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Protease-triggered self-immolative acyl
phosphates for controlled phosphate release

Hunter J. Clark, Yoojeong Chun and Mark Nitz *

The intracellular delivery of phosphate esters remains a challenge, which often requires the use of a

prodrug strategy. We report a protease-responsive scaffold that links an enzyme-catalyzed peptide clea-

vage to a spontaneous intramolecular lactamization onto a sterically encumbered acyl phosphate, result-

ing in phosphate release. This design represents a distinct mechanistic class of phosphate unmasking,

differing fundamentally from phosphoramidate-based ProTides and other esterase-triggered systems.

Using a phenylalanine based monoalkyl acyl phosphate as a model substrate, we demonstrate that the

scaffold undergoes, chymotrypsin-dependent decomposition to liberate phosphate bearing substrates

under mild conditions. The modular synthesis via a modified Staudinger ligation suggests that other pro-

tease-recognition sequences could be generated. This proof-of-concept establishes a general platform

for enzyme-triggered phosphate release via acyl phosphates with potential applications in prodrug devel-

opment and intracellular probe delivery.

Introduction

The intracellular delivery of phosphate-bearing small mole-
cules remains a challenge. The negatively charged and highly
polar nature of phosphate esters severely restricts passive
diffusion across lipid membranes, while transporter-mediated
uptake is often substrate-specific and tightly regulated.1–3

Consequently, phosphate-containing drugs and probes typi-
cally suffer from poor bioavailability and limited intracellular
accumulation, motivating the development of diverse phos-
phate-masking strategies.1–4

Among these strategies (Fig. 1), ProTide has been the most
widely adopted. In this design, the phosphate is masked as a
phosphoramidate, thereby enhancing lipophilicity and circum-
venting the need for transporter-mediated uptake.2,3 Once
internalized, the prodrug is sequentially activated by esterases
such as Cathepsin A or CES1 and the phosphoramidase
HinT1, ultimately liberating the phosphorylated cargo.2,3,5–7

Although highly effective in mammalian systems for the deliv-
ery of nucleoside phosphates, this multi-enzyme activation
pathway limits broader applicability, as homologous hydro-
lases, and their substrate specificities, differ substantially
across species and cell types.8,9

Several alternative phosphate-masking strategies (Fig. 1)
have been explored, including non-enzymatic systems such as
cycloSaligenyl (cycloSal)10,11 and esterase-dependent acyloxy-
methyl or S-acyl-2-thioethyl methods.12–15 These approaches

highlight the chemical diversity available for phosphate protec-
tion but depend strongly on the intracellular environment for
activation. The cycloSal design, for example, releases phos-
phate through a purely chemical mechanism without enzy-
matic assistance.10,11 Although conceptually general and appli-
cable to diverse cargos, cycloSal prodrugs often require high
concentrations to elicit biological activity and typically display
lower potency than established analogues.11 This behaviour is

Fig. 1 Established strategies for enzyme-triggered phosphate release
(examples 1–3) and a proposed peptidase-activated cyclization mecha-
nism (example 4).
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attributed to limited passive diffusion and suboptimal stabi-
lity, whereby either excessive persistence hinders intracellular
release or premature degradation occurs extracellularly.11 By
contrast, acyloxymethyl and S-acyl-2-thioethyl esters rely on
intracellular esterases for unmasking,12–15 making their per-
formance heavily dependent on host enzyme expression and
thus less suitable in systems with low esterase activity.
Collectively, these observations underscore the continuing
need for robust and versatile phosphate-releasing strategies
capable of functioning across diverse biological contexts.

Here, we present a protease-responsive phosphate-releasing
scaffold that couple’s enzyme-catalyzed peptide cleavage to a
spontaneous intramolecular lactamization. Enzyme-triggered
self-immolative release is well established in prodrug design,
where esterase- or protease-mediated cleavage initiates
decomposition of a para-aminobenzyl carbamate (PABC)
spacer to liberate the active cargo.16–18 Phosphate-containing
self-immolative linkers have also been described that release
two cargos simultaneously; in those systems, however, phos-
phate functions only as a transient trigger rather than as the
delivered species.19–21 Garbaccio and co-workers likewise
demonstrated phosphate-bridged PABC linkers “CatPhos” that
undergo Cathepsin B-mediated activation in antibody–drug
conjugates releasing the desired cargo and a reactive aza-
quinone methide.18 In contrast, our approach mediates phos-
phate release from an acyl phosphate intermediate via lactam
formation, generating an inert lactam as the sole byproduct.

Acylphosphates are naturally occurring, high-energy inter-
mediates that play central roles in metabolism and exhibit a
distinctive reactivity profile arising from their dual capacity to
function as both acylating and phosphorylating agents.22,23

Studies by Kluger, showed the moderate stability of acylpho-
sphates to hydrolysis in aqueous systems facilitating their use
in amide bond formation in protein conjugation and peptide
synthesis.24–28 The useful reactivity profile of acyl phosphates
has more recently been leveraged in self-assembling systems
and as reactive intermediates.29–32 Additionally, work from
Bearne, has built upon previous studies highlighting acylpho-
sphate based inhibitors,33–35 and has highlighted their poten-
tial to act as highly specific probes for reactivity profiling.36

This study establishes a proof-of-concept of a stable acyl
phosphate-based scaffold that releases phosphate through
amide cleavage. Because proteases are ubiquitous across bio-
logical systems, this platform offers a foundation for future
development of enzyme-triggered phosphate prodrugs and
chemical biology probes. A monoalkylphosphate was employed
here as a model leaving group to validate the mechanistic
design.

Results and discussion

At the outset of this study, we sought to evaluate whether acyl
phosphates could serve as viable structural elements within a
prodrug scaffold. Acyl phosphates are well established as natu-
rally occurring, high-energy intermediates in central metab-

olism, notable for their intrinsic electrophilicity and dual
capacity to participate in either acyl transfer or phosphoryl
transfer reactions.31,37–39 While these properties underpin
their biological utility, they also raise concerns regarding
chemical stability in aqueous and nucleophile-rich environ-
ments. Previous work on methyl acetyl phosphate has shown
the hydrolysis half-life to be on the order of days near neutral
pH but related aminoacyl phosphates hydrolyze in
minutes.25,27,28 Accordingly, it was important to determine if
the reactivity of the acyl phosphates could be reduced to
provide a molecule sufficiently stable prior to a self immolative
fragmentation. To this end, we synthesized a series of acyl
phosphate derivatives featuring varied substitution at the
α-position of the carbonyl to study how both steric (1c–e) and
electronic effects (1f ) contribute towards overall stability.

Compounds 1c–f (Fig. 2) were selected for initial stability
evaluation based on their ease of preparation in a single step
from the corresponding acid anhydrides. The compounds were

Fig. 2 Aminolysis of substituted acylphosphates. (a) Synthetic route to
acylphosphates. (b) General aminolysis reaction scheme; reaction pro-
gress was monitored by 31P NMR spectroscopy. (c) Time-dependent
aminolysis of acylphosphates 1a–1f in MOPS buffer (1.0 M, pH 7.0) and
lysine (100 mM). Symbols correspond to individual compounds as indi-
cated: ▲ (1e), ● (1f ), (1d), and (1c). Data is presented as the percen-
tage of remaining acylphosphate relative to the initial time point. Error
bars represent standard deviation from the mean of triplicate
experiments.
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evaluated under pseudo-first-order conditions (pH 7.0, 1 M
MOPS) using excess lysine (100 mM) as a representative
nucleophile. The high concentration of lysine was selected to
mimic the large excess of nucleophile that would be present in
biological contexts.40 Acylphosphates undergo aminolysis
more rapidly than hydrolysis, and the experimental design was
intended to preferentially interrogate aminolysis
reactivity.23,28,41 Accordingly, these conditions enabled us to
probe the limits of aminolysis reactivity relevant to future
prodrug applications. Rates of aminolysis were determined by
31P NMR spectroscopy, in which formation of the aminolysis
product (δ ≈ −0.6 ppm) resulted in a pronounced downfield
shift relative to the parent acylphosphate signal (δ ≈
−12 ppm), allowing reaction progress to be monitored over
time. As shown in Fig. 2, increasing the degree of methyl sub-
stitution at the α-carbon resulted in a marked increase in acyl-
phosphate stability. The measured half-lives for compounds
1c–f were approximately 5 min, 27 min, 636 min, and 66 min
respectively. Compounds 1d and 1f exhibited similar half-lives,
with the enhanced stability of 1f possibly arising from elec-
tronic effects associated with the aryl substituent, which may
reduce the electrophilicity of the carbonyl center. Compound
1f can be compared to benzoyl methyl phosphate for which
the reported aminolysis rates were comparable within a factor
of two.28 Comparing aminolysis rates of the ethyl 1d and piva-
loyl 1f derivatives, the two order of magnitude reduction in
rate observed is consistent with the differences observed for
aminolysis of p-nitrophenyl esters with the same acyl substitu-
ents.42 Collectively, these results indicate that degradation
under biologically relevant conditions proceeds predominantly
via C–O bond cleavage through nucleophilic attack at the car-
bonyl center and that this pathway can be substantially attenu-
ated through steric modification at the α-position.

Guided by the results of the aminolysis studies, the target
model compound contains a phosphate ester cargo, a self-
immolative linker, and a protease recognition sequence.
Phenyl phosphate (1a) and methyl phosphate (2a) were
selected as the model phosphate ester cargos in our system, as
they are synthetically accessible and representative of biologi-
cally relevant organophosphates.43–49 The linker design was
guided by the need for it to remain chemically stable prior to
enzymatic activation while reacting readily following proteo-
lytic cleavage. Introduction of an α,α-dimethyl substitution at
the carbonyl-phosphate stabilizes the unactivated prodrug,
while simultaneously accelerating intramolecular cyclization
after amide hydrolysis, consistent with the Thorpe–Ingold
effect. It is well established that both 5 and 6-membered
lactams form spontaneously via intramolecular cyclization
under physiological conditions with appropriate esters.50,51 We
opted for a six-atom linker over a five-atom analogue due to
synthetic accessibility. Phenylalanine was incorporated into
our model as the protease recognition sequence to serve as a
chymotrypsin (CT) substrate; this enzyme is extensively charac-
terized, readily available, and displays a strong preference for
cleavage at the carboxy terminus of aromatic residues.
Moreover, chymotrypsin is known to accommodate a broad

range of substrates, further supporting its practicality in initial
evaluations.52–54

A modular synthesis was envisioned, where an azido acid
could be first coupled to the desired phosphate ester cargo.
The azide would then serve as the protected amine for sub-
sequent Staudinger ligation with the preferred peptide
(Scheme 1). 1a and 1b were readily prepared by basic hydro-
lysis of their respective commercially available dichloropho-
sphates. Synthesis of the self-immolative linker began by alkyl-
ation of ethyl isobutyrate with 1,3-dibromopropane to afford
2.55 Subsequent nucleophilic displacement of the primary
bromide with sodium azide, followed by saponification of the
ester, furnished 4 in 86% yield. Intermediate 4 was converted
into the corresponding acyl chloride and subsequently
coupled with the desired alkyl phosphate to give 5a and 5b in
an analogous fashion to methods reported by Joeseph et al.56

Although acylphosphates can be prepared efficiently via coup-
ling with anhydrides, typically affording higher yields and
cleaner product profiles,39 this approach proved suboptimal
due to its reduced atom economy and a low yield likely arising
from the steric hindrance imposed by the α,α-dimethyl substi-
tution. Formation of the required phenylalanine amide bond
is complicated by the propensity a free amine to cyclize to the
lactam in the presence of the electrophilic acyl phosphate. To
circumvent this issue, a traceless Staudinger ligation strategy

Scheme 1 Synthesis of self-immolative scaffolds. (i) NaOH, H2O, r.t. (ii)
LDA, THF, −78 °C. (iii) 1,3-Dibromopropane, r.t. (iv) NaN3, DMSO, 60 °C.
(v) NaOH, 1 : 1 EtOH/H2O, 80 °C. (vi) oxalyl chloride, DCM, r.t. (vii) 1a/1b,
7 : 3 DCM/pyridine, r.t. (viii) LiAlH4, THF, 0 °C-r.t. (ix) Phe, DMAP, DCC,
DCM, r.t. (x) NEt3, DMF, r.t.
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was adopted, enabling direct amide bond formation from the
stable azide precursor.57 N-Acetyl-L-phenylalanine was first
coupled to 6, prepared by reduction of commercially available
3-(diphenylphosphanyl)benzoic acid.57 This phosphine
scaffold was selected over alternatives such as (diphenylpho-
sphaneyl)methan(thi)ol due to its improved stability under
ambient conditions,58 and was further favored over 3-(diphe-
nylphosphanyl)phenol based on its increased reaction
efficiency.57 Upon treatment of phosphine amino acid 7 with
acylphosphate 5a or 5b under mild conditions,57 the traceless
Staudinger ligation proceeded cleanly to afford the final com-
pounds 8a and 8b in 71% and 64% respectively.

The performance of the self-immolative phosphate-releas-
ing scaffold was evaluated by monitoring the hydrolysis by chy-
motrypsin (CT) (37 °C, 100 mM HEPES pH 8, 10 mM CaCl2).
The addition of Ca2+ to the reaction mixture was necessary to
ensure both the optimal stability and activity of CT.59–61

Divalent metal ions are reported to accelerate acyl phosphate
hydrolysis but require high millimolar concentrations of Ca2+

are required for significant effects.62 Reaction progress was
assessed by both 1H and 31P NMR spectroscopy (Fig. 3a and
b). Successful amide bond cleavage and intramolecular cycliza-
tion of 8a was expected to liberate phenylphosphate, which
appears as a characteristic downfield absorbance relative to
the acylphosphate starting material in the 31P NMR spectrum.
Under our assay conditions however, the phenylphosphate
signal was attenuated by its precipitation with the Ca2+ ions

associated with the chymotrypsin. To confirm the release of
phenylphosphate the reaction mixture was analyzed HPLC and
a signal consistent with phenylphosphate release was observed
(Fig. S1). The 1H NMR spectrum provided a complementary
measurement of reaction progress as the signal corresponding
to the diastereotopic gem-dimethyl protons of the substrate col-
lapse to a singlet, reflecting loss of the adjacent stereocenter.

The NMR time-course (Fig. 3a and b) revealed a progressive
decrease in the intensity of the starting gem-dimethyl doublet
(1.42 ppm), accompanied by the emergence and growth of a
new downfield singlet (1.47 ppm), consistent with conversion
to the cyclized product 10. The lactam 10 (3,3-dimethyl-
piperidin-2-one) was confirmed by the addition of authentic
product to the crude reaction mixture which led to an
increased signal intensity of the newly formed singlet (Fig. 3c),
validating our proposed mechanism for the protease-triggered
phosphate release. To benchmark the enzymatic reaction, we
compared our experimental initial rate (vo) with rates for the
established chromogenic substrates N-succinyl-L-phenyl-
alanine-p-nitroanilide (Suc-Phe-pNA).63 This analysis indicated
that chymotrypsin activity on 8a was noticeably slower, pro-
ceeding at approximately 10% the rate of the benchmark sub-
strate, consistent with Phe-pNA being an activated substrate.
Interestingly, complete conversion of 8a into its corresponding
products was not observed. By extending the reaction times
and adding additional enzyme it was only possible to achieve
50% conversion (Fig. S2). Interested by these results, we next

Fig. 3 (a) 1H NMR spectra of CT + 8a (1M HEPES pH 8, 100 μM CT, 10 mM 8a, 37 °C, 10 mM CaCl2); (b)
31P NMR NMR spectra of CT + 8a as in a; (c)

8a lactam spike-in experiment. Bottom spectrum represents original reaction mixture; top spectrum represents reaction mixture + lactam spike.
Peak assignments shown in coloured labels. Reference signal in 1H NMR spectra at 6.3 ppm corresponds to a maleic acid internal standard (10 mM).
Reference signal in 31P NMR spectra at 30 ppm corresponds to a methyl phosphonic acid internal standard (10 mM).
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evaluated if 8a was also an inhibitor of chymotrypsin. The
activity of Chymotrypsin (10 μM) was monitored with the chro-
mogenic substrate Suc-Phe-pNA (2 mM, 50 mM HEPES pH 8,
5 mM CaCl2) with increasing concentrations of 8a
(0.75–3.0 mM). No significant reduction in reaction velocity
was observed in the presence of the inhibitor (Fig. S3). This
suggest that the limited turnover does not arise from loss of
enzymatic activity due to inhibition, but rather from hetero-
geneity of the substrate. These findings are consistent with
racemization of the N-acetyl phenylalanine during formation
of the ester 7. To verify this, a sample of 7 was hydrolyzed and
the liberated amino acid analyzed for its optical rotation rela-
tive to authentic N-acetyl-L-phenylalanine. The hydrolyzed
material exhibited no optical activity. Although acylated amino
acids are known to racemize at accelerated rates during coup-
ling when compared to amino acid carbamates, racemization
was not previously reported for the preparation of these struc-
tures and further work is required to optimize the synthesis of
these esters.57,64

To explore whether the nature of the phosphate substituent
influences scaffold stability or performance, we prepared an
alternative derivative in which the phenyl group was replaced
with a smaller methyl substituent. Compound 8b was syn-
thesized analogously to 8a, differing only in the identity of the
phosphate substituent. The performance of 8b was evaluated
under identical conditions (37 °C, pH 8 HEPES buffer) using
1H NMR spectroscopy. In addition to the expected signals
described above, phosphate release could be observed by fol-
lowing the shift in signal corresponding to the methyl protons
of the alkyl phosphate (3.95 to 3.77 ppm for starting material
to product respectively). However, time-course NMR analysis
(Fig. 4) revealed no evidence of lactam formation, expected at

1.47 ppm. Instead, a doublet at 1.34 ppm was observed, con-
sistent with the phenylalanyl amide remaining intact indicat-
ing slow acyl phosphate bond cleavage in leu of amide hydro-
lysis. Concomitantly, a doublet at 3.77 ppm corresponding to
methyl phosphate increased over time. The parallel rates of
appearance of the amino-acid-linker and appearance of the
methyl phosphate signal suggested that 8b predominantly
undergoes slow non-enzymatic hydrolysis (Fig. 4 and Fig. S4).

The contrasting outcomes between 8a and 8b underscore
the influence of the phosphate substituent on enzymatic acti-
vation. Given that acyl phosphates are known inhibitors of
related β-lactamases,33 we next sought to confirm that the
divergent outcomes observed were not attributed to inhibition
of chymotrypsin. Control activity assays were performed as
described above. Compound 8b exhibited no evidence of
enzyme inhibition (Fig. S3) at the highest concentration evalu-
ated (3 mM).

Having established that 8b shows no detected inhibition,
the divergent reactivity of 8a and 8b can be rationalized in
terms of substrate recognition. Chymotrypsin’s catalytic
efficiency is not dictated solely by the P1 residue, but rather by
contributions from residues spanning the P4–P3′ positions
that occupy complementary subsites within the enzyme.53,65,66

In the Schellenberger model, substrate affinity and turnover
are enhanced when each fragment is matched to a site with
corresponding preference.53,65,66 Both the S1 and S2′ pockets
exhibit a substantial preference for hydrophobic
substituents.65,66 Within this framework, our scaffold posi-
tions the phenylalanine residue in S1, the immolative linker
and the phosphate substituents in P′ positions. Placement of a
phenyl group in a position for hydrophobic contacts may
improve recognition and cleavage of this substrate, in contrast

Fig. 4 (a) 1H NMR spectra of CT + 8b (1M HEPES pH 8, 100 μM CT, 10 mM 8b, 37 °C, 10 mM CaCl2); highlighted peaks correspond to the protons of
the matching colour in the scheme above. (b) Background hydrolysis of 8b in the absence of enzyme compared to the hydrolysis of 8b by CT at the
same timepoint.
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the predominantly polar methyl phosphate would be poorly
recognized by the P′ subsites leading to poor cleavage.

Although chymotrypsin was used as a model protease in
this study, the modular nature of the scaffold enables substi-
tution of the peptide recognition sequence to target alternative
proteolytic environments. For instance, in plant systems,
papain-like cysteine proteases represent attractive candidates,
while in microbial or in vitro contexts, broadly active enzymes
such as proteinase K or subtilisin-like proteases may be
employed.67–71 More generally, tailoring the terminal peptide
sequence to the specificity of a target protease should enable
this strategy to be adapted across diverse biological settings
for controlled phosphate release.

Conclusion

In this work, we described the design and evaluation of a
modular, protease-activated scaffold for controlled phosphate
release. Deconstruction of the scaffold into three functionally
independent components enabled a flexible architecture that
supports modifications while limiting synthetic complexity.
The incorporation of an α,α-dimethyl-substituted acyl phos-
phate linker was central to the design, providing both
enhanced chemical stability prior to enzymatic activation and
promoting rapid intramolecular cyclization following proteo-
lytic cleavage. Using chymotrypsin as a model system, we
showed that the scaffold 8a undergoes efficient enzymatic clea-
vage and lactam formation, resulting in phosphate release
without detectable accumulation of hydrolytic byproducts. In
contrast, analogue 8b does not undergo productive enzymatic
activation and instead undergoes slow, non-enzymatic hydro-
lysis, underscoring the importance of the phosphate substitu-
ent in determining protease recognition. Control experiments
confirmed that these divergent outcomes are not attributable
to enzyme inhibition, but rather reflect differences in substrate
engagement with chymotrypsin. Collectively, these results
establish a proof-of-concept for a peptidase-triggered, self-
immolative strategy for phosphate release and define key struc-
ture–reactivity relationships governing scaffold performance.
Ongoing efforts will focus on extending this platform to more
complex phosphate cargos and peptide recognition sequences,
with the goal of enabling selective, enzyme-guided delivery of
phosphorylated metabolites in biologically relevant settings.
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