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Abstract

A new myo-inositol pentakisphosphate was synthesized, which featured a dansyl group at position
C-5. The fluorescent tag was removed from the inositol by a 6-atom spacer to prevent detrimental
steric interactions in the catalytic site of phytases. The PEG linker was used in order to enhance
hydrophilicity and biocompatibility of the new artificial substrate. Computational studies showed a
favorable positioning in the catalytic site of phytases. Enzymatic assays demonstrated that the

tethered myo-inositol was processed by two recombinant phytases Phy-A and Phy-C, classified
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respectively as acid and alkaline phytases, with similar rates of phosphate release compared to their

natural substrate.
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1. Introduction

Inositol-phosphates are phosphate esters of cyclohexanhexol, which are involved in a wide range of
biological processes [1]. Originally found in plants [2], this family of inositol compounds was also
identified later in humans, where they play key roles in the regulation of ion uptake [3]. In
particular, inositol 1,4,5-triphosphate promotes the release of Ca**, a biological mediator linked to
cell proliferation, muscle contraction, apoptosis or gene transcription [4] Among the nine possible
stereoisomers of cyclohexanhexol, myo-inositol 1 is the most relevant, although scyllo-, chiro- and
neo-inositol have also been isolated from animal tissues and are present in soils [5] (Figure 1). Myo-
inositol hexakisphosphate, or phytic acid 2 (abbreviated as InsP¢ according to IUPAC
recommendations) and its salts (named phytates) is sequentially biodegraded to afford partially
phosphorylated inositol penta- (InsPs), tetra- (InsPs), tri- (InsP3), bis- (InsP2) or mono-phosphates
(InsPy). Phytic acid is the major storage form of phosphorous in plant seeds and makes inputs to
soil through two main ways [6a]. The first one is the fall of seeds to the ground and the second one
is the use of manures produced by monogastric animals as they are not able to degrade phytate from
seeds. Taken as a whole, phytic acid might comprise up to 58% of soil organic phosphorus [6b].
However, due to the lack of phytate membrane transporters in roots [6a], plants cannot absorb
directly phytate. To be processed by plants, orthophosphate must be released from its organic
source by specific enzymes known as phytases. However, most of plant species are not able to
secrete phytases in their root environment [6c]. In contrast, microorganisms produce extracellular
phytases responsible for phytate hydrolysis, which can represent a crucial step in the P-cycle. So
far, four classes of phytases have been identified on phylogenetic kinship [7]: purple acid
phosphatase phytase (PAPhytase), histidine acid phytase (HAP), cysteine phosphatase-like phytase
(CP-phytase), and B-propeller phytase (BPP) [8]. Phytases are also characterized according to their
mechanism of action as 3-phytases (EC 3.1.3.8), which initiate hydrolysis preferentially at the C-3
position, and 6-phytases (EC 3.1.3.26), which process at C-6. Although a great deal is known about
the biological relevance of microbial phytases in soil, gaps still remain in the understanding of their
accurate mode of action. This is due to the difficulty to follow phytate hydrolysis in soil because the

released orthophosphate (i) will be trapped by adsorption on soil mineral surfaces such as clays or



oxides and oxyhydroxides of Fe and Al and (ii) will be difficult to distinguish from endogenous
orthophosphate. Therefore, it would be more efficient to extract and to identify by HPLC the
various phosphorylated inositols potentially generated by the microbial phytases following phytate
addition to the soil. Hence, to gain knowledge in the localization, the role and the mode of action of
phytases, more easily detectable substrates are needed. A first artificial phytate analogue has been
prepared by Berry et al in 2005 [9]. The benzoylated analogue 3 (Fig. 1) was used to measure
phytase activity in soils through the identification of hydrolysis products (InsPs.n) by HPLC.
However, relatively high concentrations of substrate were needed in biological assays due to the
low absorbance of the benzoyl chromophore. Another artificial phytate from commercial sources
was used more recently to the same purpose, but no information was available on its synthetic
preparation [10a,b].

In this investigation we report the development of the new fluorogenic phytic acid analogue 4a (Fig.
1) and the validation of its value as an efficient substrate for two recombinant phytases that are (i)
the HAP phytase (Phy-A) from Aspergillus niger (EC 3.1.3.8) [11] and (ii) the BPP phytase (Phy-C)
from Bacillus subtilis (EC 3.1.3.8) [12]. Although both enzymes are 3-phytases, their end products
are different with InsP/ for PhyA and InsP3 for PhyC. In addition, PhyC requires calcium for its
activity. Our final goal is to use 4a as a chemical probe for assaying phytase activity in soils. For
this reason an efficient synthetic route enabling the production of preparative amount of 4a is

needed [10b].
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2. Results and Discussion

2.1. Substrate design

The preparation of a suitable substrate for 3- or 6- phytases raised several issues. The choice of the
tethered position was crucial to allow a possible action of both classes of enzymes. Thus, we
intended to install the chromophoric substituent at the non-reactive position C-5. Furthermore,
synthetic modifications at this position would minimize stereochemical issues, keeping the
intermediates and the final compound as meso forms. According to structure 3 (Fig. 1), moving the
chromophoric species away from the inositol by a spacer allows to retain affinity for the active site
of phytase. The introduction of a PEG linker would also enhance hydrophilicity and
biocompatibility of the artificial substrate [13]. Finally, the introduction of a fluorogenic probe, the
detection of which is much more sensitive than UV-absorbance, would address the sensitivity
issues. The dansyl fluorescent label seemed particularly attractive as it has been used with success
for biological purposes, in the synthesis of fluorescently labeled substrate analogues for chitin
synthase for instance [14]. The choice of the dansyl group preferably to BODIPY dyes, cyanines,
coumarins or other fluorogenic labeling strategies for biological purposes was its ease of handling,
its stability in biological medium, its stability to various chemical transformations, its commercial
availability and low price and its compatibility with some enzymatic targets.

The compatibility of the dansyl derivative with the active site of phytases was confirmed by
molecular docking calculations performed with structures of the Phy-A and Phy-C phytases
crystallized in complex with phytate analogue myo-inositol-1,2,3,4,5,6-hexakis sulfate and, for Phy-
C, Ca®* [15,16] (PDB entries 3K4Q and 3AMR, respectively). As shown on Figure 2, the presence
of the linked dansyl group did not seem to interfere with the binding of the phytate moiety at the
same location as for the natural phytate and allowed a similar positioning of phosphate groups in the

catalytic cavity.
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Fig. 2. Molecular modelling of the positioning of the inositol phosphate moiety in the catalytic site
of Phy-A (A, B) or Phy-C (C, D, E) when myo-inositol 6P (A, C) or myo-inositol 5P with a
fluorogenic group (dansyl group) (B, D, E) is supplied. Figures show the poses with highest
docking score after energy minimization of the structure in an explicit water box. Docking scores by
Autodock Vina were -6.3 kcal/mol (A), -7.3 (B), -5.2 (C), -6.0 (D) and -6.0 (E). For both enzymes,
the red and blue colors indicate negative and positive electrostatic potential, respectively. In Phy-C,
calcium ions are in green.

2.2. Chemistry
Since our final goal is to profile phytase activity in environments, preparative amounts of artificial
substrate are needed. For this reason we wished to come up with a reliable synthetic route to 4a
(Fig. 1), which could be applicable on a large scale.
A three-stage method of myo-inositol protection/deprotection was envisioned to keep hydroxyl at
position C-5 free for further functionalization. For this, positions 1,3 and 5 were simultaneously
protected by reaction with triethyl orthoformate, according to a known reaction (scheme 1) [17].

Benzylation of the remaining free hydroxyls was then performed under standard conditions to



afford fully protected inositol 6. Regioselective reduction of the orthoformate with
diisobutylaluminium hydride (solution in hexanes) yielded compound 7, which featured an
unprotected OH group at C-5 as expected. This transformation was highly efficient and afforded
quantitatively 7 after 2 h at room temperature in the presence of 2.5 equivalents of hydride. During
this latter stage, when a solution of DIBAL-H in THF was used instead of the solution in hexanes,
only poor conversion was reached under the same experimental conditions. The choice of the

source of hydride was thus crucial to succeed in this transformation.
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Scheme 1. Synthesis of intermediate 7.

The attachment of an ethyleneglycol derived linker to inositol 7 was anticipated by simple
nucleophilc substitution of an activated form (mesylate) of the linker with C5-OH. The linker
should also feature an amino function at the opposite end to tether the chromophore. To this aim we
prepared mesylates 9 and 11 from commercial 2-(2-aminoethoxy)ethanol 8 and 2-(2-
chloroethoxy)ethanol 9 respectively. Standard protection of amine 8 with di-tert-butyl dicarbonate
followed by mesylation with methanesulfonyl chloride afforded 9 in 90% overall yield (Scheme 2).
Chloride 10 was treated with NaN3 for 2 days in refluxing water and the resulting hydroxyl-azide
was mesylated as above to give 11 (72%, two steps) [18]. In the next step, whereas azide 11 reacted
efficiently with inositol 7 in the presence of NaH to afford 12 (90% yield), the same reaction with
protected amine 9 proved unsuccessful. Instead, intramolecular reaction was kinetically favored and

only morpholine 13 was isolated along with unreacted inositol.
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Scheme 2. Syntheses of linkers.



In order to make the synthetic route versatile and applicable in the future to a range of fluorogenic
species we intended to attach the chromophoric structure at the later steps of the synthesis, that is on
the fully deprotected inositol-amine 15 (Scheme 3). Thus, azide 12 was treated with boron
trichloride at 0 °C to remove both the acetal and the benzyl groups in a very smooth manner
affording azide-pentol 14 in good yields. Reduction of 14 under Staudinger’s conditions afforded
amine 15 quatitatively. However, reaction of dansyl chloride with unprotected 15 proved difficult
and yields did not exceed 60%. A more reliable sequence was obtained by switching the steps and
by introducing the dansyl group before deprotection. Thus, reduction of azide was effected first on
compound 12 to afford quantitatively amine 17, which was reacted without further purification with
DNS-CI to give the corresponding tethered inositol 18 in 81% yield. Final deprotection with BCl3
proved as efficient as above affording 16 in 98% yield. In parallel, amine 17 was functionalized
likewise with a benzoyl group affording inositol 19 and its deprotected analogue 20, showing the

versatility of the synthetic route.
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Scheme 3. Synthesis of tethered myo-inositols, experimental conditions: i : BCl;, 0 °C, then MeOH; ii : PPhs,
DMF/H;0, 50 °C, 24 h; iii : DNS-CI, NEt3;, DMF, rt.

The phosphorylation sequence of inositols is a standard procedure requiring an excess (usually 2

equivalents per hydroxyl) of O-dibenzyl or O-ortho-xylylene-phosphoramidite followed by



oxidation to the expected phosphate with mCPBA [19]. The presence of an acid activator is usually
necessary to assume complete and rapid conversion. Tetrazole and derivatives thereof are
commonly used, but pyridinium trifluoroacetate (PyTFA) showed also good results. Initial
phosphorylation attempts of dansyl-inositol 16 were conducted under various conditions, using
either dibenzyl N,N-diisopropylphosphoramidite or o-xylylene N,N-diethylphosphoramidite as the
phosphorylating agent and PyTFA or 5-phenyltetrazole as the activator (Scheme 4). Though
complete conversion of the starting material occurred, the expected pentaphosphate 21 was isolated
in only poor yields. Conversely, a control reaction with benzoylated inositol 20 proved successful,
affording 22 in 90% yield. This result calls into questions the compatibility of the dansyl group with
the reaction conditions. Particularly, oxidation with mCPBA, although it is conducted at low
temperature, could affect the sulfonamide group. To control the stability of dansyl in the presence
of mCPBA, a solution of inositol 16 and the peracid was stirred for 1h30 in dichloromethane. NMR
analysis of the crude mixture revealed the conversion of 50% of the starting material into
degradation products, confirming the incompatibility of the DNS moiety with mCPBA. Iodine was
also checked as the oxidant in a further assay, with no improvement in the yields. Finally, the use of
oxygen peroxide allowed selective oxidation of the phosphoramidite function without degradation
of the chromophore. However, yields of the expected phosphate 21 did not exceed 35%. Indeed, a
side product rising from additional phosphorylation at nitrogen could also be isolated [20]. This side
reaction could be minimized by simply lowering the amount of phosphoramidite from 10
equivalents to 6.6 affording 21 in 72% yield. During the final debenzylation step, the amount of Pd-
C had to be carefuly checked. Indeed, uncoupling of DNS occurred when performing the first
assays of hydrogenation in the presence of a 1.4-fold amount of Pd-C vs benzyl-protected substrate
21, affording the expected pentaphosphate 4a in unsatisfactory 20% yield. Optimization of the
reaction conditions (amount of catalyst, time of reaction, method of purification of final compound)
permitted to improve the isolated yields up to 56%. A first preparative synthesis of DNS-phytate 4a
was conducted and permitted to isolate 0.8 g of final compound by debenzylation of 3.55 g of
protected inositol 21. Its use as substrate for various phytases was examined further to evaluate its

potential as a chemical tool for biological purposes.
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Scheme 4. phosphorylation/hydrogenolysis steps.

2.3. Use of fluorescent substrate 4a by phytases

A sample of compound 4a might be stored at -20°C without any degradation. Only 5% autogenic
release of phosphate was measured with a sample that was stored at room temperature for several
months. Further control was performed by NMR analysis in water (D2O), which proved its
complete stability for at least 48h in this solvent (pH 1), without any degradation. The potential of
fluorescent myo-inositol phosphate 4a to act as a substrate for phytases was then verified using two
recombinant enzymes produced by gene overexpression in the yeast Komagataella (Pichia)
pastoris: one fungal histidine acid phytase from Aspergillus niger (Phy-A) and one bacterial B-
propeller phytase from Bacillus subtilis (Phy-C). Both enzymes were assayed with their natural
substrate myo-inositol hexakisphosphate and with our new fluorescent 5-(dansylaminoethoxy)ethyl-
myo-inositol-pentaphosphate. Reaction rates were estimated by measurement of Pi release using the
Malachite green method (see experimental part).

In the reaction conditions tested, using myo-inositol hexakisphosphate (sodium salt), Phy-A proved
significantly more active than Phy-C (0.65 pmol.s"'.mg™! protein vs 0.10 umol.s'.mg™! protein) (Fig.
3). Despite belonging to two very different phytase families, both enzymes released free Pi from our
artificial substrate 4a at the same rate as for the natural substrate (0.60 umol.s'.mg"! protein and
0.13 umol.s'.mg"! protein, respectively) (Fig. 3). The calculated conversion after 5 minutes (end-
point) are for PhyA, 37,47+1,8 % with Na-phytate and 37,41+2,9 % with 4a (n=3), for PhyC, 21,6
+1,29 % with Na-phytate and 23,47+3,7 % with 4a (n=3). Taken together, these results
demonstrated that 4a is a valuable phytase substrate and that the addition of the fluorogenic group

did not alter recognition of the phytate moiety of the substrate by either enzyme.
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Fig. 3. Rates of inorganic Pi release, expressed in umol.s'.mg! protein, by Phy-A and Phy-C
incubated with myo-inositol-hexaphosphate (Phytate) or 5-(dansylaminoethoxy)ethyl-myo-inositol-
pentaphosphate (Dansyl-phytate) supplied as their sodium salts. Note that calcium, as a required co-
factor, was added to the substrate for incubating Phy-C. Values are means with standard deviation
between brackets (n=3). For each enzyme, no significant differences were found between means

measured with either substrate (NS, Student’s t-test).

3. Conclusions

In conclusion, we prepared a chromogenic analogue of myo-inositol hexaphosphate, which features
a dansyl group at position C-5. Compound 4a might be used as a non-natural substrate for phytases
in order to follow enzyme kinetics more conveniently. Preliminary docking experiments conducted
with structures of Phy-A and Phy-C (PDB entries 3K4Q and 3AMR) confirmed the compatibility of
the dansyl derivative with the active site of phytases. The presence of the tethered dansyl group
might not impede the binding of the phytate moiety and allows a similar positioning of phosphate
groups into the catalytic cavity. Two enzymes, (Phy-A from Aspergillus niger and Phy-C from
Bacillus subtilis) were shown to operate experimentally with the chromogenic substrate, at rates
which were comparable to those observed for the natural substrate (sodium phytate). Hence, the
new substrate 4a will be useful to assess the actual phytate hydrolysis in soil by microbial

extracellular phytases.



4. Experimental section

4.1. Chemistry

4.1.1 Reagents and methods
Reactants and reagents were purchased from Aldrich and Sigma and were used without further
purification. Silica gel F254 (0.2 mm) was used for TLC plates, detection being carried out by
spraying with an alcoholic solution of phosphomolybdic acid, followed by heating. Flash column
chromatography was performed over silica gel M 9385 (40-63 pm) Kieselgel 60. NMR spectra
were recorded on Bruker AC 250 (250 MHz for 'H, 62.5 MHz for *C) or 500 (500 MHz for 'H,
125 MHz for '*C) spectrometers. Chemical shifts are expressed in parts per million (ppm) and were
calibrated to the residual solvent peak. Coupling constants are in Hz and splitting pattern
abbreviations are: br, broad; s, singlet; d, doublet; t, triplet; m, multiplet. High Resolution Mass

Spectra (HRMS) were performed on Q-TOF Micro micromass positive ESI (CV =30 V).

4.1.2 Syntheses

4.1.2.1. 5-0-[2-(2-Azidoethoxy)ethyl)-2,3,4-tri-O-benzyl-1,3-O-methylidene-myo-inositol (12)

To a solution of inositol 7 (500 mg, 1.08 mmol) in DMF (10 ml) at 0°C under an atmosphere of
argon, was added NaH (60% dispersion in mineral oil, 129.6 mg, 3.24 mmol, 3 eq). The mixture
was stirred for 20 min and a solution of 2-(2-Azidoethoxy)ethyl) methanesulfonate 11 (452 mg,
2.16 mmol, 2 eq) in DMF (10 ml) was added slowly. The mixture was stirred for 30 min at 0°C and
then heated to 80°C. After 18 h the reaction mixture was cooled to RT, poured into ice and
extracted with 3x50 ml of Et2O. The organic layers were washed with water (50 ml) and NaHCO3
(2x50 ml). The combined organic phases were dried (MgSOs), filtered, and concentrated under
reduced pressure. The residue was purified by chromatography on silica gel in Tol/EA 95/5 to 9/1
to give 12 (560 mg ; 0.97 mmol ; 90%) as a colorless oil. Rr = 0.49 with Tol/EA 8/2. '"H NMR (500
MHz, CDCl3) 6 7.47 — 7.27 (m, 15H, CH (Bn)), 5.18 (d, Jaam» = 5.6 Hz, 1H, Ha), 4.85 (d, JupHa =
5.6 Hz, 1H, Hb), 4.69 (d, J = 11.7 Hz, 2H, CH> (Bn)), 4.67 (s, 2H, CH> (Bn)), 4.64 (d, J = 11.7 Hz,
2H, CH> (Bn)), 4.27 (d, Ju1ma2 = Jusaz = 1.1 Hz, 2H, Hi, H3), 3.94 (d, Ja4ns5 = Jusus = 6.1 Hz, 2H, Ha,
He), 3.84 — 3.80 (m, 3H, H», Ha'), 3.65 — 3.59 (m, 4H, Hs', Hc'), 3.54 (t, Jusus = Jusuas = 6.1 Hz,
1H, Hs), 3.32 (t, Jupuc: = 5.1 Hz, 2H, Hp). °C NMR (126 MHz, CDCl3) § 137.88 (2C, Bn),
137.70 (C, Bn), 128.56, 128.51, 127.95, 127.93, 127.90, 127.86 (15CH, Bn), 85.61 (CH>, CHaHb),
82.29 (2CH, C4, Cg), 81.80 (CH, Cs), 72.24 (2CH, Ci, C3), 71.90 (2xCH>, Bn), 71.31 (CH>, Ca),



71.07 (CHz, Bn), 70.86 (CH>, Cg’), 70.24 (CH, C), 70.01 (CH2, Cc), 50.75 (CH2, Cp’). HRMS m/z
[M + Na]* calculated for C3H37N307Na 598.2534, found 598.2529.

4.1.2.2. 2,3,4-tri-O-Benzyl-5-0-[2-(2-dansylaminoethoxy)ethyl)-1,3-O-methylidene-myo-
inositol (18)

To a solution of inositol 12 (1.2 g, 2.18 mmol) in THF (40 ml) under an atmosphere of argon, was
added PPhs (821 mg, 3.12 mmol, 1.5 eq). The mixture was heated at 50°C. After 8 h the reaction
mixture was cooled to RT and H>O was added (6 ml) while keeping stirring overnight. The mixture
was concentrated under reduced pressure and directly used in the next step. The crude extract was
dissolved in dry DMF (30 ml) under an atmosphere of argon at 0°C, then triethylamine (507 pl,
3.64 mmol, 2 eq) and dansyl chloride (834 mg, 3.1 mmol, 1.7 eq) were added. The mixture was
stirred overnight at RT, after which EA and water were added. The aqueous layer was extracted
twice with EA and the combined organic phases were dried (MgSO.), filtered, and concentrated
under reduced pressure. The residue was purified by chromatography on silica gel in PE/EA 7/3 to
5/5 to give the product (1.15 g ; 1.76 mmol ; 81%) as a yellow oil. R = 0.30 with PE/EA 5/5. 'H
NMR (500 MHz, CDCI3) ¢ 8.51 (d, J = 8.5 Hz, 1H, CH (DNS)), 8.30 (d, J = 8.6 Hz, 1H, CH
(DNS)), 8.18 (dd, J =7.3, 0.9 Hz, 1H, CH (DNS)), 7.53 — 7.43 (m, 2H, CH (DNS)), 7.39 — 7.24 (m,
15H, CH (Bn)), 7.13 (d, J = 7.5 Hz, 1H, CH (DNS)), 5.63 (t, Jyuup’ = 5.8 Hz, 1H, NH), 5.20 (d,
Juamp = 5.5 Hz, 1H, Ha), 4.81 (d, Jusra = 5.5 Hz, 1H, Hb), 4.67 (d, J = 11.8 Hz, 2H, CH> (Bn)), 4.63
(s, 2H, CH> (Bn)), 4.58 (d, J = 11.7 Hz, 2H, CH> (Bn)), 4.28 (s, 2H, Hi, H3), 3.92 (d, Ju4#5 = JH6ns
= 6.0 Hz, 2H, H4, He), 3.86 (s, 1H, H2), 3.69 — 3.59 (m, 2H, Ha), 3.53 (t, Jusu4 = Jusus = 6.0 Hz,
1H, Hs), 3.38 — 3.35 (m, 2H, Hg'), 3.34 (t, Juc'up’ = 5.0 Hz, 2H), 3.02 (q, Jup'uc' = 5.4 Hz, 2H,
Hp), 2.86 (s, 6H, CH3 (DNS)). 3C NMR (126 MHz, CDCl3) § 151.99 (C, DNS), 137.85 (2C, Bn),
137.81 (C, Bn), 135.42 (C, DNS), 130.35 (CH, DNS), 130.03 (C, DNS), 129.81 (C, DNS), 129.22
(CH, DNS), 128.56, 128.54 (CH, Bn), 128.34 (CH, DNS), 127.99, 127.96, 127.94, 127.91 (CH,
Bn), 123.28 (CH, DNS), 119.15 (CH, DNS), 115.28 (CH, DNS), 85.61 (CH>, CHaHb), 82.07 (2CH,
C4, C¢), 81.31 (CH, Cs), 72.12 (2CH, Ci, C3), 71.96 (2xCH>, Bn), 71.07 (CHz, Bn), 70.92 (CHaz,
Ca»), 70.73 (CH2, Cp), 70.29 (CH, C»), 69.29 (CHz, Cc’), 45.52 (2CH3, DNS), 43.18 (CHz, Cp).
HRMS m/z [M + H]* calculated for C44Hs51N209S 783.3315, found 783.3312.

4.1.2.3. 5-0-[2-(2-Dansylaminoethoxy)ethyl-myo-inositol (16)
A solution of boron trichloride 1M in DCM (5.3 ml, 5.3 mmol, 10 eq) was added to a solution of

inositol (18) (415 mg, 0.53 mmol) at 0°C. The reaction mixture was stirred for 5 h and MeOH was
added to quench the reaction. After evaporation the crude extract was taken into MeOH/Et:O to

form a precipitate which was filtered to give 16 (260 mg, 0.52 mmol; 98%) as a light brown solid.



Mp = 213°C. 'H NMR (500 MHz, MeOD) & 8.57 (d, J = 8.5 Hz, 1H, CH (DNS)), 8.36 (d, J = 8.7
Hz, 1H, CH (DNS)), 8.22 (dd, J = 7.3, 1.2 Hz, 1H, CH (DNS)), 7.61 (dd, J = 8.6, 7.6 Hz, 1H, CH
(DNS) ), 7.59 (dd, J = 8.5, 7.3 Hz, 1H, CH (DNS)), 7.28 (d, J = 7.5 Hz, 1H, CH (DNS)), 3.95 (t,
Juzni = Jmons = 2.8 Hz, 1H, Ha), 3.81 — 3.76 (m, 2H, Ha'), 3.66 (d, Jusns = Jusns = 9.5 Hz, 2H, Ha,
He), 3.41 — 3.37 (m, 4H, Hp*, Hc), 3.36 (d, Juimz = Jusmz = 3.0 Hz, 2H, Hy, H3), 3.07 (t, Jup'uc = 5.5
Hz, 2H, Hp), 2.98 (t, Jusus = Jusns =9.3 Hz, 1H, Hs), 2.88 (s, 6H, CHs (DNS)). 3C NMR (126
MHz, MeOD) & 153.17 (C, DNS), 137.21 (C, DNS), 131.20 (C, DNS), 131.16 (CH, DNS), 130.94
(C, DNS), 130.03 (CH, DNS), 129.19 (CH, DNS), 124.34 (CH, DNS), 120.62 (CH, DNS), 116.48
(CH, DNS), 85.95 (CH, Cs), 73.89 (3CH, C,, C4, C¢), 73.28 (2CH, Ci, C3), 72.67 (CHz, Ca), 71.77
(CH», Cg'), 70.59 (CHa, Cc), 45.81 (2CHs3, DNS), 43.63 (CH2, Cp). HRMS m/z [M + Nal*
calculated for C2oH32N209NaS 523.1726, found 523.1718.

4.1.2.4. 5-0-]2-(2-Dansylaminoethoxy)ethyl-1.2.3.4.6-pentakis-O-[bis(benzyloxy)-phosphoryl-

myo-inositol (21)

To a solution of 16 (80 mg, 0.16 mmol) and 5-phenyltetrazole (257 mg, 1.76 mmol, 11 eq) in dry
dichloromethane (8 mL) under argon was added bis(benzyloxy)(N,N-diisopropylamino)phosphine
(290 pL, 0.88 mmol, 5.5 eq). Stirring was continued for 3h30 at room temperature. The reaction
mixture was cooled to 0°C and H20; 30% in water (228 pl, 2.23 mmol, 14 éq) was added while
stirring. The mixture was allowed to reach room temperature and stirring was continued for 1h at
RT. The reaction mixture was diluted with dichloromethane and washed with water and NaHCOs.
The aqueous layers were extracted with DCM (3 times) and the organic layers were combined, dried
over MgSO., and concentrated under reduced pressure. The crude extract was washed twice with
Et2O/PE (1/2; 50 ml) and the residue was taken in Et;O, filtrated and concentrated under reduced
pressure to give the product (208 mg ; 1.27 mmol ; 72%) as a yellow oil. Ry = 0.38 with PE/EA 5/5.
MW: 1800.48 g.mol!. '"H NMR (500 MHz, CDCI3) 6 8.51 (d, J = 8.7 Hz, 1H, CH (DNS)), 8.45 (d,
J =8.5 Hz, 1H, CH (DNS)), 8.22 (d, J = 7.1 Hz, 1H, CH (DNS)), 7.44 — 7.34 (m, 2H, CH (DNY)),
7.30 — 7.11 (m, 50H, CH (Bn)), 7.05 (d, J = 7.5 Hz, 1H, CH (DNS)), 5.62 (d, Ju2n1 = Juzusz = 8.9
Hz, 1H, H»), 5.17 — 4.86 (m, 22H, CH (Bn), Ha, He), 4.39 (t, Juinz = Jusuz = Juins = Jusus = 9.5 Hz,
2H, Hi, H3), 3.83 — 3.72 (m, 2H, Ha*), 3.41 (t, Jusus = Jusus = 9.3 Hz, 1H, Hs), 3.31 — 3.20 (m, 4H,
Hg, He), 3.06 (q, Jupmc = 5.2 Hz, 2H, Hp), 2.81 (s, 6H, CHs (DNS)). '*C NMR (126 MHz,
CDCI3) 6 151.60 (C, DNS), 136.55 (C, DNS), 135.97, 135.92, 135.86, 135.82, 135.78, 135.75,
135.73, 135.68 (10C, Bn), 129.98 (C, DNS), 129.95 (C, DNS), 129.76 (CH, DNS), 128.67, 128.59,
128.56, 128.53, 128.52, 128.47, 128.45, 128.36, 128.31, 128.28, 128.23, 128.19, 128.13, 128.03,
128.00, 127.96 (50CH, Bn, 2CH, DNS), 123.23 (CH, DNS), 120.01 (CH, DNS), 115.14 (CH,



DNS), 79.49 (CH, Cs), 77.01 (t, J = 6.12 Hz, 2CH, C4, Cs), 76.24 (d, J = 4.98 Hz, CH, C), 73.83
(m, 2CH, Ci, C3), 72.76 (CH2, Ca’), 70.17, 70.13, 70.10, 70.06, 70.01, 69.96, 69.92, 69.86, 69.81,
69.61, 69.57 (12CHz, Cs’, Cc’, Bn), 45.50 (2CH3, DNS), 43.23 (CH2, Cp). *'P NMR (202 MHz,
CDCl3) 6 -1.30 (2P), -1.44 (2P), -2.69 (1P). HRMS m/z [M + Na]* calculated for
Co2H97N2024NaPsS 1823.4738, found 1823.4751.

4.1.2.5. 5-0-]2-(2-Dansylaminoethoxy)ethyl-1.2.3.4.6-pentakis-O-[bis(benzyloxy)-phosphoryl]-

myo-inositol (4a)

To a solution of Inositol (21) (86 mg, 0.047 mmol) in MeOH (8.6 ml), 10% Pd/C (41 mg) was

added and the mixture was stirred under H, atmosphere at RT for 2 h. The reaction mixture was
filtered over Celite (washed with MeOH and H>O) and the filtrate was evaporated under reduced
pressure. The residue was purified by reverse phase chromatography on C-18 (H2O as eluent) to
give (4a) (24 mg, 56%) as a white powder after lyophilization. 'H NMR (500 MHz, D-0) & 8.74 (d,
J = 8.8 Hz, 1H, CH (DNS)), 8.44 (d, J = 8.6 Hz, 1H, CH (DNS)), 8.36 (d, J = 7.3 Hz, 1H, CH
(DNY)), 8.11 (d, J = 7.8 Hz, 1H, CH (DNS)), 7.90 (q, J = 8.4 Hz, 2H, CH (DNS)), 4.90 (d, Jr2n1 =
Juzns = 9.8 Hz, 1H, H»), 4.37 — 4.23 (m, 4H, Hi, Hs, Hs, He), 3.51 (s, 6H, CH3 (DNS)), 3.39 — 3.33
(m, 3H, Ha, Hs), 3.28 (t, Juc'up' = 4.7 Hz, 2H, Hc'), 3.23 — 3.18 (m, 2H, Hp'), 3.12 — 3.07 (m, 2H,
Hg'). *C NMR (126 MHz, D,0) § 138.32 (C, DNS), 135.78 (C, DNS), 130.48 (CH, DNS), 128.63
(C, DNS), 128.13 (CH, DNS), 127.07 (CH, DNS), 126.75 (CH, DNS), 125.69 (CH, DNS), 125.51
(C, DNS), 119.51 (CH, DNS), 79.68 (CH, Cs), 76.54 (t, J = 5.6 Hz, 2CH, C4, C¢), 75.94 (d, J = 5.6
Hz, Cy), 73.39 — 72.71 (m, 2CH, Ci, C3), 71.15 (CH2, Ca’), 69.42 (CH>, Cp), 68.51 (CH2, Cc),
46.84 (2CHs, DNS), 41.82 (CHa, Cp). *'P NMR (202 MHz, D;0) § -0.11 (2P), -0.62 (2P), -1.19
(1P). HRMS m/z [M + H]* calculated for C22H3sN2024PsS 901.0223, found 901.0216.

4.2. Enzymatic assays

4.2.1. Recombinant enzymes

We worked with recombinant proteins produced by gene overexpression in the yeast Pichia
pastoris, with methanol as a promotor, following reported procedures [21, 22]. Both enzyme
extracts (Phy-A and Phy-C) were produced at the ‘‘Halle de Biotechnologie’> (UMR IATE,
Montpellier, France). The Phy-A enzyme extract was of the same batch as the one described in the
literature [11]. It contained 45 mg/mL of total protein mass assayed by the BCA Protein Assay
(Pierce), of which 99% is the Phy-A enzyme. The yeast over-expressing the Phy-C enzyme was



obtained following a procedure from the literature [12]. The maximal production of recombinant
enzyme (17 mg of total protein, pure at 99%) was obtained after five days of methanol induction.

The two enzyme extracts were kept at —20°C before use.

4.2.2. Phytase measurements
We quantified the rate of release of orthophosphate ions (Pi) either from ultrapure sodium
phytate (Sigma-Aldrich, Ref P0109) or from dansyl-phytate 4a to measure the phytase activities
with the two substrates. The enzyme assay was carried out as described [11] with some
modifications. Briefly, the reaction was carried out in 1.5 mL Eppendorf tubes containing 0.3
mL of 0.025 M acetate buffer pH 5.5, 0.1 mL of 1 mM substrate and 0.1 mL of each diluted
enzyme solution (containing 10 and 20 pg of protein.ml™! for PhyA and Phy-C, respectively) or
deionized water for control. Calcium was added to the substrate solution (1/3, phytate/calcium)
to measure the activity of Phy-C. Two sets of reaction mixtures were prepared to measure the Pi
concentrations at time 0 and after 5 min at 25°C. For each time, the reaction was terminated by
adding 0.5 mL of tri-chloro-acetic acid (TCA) 10% (w/v). Reaction mixtures were then diluted
21 times with deionized water before measuring Pi concentrations in microplates using the
Malachite green method [23] carried out on 200 puL of the diluted solution and 40 puL of each of
the two reactants. After 30 min of incubation, absorbance of solutions was measured at 630 nm

on a microplate reader. Phytase activity was expressed in umol.s'.mg™! of protein.

4.3. Computational details
The 3D structures of Phy-A and Phy-C in complex with the phytate analogue myo-inositol hexakis
sulfate were obtained from the Protein Databank (https://www.rcsb.org) under entries 3K4Q and
3AMR, respectively. The structure of the subtrates was drawn and turned into 3D models using
Marvin Sketch v20.16 (ChemAxon, http://www.chemaxon.com). = Molecular docking was
performed with Autodock Vina v1.1.2 [27] using the UCSF Chimera v1.14 [28] interface. The
structures corresponding to the poses with the highest docking score were protonated for pH 5.5
using PROPKA 3.0 [29], placed in a TIP3P water shell (8 nm thick) and their energy was
minimized within UCSF Chimera with default parameters using the AMBER {f14SB and the AM1-
SCC force fields for atomic partial charge calculations in the protein and the ligand, respectively,
with the protein backbone constrained to fixed positions. The surface electrostatic potential was

calculated with APBS [30]. Molecular graphics were obtained using UCSF ChimeraX v1.1 [31].
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