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Aminopeptidase B can
bioconvert L-type amino acid
transporter 1 (LAT1)-utilizing
amide prodrugs in the brain

Agathe Hugele, Susanne L&ffler, Belén Hernandez Molina,
Melina Guillon, Ahmed B. Montaser, Seppo Auriola and
Kristiina M. Huttunen*

School of Pharmacy, Faculty of Health Sciences, University of Eastern Finland, Kuopio, Finland

A prodrug approach is a powerful method to temporarily change the
physicochemical and thus, pharmacokinetic properties of drugs. However, in
site-selective targeted prodrug delivery, tissue or cell-specific bioconverting
enzyme is needed to be utilized to release the active parent drug at a particular
location. Unfortunately, ubiquitously expressed enzymes, such as phosphatases
and carboxylesterases are well used in phosphate and ester prodrug
applications, but less is known about enzymes selectively expressed, e.g., in
the brain and enzymes that can hydrolyze more stable prodrug bonds, such as
amides and carbamates. In the present study, L-type amino acid transporter 1
(LAT1)-utilizing amide prodrugs bioconverting enzyme was identified by
gradually exploring the environment and possible determinants, such as
pH and metal ions, that affect amide prodrug hydrolysis. Based on
inducement by cobalt ions and slightly elevated pH (8.5) as well as
localization in plasma, liver, and particularly in the brain, aminopeptidase B
was proposed to be responsible for the bioconversion of the majority of the
studied amino acid amide prodrugs. However, this enzyme hydrolyzed only
those prodrugs that contained an aromatic promoiety (L-Phe), while leaving the
aliphatic promoeities (L-Lys) and the smallest prodrug (with L-Phe promoiety)
intact. Moreover, the parent drugs’ structure (flexibility and the number of
aromatic rings) largely affected the bioconversion rate. It was also noticed in this
study, that there were species differences in the bioconversion rate by
aminopeptidase B (rodents > human), although the in vitro—in vivo
correlation of the studied prodrugs was relatively accurate.
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Introduction

Prodrug technology is a relatively old concept. The term
“pro-drug” named by Adrien Albert was already introduced in
1958 (Albert, 1958). However, the technology itself was already
used at the end of the 19th century. Antibacterial prodrug
methenamine (or hexamine) and anti-inflammatory prodrug
aspirin (acetylsalicylic acid) were launched by Schering and
Bauer, respectively, in 1899 (Huttunen et al., 2011). Generally,
prodrugs are inactive derivatives of pharmacologically active
drugs and therefore they require chemical and enzymatic
biotransformation after administration to release the active
parent drug, such as salicylic acid in the case of aspirin. Thus,
prodrugs are “masked” compounds, by which unfavorable
physicochemical and/or pharmacokinetic properties of drugs
can be temporarily altered. To date, the prodrug concept is
well utilized; approximately 10% of all worldwide approved
drugs can be considered prodrugs, and 12% of new small
molecular entities approved by the U.S. Food and Drug
Administration (FDA) in 2008-2017 were prodrugs (i.e., 30/
250) (Rautio et al., 2018).

Nevertheless, not all prodrug applications have been
successful. This is mainly due to the challenges in the
translation phase from the rodent preclinical data to human
clinical concepts (Huttunen et al., 2011; Hoppe et al., 2014).
Species differences relating to bioconverting enzymes; their
localizations, expression levels, and activities can be taken
into account if the prodrug structures are designed to
contain bonds that are biotransformed during the first-pass
metabolism and not in specific tissues or cell types. Classical
examples are phosphate and ester prodrugs that are hydrolyzed
by ubiquitous phosphatases and carboxylesterases (CES),
(Satoh 2006; Di, 2019).
Nevertheless, due to their uncontrolled bioconversion, ester

respectively and Hosokawa,
prodrugs are quite rarely suitable for tissue-selective (targeted)
prodrug delivery. Hence, other kinds of hydrolyzable prodrug
bonds
carbamates, and thioesters, to increase the stability and

have been wused, including amides, carbonates,
prevent premature bioactivation and release of the parent
drug during the first-pass metabolism (Ghosh and Brindisi,
2015; Simplicio et al., 2008; Dansette et al., 2009; D’Souza and
Topp, 2004). However, little is known of the enzymes
hydrolyzing these prodrug bonds, particularly in specific
organs, such as in the brain (Fukami and Yokoi, 2012;
Prabha et al., 2013).

We have designed and developed numerous L-type amino
acid transporter 1 (LAT1)-utilizing prodrugs from different
parent drugs, anti-

including anti-parkinsonians,

inflammatories, anti-epileptic, antioxidants, and
immunomodulatory drugs with the aim to improve brain
drug delivery (Peura et al, 2013; Gynther et al, 2016;
Huttunen et al., 2016; Puris et al., 2017; Thiele et al., 2018;

Puris et al, 2019; Montaser et al, 2020). LATI is highly
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expressed in the brain; at the blood-brain barrier (BBB) as
well as in the parenchymal cells (Boado et al., 1999; Huttunen
et al,, 2019), and it can carry not only large and neutral amino
acids but also amino acid-mimicking (pro)drugs (Uchino et al.,
2002). We have previously found that acetylcholinesterase
(AChE), butyrylcholinesterase (BChE), and paraoxygenases
(PONs) can bioconvert LATI1-utilizing ester prodrugs in
addition to CES in the brain, peripheral tissues, and systemic
circulation (Huttunen, 2018; Tampio et al., 2021). However,
although ester prodrugs may have more effective uptake via
LAT1 into the cells compared to their corresponding amide
prodrugs (Huttunen et al., 2019; Venteicher et al., 2021), they
may suffer from premature bioconversion during the first-pass
metabolism and thus, the amide prodrugs may have advantages
to deliver their parent drug, e.g,, into the brain. Therefore, the
aim of the present study was to identify the possible enzymes
responsible for bioconversion of LAT1-utilizing amide
prodrugs, particularly in the brain. We have reported that
many LATI-utilizing amide prodrugs are very stable when
studied in vitro in tissue homogenates, but they have
released their parent drugs in vivo in mice, and curiously
some of them selectively in the brain (Table 1) (Puris et al,
2017; Montaser et al., 2019; Puris et al., 2019). Therefore, it has
been hypothesized that the used in vitro assays may lack some
essential co-factors required for the optimal function of the
bioconverting enzymes.

Since the herein studied compounds contain amide
that the
bioconverting enzyme belongs to a group of hydrolyzing

prodrug bonds, it was expected possible
enzymes acting on peptide bonds (enzyme class 3.4), namely
peptidases. Within the peptidase class, there are many
different subgroups and enzymes that are also sensitive to
the surrounding pH. For example, cysteine proteases (EC
3.4.22) and aspartic proteases (EC 3.4.23) display their best
activity at low pH (ca. 2-6), while serine proteases (EC
3.4.21) and metalloproteases (EC 3.4.24) are regarded as
neutral enzymes (Fasciglione et al., 2000; Verma et al,
2016; Hofer et al., 2020). Many peptidases require also a
coordination metal ion, such as zinc (Zn"), for their activity
they As

LAT1 carries the prodrugs into the cells, it was expected

and therefore are called metalloproteases.
that the possible bioconverting enzyme is localized in the
cytosol or intracellular membranes, such as endoplasmic
reticulum (ER) rather than outside of the cells (secreted).
Therefore, in this study, it was evaluated how different metal
ions and pH-changes affect the bioconversion of the
prepared LATI1-utilizing amide prodrugs in vitro in
different biological media, including human plasma, and
rodent liver and brain subcellular S9 fractions, which are
rich in hydrolytic enzymes. The bioconversion rates of the
LAT1-utilizing prodrugs were also tested in astrocytic and
microglial homogenates and with the suspected recombinant

enzyme. Lastly, the expression levels of the candidate
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TABLE 1 The studied compounds; chemical structures (the promoiety highlighted with red color) and the extent of bioconversion in vivo in mice,
accompanied by the literature references reporting the synthesis of the compounds and their in vivo bioconversion. The parent drug of prodrugs
1-4 is ketoprofen, prodrug 5 is ferulic acid, prodrug 6 salicylic acid, prodrug 7 flurbiprofen, prodrug 8 ibuprofen, and prodrug 9 naproxen.

Prodrug structure In vivo bioconversion References

1 0 H o ~50% bioconversion in brain Puris et al. (2017)
N OH  <1% bioconversion in liver
o) NH, ~50% bioconversion in plasma
2 o H ~50% bioconversion in brain Puris et al. (2017)
N NH, <1% bioconversion in liver
[e) OH  ~30% bioconversion in plasma
(0]
o) 0 . B )
3 H No bioconversion in brain Puris et al. (2017)
N \/\/\)J\OH <1% bioconversion in liver
o) NH 2 <1% bioconversion in plasma

4 o H 0 No bioconversion in brain Puris et al. (2017)
N \/\)J\OH <1% bioconversion in liver
[e) NH, <10% bioconversion in plasma

5 HO H [e) ~5% bioconversion in brain Puris et al. (2019), Tampio et al. (2022)
~ o = N OH <1% bioconversion in liver
le} NH, ~80% bioconversion in plasma
6 OH e} ~80% bioconversion in brain, no bioconversion in liver =~ Montaser et al. (2020)
H <1% bioconversion in plasma
OH
(6] NH,
7 H 0 No bioconversion in brain Montaser et al. (2020)
N
OH No bioconversion in liver
NH, ~20% bioconversion in plasma
8 H o No bioconversion in brain Montaser et al. (2020)
N
OH No bioconversion in liver
O NH, ~20% bioconversion in plasma
9 H 0 ~50% bioconversion in brain, no bioconversion in liver =~ Montaser et al. (2020)
OO N OH  ~30% bioconversion in plasma
~ 0 NH
0O 2
prodrug bioconverting enzyme were evaluated from the brain-targeted prodrugs can be designed in the future and
mouse brain, liver, and plasma (the tissues and fluid that discusses possible benefits and obstacles that this kind of
were evaluated in the pharmacokinetic studies previously; transporter-utilizing brain-targeted prodrug approach

Table 1). Thus, this study sheds light on how successful may have.
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Materials and methods
Chemicals

All reagents and solvents used in analytical studies were
commercial and high purity of analytical grade or ultra-gradient
HPLC-grade purchased from MilliporeSigma (St. Louis, MO,
United States), ThermoFisher Scientific (Waltham, MA,
United States), J. T. Baker (Deventer, Netherlands), Riedel-de
Haén (Seelze, Germany), Promega Biotech AB (Nacka, Sweden),
or EuroClone S. p.A. (Pero, Italy). Water was purified using a
Milli-Q Gradient system (Millipore, Milford, MA, United States).
Synthesis, structural characterization (‘H NMR, “C NMR, LC-
MS), and over 95% purity (elemental analysis) of the studied
LAT1-utilizing prodrugs have been reported earlier (Table 1).

Biological material

Rat and mouse liver and brain S9 fractions were prepared by
centrifuging liver and brain homogenates at 9,000 x g for 20 min
at 4°C and collecting the supernatant. The liver and brain
homogenates were prepared by homogenizing freshly collected
rat or mouse liver or brain with 50 mM Tris-buffered saline
(TBS) (pH 7.4) (1:4 w/v). Protein concentrations of all fractions
were determined by Bio-Rad Protein Assay, based on Bradford
dye-binding method (EnVision, Perkin Elmer, Waltham, MA,
United States). The control tissues were obtained as a part of
other animal experiments, which were made in compliance with
the European Commission Directives 2010/63/EU and 86/609,
and approved by the Institutional Animal Care and Use
Committee of the University of Eastern Finland (Animal
Usage Plan number ESAV1/3347/04.10.07/2015). All biological
material was stored at —80°C until used.

The pooled mouse and human plasma were obtained from
control animals or healthy human donors by collecting whole
blood aseptically and centrifuging at 12,000 x g for 10 min.
Human recombinant aminopeptidase B (1 mg/ml protein)
produced in E. Coli, was purchased from ProSpec-Tany
TechnoGene Ltd. (Ness Ziona, Israel).

Primary astrocytes from the cortex and hippocampi were
isolated from 2-days-old mice as previously described
(Jankowsky et al., 2004; Pihlaja et al., 2008). The astrocytes
(passages 16-26) and immortalized microglia (BV2; passages
of 13-25) were cultured in Dulbecco’s Modified Eagle Medium F-
12 Nutrient Mixture (DMEM/F2) and RPMI-1640 medium,
respectively, both supplemented with L-glutamine (2 mM),
heat-inactivated fetal bovine serum (10%), penicillin (50 U/ml)
and streptomycin (50 pg/ml). Astrocyte or BV2 microglia
homogenates were prepared by sonicating the cell suspensions
(0.5-1.0 x 10° cells/ml) in TBS. The protein content was
determined as described above (Bio-Rad Protein Assay) and
the cell homogenates were used as such.
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Ultra-high-performance liquid
chromatography analyses

The amount of the studied prodrugs and their parent drugs

were determined by the ultra-high-performance liquid
chromatography (UPLC) system (Agilent Technologies
1290 Infinity II system; Agilent Technologies Inc.,

Wilmington, DE, United States), which consisted of a high-
speed pump, a multi-sampler, a multi-column thermostat
(MCT), diode (DAD). The
chromatographic separations were achieved on an Agilent
ZORBAX Eclipse Plus C18 analytical column (2.1 x 50 mm,
(Agilent DE,
United States) by using isocratic elution of water (A)

and a array  detector

1.8 pm) Technologies Inc, Wilmington,
containing 0.1% formic acid (pH ca. 3.0) and acetonitrile (B)
containing 0.1% formic acid at the flow rate of 1.0 ml/min at
room temperature. Prodrugs 1-4 and 7, ketoprofen and
flurbiprofen were recorded at 250 nm, prodrug 5 and ferulic
acic at 325 nm, prodrugs 6 and 9, salicylic acid and naproxen at
230 nm, and prodrug 8 and ibuprofen at 226 nm. The retention
times for prodrugs 1-4 were between the range of 1.44-1.91 min
and for ketoprofen 3.29 min with an elution ratio of 72:28 (v/v),
for prodrug 5 2.33 min and for ferulic acid 1.48 min with an
elution ratio of 88:12 (v/v), for prodrug 6 0.95min and for
salicylic acid 1.47 min with an elution ratio of 85:15 (v/v), for
prodrug 7 1.26 min and for flurbiprofen 4.04 min with an elution
ratio of 65:35 (v/v), for prodrug 8 1.83 min and ibuprofen
2.59 min with an elution ratio of 60:40 (v/v), for prodrug 9
1.42 min and naproxen 2.74 min with an elution ratio of 70:30 (v/
v). The UPLC methods were accurate (100% + 10%), precise
(RSD <10%), and specific (no interfering peaks were observed)
over the range of 0.2-20 uM. The lowest limit of detection varied
from 0.02 to 0.1 uM with prodrugs and their parent drugs.

Bioconversion of prodrugs

The rates of bioactivation of prodrugs in rat, mouse, and
human liver S9 fractions, in rat and mouse brain S9 fractions or cell
homogenates were determined at 37°C. The incubation mixtures
were prepared by mixing liver or brain S9 fraction, or cell
homogenate (final protein concentration 1.0 mg/ml) with TBS
buffer (pH 7.4), 10 mM metal ion solution (2 mM; MgCl,, CaCl,
CuCl,, NiCl,, ZnCl,, or CoCl,) and 10 mM prodrug stock solution
in DMSO (the final concentrations of prodrugs were 100 uM and
the DMSO concentration 2%). The mixture was then incubated for
5h and the samples (100 ul) were withdrawn at appropriate
Relatively high of the studied
compounds were used to ensure reliable quantification after
in the samples
precipitated with ice-cold acetonitrile (100 ul) and the samples

intervals. concentrations

sample preparation. The proteins were

were centrifuged for 5 min at 12,000 x g at room temperature. The
supernatants were collected and analyzed by the UPLC method
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described above. In blank reactions (pH 6.5, 7.4, and 8.5), the metal
ion solution was replaced with the same volume of buffer, in
inhibition studies (pH 7.4) 10 mM bestatin (final concentration
100 uM) was added to the incubation mixture, and in the reaction
with aminopeptidase B (pH 8.5), S9 subcellular fraction was
replaced with pure recombinant enzyme (100 pg/ml protein).
The half-lives (t,) for the of
bioconversion of the prodrugs were calculated from the slope of

pseudo-first-order rates
the linear portion of the plotted logarithm of remaining prodrug
concentration versus time, which was noted to be linear over the
studied period (5 h), implying that the enzyme was fully functional
in the studied media during the assays.

Non-targeted (global) proteomics of the
used biological material

The BV2 cell lysates were denatured, reduced, and
carboxymethylated prior to the digestion with LysC and
TPCK-trypsin, as described previously (Montaser et al., 2020).
Then, a total amount of 50 ug protein was digested by LysC (1:
100, w/w) and 0.05% ProteaseMax for 3 h followed by trypsin
digestion (1:100, w/w) for 18 h at 37°C. The tryptic digestion was
quenched with formic acid. Subsequently, the samples were
centrifuged at 18,000 x g for 5min at 4°C, and the
supernatants were transferred into UPLC vials for the analysis.

The tryptic peptides (10 pg) were analyzed by UPLC
(Vanquish Flex, Thermo Scientific, Bremen, Germany)
coupled with a high-resolution mass spectrometer (MS)
(Orbitrap Q Exactive Classic, Thermo Scientific, Bremen,
Germany) following the full scan and data-independent
acquisition mode (DIA). The injected peptides were first
separated by reversed-phase chromatography composed of an
Agilent AdvanceBio Peptide Map 2.1 mm x 250 mm, 2.7 um
column (Agilent Technologies, Santa Clara, CA, United States)
and eluents water (eluent A) and acetonitrile (eluent B) acidified
with 0.1% (v/v) formic acid. The injection volume was 20 pl and
the flow rate was 0.3 ml/min over a direct gradient of 2% B for
80 min followed by a washing step of 80% B for 7 min before
equilibrating the gradient back to 2% B for 3 min. An active
gradient of 0-80 min was analyzed in the positive polarity by Full
MS-SIM mode (Resolution: 35000, AGC target: 3¢6, maximum
injection time: 60 ms, and scan range: 385-1015 m/z) and DIA
mode (Resolution: 17500, AGC target: 2e6, maximum injection
time: 60 ms, loop count: 25, and isolation window: 24 m/z).

The raw data was processed by DIA-NN software (version
1.8) using the library-free DIA analysis mode (Demichev et al.,
2020). The MS/MS spectra and retention time were predicted by
the DIA-NN algorithm using the Uniprot reference proteome
database for Mus musculus (UP000000589_10090; version from
2021-06-16; 22,001 protein sequences). The predicted MS library
was used to search the raw data with 1% precursor and protein
group (PG) false detection rate (FDR) thresholds and at least one
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proteotypic peptide with a length of 7-30 amino acids. The
resulting MaxLFQ normalized intensities were used for data
evaluation (Cox et al.,, 2014).

Data analysis

All the studies were carried out as three replicates and
presented as mean + SD, (n = 3). Statistical analyses were
performed using GraphPad Prism v. 5.03 software (GraphPad
Software, San Diego, CA, United States). Statistical differences
between the groups were tested using one-way ANOVA,
followed by a two-tailed Tukey’s multiple comparison test and
presented as mean + SD, with statistically significant differences

denoted by *p < 0.05, **p < 0.01, **p < 0.001.

Results

Bioconversion of L-type amino acid
transporter 1-utilizing aromatic amide
prodrugs is pH- and cobalt-dependent

To explore the possible LAT1-utilizing amide prodrug bond
containing compounds bioconverting enzymes and understand
the bioactivation mechanisms in more detail, the compounds’
enzymatic stability was studied in human plasma and rat liver
and brain S9 subcellular fractions by altering the studied
conditions. First, prodrug 1 was predisposed to slightly acidic
(pH 6.5) and slightly basic (pH 8.5) conditions at +37°C, which
did not activate the bioconverting enzyme(s) as such (data not
Then, divalent
magnesium (Mg*"), calcium (Ca®"), copper (Cu™), nickel
(Ni**), zinc (Zn**), and cobalt (Co®"), were added in the
biological media (pH 7.4). From the added metal ions,
did not affect the
bioconversion, while nickel was able to induce enzymatic

shown). coordination metals, including

magnesium, calcium, and copper
hydrolysis in media of rodent origin to some extent, t,, being
in rat liver and brain S9 subcellular fractions 6h or over,
respectively (Table 2). Surprisingly, zinc did not have major
effects; only minor bioconversion was seen in rat liver
S9 subcellular fraction (7% + 2% of the prodrug was
bioconverted during the first 3 h). However, cobalt was able to
activate bioconverting enzymes in all studied media, increasing
the bioconversion rate most effectively in human plasma (t,, ca.
65 min), followed by rat brain S9 fraction (ti, ca.129 min) and rat
liver S9 fraction (ti, ca. 312 min). Decreasing pH in rat liver
S9 fraction below 7.4 in the presence of cobalt decelerated the
bioconversion rate to zero, while increasing pH to 8.5 accelerated
the bioconversion rate, half-life dropping from 312 + 19 min to
178 + 19 min (Table 2). Adding a non-specific metalloprotease
inhibitor, bestatin (100 uM) to nickel- and cobalt-catalyzed
reactions, the bioconversion rate (k,,) dropped approximately

frontiersin.org


https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1034964

Hugele et al.

10.3389/fphar.2022.1034964

TABLE 2 Bioconversion of prodrug 1 (100 pM) in human plasma as well as in rat liver and brain S9 subcellular fractions in the absence and presence of
2 mM metal ions at pH 7.4 (+37°C). The results are presented as half-lives (mean + SD, n = 3).

pH 7.4 (unless otherwise Human plasma (min)

stated)

Blank N.B.
Mg N.B.
Ca®* N.B.
Cu** N.B.
Ni** N.B.
Zn* N.B.
Co™ 65 +2
Co*, pH 6.5 —
Co*, pH 8.5 —

Rat liver S9 (min) Rat brain S9 (min)

N.B. N.B.
N.B. N.B.
N.B. N.B.
N.B. N.B.
366 + 45 >360
Minor N.B.
312 £ 19 129 +7
N.B. —

178 + 19 —

N.B. denotes “no bioconversion”.
The dash (—) abbreviates that the experiment was not carried out in these conditions.

0.0025+ e I —

g
E

o

Q.

«©
<

FIGURE 1

Bioconversion rate constants [k (app)] of prodrug 1 (100 uM)

in rat liver S9 subcellular fraction in the presence of 2 mM cobalt,
with and without non-specific metalloprotease inhibitor, bestatin
(100 pM). Data are presented as mean + SD (n = 3) and an
asterisk denotes a statistically significant difference from the
respective control (**p < 0.01, one-way ANOVA, followed by
Tukey's multiple comparison test).

by half (Figure 1). As the bioconversion in these circumstances
was relatively slow, the yield of the parent drug (ketoprofen in the
case of prodrug 1) was not quantitative.

Thus, since no bioconversion with prodrug 1 was observed in
human plasma, rat liver, or brain S9 subcellular fractions without
metal ions, the possible bioconverting enzyme class narrowed to
metalloproteinases (EC 3.4.21). The sensitivity to slightly alkaline
conditions also limited the number of candidate bioconverting
enzymes for LAT1-utilizing amide prodrugs. However, at this
point, it was important to notice that there is also another
enzyme class, aminopeptidases (EC 3.4.11) that are also
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metalloenzymes, but they differ from the metalloproteinases
(EC 3.4.21) in their activities; activation mechanisms and
active site of the enzymes (Mucha et al., 2010).

Curiously, most of the other LAT1-utilizing amide prodrugs
behaved similarly, adding cobalt into the studied media activated
the bioconversion (prodrugs 2, 5,7, 8,and 9) (Table 3). When the
cobalt was replaced with other metal ions or metalloprotease
inhibitor bestatin was added to the media, the bioconversion rate
decelerated remarkably, if occurred at all. Curiously, the
bioconversion in human-derived media the studied prodrugs
behaved differently; in plasma the bioconversion was faster
compared to liver S9 subcellular fraction (Table 3). Prodrugs
having aliphatic amino acid promoiety (L-Lys with compounds 3
and 4), were not bioconverted despite the addition of the
activating metal ion (Table 3), indicating that these prodrugs
were not as good substrates for the bioconverting enzyme as the
other prodrugs having aromatic amino acid promoiety (L-Phe
with prodrugs 1, 2, 5, 7, 8, 9). The only exception seemed to be
compound 6, which was resistant to the bioconversion in the
presence of metal ions, implying that it may be bioconverted by
other enzymes than the rest of the aromatic LATI1-utilizing
amide. Moreover, compound 6 is structurally much smaller
and more water-soluble compared to the other larger and
lipophilic LAT1-utilizing compounds, which most likely
affects the interactions between the compounds and the
protein, required for the hydrolysis of the prodrugs.

Bioconversion of L-type amino acid
transporter 1-utilizing aromatic amide
prodrugs is mediated via
aminopeptidase B

Thus, we concluded that the possible LATI-utilizing
bioconverting enzyme for most of the prodrugs could be
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TABLE 3 Bioconversion of studied compounds (100 pM) in rat liver and brain S9 subcellular fractions as well as in human plasma and liver
S9 subcellular fraction (pH 7.4) and with human recombinant aminopeptidase B (pH 8.5) in the presence of 2 mM Co?* (+37°C). The bioconversion
rates were also inhibited (inh.) with metalloprotease inhibitor bestatin. All the results are presented as half-lives (mean + SD, n = 3).

Rat liver Rat brain

S9 (min) S9 (min) (min)
1 312 £ 19 129+ 7 65 + 2
Inh. — >360 138 + 18
2 245 + 77 N.B. 103 + 11
Inh. 652 + 8744 — 123+ 26
3 N.B. N.B. >360
4 N.B. N.B. N.B.
5 >360 >360 3745
Inh. — — 75 + 2244
6 N.B. N.B. N.B.
7 141 + 8 >360 >360
Inh. 185 + 14** — —
8 216 + 15 >360 >360
Inh. 303 + 30* — —
9 >360 N.B. N.B.
Inh. — — —

Human plasma

Human liver Human aminopeptidase

$9 (min) B (min)

N.B. 24 + 1 (60%, in 30 min)
N.B. 20 + 2 (40% in 20 min)
N.B. N.B.

N.B. N.B.

N.B. 216 + 15 (55% in 4 h)
N.B. N.B.

>360 35 + 2 (50% in 40 min)
N.B. 208 + 28 (60% in 4 h)
N.B. 58 + 5 (30% in 30 min)

N.B. denotes “no bioconversion” and an asterisk statistically significant difference from the respective control
p < 0.001, ¥*p < 0.01, *p < 0.05 one-way ANOVA, followed by Tukey’s multiple comparison test.

The dash (—) abbreviates that the experiment was not carried out in these conditions.

TABLE 4 Bioconversion of studied prodrugs (100 pM) in mouse serum (50%) as well as mouse liver and brain S9 subcellular fractions in the presence of
2 mM Co?* at pH 7.4 (+37°C). Results are presented as half-lives (mean + SD, n = 3) and N.B. denotes “no bioconversion”.

Mouse liver
S9 fraction (min)

Mouse serum
(50%) (min)

1 323 £ 19 >360 >360

2 >360 >360 >360

3 >360 N.B. N.B.

4 >360 N.B. N.B.

5 133+3 141 £ 19 N.B.

6 N.B. N.B. N.B.

7 226 + 8 238 + 17 318 + 80
8 211 +18 267 + 24 266 + 11
9 >360 >360 >360
aminopeptidase B (EC 3.4.11.6, RNPEP, APB, arginyl

aminopeptidase), based on the utilization of cobalt and the
pH-dependency as well as its existence in the brain (Ramirez
et al., 1990; Fukasawa et al., 1996; Foulon et al., 1999; Ramirez-
Expésito et al., 2001; Fukasawa et al., 2011). Therefore, the
bioconversion of the prodrugs was also determined with the
human recombinant aminopeptidase B in the presence of cobalt
at pH 8.5. As seen in table 3, this recombinant enzyme indeed
bioconverted the same aromatic amino acid prodrugs (1, 2, 5, 7,
8, 9) that were prone to the cobalt-mediated hydrolysis in the
human plasma, rat liver, or brain S9 subcellular fractions, while
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Mouse brain
S9 fraction (min)
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Mouse microglia Mouse astrocytes

(min) (min)
>360 394 + 31
>360 >360
N.B. N.B.
N.B. N.B.
>360 >360
N.B. N.B.

119 + 7 144 + 14
>360 >360
N.B. N.B.

the highly stable aliphatic amino acid prodrugs (3 and 4) and
the exceptional prodrug 6 were not bioconverted by this
There the
bioconversion rate, with most prodrugs having half-lives less

enzyme. was also a wide variation in
than 1 h (compounds 1, 2, 7, and 9). However, there were also
slowly metabolized compounds; prodrugs 5 and 8 had half-lives
over 3 h. Curiously, these prodrugs (5 and 8) have only one
aromatic ring in their parent drug structure, while the more
rapidly metabolized prodrugs (1, 2, 7, and 9) have two aromatic
rings in addition to the third aromatic ring of the amino acid

promoiety. Thus, it can be concluded that the structure of the
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FIGURE 2

Relative protein expression of aminopeptidase B measured

by non-targeted global proteomic approach from mouse brain
and liver tissues and plasma (mean + SD, n = 3).

overall prodrug defines the bioconversion rate of these amino
acid amide prodrugs.

To cross-validate our conclusions with another rodent
species, by which the pharmacokinetic studies were carried
out previously (Table 1), and to attain reliable in vitro-in vivo
correlation between the achieved results, the bioconversion rate
was also studied in mouse serum and liver/brain S9 subcellular
fractions as well as immortalized mouse microglia (BV2 cells)
and astrocytes (Puris et al., 2017; Puris et al., 2019; Montaser
et al., 2020). The bioconversion rate in a biological media of
mouse origin followed the in vivo pharmacokinetic study mouse
(Tables 1, 4), where aliphatic amino acid prodrugs did not
release their parent drug at all (compounds 3 and 4),
particularly in the mouse brain (Puris et al, 2017).
Contrarily, the aromatic amino acid prodrugs (compounds 1,
2,5,7,8,9) released their parent drug in all mouse media as well
as in vivo (excluding compound 6) (Puris et al., 2017; Puris
et al., 2019; Montaser et al., 2020), which is also in accordance
with the results obtained with enzymes derived from rat and
human media (Table 3). Only with prodrugs 7 and 8, no
released parent drug was observed in vivo in the brain,
although in vitro, they were hydrolyzed and released their
parent drugs (flurbiprofen and ibuprofen) both in rat and
mouse brain subcellular fractions (Tables 3, 4). Both these
parent drugs can undergo further metabolism (Karlsson and
Fowler, 2014), and therefore, it is highly likely that in the
pharmacokinetic study, in which the metabolites were not
followed, the release of these parent drugs cannot be truly
estimated. Moreover, prodrugs 7 and 8 were also bioconverted
with the human recombinant aminopeptidase B, which
supports the conclusion, that these compounds were also
aminopeptidase B substrates. With prodrug 6 no correlation
was seen between in vitro and in vivo results, indicating that
some other enzyme rather than aminopeptidase B is responsible
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for the hydrolysis and release of its parent drug (salicylic acid)
in vivo. This compound also had the highest bioconversion
extent in the mouse brain (ca. 80% of the prodrug was
bioconverted), and lowest bioconversion extent in mouse
plasma and liver (less than 1% and no bioconversion,
respectively) (Montaser et al, 2020), which makes the
the
hydrolysis of prodrug 6 very interesting, particularly from

possible bioconverting enzyme(s) participating in

the brain-targeted drug delivery point of view.

Aminopeptidase B can be a brain-selective
prodrug bioconveting enzyme

Curiously, there were only minor differences in the
bioconversion rate between mouse serum, liver S9 fraction, and
brain S9 fraction (Table 4). In turn, the bioconversion was to some
extent faster in the cellular homogenates, although the total protein
amount was the same in all bioconversion studies. Microglia and
astrocytes homogenates have most likely, a higher content of the
responsible enzyme in relation to other proteins, and compared to
the S9 subcellular fractions prepared from tissue homogenates. As
can be seen from Tables 3, 4, species differences were also noticed
between humans and rodents as well as among the rodents (mice vs.
rats). In addition, there were also differences among the prodrugs
having aromatic promoiety. The most flexible parent drugs 5, 7, and
8 were readily hydrolyzed followed by structurally more rigid
compounds (I > 2 > 9). Thus, in addition to the number of
aromatic rings, the flexibility of the parent drug can have a
major impact on the bioconversion rate of these amino acid
amide prodrugs.

To confirm that the cobalt and pH-dependent enzyme
(aminopeptidase B) that was identified in the in vitro studies,
was also responsible for the prodrug bioconversion seen in the
pharmacokinetic studies with mice, a global proteomic study was
carried out for the mouse plasma as well as tissue and cell
By this
differences between the tissues can be compared and it cannot

homogenates. non-targeted method, only fold
be considered an absolute quantification. However, in this
experiment, several specific peptides related to aminopeptidase
B were recognized, which increases the accuracy of the enzyme
identification. The highest expression of aminopeptidase B was
found in the mouse brain, followed by liver and plasma
(Figure 2). Since LAT1 is also expressed in the brain
parenchymal cells (Huttunen et al., 2019), and thus it carries
its substrates into the brain parenchymal cells (neurons,
astrocytes, and microglia), aminopeptidase B expression in
mouse BV2 microglia was also analyzed. Curiously, it was
found that mouse immortalized microglia expressed several
other potential prodrug bioconverting enzymes, particularly
other aminopeptidases, including also di- and tripeptyl
well as addition to

peptidases, as cathepsins, in

aminopeptidase B (Figure 3).
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intensity and blue the lowest intensity.

Discussion

Although the prodrug concept is a relatively old and widely
utilized approach in drug discovery and development, less
attention has been paid to site-selective bioconversion of
stable their
bioconverting enzymes (Simplicio et al., 2008; Eichenbaum
et al., 2012; Gynther et al., 2016; Huttunen, 2018; Di, 2019;
Tampio et al., 2021). Therefore, the in vitro—in vivo correlations

more prodrugs, such as amides, and

have been less accurate and the success of site-selectively
released prodrugs in the clinical context has been more or
less sporadic. However, as long as the pharmacological
responses have been improved in comparison to their parent
drugs and the clinical outcomes have been successful, the need
these has
unfortunately, less warranted.

of clarifying bioconverting enzymes been,

Brain drug delivery is a very challenging part of the
central nervous system (CNS)-drug development, due to
the highly restricting BBB that protects the brain from
xenobiotics, while retaining homeostasis
(Pardridge, 2012;

2022). Therefore, taking advantage of specific delivery

of many
endogenous compounds Pardridge,
routes of endogenous compounds, such as transporters
selectively expressed at the BBB, can be one way to
improve brain drug delivery (Huttunen et al., 2022). To
mimic endogenous compounds without compromising the
potency of drug candidate towards the final target, the
prodrug approach can be used. However, there is still a
lack of knowledge of brain-specific enzymes. It is highly
important in the targeted prodrug approach to avoid
premature hydrolysis e.g., during the first-pass metabolism,
and to attain efficient site-selective bioconversion. Moreover,
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greater controlled release prodrugs could be designed if the

bioconverting enzymes were recognized and more
information about their binding pockets and the catalytic
mechanisms were available that could be taken into account
in the structural prodrug design.

In the present study, it was identified that aminopeptidase B
(3.4.11.6, RNPEP, APB, arginyl aminopeptidase) is one of the
key enzymes hydrolyzing LAT1-utilizing amide prodrugs, and
particularly in the rodent brain tissue and cell homogenates
(Table 3, 4). It was activated in the presence of cobalt ions and
slightly elevated pH (8.5) and inhibited by non-specific protease
inhibitor bestatin (Tables 2, 3; Figure 1). The enzyme was also
localized and active in human and mouse plasma, and it was
more effective in rat and mouse liver subcellular fractions
compared to one of humans. Aminopeptidase B was has
been identified in human liver and plasma already in
1968 and 1976, respectively (Méikinen, 1968; Mikinen and
1976), it has

extracellular isoform as well as intracellularly in Golgi

Virtanen, and been found as secreted
apparatus (Balogh et al., 1998). Although it may have a low
tissue specificity or low brain regional specificity, as stated by
the human protein atlas (www.proteinatlas.org, read 1.7.2022),
more attention should be paid to its quantitative protein
expression and functional capacity in different tissues. In the
the of

aminopeptidase B revealed that mouse brain has 2-times

present  study, semi-quantitative  expression
higher levels of this enzyme compared to the amounts in
mouse liver, and 4-times higher amounts compared to
mouse plasma (Figure 2). Therefore, the studied prodrugs
were effectively delivering their parent drugs into the mouse
brain and some of the prodrugs had only a limited premature

bioconversion in the periphery (Table 1). However, the
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aminopeptidase B protein quantification should also be carried
out for human tissues, to obtain reliable translation from
rodents to humans.

It was also concluded in this study that the aromatic
promoieties most likely fit better for aminopeptidase B than
the (L-Phe L-Lys
derivatives), but the structural features of the parent drug (the

aliphatic promoieties derivatives vs.
rigidity) most likely define whether the prodrugs are substrates of
aminopeptidase B or not (Table 3). Curiously, all the studied
parent drugs also contained at least one aromatic ring, but it was
not enough to have strong interactions with aminopeptidase B in
the case of aliphatic promoieties (prodrugs 3 and 4). Overall, the
aromaticity requirement in the amino acid promoiety seems to be
against the original name and substrates of this enzyme, i.e.,
arginyl aminopeptidase removing arginine and/or lysine residues
from the N-terminus of peptides. Therefore, more detailed
interaction of the compounds within the enzyme catalytic
pocket needs to be clarified thoroughly in the future by
computational methods.

However, not all the studied aromatic prodrugs were
bioconverted by aminopeptidase B, e.g., prodrug 6 (salicylic
acid prodrug, the smallest prodrug size-wisely in this series)
was not an aminopeptidase B substrate, but was bioconverted in
the brain by some other, yet unidentified enzyme(s) (Montaser
et al,, 2020). It is also highly likely, that the bioconversion of
compound 6 is eg, neurons-specific, and therefore, no
bioconversion was seen in astrocytes or microglia cell
homogenates (Table 4). It has been reported that
aminopeptidase NAP and NAP2 (belonging to the EC
3.4.11 family) are neuron-specific enzymes and can thus, offer
a regio-selective bioconversion for some prodrugs (Hui et al.,
1998; Hui and Hui, 2008). Nevertheless, it is also possible that
other enzymes expressed in the brain are involved in the
bioconversion of all the studied prodrugs, in addition to
aminopeptidase B. With the non-targeted (global) proteomic
approach, we identified several other prodrug bioconverting
enzyme candidates from the mouse brain tissue and
immortalized microglia. These enzymes include at least
exopeptidases, (ANPEP, EC
3.4.11.2), leucine-cysteinyl aminopeptidase (LNPEP, EC
3.4.11.3), cytosol alanyl aminopeptidase (LAP3, EC 3.4.11.14),
methionyl aminopeptidase (METAP1, EC 3.4.11.18), and
aspartyl aminopeptidase (DNPEP, EC 3.4.11.21) that can
hydrolyze terminal amino acids (Figure 3). From these,

such as aminopeptidase N

leucine-cysteinyl aminopeptidase and methionyl
aminopeptidase were expressed in the brain (and liver) but
not in plasma. However, several endopeptidases, like cathepsin
B, D, S, and Z, were also identified from mouse brain (Figure 3).
Although they break peptide bonds of non-terminal amino acids,
they may be responsible for prodrug bioconversion. Such an
example is cathepsin A or carboxypeptidase Y (CPA, EC
3.4.16.5),

antiretroviral agent against human immunodeficiency virus

which bioconverts tenofovir alafenamide, an
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(HIV) (Birkus et al., 2007). However, less is known of other
cathepsins as prodrug hydrolyzing enzymes. Notably, an enzyme
belonging to the same family with cathepsin A, carboxypeptidase
D (CPD, EC 3.4.16.6) was also found selectively expressed in the
mouse brain (not expressed in the liver or plasma). In addition,
dipeptidyl peptidases 1-3 and tripeptidyl peptidase 2, which all
may bear a potential as prodrug bioconverting enzymes, were
identified from the mouse brain and not in plasma. At least,
dipeptidyl peptidase 4 (DPP4, EC 3.4.14.5) has been studied as a
selective prodrug-activating enzyme in cancer cells (Dahan et al.,
2014). However, the possibility of all the above-mentioned
enzymes being the main bioconverting enzyme of the studied
prodrugs was ruled out by the fact that this enzyme was cobalt-
dependent and activated in elevated pH (8.5), which is optimal
only for aminopeptidase B from the listed enzymes in Figure 3.

Lastly, it is worthwhile to point out that substituting zinc ions
with cobalt ions is a very useful tool to explore the catalytic
properties of enzymes (Kobayashi and Shimizu, 1999). Cobalt is
an essential cofactor in many cellular functions (Kobayashi and
Shimizu, 1999; Heffern et al., 2013; Khrustalev et al., 2019), but it
can also restore the activity of many enzymes in the absence of
zinc ions and even accelerate enzyme activity (Fukasawa et al.,
2011). However, when working with cells, attention should be
paid to the ingredients in the media, since it has been reported
that e.g., DMEM has a higher content of histidine, which can
chelate cobalt ions, compared to RPMI 1640 and DMEM/
F12 mediums, which seems to be a better choice for cobalt-
related studies, in which growing media is required (Torii et al.,
2011). It is also hoped that this study encourages researchers to
explore the prodrug bioconverting enzymes in more details in the
future rather than referring that they were hydrolyzed by
ubiquitous hydrolysing enzymes and the prodrugs were stable
in vitro, but released their parent drug in vivo.

Conclusion

In summary, this study proves the importance of identifying
the prodrug bioconverting enzymes, particularly when site-
selective prodrug delivery is needed to be achieved. LATI-
utilizing amide prodrugs having aromatic amino acid
promoiety and at least one aromatic ring, preferably too
aromatic rings in their parent drug with a flexible overall
structure, were effectively hydrolyzed by aminopeptidase B in
the presence of cobalt ions. Increasing the pH to 8.5 accelerated
the bioconversion rate and adding non-specific peptidase
inhibitor bestatin inhibited the hydrolysis via aminopeptidase
B. This enzyme is highly expressed in the mouse brain compared
to plasma and liver and particularly in parenchymal cells
which  LAT1-utilizing
aminopeptidase

(microglia), in compounds are

accumulated.  However, B was not
bioconverting all the studied prodrugs that were releasing

their parent drug in vivo in the mouse brain. Therefore, more
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efforts should be paid to structure activity relationships of amide
prodrugs biocoverting enzymes as well as to identifying other
possible brain-selective enzymes in the future.

Data availability statement

The data presented in the study are deposited in the
ProteomeXchange the PRIDE partner
repository with the dataset identifier PXD037260.

Consortium  via

Ethics statement

Ethical approval was not provided for this study on human
participants because The control plasma that was used for this
study was purchaised from Finnish Red Cross, available for
research purposes, and approved by the Red Cross upon the
order. The ethics committee waived the requirement of written
informed consent for participation. The animal study was
reviewed and approved by the Institutional Animal Care and
Use Committee of the University of 112 Eastern Finland (Animal
Usage Plan number ESAVI/3347/04.10.07/2015).

Author contributions

KH contributed to conception and design of the study. AH,
SL, BM, MG, and AM performed the experiments and the
following statistical analysis. SA and AM developed the used
global proteomic methodology. KH wrote the first draft of the
manuscript. All authors contributed to manuscript revision, read,
and approved the submitted version.

References

Albert, A. (1958). Chemical aspects of selective toxicity. Nature 182 (4633),
421-422. doi:10.1038/182421a0

Balogh, A., Cadel, S., Foulon, T., Picart, R., Der Garabedian, A., Rousselet, A., et al.
(1998). Aminopeptidase B: A processing enzyme secreted and associated with the
plasma membrane of rat pheochromocytoma (PC12) cells. J. Cell Sci. 111 (2),
161-169. doi:10.1242/jcs.111.2.161

Birkus, G., Wang, R,, Liu, X,, Kutty, N., MacArthur, H., Cihlar, T., et al. (2007).
Cathepsin A is the major hydrolase catalyzing the intracellular hydrolysis of the

antiretroviral nucleotide phosphonoamidate prodrugs GS-7340 and GS-9131.
Antimicrob. Agents Chemother. 51 (2), 543-550. doi:10.1128/AAC.00968-06

Boado, R.],, Li, J. Y., Nagaya, M., Zhang, C., and Pardridge, W. M. (1999). Selective
expression of the large neutral amino acid transporter at the blood-brain barrier. Proc.
Natl. Acad. Sci. U. S. A. 96 (21), 12079-12084. doi:10.1073/pnas.96.21.12079

Cox, J., Hein, M. Y., Luber, C. A,, Paron, L, Nagaraj, N., and Mann, M. (2014).
Accurate proteome-wide label-free quantification by delayed normalization and
maximal peptide ratio extraction, termed MaxLFQ. Mol. Cell. Proteomics 13 (9),
2513-2526. doi:10.1074/mcp.M113.031591

D’Souza, A. ., and Topp, E. M. (2004). Release from polymeric prodrugs: Linkages
and their degradation. J. Pharm. Sci. 93 (8), 1962-1979. doi:10.1002/jps.20096

Dahan, A., Wolk, O., Yang, P, Mittal, S., Wu, Z., Landowski, C. P., et al. (2014).
Dipeptidyl peptidase IV as a potential target for selective prodrug activation and

Frontiers in Pharmacology

1

10.3389/fphar.2022.1034964

Funding

The study was financially supported by the Academy of
Finland (grants 294227, 294229, 307057, and 311939), and
Sigrid Juselius Foundation (2018, 2019, 2020, and 2021).

Acknowledgments

The authors would like to thank Tiina Koivunen and Janne
for the technical assistance with the
Terasaki for
introducing the global proteomic approach, and Biocenter

Tampio, M. Sc.

bioconversion studies, Professor Tetsuya

Finland and Biocenter Kuopio for supporting LC-MS

laboratory facilities.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Publisher’'s note

All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their
affiliated organizations, or those of the publisher, the
editors and the reviewers. Any product that may be
evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the
publisher.

chemotherapeutic action in cancers. Mol. Pharm. 11 (12), 4385-4394. doi:10.1021/
mp500483v

Dansette, P. M., Libraire, J., Bertho, G., and Mansuy, D. (2009). Metabolic
oxidative cleavage of thioesters: Evidence for the formation of sulfenic acid
intermediates in the bioactivation of the antithrombotic prodrugs ticlopidine
and clopidogrel. Chem. Res. Toxicol. 22 (2), 369-373. doi:10.1021/tx8004828

Demichev, V., Messner, C. B., Vernardis, S. I, Lilley, K. S., and RalserDIA-Nn, M.
(2020). DIA-NN: Neural networks and interference correction enable deep
proteome coverage in high throughput. Nat. Methods 17 (1), 41-44. doi:10.
1038/541592-019-0638-x

Di, L. (2019). The impact of carboxylesterases in drug metabolism and
pharmacokinetics. ~ Curr. Drug Metab. 20 (2), 91-102. doi:10.2174/
1389200219666180821094502

Eichenbaum, G., Skibbe, J., Parkinson, A., Johnson, M. D., Baumgardner, D.,
Ogilvie, B., et al. (2012). Use of enzyme inhibitors to evaluate the conversion
pathways of ester and amide prodrugs: A case study example with the prodrug
ceftobiprole medocaril. J. Pharm. Sci. 101 (3), 1242-1252. doi:10.1002/jps.22816

Fasciglione, G. F., Marini, S., D’Alessio, S., Politi, V., and Coletta, M. (2000). pH-
and temperature-dependence of functional modulation in metalloproteinases. A
comparison between neutrophil collagenase and gelatinases A and B. Biophys. J. 79
(4), 2138-2149. doi:10.1016/S0006-3495(00)76461-7

frontiersin.org


https://doi.org/10.1038/182421a0
https://doi.org/10.1242/jcs.111.2.161
https://doi.org/10.1128/AAC.00968-06
https://doi.org/10.1073/pnas.96.21.12079
https://doi.org/10.1074/mcp.M113.031591
https://doi.org/10.1002/jps.20096
https://doi.org/10.1021/mp500483v
https://doi.org/10.1021/mp500483v
https://doi.org/10.1021/tx8004828
https://doi.org/10.1038/s41592-019-0638-x
https://doi.org/10.1038/s41592-019-0638-x
https://doi.org/10.2174/1389200219666180821094502
https://doi.org/10.2174/1389200219666180821094502
https://doi.org/10.1002/jps.22816
https://doi.org/10.1016/S0006-3495(00)76461-7
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1034964

Hugele et al.

Foulon, T., Cadel, S., and Cohen, P. (1999). Aminopeptidase B (EC 3.4.11.6). Int.
J. Biochem. Cell Biol. 31 (7), 747-750. doi:10.1016/s1357-2725(99)00021-7

Fukami, T., and Yokoi, T. (2012). The emerging role of human esterases. Drug
Metab. Pharmacokinet. 27 (5), 466-477. doi:10.2133/dmpk.dmpk-12-rv-042

Fukasawa, K. M., Fukasawa, K., Kanai, M., Fujii, S., and Harada, M. (1996).
Molecular cloning and expression of rat liver aminopeptidase B. J. Biol. Chem. 271
(48), 30731-30735. doi:10.1074/jbc.271.48.30731

Fukasawa, K. M., Hata, T., Ono, Y., and Hirose, J. (2011). Metal preferences of
zinc-binding motif on metalloproteases. J. Amino Acids 2011, 574816. doi:10.4061/
2011/574816

Ghosh, A. K, and Brindisi, M. (2015). Organic carbamates in drug design and
medicinal chemistry. J. Med. Chem. 58 (7), 2895-2940. doi:10.1021/jm501371s

Gynther, M, Peura, L., Vernerova, M., Leppanen, J., Karkkainen, J., Lehtonen, M, et al.
(2016). Amino acid promoieties alter valproic acid pharmacokinetics and enable extended
brain exposure. Neurochem. Res. 41 (10), 2797-2809. doi:10.1007/s11064-016-1996-8

Heffern, M. C., Yamamoto, N., Holbrook, R. J., Eckermann, A. L., and Meade, T.].
(2013). Cobalt derivatives as promising therapeutic agents. Curr. Opin. Chem. Biol.
17 (2), 189-196. doi:10.1016/j.cbpa.2012.11.019

Hofer, F., Kraml, J., Kahler, U., Kamenik, A. S., and Lied], K. R. (2020). Catalytic
site pK(a) values of aspartic, cysteine, and serine proteases: Constant pH MD
simulations. J. Chem. Inf. Model. 60 (6), 3030-3042. doi:10.1021/acs.jcim.0c00190

Hoppe, E., Hewitt, N. J., Buchstaller, H. P., Eggenweiler, H. M., Sirrenberg, C.,
Zimmermann, A, et al. (2014). A novel strategy for ADME screening of prodrugs:
Combined use of serum and hepatocytes to integrate bioactivation and clearance,
and predict exposure to both active and prodrug to the systemic circulation.
J. Pharm. Sci. 103 (5), 1504-1514. doi:10.1002/jps.23942

Hui, K. S., Saito, M., and Hui, M. (1998). A novel neuron-specific aminopeptidase
in rat brain synaptosomes. Its identification, purification, and characterization.
J. Biol. Chem. 273 (47), 31053-31060. doi:10.1074/jbc.273.47.31053

Hui, M., and Hui, K. S. (2008). A new type of neuron-specific aminopeptidase
NAP-2 in rat brain synaptosomes. Neurochem. Int. 53 (6-8), 317-324. doi:10.1016/j.
neuint.2008.09.003

Huttunen, J., Peltokangas, S., Gynther, M., Natunen, T., Hiltunen, M., Auriola, S.,
et al. (2019). L-type Amino acid transporter 1 (LAT1/Lat1)-Utilizing prodrugs can
improve the delivery of drugs into neurons, astrocytes and microglia. Sci. Rep. 9 (1),
12860. doi:10.1038/s41598-019-49009-2

Huttunen, K. M., Huttunen, J., Aufderhaar, I, Gynther, M., Denny, W. A., and
Spicer, J. A. (2016). L-Type amino acid transporter 1 (latl)-mediated targeted
delivery of perforin inhibitors. Int. J. Pharm. 498 (1-2), 205-216. doi:10.1016/j.
ijpharm.2015.12.034

Huttunen, K. M. (2018). Identification of human, rat and mouse hydrolyzing
enzymes bioconverting amino acid ester prodrug of ketoprofen. Bioorg. Chem. 81,
494-503. doi:10.1016/j.bioorg.2018.09.018

Huttunen, K. M., Raunio, H., and Rautio, J. (2011). Prodrugs--from serendipity to
rational design. Pharmacol. Rev. 63 (3), 750-771. doi:10.1124/pr.110.003459

Huttunen, K. M., Terasaki, T., Urtti, A., Montaser, A. B., and Uchida, Y. (2022).
Pharmacoproteomics of brain barrier transporters and substrate design for the
brain targeted drug delivery. Pharm. Res. 39, 1363-1392. doi:10.1007/s11095-022-
03193-2

Jankowsky, J. L., Fadale, D. J., Anderson, J., Xu, G. M., Gonzales, V., Jenkins, N.
A, et al. (2004). Mutant presenilins specifically elevate the levels of the 42 residue
beta-amyloid peptide in vivo: Evidence for augmentation of a 42-specific gamma
secretase. Hum. Mol. Genet. 13 (2), 159-170. doi:10.1093/hmg/ddh019

Karlsson, J., and Fowler, C. J. (2014). Inhibition of endocannabinoid metabolism
by the metabolites of ibuprofen and flurbiprofen. PLoS One 9 (7), €103589. doi:10.
1371/journal.pone.0103589

Khrustalev, V. V., Khrustaleva, T. A., Poboinev, V. V., Karchevskaya, C. I,
Shablovskaya, E. A., and Terechova, T. G. (2019). Cobalt(ii) cation binding by
proteins. Metallomics 11 (10), 1743-1752. doi:10.1039/c9mt00205g

Kobayashi, M., and Shimizu, S. (1999). Cobalt proteins. Eur. J. Biochem. 261 (1),
1-9. doi:10.1046/j.1432-1327.1999.00186.x

Mikinen, K. K. (1968). Effect of certain chemical compounds on rat liver
aminopeptidase B acting on L-arginyl-2-naphthylamide with evidence of the
occurrence of a similar enzyme in the liver of human fetuses. Arch. Biochem.
Biophys. 126 (3), 803-811. doi:10.1016/0003-9861(68)90474-8

Mikinen, K. K., and Virtanen, K. K. (1976). Aminopeptidase B in human serum.
Clin. Chim. Acta. 67 (2), 213-218. d0i:10.1016/0009-8981(76)90262-x

Montaser, A., Huttunen, J., Ibrahim, S. A., and Huttunen, K. M. (2019).
Astrocyte-targeted transporter-utilizing derivatives of ferulic acid can have
multifunctional effects ameliorating inflammation and oxidative stress in the
brain. Oxid. Med. Cell. Longev. 2019, 3528148. doi:10.1155/2019/3528148

Frontiers in Pharmacology

10.3389/fphar.2022.1034964

Montaser, A. B., Jarvinen, J., Loffler, S., Huttunen, J., Auriola, S., Lehtonen, M.,
etal. (2020). L-type Amino acid transporter 1 enables the efficient brain delivery of
small-sized prodrug across the blood-brain barrier and into human and mouse
brain parenchymal cells. ACS Chem. Neurosci. 11 (24), 4301-4315. doi:10.1021/
acschemneuro.0c00564

Mucha, A., Drag, M. Dalton, J. P, and Kafarski, P. (2010). Metallo-
aminopeptidase inhibitors. Biochimie 92 (11), 1509-1529. doi:10.1016/j.biochi.
2010.04.026

Pardridge, W. M. (2022). A historical review of brain drug delivery.
Pharmaceutics 14 (6), 1283. doi:10.3390/pharmaceutics14061283

Pardridge, W. M. (2012). Drug transport across the blood-brain barrier. J. Cereb.
Blood Flow. Metab. 32 (11), 1959-1972. doi:10.1038/jcbfm.2012.126

Peura, L., Malmioja, K., Huttunen, K., Leppanen, J., Hamalainen, M., Forsberg,
M. M, et al. (2013). Design, synthesis and brain uptake of LAT1-targeted amino
acid prodrugs of dopamine. Pharm. Res. 30 (10), 2523-2537. doi:10.1007/s11095-
012-0966-3

Pihlaja, R., Koistinaho, J., Malm, T., Sikkila, H., Vainio, S., and Koistinaho, M.
(2008). Transplanted astrocytes internalize deposited beta-amyloid peptides in a
transgenic mouse model of Alzheimer’s disease. Glia 56 (2), 154-163. doi:10.1002/
glia.20599

Prabha, M., Ravi, V., and Ramachandra Swamy, N. (2013). Activity of hydrolytic
enzymes in various regions of normal human brain tissue. Indian J. Clin. biochem.
28 (3), 283-291. doi:10.1007/s12291-012-0273-0

Puris, E., Gynther, M., Huttunen, J., Auriola, S., and Huttunen, K. M. (2019).
L-type amino acid transporter 1 utilizing prodrugs of ferulic acid revealed structural
features supporting the design of prodrugs for brain delivery. Eur. J. Pharm. Sci. 129,
99-109. doi:10.1016/j.€jps.2019.01.002

Puris, E., Gynther, M., Huttunen, J., Petsalo, A., and Huttunen, K. M. (2017).
L-type amino acid transporter 1 utilizing prodrugs: How to achieve effective brain
delivery and low systemic exposure of drugs. J. Control. Release 261, 93-104. doi:10.
1016/j.jconrel.2017.06.023

Ramirez, M., Arechaga, G., Garcfa, S., Sdnchez, B., Lardelli, P., and Gandarias, J. M.
(1990). Soluble and membrane-bound leucyl- and arginyl-aminopeptidase activities in
subcellular fractions of young and adult rat brains. Rev. Esp. Fisiol. 46 (4), 393-397.

Ramirez-Exposito, M. J., Garcia, M. J., Mayas, M. D., Ramirez, M., and Martinez-
Martos, J. M. (2001). Differential effects of dietary cholesterol on aminopeptidase A,
B and M in the frontal cortex of male and female mice. Nutr. Neurosci. 4 (6),
461-468. doi:10.1080/1028415x.2001.11747381

Rautio, J., Meanwell, N. A,, Di, L., and Hageman, M. J. (2018). The expanding role
of prodrugs in contemporary drug design and development. Nat. Rev. Drug Discov.
17 (8), 559-587. doi:10.1038/nrd.2018.46

Satoh, T., and Hosokawa, M. (2006). Structure, function and regulation of
carboxylesterases. Chem. Biol. Interact. 162 (3), 195-211. doi:10.1016/j.cbi.2006.07.001

Simplicio, A. L., Clancy, J. M., and Gilmer, J. F. (2008). Prodrugs for amines.
Molecules 13 (3), 519-547. doi:10.3390/molecules13030519

Tampio, J., Loffler, S., Guillon, M., Hugele, A., Huttunen, J., and Huttunen, K. M.
(2021). Improved 1-Type amino acid transporter 1 (LAT1)-mediated delivery of
anti-inflammatory drugs into astrocytes and microglia with reduced prostaglandin
production. Int. J. Pharm. 601, 120565. doi:10.1016/j.ijpharm.2021.120565

Tampio, J., Markowicz-Piasecka, M., Montaser, A., Rys, J., Kauppinen, A., and
Huttunen, K. M. (2022). L-Type Amino acid transporter 1 utilizing ferulic acid
derivatives show increased drug delivery in the mouse pancreas along with
decreased lipid peroxidation and prostaglandin production. Mol. Pharm. doi:10.
1021/acs.molpharmaceut.2c00328

Thiele, N. A., Karkkainen, J., Sloan, K. B., Rautio, J., and Huttunen, K. M. (2018).
Secondary carbamate linker can facilitate the sustained release of dopamine from
brain-targeted prodrug. Bioorg. Med. Chem. Lett. 28 (17), 2856-2860. doi:10.1016/j.
bmcl.2018.07.030

Torii, S., Kurihara, A., Li, X. Y., Yasumoto, K., and Sogawa, K. (2011). Inhibitory
effect of extracellular histidine on cobalt-induced HIF-lalpha expression.
J. Biochem. 149 (2), 171-176. doi:10.1093/jb/mvq129

Uchino, H., Kanai, Y., Kim, D. K., Wempe, M. F., Chairoungdua, A., Morimoto,
E., et al. (2002). Transport of amino acid-related compounds mediated by L-type
amino acid transporter 1 (LAT1): Insights into the mechanisms of substrate
recognition. Mol. Pharmacol. 61 (4), 729-737. doi:10.1124/mol.61.4.729

Venteicher, B., Merklin, K., Ngo, H. X,, Chien, H. C., Hutchinson, K., Campbell,
J., et al. (2021). The effects of prodrug size and a carbonyl linker on l-type Amino
acid transporter 1-targeted cellular and brain uptake. ChemMedChem 16 (5),
869-880. doi:10.1002/cmdc.202000824

Verma, S., Dixit, R,, and Pandey, K. C. (2016). Cysteine proteases: Modes of
activation and future prospects as pharmacological targets. Front. Pharmacol. 7,
107. doi:10.3389/fphar.2016.00107

frontiersin.org


https://doi.org/10.1016/s1357-2725(99)00021-7
https://doi.org/10.2133/dmpk.dmpk-12-rv-042
https://doi.org/10.1074/jbc.271.48.30731
https://doi.org/10.4061/2011/574816
https://doi.org/10.4061/2011/574816
https://doi.org/10.1021/jm501371s
https://doi.org/10.1007/s11064-016-1996-8
https://doi.org/10.1016/j.cbpa.2012.11.019
https://doi.org/10.1021/acs.jcim.0c00190
https://doi.org/10.1002/jps.23942
https://doi.org/10.1074/jbc.273.47.31053
https://doi.org/10.1016/j.neuint.2008.09.003
https://doi.org/10.1016/j.neuint.2008.09.003
https://doi.org/10.1038/s41598-019-49009-z
https://doi.org/10.1016/j.ijpharm.2015.12.034
https://doi.org/10.1016/j.ijpharm.2015.12.034
https://doi.org/10.1016/j.bioorg.2018.09.018
https://doi.org/10.1124/pr.110.003459
https://doi.org/10.1007/s11095-022-03193-2
https://doi.org/10.1007/s11095-022-03193-2
https://doi.org/10.1093/hmg/ddh019
https://doi.org/10.1371/journal.pone.0103589
https://doi.org/10.1371/journal.pone.0103589
https://doi.org/10.1039/c9mt00205g
https://doi.org/10.1046/j.1432-1327.1999.00186.x
https://doi.org/10.1016/0003-9861(68)90474-8
https://doi.org/10.1016/0009-8981(76)90262-x
https://doi.org/10.1155/2019/3528148
https://doi.org/10.1021/acschemneuro.0c00564
https://doi.org/10.1021/acschemneuro.0c00564
https://doi.org/10.1016/j.biochi.2010.04.026
https://doi.org/10.1016/j.biochi.2010.04.026
https://doi.org/10.3390/pharmaceutics14061283
https://doi.org/10.1038/jcbfm.2012.126
https://doi.org/10.1007/s11095-012-0966-3
https://doi.org/10.1007/s11095-012-0966-3
https://doi.org/10.1002/glia.20599
https://doi.org/10.1002/glia.20599
https://doi.org/10.1007/s12291-012-0273-0
https://doi.org/10.1016/j.ejps.2019.01.002
https://doi.org/10.1016/j.jconrel.2017.06.023
https://doi.org/10.1016/j.jconrel.2017.06.023
https://doi.org/10.1080/1028415x.2001.11747381
https://doi.org/10.1038/nrd.2018.46
https://doi.org/10.1016/j.cbi.2006.07.001
https://doi.org/10.3390/molecules13030519
https://doi.org/10.1016/j.ijpharm.2021.120565
https://doi.org/10.1021/acs.molpharmaceut.2c00328
https://doi.org/10.1021/acs.molpharmaceut.2c00328
https://doi.org/10.1016/j.bmcl.2018.07.030
https://doi.org/10.1016/j.bmcl.2018.07.030
https://doi.org/10.1093/jb/mvq129
https://doi.org/10.1124/mol.61.4.729
https://doi.org/10.1002/cmdc.202000824
https://doi.org/10.3389/fphar.2016.00107
https://www.frontiersin.org/journals/pharmacology
https://www.frontiersin.org
https://doi.org/10.3389/fphar.2022.1034964

	Aminopeptidase B can bioconvert L-type amino acid transporter 1 (LAT1)-utilizing amide prodrugs in the brain
	Introduction
	Materials and methods
	Chemicals
	Biological material
	Ultra-high-performance liquid chromatography analyses
	Bioconversion of prodrugs
	Non-targeted (global) proteomics of the used biological material
	Data analysis

	Results
	Bioconversion of L-type amino acid transporter 1-utilizing aromatic amide prodrugs is pH- and cobalt-dependent
	Bioconversion of L-type amino acid transporter 1-utilizing aromatic amide prodrugs is mediated via aminopeptidase B
	Aminopeptidase B can be a brain-selective prodrug bioconveting enzyme

	Discussion
	Conclusion
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	References


