20ºC. The toxin cleavage 1212 

products were separated by SDS-PAGE using hand cast 8% acrylamide gels and MOPS SDS 1213 

running buffer. 1214 

 1215 

Western Blotting 1216 
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The TcdB protein fragments were transferred onto a PVDF membrane at 100 V for 1.25 hr 1217 

(BioRad, 1620177). Membranes were blocked with EveryBlot Blocking Buffer (BioRad, 1218 

12010020) for 30 min at room temperature. Membranes were then incubated on a rocking 1219 

platform overnight at 4ºC with primary antibody against TcdB-GTD (R&D Systems, AF6246, 1220 

1:1000). The membranes were incubated for one hour at room temperature with Rabbit Anti-1221 

Sheep IgG H&L (Abcam, ab6746, 1:1000). The membranes were incubated for one hour at room 1222 

temperature with Streptavidin (Abcam, ab7403, 1:5000). Between incubations the membrane 1223 

was rinsed with TBST (1X Tris-Buffered Saline, 0.1% Tween 20 Detergent). Detection of protein 1224 

levels was determined using enhanced chemiluminescence (Pierce ECL Western Blotting 1225 

Substrate) and the signals were captured using an Amersham Imaging System (GE Healthcare). 1226 

Densitometric analysis was performed using ImageJ Software.  1227 

 1228 

Data Analysis 1229 

The extent cleavage of each experimental condition was determined as described earlier, with a 1230 

modification. The EoC was calculated using the formula: 1231 

EoC (%) = (+"#$)
(+"#$#+"$#)

 x 100 1232 

(3) 1233 

The extent cleavage for each IP6 analog was then plotted against the logarithm of the 1234 

concentration of IP6 analog. The resultant plot was fit with a nonlinear curve fit in Prism 10 1235 

(Variable slope, 4 parameters); the corresponding median effective concentration (EC50) and 1236 

SD’s were reported, n = 6.  1237 

 1238 

Protonation Assay 1239 

All ITC measurements were performed on the MicroCal VP iTC. All samples were prepared in 1240 

50 mM buffer, 1 mM TCEP, I = 150 mM, pH 7.5. 1241 

I = 0.5∑(c ∗ z,) 1242 

(4) 1243 

Where, c = concentration, z = charge. 1244 

The buffers used were phosphate, HEPES, imidazole, and tris. Protein used for this experiment 1245 

was prepared the same day due to protein instability. The sample cell contained 2 mL of 53 µM 1246 
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tCPD in the respective buffer for that experiment. A total of 1.4 mL of 530 µM IP6 analog in the 1247 

respective buffer for the experiment was titrated into the sample cell with 29 successive 1248 

injections at 25ºC. All samples were degassed and thermostated prior to measurements. HOD 1249 

was measured by injecting 530 µM IP6 analog solution into buffer alone. HOD was subtracted 1250 

from the corresponding thermal peaks measured for the sample prior to data analysis. The 1251 

resulting differential binding heat data was analyzed with the MicroCal ORIGIN software using 1252 

the one site model fitting. 1253 

The enthalpy of each binding interaction (DHºobs) in every respective buffer was plotted against 1254 

the corresponding ionization enthalpy of the buffer (DHbi).60 A linear fit was performed in Prism 1255 

10 for each IP6 analog dataset. A one sample t-test was performed with the slope of each line and 1256 

zero (p ≤	0.05). This analysis was performed in OriginPro software.  1257 

DHºobs = DHº0 + NH+DHbi 1258 

(5) 1259 

DHº0 is the enthalpy that would be measured if the ionization enthalpy of the buffer were equal to 1260 

zero, and NH+ is the change in number of bound protons.45 1261 

 1262 

pK Determination 1263 

IP6 and IT6 in their sodium form were converted to their protonated form as described 1264 

previously.61 The protonated compounds were titrated with 50 mM tetrabutylammonium 1265 

hydroxide (NBu4OH) to the desired pH, as described previously.22 pH measurements were taken 1266 

from ~ 4 – 10 to assess the physiologically relevant pK’s. pH was measured with a benchtop 1267 

laboratory pH/mV meter (Fisher brand accumet Basic AB315) and a glass electrode. The pH 1268 

meter was cleaned (Thermo Scientific, Orion pH electrode cleaning solution) and calibrated 1269 

(Thermo Scientific, Orion Application Solution) prior to each use. When the desired pH was 1270 

achieved a 600 µL aliquot containing 4 mM IP6 or IT6, NBu4OH, and 4 mM trimethyl phosphate 1271 

in 10% D2O was placed in an 8 in, 5 mm O.D. NMR tube (Fisher Scientific). A 31P NMR with 1H 1272 

coupling was performed on an AVIIIHD 500 MHz Bruker NMR. The 31P-{1H} chemical shifts 1273 

were measured relative to trimethyl phosphate (TMP), the internal reference. Phosphorus peak 1274 

assignment was made in accordance with literature.22 NMR experiments were conducted at 300 1275 

K. 1276 
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Detected pH was plotted against 31P-{1H} chemical shifts. Protonation constants were calculated 1277 

by fitting the titration curves with an asymmetric sigmoidal non-linear curve fit in Prism 10. The 1278 

inflection points of the curve fit were reported as the apparent pK’s for each functional group on 1279 

IP6 and IT6. Values were reported as mean ± SD, n = 3. 1280 

 1281 

Differential Scanning Fluorometry 1282 

Differential Scanning Fluorometry was performed with tCPD at a final concentration of 1283 

0.4 µg/µL in 50 mM tris, I = 150 mM, 1 mM TCEP, pH 7.5, was combined with 4X SYPRO 1284 

Orange, and a serial dilution of IP6, IT1S5, IT2S4, IT3S3, and IT6. Protein used for this 1285 

experiment was prepared the same day due to protein instability. A CFX Connect Real-Time 1286 

System qRT-PCR thermocycler (Bio-Rad) was used to establish a temperature gradient from 1287 

25ºC to 95ºC in 0.2ºC increments, while simultaneously recording the increase in SYPRO 1288 

Orange fluorescence over 10 sec. The Bio-Rad CFX Connect Manager software was used to 1289 

integrate the fluorescence curves to calculate the melting temperature (TM). The TM for each IP6 1290 

analog was then plotted against the logarithm of the concentration of IP6 analog. The resultant 1291 

plot was fit with a nonlinear curve fit in Prism 10 (Variable slope, 4 parameters), the A2 value 1292 

was used to determine the maximum change in TM induced by the presence of IP6 analogs.  1293 

 1294 

Protein NMR 1295 

HSQC 1296 
1H-15N-HSQC NMR data were acquired on a Bruker AVIIIHD 800 MHz NMR Spectrometer 1297 

equipped with a TCI cryoprobe at 300 K in pH 7.5 buffer containing 25 mM tris, 100 mM NaCl, 1298 

1 mM TCEP, 10% D2O. Proteins were uniformly enriched with 15N, as described previously.62 1299 

Protein used for this experiment was prepared the same day due to protein instability. D2O was 1300 

used as an internal reference for spectral calibration. NMR spectra were processed using Topspin 1301 

4.3.0 and analyzed with POKY.63 Spectral peak assignment did not correspond with amino acid 1302 

number as a full NMR characterization of tCPD was not performed. Instead, the HSQC with the 1303 

greatest number of peaks was assigned in order from 1 to 208, where 1 was the peak with the 1304 

lowest ppm on the 1H spectrum and 208 was the peak with the highest ppm. The remaining 1305 

spectra were assigned by overlapping with the original assigned spectra, and the closest peaks to 1306 

those from the assigned spectra were given the same number. To investigate peak-specific 1307 

https://doi.org/10.26434/chemrxiv-2024-2cf6g-v2 ORCID: https://orcid.org/0000-0002-9207-1329 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-2cf6g-v2
https://orcid.org/0000-0002-9207-1329
https://creativecommons.org/licenses/by-nc-nd/4.0/


 56 

structural perturbations due to ligand induced changes in tCPD, chemical shift perturbations 1308 

(CSPs) were calculated using the equation: 1309 

CSP = 2(∆δH-), + (0.1ΔδN.), 1310 

(6) 1311 

Where ∆ δHN and δNH are the difference in the chemical shift of proton and nitrogen, 1312 

respectively.47 The threshold (θ) of significance was the average of all CSP values plus two SD 1313 

(95%) for two independent spectra of the holo-protein bound to a molar equivalent of ligand. 1314 

HSQC spectra were collected for 350 µM uniformly 15N-labeled protein samples with 141 - 208 1315 

data points (number of data points varied between samples) and with 4 scans.  1316 

 1317 

Phosphorus NMR  1318 
31P NMR data were acquired on a Bruker AVIIIHD 500 MHz NMR Spectrometer with a HX (X 1319 

= 109Ag-19F) probe. All samples prepared for the 1H-15N-HSQC NMR data were also used for 31P 1320 

NMR tracking to determine whether IP6 or IT3S3 was bound to tCPD in a competition assay. 31P 1321 

spectra had 1H-decoupling and were collected at 300 K with 512 scans.  1322 

 1323 

Statistical Analysis 1324 

All statistical tests were proceeded by a Shapiro-Wilk test to test for normality. Statistics for each 1325 

experiment were based on whether the raw data were normally distributed.  1326 

 1327 
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Supporting Information 1329 

Additional figures containing the colorimetric assay standard curve, ITC raw datasets, extent 1330 

cleavage data for IP5Bn, pK determination raw datasets, supplementary 1H-15N HSQC results, 1331 
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Toxin A; TcdB, Toxin B; CPD, Cysteine protease domain; GTD, Glucosyltransferase domain; 1364 

FDA, Food and Drug Administration; IP6, Inositol hexakisphosphate; IT1S5, 5-(O-1365 

thiophosphate)-myo-inositol-1,2,3,4,6-penta-O-sulfate (12); IS5T1, 2-(O-thiophosphate)-myo-1366 
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IS3T3, 2,4,6-(tri-O-thiophosphate)-myo-inositol-1,3,5-tri-O-sulfate (21); IT6, hexakis-1369 

thiophosphate (23); SAR, Structure Activity Relationship; tCPD, truncated cysteine protease 1370 

domain; GI, gastrointestinal; DMF, Dimethylformamide; DIBAL-H, Diisobutylaluminum 1371 

hydride; NBu4OH , tetrabutylammonium hydroxide; IS6, myo-inositol hexasulfate; EDTA, 1372 

ethylenediamine tetraacetic acid; OD, Optical Density; MCT, multiple comparisons test; KD, 1373 

dissociation constant; ITC, isothermal calorimetry; EC50, effective median concentration; IP5Bn, 1374 

1,3,4,5,6-phosphate-2-O-benzyl-myo-inositol; DSF, differential scanning fluorimetry; TM, 1375 

melting temperature; ∆TM, change in melting temperature; HSQC, heteronuclear single quantum 1376 

coherence spectroscopy; CSP, chemical shift perturbation; s, singlet; d, doublet; t, triplet; q, 1377 
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doublet; m, multiplet; br s, broad signal. 1379 
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