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Abstract 

Many cellular protein-protein interactions (PPIs) are mediated by phosphoserine. The specific 
targeting of these PPIs by phosphoserine-containing small molecules has been scarce due to the 
dephosphorylation of phosphoserine and its charged nature at physiological pH, which hinders its 
uptake into cells. To address these issues, we herein report the masking of the phosphate group of 
phosphoserine with biocleavable aryloxy triester phosphoramidate groups. A combination of in vitro 
enzymatic assays and in silico studies, using carboxypeptidase Y and Hint-1 respectively, showed that 
the phosphate masking groups are metabolized to release phosphoserine. To probe the applicability 
of this phosphoserine masking approach, it was applied to a phosphoserine-containing inhibitor of 14-
3-3 dimerization, and this generated molecules with improved pharmacological activity in cells 
compared to their unmasked phosphoserine-containing parent compound. Collectively, the data 
showcases the masking of phosphoserine with biocleavable aryloxy triester phosphoramidate 
masking groups as an efficient intracellular delivery system for phosphoserine-containing molecules. 
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Introduction 

Protein phosphorylation at serine residues is a fundamental phenomenon that is used by cells to affect 
the function, localization and degradation of proteins.1-3 In some cases, phosphorylated serine 
residues mediate protein-protein interactions via the docking of the phosphoserine residue into a 
positively charged pocket within the partner protein. Examples of this include serine phosphorylation 
of the adaptor protein 14-3-3, which facilitates its homodimerization.4 Another example is the 
phosphorylation of the protein kinase B (PKB, also commonly known as AKT) at serine 473, which is 
then docked into the 3-phosphoinositide-dependent protein kinase-1 (PDK1) interacting fragment 
(PIF) pocket of its partner protein kinase PDK1.5 Attempts at inhibiting these phosphoserine-mediated 
protein-protein interactions as means of discovering new drugs have mostly led, by design, to small 
molecules that lack phosphoserine. The move to discard phosphoserine groups from drug molecules 
was driven by the fact that phosphoserine carries two negative charges at physiological pH, which limit 
its (passive) cellular uptake.6 Additionally, phosphoserine is also subject to dephosphorylation by 
alkaline phosphatases, a process that yields serine-containing derivatives that do not often retain 
potent pharmacological activity compared to their parent phosphoserine-containing molecules. 
Although the masking of the phosphate group of phosphoserine was previously investigated, the study 
was limited to a phosphoserine mimetic (difluoromethylenephosphoserine) and not the natural 
phosphoserine moiety.7 With this in mind and in order to improve the drug-like properties of 
phosphoserine-containing small molecules, we explored the application of the aryloxy triester 
phosphoramidate technology to phosphoserine (Figure 1). This technology has been widely used to 
mask the 5’-O-monophosphate and monophosphonate groups of nucleotides,8, 9 which when fully 
masked are neutral at physiological pH and hence exhibit improved entry into eukaryotic cells via 
passive diffusion.8 Upon cell entry, the phosphate masking groups are then enzymatically metabolized 
by carboxypeptidase Y and Hint-1 to release the unmasked monophosphate species.8  
 

 
Figure 1. The general structure of the phosphate biocleavable aryloxy triester phosphoramidate 
groups and their postulated intracellular metabolism to release the unmasked monophosphate 
species. 

 
To date, the use of the aryloxy triester phosphoramidates in the  masking of nucleoside 5’-O-
monophosphates and monophosphonates delivered two nucleotide-based FDA-approved drugs,8 
whilst many more of these aryloxy triester phosphoramidate compounds are currently undergoing 
clinical trials.9 Encouraged by the success of the aryloxy triester phosphoramidate approach in  
masking monophosphate and monophosphonate groups of nucleotides, and thus improving their 
passive uptake into cells, we herein report the first application of these biocleavable masking groups 
to phosphoserine and a phosphoserine-containing small molecule with pharmacological activity. 
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Results and Discussion 

Aryloxytriester phosphoramidates are phosphoserine biocleavable motifs 
As a proof of concept, we initially synthesized phosphoserine with the aryloxy triester 
phosphoramidate masking groups (Figure 2a). For this, the N- and C-terminals of phosphoserine had 
to be protected10 first to allow for the selective addition of the aryloxy triester phosphoramidate 
moiety to the side chain hydroxyl group. The synthesis was initiated by the chlorination of tert-butanol 
(1) by copper(I) chloride with the peptide coupling reagent N,N'-dicyclohexylcarbodiimide (DCC).10 The 
generated compound, 2, was then reacted with the commercially available N-Boc L-serine, 3, in DCM 
to yield the N- and C-protected L-serine 4.10 This latter compound was subsequently reacted with 
phenyl L-alanine methyl ester phosphorochloridate (7), which had been synthesized according to 
reported procedures11, 12 by reacting L-alanine methyl ester hydrochloride (6) with the commercially 
available phenyl dichlorophosphate (5) in DCM and in the presence of triethylamine (NEt3). This 
reaction yielded the desired phosphoserine aryloxy triester phosphoramidate, compound 8, as a white 
solid in a good yield (62%). With the phosphoserine aryloxy triester phosphoramidate in hand, we first 
studied whether the aryl and amino acid ester groups that mask the phosphate group of 
phosphoserine could be metabolized in vitro to release the unmasked phosphoserine species.  
It is now well established that the metabolism of the aryloxy triester phosphoramidate moieties is  
initiated by the cleavage of the ester motif by carboxypeptidase Y to yield metabolite A (Figure 2b).8, 

14, 15 The formed carboxylate group then performs a nucleophilic attack onto the phosphate group 
leading to the release of the aryl group and the formation of a highly unstable five-membered 
anhydride ring (metabolite B, Figure 2b). This is subsequently opened up by a water molecule to 
generate the phosphoramidate metabolite C (Figure 2b). Finally, a phosphoramidase-type enzyme, 
histidine triad nucleotide-binding protein 1 (Hint-1),16-18 cleaves the P-N bond of metabolite C to 
release the unmasked monophosphate group. With this in mind, we incubated compound 8 at 37 °C 

Figure 2. Synthesis and in vitro esterase-mediated metabolism of phosphoserine aryloxy triester phosphoramidates. A. Synthesis of a 
phosphoserine aryloxy triester phosphoramidates (8). B. Mechanism of aryloxy triester phosphoramidates metabolism. C. 31P-NMR in vitro 
enzymatic assay of the breakdown of the phosphoserine phosphoramidate by carboxypeptidase Y.  
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with commercially available recombinant carboxypeptidase Y and monitored the sample by 31P-NMR 
(Figure 2c).  
As shown in Figure 2c, at t = 0 min, the 31P-NMR of compound 8 shows a sharp two singlets (dp = 3.1 
and 3.2 ppm), which correspond to the two diastereoisomers (R and S) of the phosphoserine aryloxy 
triester phosphoramidate. This is typical of the aryloxy triester phosphoramidates as they have a chiral 
phosphorous and most current synthetic routes yield these compounds as a mixture of two 
diastereoisomers.8, 12, 19 After 5 minutes incubation with recombinant carboxypeptidase Y, two new 
peaks appeared; one appeared briefly at dp = 4.1 ppm while another peak at dp = 6.4 ppm also 
appeared and remained throughout the rest of the experiment. This is typical for aryloxy triester 
phosphoramidates as previous studies using carboxypeptidase Y showed a similar pattern with the 
peak at  dp = 4.1 ppm corresponding to metabolite A whilst that at dp = 6.4 ppm corresponding to 
metabolite C (Figure 2b).13, 19 Notably, after 30 minutes incubation, only the 31P-NMR peak at dp = 3.2 
ppm remained from the two 31P-NMR peaks of the parent compound 8. This indicated that one of the 
diastereoisomers of phosphoserine phosphoramidate, which has a 31P-NMR that corresponds to dp = 
3.2 ppm, is a better substrate for the enzyme and thus was processed quicker. From 30 minutes 
onward, only two 31P-NMR peaks persisted; dp = 3.2 and 6.4 ppm. After 18 h, the peak at dp = 6.4 ppm 
became the major peak with only one of the peaks from the original phosphoserine phosphoramidate 
two singlets remained. Mass spectrometry analysis of the products generated from this in vitro 
enzymatic assay after 18 h confirmed the breakdown of the phosphate masking groups and the release 
of metabolite C (Supporting Figure S1). Collectively, this in vitro assay showed that carboxypeptidase 
Y triggers the breakdown of phosphoserine aryloxy triester phosphoramidate to generate metabolite 
C (Figure 2b). As in this in vitro assay, there was no phosphoramidase-type enzyme, metabolite C was 
not further processed to release the fully unmasked phosphoserine species. To predict whether 
metabolite C would be a good substrate for the phosphoramidase-type enzyme Hint-1, we performed 
in silico docking of the metabolite into the crystal structure of the human Hint-1 co-crystallized with 
AMP (PDB 1KPF) as previously reported.17, 19 The results showed that metabolite C sits in the Hint-1 
active site and the phosphate group of phosphoserine  forms key interactions with catalytic residues 
of Hint-1 (serine107, histidine112 and histidine114) suggesting that it could be a good substrate for 
this enzyme (Supporting Figure S2).17, 19 These docking results are in line with previous docking studies 
for the same enzyme that predicted and verified whether the P-N bond of the docked substrates could 
be cleaved off by Hint-1.17, 19 Together, the carboxypeptidase Y in vitro assay and the in silico docking 
indicate that phosphoserine aryloxy triester phosphoramidates are metabolized in a similar fashion to 
the nucleoside monophosphate aryloxy triester phosphoramidates.  
 

Synthesis of a phosphoserine-containing 14-3-3 inhibitor and its aryloxy triester 
phosphoramidates 
In order to establish the applicability of the aryloxy triester phosphoramidate approach in improving 
the pharmacological activity of phosphoserine-containing compounds, we applied this approach to a 
14-3-3 dimerization inhibitor 13 (Scheme 1).20 This compound is an ideal candidate for the application 
of the aryloxy triester phosphoramidate technology as it contains a phosphoserine motif that is 
essential for its pharmacological activity.20  
The synthesis of the aryloxy triester phosphoramidates of compound 13 commenced by the 
regioselective benzylation of the side chain hydroxyl group of N-Boc-L-serine (3), which proceeded 
with 70% yield (Scheme 1a). The carboxylic acid of the product, 9, was then conjugated to the amine 
group of tyramine to form a peptide bond using the peptide coupling reagent benzotriazol-1-yl-
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oxytripyrrolidinophosphonium hexafluorophosphate (PyBOP) in THF in the presence of NEt3. This was 
then followed by sequential deprotection of the amine group and the side chain hydroxyl moiety using 
trifluoroacetic acid in DCM and hydrogenation, respectively. This resultant compound 11 was reacted 
with compound 18, which had been generated21 in two steps from the commercially available 4-
cyanobenzoic acid (Scheme 1b). This gave compound 12, the core of the 14-3-3 dimerization inhibitor. 
With this compound in hand, we then synthesized the pharmacologically active phosphoserine 
derivative, 13, its diethyl phosphate derivative, 14, and its aryloxy triester phosphoramidates (15a-c). 
For the synthesis of the reported 14-3-3 inhibitor, 13, compound 12 was reacted with N,N,N’,N’-
tetramethylphosphorodiamidic chloride in acetonitrile (MeCN) in the presence of the Grignard 
reagent tertbutyl magnesium chloride (tBuMgCl). The generated phosphorodiamidate derivative was 
then converted to the desired monophosphate species, 13, by treatment with HCl in dioxane. We then 
also synthesized the derivative of compound 13 where the phosphate group is fully masked by diethyl 
groups, compound 14. The synthesis was achieved by reacting compound 12 with diethyl 
chlorophosphate in the presence of tBuMgCl in MeCN to flourish the desired compound 14 in 30% 
yield. For the synthesis of the aryloxy triester phosphoramidates of the 14-3-3 dimerization inhibitor, 
13, the synthesis started first by the generation of a small series of three phosphorochloridates 
(Scheme 1c). The synthesis of these was achieved by reacting the commercially available phenyl 
dichlorophosphate 19 with anhydrous NEt3 and the relevant L-alanine ester hydrochloride at -78 oC, 
as reported previously.11, 12 The generated phosphorochloridates (7, 20a-b) were obtained as a 
mixture of two diastereoisomers due to the chiral phosphorous center and were used in subsequent 
reactions as the mixture without the separation of the individual diastereoisomers. The coupling of 
these phosphorochloridates, with compound 12, was pursued by reacting 12 in the presence of 
tBuMgCl in MeCN to give the desired aryloxy triester phosphoramidates (15a-c), as a mixture of two 
diastereoisomers, in low yields (~ 30%). 
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Scheme 1. A. Synthesis of the phosphoserine-containing 14-3-3 dimerization inhibitor (13), diethyl phosphate (14) and its 
aryloxy triester phosphoramidates (15a-c). The serine motif is shown in red while its phosphate and masked phosphate 
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alanine ester phosphorochloridates (7 and 20a-b).  



 6 

Biological activity of a phosphoserine aryloxy triester phosphoramidates of a 14-3-3 inhibitor  
In order to determine the efficacy of the synthesized aryloxy triester phosphoramidates of a 41-3-3 
inhibitor to inhibit 14-3-3 dimerization and cell proliferation, we treated the lung cancer cell line, A549, 
with the 14-3-3 dimerization inhibitor, 13, its diethyl phosphate derivative, 14, and the aryloxy triester 
phosphoramidates 15a-c as well as compound 12 at the indicated concentrations (Figure 3). The choice 
of this cell line was driven by the fact that the parent 14-3-3 dimerization inhibitor, 13, was previously 
studied20 in A549 cells. For this, A549 cells were treated with the compounds at different 
concentrations (12.5, 25, 50 and 100 µM) for 48 and 72 h, time periods that are often used in 
determining the pharmacological activity of this type of aryloxy triester phosphoramidates.12, 13 Cell 
viability was then determined using standard MTT assays. The results showed that, as expected, the 
unphosphorylated compound 12, its phosphorylated derivative 13 and the diethyl phosphate 
compound 14, did not show any significant effect on cell viability. Encouragingly, the aryloxy triester 
phosphoramidates 15a-c, apart from 15a, did show significant reduction of A549 cell viability (Figure 
4). This is because these aryloxy triester phosphoramidates are neutral at physiological pH, unlike the 
parent compound 13, and thus they are more readily taken up by cells via passive diffusion. The fact 
that among this series of aryloxy triester phosphoramidates, the isopropyl and benzyl ester 
phosphoramidates (15b and 15c, respectively) showed significant biological activity and the methyl 
ester phosphoramidate, 15a, did not demonstrate profound biological activity, is in line with the 
established structure-activity relationship of aryloxytriester phosphoramidates of 5’-O-nucleoside 
monophosphates.8, 12 Overall, the aryloxy triester phosphoramidates of the phosphoserine-containing 
14-3-3 dimerization inhibitor discussed in this work exhibited improved pharmacological activity 
compared to the  parent unmasked phosphoserine compound (13).  

Conclusions 

Masking the phosphate group of phosphoserine with an aryl motif and an amino acid ester serves as 
a powerful approach for the intracellular delivery of phosphoserine. Indeed, this work showed using a 
combination of in vitro enzymatic and in silico docking studies that these phosphoserine aryloxy 

Figure 3. Cell viability of the unmasked phosphoserine compound (12), phosphoserine-containing 14-3-3 dimerization 
inhibitor (13), its diethyl phosphate derivatives (14) and the aryloxy triester phosphoramidates (15a-c). Cell viability was 
determined by standard MTT assay. The compounds were incubated with A549 lung cancer cell line for 48 h (white bar) and 
72 h (grey bar) at the indicated concentrations. The percentage of cell viability was calculated and presented as normalized 
value to control DMSO. Error bars show standard error from triplicate experiments.  
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triester phosphoramidates are metabolized to release the unmasked phosphoserine moiety. The 
application of this approach to a 14-3-3 phosphoserine-containing molecule significantly improved its 
pharmacological efficacy in cancer cells. This, together, validates the masking of phosphoserine groups 
with an aryl group and an amino acid ester moiety as an efficient approach for the intracellular delivery 
of phosphoserine, an approach that will in the future facilitate the discovery of therapeutic 
phosphoserine-containing molecules. 
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