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ABSTRACT: The tunable nature of phosphoramidate linkers enables broad applicability as pH-
triggered controlled-release platforms, particularly in the context of antibody- and small-molecule-drug
conjugates (ADCs and SMDCs), where there remains a need for new linker technology. Herein, we
explored in-depth the release of turn-on fluorogenic payloads from a homoserinyl-based
phosphoramidate acid-cleavable linker. Kinetics of payload release from the scaffold was observed in
buffers representing the pH conditions of systemic circulation, early and late endosomes, and lysosomes.
It was found that payload release takes place in two key consecutive steps: (1) P−N bond hydrolysis and
(2) spacer immolation. These two steps were found to follow pseudo-first-order kinetics and had
opposite dependencies on pH. P−N bond hydrolysis increased with decreasing pH, while spacer
immolation was most rapid at physiological pH. Despite the contrasting release kinetics of these two
steps, maximal payload release was observed at the mildly acidic pH (5.0−5.5), while minimal payload
release occurred at physiological pH. We integrated this phosphoramidate-payload linker system into a
PSMA-targeted fluorescent turn-on probe to study the intracellular trafficking and release of a
fluorescent payload in PSMA-expressing prostate cancer cells. Results showed excellent turn-on and
accumulation of the coumarin payload in the late endosomal and lysosomal compartments of these cells. The release properties of
this linker mark it as an attractive alternative in the modular design of ADCs and SMDCs, which demand selective intracellular
payload release triggered by the pH changes that accompany intracellular trafficking.

1. INTRODUCTION

It is estimated that 608,570 individuals will die of cancer-related
complications in the United States in 2021.1 The types of
treatment received depend exclusively on the type of cancer and
how advanced it is. Many cancer patients receive conventional
chemotherapy, which interferes with DNA replication or cell
division, thus killing proliferating cells, which in theory are
cancerous. Unfortunately, many current chemotherapeutic
drugs have limited specificity and often result in deleterious
effects on healthy peripheral tissues.2,3 Thus, there is an obvious
need for therapies with increased specificity and reduced
toxicity.
Over the past two decades, antibody drug conjugates

(ADCs)4−7 and, to a lesser degree, small-molecule drug
conjugates8−10 (SMDCs) have begun to address these issues,
with ADCs being the most efficacious. A successful drug
conjugate (DC) comprises three design elements. First, the DC
must contain a targeting molecule (e.g., antibody or high-affinity
ligand) for a cell surface cancer biomarker. Once a DC is
successfully bound to a cell surface cancer biomarker, it is
internalized through receptor-mediated endocytosis and
proceeds through a series of steps that can include (a) hydrolytic
degradation under acidic conditions of subcellular organelles;
(b) proteolytic degradation by lysosome-abundant proteases; or
(c) disulfide cleavage by glutathione. An example of one of these

tumor-specific cell surface targets, prostate-specific membrane
antigen (PSMA), has been used as a reliable clinical biomarker
for the detection and localization of prostate cancer because of
its specific upregulation in approximately 80% of tumor
epithelial cells during prostate cancer progression, where it
correlates negatively with prognosis.11−14 Inhibitors (phosphor-
amidates and urea) of PSMA’s enzymatic activity have been used
as PSMA-targeting molecules for various imaging15−29 and
therapeutic agents.30−35 Despite considerable efforts to outfit
small-molecule PSMA-targeting agents with cytotoxic drugs,36 a
few PSMA-targeted SMDCs have been effective because of
insufficient internalization into tumor cells. Regardless, many
PSMA-targeted molecules are currently in clinical trials, with
piflufolastat F-1837 and 68Ga-PSMA-1138,39 recently receiving
FDA approval, highlighting the continued interest in PSMA in
biomedical, translational medicine, and pharmaceutical fields.40

The second element of a successful DC is that it must contain
a cytotoxic payload such as the chemotherapeutic agent
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monomethyl auristatin E (MMAE). Third, a DC must contain a
cleavable linker to couple the payload to the targeting molecule
for facile release of the payload in targeted cells. Acid-cleavable
linkers are considered to be the most desirable yet the most
challenging to incorporate into DC applications. Acid-cleavable
linkers are specifically designed to remain stable at the neutral
pH of serum and plasma, which is extremely important for
efficient and safe drug delivery. However, these linkers can
present a challenge in terms of extracellular stability within the
low pH hypoxic, tumor microenvironment as they can undergo
premature, spontaneous release of the cytotoxic payload and
damage normal surrounding tissues as well as target cells
through a bystander effect. To date, only two ADCs41−43

(Mylotarg and Besponsa) utilizing an acid-degradable hydra-
zone linker have been approved for clinical use.
We have recently reported on the development of an acid-

cleavable phosphoramidate-based linker capable of releasing
MMAE (Figure 1A).44 This linker contains two key structural
components: (1) a biologically stable and cleavable pH-
triggered phosphoramidate scaffold and (2) a self-immolative

spacer. MMAE is released when the self-immolative spacer is
hydrolyzed from the phosphoramidate scaffold through
exposure to acidic conditions. Once hydrolyzed, the self-
immolative moiety undergoes ordered degradation, triggering
a clean release of MMAE. Additionally, this linker is click-ready
and water-soluble to aid bioconjugation to an array of relevant
therapeutic targeting agents.
Here, we describe the versatility and potential therapeutic

applicability of this phosphoramidate-based linker to effectively
release amine- and alcohol-functionalized fluorogenic coumarin
payloads at various acidic pH values characteristic of the
endosomal and lysosomal compartments45,46 encountered
during receptor-mediated endocytosis. As proof of principle,
we used the extracellular, enzymatic domain of the biomarker
PSMA as a target to demonstrate the internalization and release
of the fluorogenic coumarin payload into immortalized human
prostate cancer cells via receptor-mediated endocytosis.

Figure 1. (A) Representation of the acid-cleavable phosphoramidate-payload system from prior studies. (B)Overview of the stepwise release and turn-
on of latent fluorophores described in this study. k1 and k2 are rate constants for P−N bond hydrolysis and immolation, respectively.

Scheme 1. Synthesis of 1, 2, and 3 Was Achieved via a Two-Step Procedure from Key Alcohol Intermediatesa

aReaction conditions and yields (a) Coum-OCOCl, cat. DBU, DIPEA, CH2Cl2 (b) Coum-NCO, Et3N, CH2Cl2 (b) CsF, 18-Crown-6, DMF.
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2. RESULTS AND DISCUSSION

2.1. Assembly of the Acid-Labile Turn-on Dye
Modules. The acid-labile turn-on dye modules comprised a
phosphoramidate moiety coupled to a latent fluorescent payload
through one or two self-immolative spacers (Figure 1B).
Compound 1 was designed to explore the release of phenol-
based payloads (e.g., 4-methylumbelliferone,Coum-OH), while
compounds 2 and 3 were designed to release aniline-based
payloads (e.g., 7-amino-4-methylcoumarin, Coum-NH2). Syn-
thesis of 1 was achieved via the reaction of Fmoc-protected
intermediate 7 in a DBU-facilitated deprotection, followed by
reaction with hymecromone chloroformate all in one-pot to
yield silyl-protected phosphoramidate 8. Global O-silyl
deprotection of 8 afforded 1 in good yield (Scheme 1). The
preparation of 2 and 3was achieved via the reaction of alcohols 9

and 10 with 7-amino-4-methylcoumarin isocyanate, followed by
global O-silyl deprotection. Of note, the rationale for
substituting the carbamate N-methyl group in 2 with oxygen
in compound 3 was to determine if there would be an advantage
to more rapid immolation.46

2.2. pH-Dependent Hydrolysis Kinetics of the P−N
Bond in the Acid-Labile Turn-on Dye Modules. Once
prepared, the hydrolytic P−N bond degradation of turn-on dye
modules 1−3 was monitored by 31P NMR in buffers ranging
from pH values of 4.5 (lysosomal pH), 5.0 (late endosomal pH),
5.5, 6.0, 6.5 (early endosomal pH), and 7.4 (physiological pH)
over 8 h at 37 °C. The NMR array data were compiled using
MNova 14.1 software, and the peak area for each compound was
normalized to a constant concentration of an external standard

Figure 2. (A) Raw stacked NMR data for 2 (10.5 ppm) at pH 5.0. The peak at 1.55 ppm is the hydrolytic product. (B) Semi-log transformation of the
compiled data for the area under the curve of 2 normalized to the standard, illustrating first-order kinetics. Scatter plot and their exponential fit showing
%P−N bond hydrolysis (reported as half-lives) vs time at pH 4.5, 5.0, 5.5, 6.0, 6.5, and 7.4 for compound (C) 1; (D) 2; and (E) 3. Each study was
carried out for 8 h.
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(triphenylphosphine oxide, TPPO), as shown for compound 2
as a representative example in Figure 2A.
As anticipated, the rate of P−N bond hydrolysis of the

payload-phosphoramidate system 1−3 followed pseudo-first-
order kinetics at all pH values (Figure 2B), consistent with our
initial studies.44,47,48 The rate constants (k1) are summarized in
Table 1. Importantly, there was no detectable hydrolysis

observed for the modules at physiological pH (Figure 2C−E).
Because the release of the payload is predicated on the initial
hydrolysis of the P−N bond, the linker stability at physiological
pH is expected to mitigate off-target effects typified by the
premature degradation of linker-payload systems in systemic
circulation. While the rates of P−N bond hydrolysis for the turn-
on dye modules were generally similar across all pH values, a
progressive decrease in the hydrolytic half-lives was observed as
the pH dropped from 6.5 (early endosomal) to 4.5 (lysosomal).
The similarities in half-lives for these three linkers indicate that
the nature of the payload does not interfere with the release
kinetics at the P−N bond of the phosphoramidates.
2.3. pH-Dependent Kinetics of Fluorophore Release

from Self-Immolative Spacers. We prepared the individual
spacer-dye modules (4−6) to study specifically the pH-
dependence of the self-immolative release, and concomitant
turn-on, of the latent fluorophores that would be independent of
P−N hydrolysis. While P−N bond hydrolysis is known to be
promoted by acidic conditions,44,47−50 the opposite was
observed to be true for the self-immolation of the N,N′-
dimethylethylenediamine spacer. To prepare the modules (4−
6) (Scheme 2), Boc-protected amine (13) and alcohols (14, 15)
were reacted with activated fluorogenic payloads (Coum-
OCOCl and Coum-NCO), as depicted in Scheme 2. Boc-
deprotection of intermediates 16−18 with 4 N HCl in 1,4-
dioxane solution provided the desired modules as amine-HCl
salts. The time-dependent fluorescent turn-on kinetics of the

spacer-dye modules (4−6) were carried out for 6 h at 37 °C in
buffers mimicking physiological and relevant intracellular
compartment pH values, with the corresponding time course
of fluorescence recorded at λ = 460 nm (excitation at λ = 355
nm).
The rate of immolation for the spacer-dyemodules (4−6) was

found to be proportionally dependent on the pH (Figure 3). The
rate constants (k2) are summarized in Table 1. As expected,
immolation rates decreased with a decrease in pH as the acid−
base equilibrium favors the non-nucleophilic conjugate acid
form of the spacer-payloadmodule, as illustrated in Scheme 3 for
compound 4 as a representative example. Hence, the
nucleophilicity of the N,N′-dimethylethylenediamine spacer is
diminished and cannot initiate spontaneous cyclization that
forms N,N′-dimethylimidazolidinone and concomitantly re-
leases the payload. It was also noted that the pH-dependence of
the immolation rate was not concentration-dependent (Figure
3A, inset). At concentrations of both 1 and 10 μM for compound
4, the linear relationship between the immolation rate and pH
was similar, suggesting first-order kinetics. This is typical for
reactions with an acid−base pre-equilibrium, where only the
electron-rich conjugate base undergoes the rate-determining
step (Scheme 3).51

It is noteworthy that compound 5 exhibited slower release
kinetics (Figure 3B) compared to that of 4 (Figure 3A). Unlike
compound 4, the phenol released in compound 5 after the
immolation of theN,N′-dimethylethylenediamine spacer under-
goes an additional 1,6-elimination cascade to release para-
quinone methide, CO2, and the fluorescent payload. It is likely
that the slower release kinetics of compound 5 are due to this
additional immolative step. Furthermore, this slower release can
also be attributed to the p-hydroxylmethyl phenol moiety in
compound 5 (pKa = 9.7) being a poor leaving group compared
to the coumarin payload (pKa = 7.8) found in compound 4.
Unlike compounds 4 and 5, the carbamateN-methyl group in

the N,N′-dimethylethylenediamine spacer was replaced with
oxygen in compound 6. This substitution, providing a more
electrophilic carbonate, was expected to allow for more rapid
cyclization of the N-methylethanolamine spacer to 3-methylox-
azolidin-2-one (Figure 3C). Indeed, the payload release from 6
was found to be considerably more rapid at all pH values than
that from compounds 4 and 5.

2.4. pH-Dependent Kinetics of Fluorophore Release
from the Acid-Labile Turn-on Dye Modules. The pH-
triggered release of the latent fluorogenic payloads from the
turn-on dye modules 1, 2, and 3was evaluated in buffers ranging
from pH 4.5 to 7.4 at 37 °C over 18 h. The resulting fluorescence

Table 1. pH-Dependent Rate Constants for P−N Bond
Hydrolysis (k1) and Spacer Immolation (k2)

compound 1 compound 2 compound 3

pH k1 (h
−1) k2 (h

−1) k1 (h
−1) k2 (h

−1) k1 (h
−1) k2 (h

−1)

4.5 0.46 0.063 1.39 0.011 1.73 0.73
5.0 0.17 0.12 0.39 0.034 0.53 1.35
5.5 0.058 0.32 0.20 0.082 0.20 2.70
6.0 0.025 0.79 0.034 0.097 0.050 7.20
6.5 0.018 2.32 0.026 0.20 0.036 22.5
7.4 stable 12.6 stable 1.56 stable unstable

Scheme 2. Synthesis of 4, 5, and 6 Was Achieved via a Two-Step Procedure from Key Alcohol Intermediatesa

aReaction conditions and yields (a) Coum-OCOCl or Coum-NCO, Et3N, CH2Cl2 and (b) 4 N HCl-1,4-dioxane.
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of the released dyes was recorded at λ = 460 nm (excitation at
355 nm). Mechanistically (Scheme 3), the release of the payload

from the acid-labile turn-on dye modules is dependent on the
two consecutive reactions (P−N bond hydrolysis k1 and spacer
immolation k2), oppositely dependent upon pH, and the
amount of payload released is correlated to the contribution of
the two rate constants (k1 and k2) associated with these two
steps (Table 1). Of note, no payload release was observed for
compounds 1 and 2 at physiological pH (Figure 4A,B). This was
expected because despite the rapid immolation observed for the
spacer units in these compounds at pH 7.4, their P−N bond was
stable. Maximal dye release was observed at pH 5.0 for
compound 1 and at pH 5.5 and 5.0 for compound 2. This can
be explained by the observation that while at pH 4.5, P−N bond
hydrolysis is rapid (k1), and the rate of spacer immolation to
release the dye (k2) is sluggish.
Compound 3 exhibited a pH-dependent payload-release

trend (Figure 4C) reminiscent of its P−N bond hydrolysis rates
(Table 1). This is largely due to the spacer immolation rates (k2)
for this compound being generally rapid at all pH values
examined, resulting in the P−N bond hydrolysis generally being
the rate-limiting step. Surprisingly, we observed dye release at
pH 7.4, a condition at which the P−N bond was observed to be
stable. We attributed this observation to the hydrolysis of the
carbonate moiety, thus triggering the dye release prior to P−N
bond hydrolysis. As such, we have concluded that the scaffold of
compound 3 would not be suitable in the development of drug
conjugates as it would likely lead to premature drug release,
leading to off-target effects.

Figure 3. Time-dependent fluorescence studies on the spacer-payload system carried out for 6 h. pH-dependent immolation profiles of (A)
Compound 4, INSET: Semi-log plot of k (h−1) vs pH. (B) Compound 5. (C) Compound 6.

Scheme 3. Mechanism of Payload Release from
Phosphoramidate-Payload SystemHighlighting the Two Key
Steps: P−N Bond Hydrolysis and Immolation
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2.5. In Vitro Evaluation of a PSMA-Targeted Turn-on
Probe.Wenext investigated the in vitro applicability of the acid-
labile turn-on dye modules in the context of a clinically relevant
biomarker-targeted probe. Using click chemistry, we coupled
the acid-labile turn-on dye module 2 to the PSMA-targeting

molecule CTT140034 to form the PSMA-targeted turn-on
probe Coum-SMDC (Scheme 4). CTT1400 is known to
irreversibly bind to the enzymatic domain of the tumor-specific
cell surface receptor PSMA on prostate tumor cells, which is
then followed by rapid and extensive internalization via

Figure 4. Scatter plots showing the percentage of payload released for (a) Compound 1, (b) Compound 2, and (c) Compound 3.

Scheme 4. Synthesis of PSMA-Targeting Turn-on Probe, Coum-SMDC

Figure 5. 5-FAM-X-FPO42 binds cell surface PMSA and is internalized via receptor-mediated endocytosis. Immunofluorescent microscopy imaging
of C42B-Crispr-PSMAscramble and C42B-Crispr-PSMAknockout cells incubated with 5-FAM-X-FPO-42 and Lysotracker Red DND-99. 63x oil.
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receptor-mediated endocytosis.34 In addition, we have shown
that PSMA is largely tolerant of various pendant groups tethered
to phosphoramidate-based small-molecule ligands that target its
active site.52−56 Indeed, the IC50 for Coum-SMDC against
PSMA was 1.4 nM (see Supporting Information Section S6).
For proof of in vitro applicability, we created functionally
manipulated PSMA CRISPR (clustered regularly interspaced
short palindromic repeats) immortalized human prostate cancer
C42B cell line (see Supporting Information Section S3) to use as
a model. To demonstrate that the PSMA-positive C42B-Crispr-
PSMAScramble and PSMA-negative C42B-Crispr-PSMAknockout

cell models were appropriate for this experiment, we first
verified that the C42B-Crispr-PSMAScramble cells expressed cell
surface PSMA and that the PSMA could be internalized via
receptor-mediated endocytosis. Both C42B-Crispr-PSMAscramble

and C42B-Crispr-PSMAknockout were incubated for 30 min with
both the PSMA-specific SMDC 5-FAM-X-FPO-42, which
binds exclusively to, and blocks, the enzymatic domain of
extracellular, membrane-bound PSMA. Fluorescence micros-
copy indicated that the C42B-Crispr-PSMAScramble cells were
indeed positive for cell surface PMSA, and 59.81% of the 5-
FAM-X-FPO-42-bound PSMA was internalized into the
lysosomes (Figure 5 and Supporting Information Section S3).
In the disease state, epithelial cells located deep within a

poorly vascularized tumor, such as those in advanced prostate
cancer, can undergo moderate to severe hypoxia and potentially
necrosis.57−60 Lactic acid production and accumulation during
these anaerobic conditions results in a local pH drop from 7.4 to
6.7.59 Therefore, the pH sensitivity and specificity of an SMDC
within the therapeutic setting is tremendously important to

prevent the untoward consequences of the bystander effect.61

We previously established that the maximal dye release for
compound 2 was pH 5.0 (Figure 4B). Therefore, to assess the
ability of Coum-SMDC to not only bind successfully to cell
surface PSMA but to also release its payload in the low pH
environment of the lysosome and the late endosome (pH 4.5−
5.5), C42B-Crispr-PSMAknockout and C42B-Crispr-PSMAScramble

cells were treated with Coum-SMDC and LysoTracker and
incubated for 30 min. Results showed the colocalization of the
fluorescent coumarin-derived signal within the lysosomes of the
C42B-Crispr-PSMAScramble but not in the C42B-Crispr-
PSMAknockout, signifying that Coum-SMDC successfully bound
to cell surface PSMA was trafficked to the low pH environment
of the lysosome and released its fluorogenic payload (Figure 6).
To further confirm that the PSMA-targeted turn-on probe

Coum-SMDC was indeed acting in a pH-specific manner in
vitro and did not release its payload within the slightly acidic
early endosome (pH of 5.9−6.8), which is akin to the disease-
generated hypoxic microenvironment, the C42B-Crispr-
PSMAknockout and C42B-Crispr-PSMAScramble cells were incu-
bated with CellLight Early Endosomes-GFP tracker overnight
and then treated with Coum-SMDC for 30 min (Figure 7A).
Results showed that 98.8% of the released fluorescent coumarin
dye colocalized with the lysosomes of the C42B-Crispr-
PSMAScramble, while 19.2% colocalized with the early endosomes
(Figure 7B). It should be noted that there is a 14.0% overlap in
signals, which likely occurs in the endosomes that are
transitioning from early to late and theoretically would have a
lower pH similar to that of the lysosome. If this is indeed the

Figure 6. Coum-SMDC releases its payload in the low pH environment of the lysosome. Immunofluorescent microscopy imaging of C42B-Crispr-
PSMAScramble (PSMA+) andC42B-Crispr-PSMAknockout (PSMA−) cells incubated with Actin, Lysotracker GreenDND-26, andCoum-SMDC. 63x oil.

Figure 7. (A) Coum-SMDC releases minimal payload first in the early endosome. Immunofluorescent microscopy imaging of C42B-Crispr-
PSMAscramble and C42B-Crispr-PSMAknockout cells incubated with Lysotracker Red DND-99, CellLight Early Endosome-GFP tracker, and Coum-
SMDC. 63x oil. (B) Comparison of percentage coumarin released in early endosome vs lysosome (n = 3, p < 0.05).
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case, only 5.19% of the signal is coming from the early
endosome.

3. CONCLUSIONS

The acidic nature of cellular compartments can be co-opted for
the triggered release of cell-targeted payloads through acid-
cleavable linkers. With respect to cancer therapeutic develop-
ment, such applications include ADCs and SMDCs, which carry
cytotoxic cargo. Herein, we have reported the utility of our acid-
cleavable phosphoramidate-based linker scaffolds47−49 for the
pH-triggered release of both amine- and alcohol-functionalized
payloads, which in this case were latent fluorogenic coumarin-
based dyes. These turn-on probes (compounds 1−3) allowed
for the exploration of the key consecutive kinetic steps (P−N
bond hydrolysis and spacer immolation) implicated in the
eventual degradation of the linker and subsequent release of
payloads. While both degradation steps were found to be pH-
dependent, the individual rates of the two steps had opposite
dependencies on pH. In particular, the rate of spacer immolation
was greatest at pH 7.4, while the rate of P−N bond hydrolysis
was slowest under this condition, but most rapid at pH 4.5.
In the context of cell-targeted payload-conjugates (such as

ADCs and SMDCs), the duality of pH dependence of P−N
bond hydrolysis and spacer immolation presents a conundrum
in the optimization of intracellular cargo release as the pH drops
from 7.4 to 4.5 through the cellular internalization process. That
is, P−N bond hydrolysis increases as intracellular pH decreases,
while the second step of spacer immolation and payload release
begins to decrease. Therefore, the interplay between the pH-
dependence of the rates for these steps has a direct implication
on the amount of payload released under these various pH
conditions. As such, it was observed that the greatest amount of
payload release for compounds 1 and 2 was at pH 5.0−5.5
(Figure 4A,B), which, in the context of Coum-SMDC, was
observed as expected that fluorescence turn-on would occur in
the late endosomes and/or lysosomes relatively quickly.
In summary, our recently developed acid-cleavable phosphor-

amidate-based linker scaffold, outfitted with self-immolative
spacers, demonstrates suitable stability under physiological
conditions (pH 7.4), while effectively releasing cargo under the
pH conditions relevant to the internalization of biomarker-
targeted conjugates, that being of either lysosomes or late
endosomes transitioning to lysosomes. The modularity of their
assembly, amenability for click chemistry, and in vitro
performance presented in this report mark this pH-triggered
scaffold as an attractive platform for the development of
biomarker-targeted conjugates such as ADCs and SMDCs.
Indeed, the application of this pH-triggered phosphoramidate-
based linker scaffold is currently being pursued in our laboratory
for the development of analogous PSMA-targeted SMDCs
bearing various chemotherapeutic payloads.

4. MATERIALS AND METHODS

4.1. Chemical Synthesis. All synthetic compounds and
intermediates, synthetic schemes, procedures, and correspond-
ing spectra are presented in the Supporting Information.
4.2. Kinetics Studies (31P NMR). Following the previously

described methods from our laboratory,44,47−50 with minor
modifications, samples were prepared using approximately 15
mg of each compound dissolved in 150 μL of high-performance
liquid chromatography (HPLC)-grade MeOH and then mixed
with 400 μL of an appropriate buffer. Buffers were chosen based

on specific pH values: 4-(2-hydroxyethyl)-1-piperazineethane-
sulfonic acid (HEPES, 1 M pH 7.4), 2-(N-morpholino)-
ethanesulfonic acid (MES, 0.5 M pH 6.5), and citric acid (1
M pH 6.0, 5.5, 5.0, and 4.5). Each buffer was prepared and
adjusted to ±0.02 pH with 4 M NaOH or 4 M HCl on an AB15
Accumet basic pH meter equipped with an accuTupH Ag/AgCl
pH probe (Fisher Scientific, Sommerville, NJ). Stability studies
were performed using 31P NMR on a Varian 500 MHz
instrument (Agilent Technologies, Santa Clara, CA). The
instrument was equilibrated to 37 °C with an acquisition of 64
scans, a relaxation delay of 1 s, an observed pulse of 3.41 μs at
45°, and a preacquisition delay of 185 s. The instrument was
locked to an internal standard, triphenylphosphine oxide
(TPPO, 40 mM in DMSO-d6), in an axial capillary positioned
within the sample solution. Stability data were collected for 8 h
or until complete decay was observed. After data acquisition was
complete, all 31P chemical shifts were referenced to the internal
standard (TPPO, 27 ppm), and the phase was adjusted
accordingly. Nuclear magnetic resonance (NMR) experiment
files were loaded into the software MestReNova v14.1.2. Phase
correction and baseline fitting were performed in the NMR
software. Regions corresponding to the control, the starting
material, and the product peak were then exported into the
software OriginPro 2020 (OriginLab Corporation, North-
ampton, MA 01060 USA). The intensities of each peak were
normalized to the intensity of the internal triphenylphosphine
oxide standard. A first-order decaying linear fitting function was
applied to a plot of ln(normalized intensity) of the decaying
parent compound versus time. The half-life (t1/2) of each
compound at the designated pH was then calculated as shown
below:

t
ln 2

slope1/2 =
| |

4.3. Kinetic Studies (Fluorescence Spectroscopy). A
Fluostar Omega Microplate reader running Omega software
version 1.02 and Mars Data Analysis Software Program version
1.10 (BMG Labtech) were used to conduct the time-dependent
kinetics studies. Studies were performed in Greiner Bio-One
μClear Bottom 96-well 96 plates at 37 °C using hymecromone
and 7-amino-4-methylcoumarin as the fluorogenic reporters,
monitoring at λex = 355 nm and λem = 460 nm. Assays were
performed in the following 100 mM buffers: HEPES (pH 7.4),
MES (pH 6.5), and citric acid (pH 6.0, 5.5, 5.0, and 4.5). Stock
solutions (10 mM) of each compound (1−6) were prepared in
ddH2O, and 10 mM stock solutions of fluorogenic reporters
(Coum-OH and Coum-NH2) were prepared in EtOH. All
solutions were serially diluted to 100 μMworking solutions with
ddH2O. Calibration curves were carried out on the fluorogenic
reporters at concentrations of 1 nM−100 μM at each pH value,
with the linear range found to be between 10 nM−10 μM.
Reactions were initiated by the addition of 20 μL of probe (100
μMworking solution) to wells containing 180 μL of buffer, with
the total well volume of 200 μL. Product formation was followed
for 6 h, with time points recorded at 2 min intervals or for 18 h
with time points recorded at 6 min intervals. The fluorescence
values in each reaction well were normalized to the maximal
fluorescence value in the control well (10 μM of fluorogenic
reporters). Rate constants were extracted from GraphPad Prism
9.0 by fitting the data to one phase association model.

4.4. PSMA IC50 for Coum-SMDC. The routine determi-
nation of IC50 for Coum-SMDC was performed, as most

Bioconjugate Chemistry pubs.acs.org/bc Article

https://doi.org/10.1021/acs.bioconjchem.1c00435
Bioconjugate Chem. 2021, 32, 2386−2396

2393

https://pubs.acs.org/doi/suppl/10.1021/acs.bioconjchem.1c00435/suppl_file/bc1c00435_si_001.pdf
pubs.acs.org/bc?ref=pdf
https://doi.org/10.1021/acs.bioconjchem.1c00435?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


recently described in our laboratory,62 using concentrations of
100, 30, 10, 3, and 1 nM.
4.5. Cell Imaging Studies. Cells were plated onto

coverslips at a concentration of 1 × 105 cells/well in 1 mL of
growthmedium and allowed to attach overnight. Cells were then
starved for 2 h in fetal bovine serum (FBS)-free RPMI and then
incubated for 30 min with one or more of the following: 50 nM
Lysotracker Red DND-99 (Thermo Fisher, Pittsburgh, PA), 50
nM Lysotracker Green DND-26 (Thermo Fisher, Pittsburgh,
PA), and 1 μM 5-FAM-X-FPO-42 or 1 μMCoum-SMDC at 37
°C. To visualize early endosomes, cells were incubated for 16 h
with CellLight Early Endosomes-GFP tracker according to
manufacturer’s instructions (Thermo Fisher, Pittsburgh, PA).
For imaging, coverslips were set on ice, rinsed twice in ice-cold
phosphate buffered saline (PBS), fixed in ice-cold 10% neutral
buffered formalin solution for 15 min, and mounted using
diamond mounting media with or without DAPI (Thermo
Fisher, Pittsburgh, PA). Zeiss Zen software was used to acquire
and process immunofluorescent images. Fiji Image J was used to
quantify the mean gray value of the early endosome, lysosome,
and coumarin release. All experiments in this study were
repeated for a minimum of three independent experiments.
Results are presented as mean ± standard error of the mean
(SEM). Statistical analysis was performed using the paired, two-
tailed t-test. Differences were considered significant at P < 0·05.
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