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ABSTRACT: Histone acetylation is a prominent epigenetic modifica-
tion linked to the memory loss symptoms associated with neuro-
degenerative disease. The use of existing histone deacetylase inhibitor
(HDACi) drugs for treatment is precluded by their weak blood−brain
barrier (BBB) permeability and undesirable toxicity. Here, we address
these shortcomings by developing a new class of disulfide-based
compounds, inspired by the scaffold of the FDA-approved HDACi
romidepsin (FK288). Our findings indicate that our novel compound
MJM-1 increases the overall level of histone 3 (H3) acetylation in a
prostate cancer cell line. In mice, MJM-1 injected intraperitoneally (i.p.)
crossed the BBB and could be detected in the hippocampus, a brain
region that mediates memory. Consistent with this finding, we found
that the post-training i.p. administration of MJM-1 enhanced hippo-
campus-dependent spatial memory consolidation in male mice. Therefore, MJM-1 represents a potential lead for further
optimization as a therapeutic strategy for ameliorating cognitive deficits in aging and neurodegenerative diseases.

■ INTRODUCTION

Memory dysfunction is a common symptom of aging and
neuropsychiatric and neurodegenerative disorders, yet truly
effective treatments for memory loss do not exist. Memory
dysfunction stems, in part, from reduced gene expression that
leads to decreased levels of proteins essential for neural
plasticity.1 Within chromatin, DNA is tightly wound around an
octamer of four different histone proteins. Acetylation of these
proteins relaxes the bond between histones and DNA and
leads to chromatin remodeling, thereby increasing gene
transcription.2,3 Histone acetylation in the brain increases the
expression of memory-related genes and is required for long-
term memory formation.4,5 Compounds that maintain histone
acetylation, called histone deacetylase inhibitors (HDACis),
prevent the deacetylation of core histone proteins, thereby
promoting a transcriptionally favorable state for the expression
of genes that regulate neural plasticity and memory. Therefore,
HDACis are promising therapeutics that could be used to
prevent or delay memory loss associated with aging and other
disorders.6,7

Class I HDACs (HDACs 1−3, 8) are extensively expressed
in the rat hippocampus and amygdala, both of which are brain
regions critical for learning and memory.8 As such, class I
HDACs have been the most studied in the context of

cognition.9,10 For instance, systemic intraperitoneal (i.p.)
injection of the brain-penetrant HDACi sodium butyrate
(NaBu) facilitates the formation of long-term object
recognition (OR) memory in male mice.11,12 Similarly, the
infusion of the HDACi trichostatin A (TSA) into the dorsal
hippocampus enhances object recognition memory in
ovariectomized female mice13 and spatial memory in male
mice.14 These and other HDACis also promote morphological
and physiological alterations that lead to increased neural
plasticity in the hippocampus and amygdala.15,16

Although brain-penetrant HDACi such as NaBu and TSA
can improve various forms of memory in rodents, their
therapeutic utility in humans remains limited because they lack
selectivity toward specific isoforms of HDAC enzymes. This
represents a significant challenge in treating neurological
disorders, as pan-selective HDACis produce negative side
effects and unwanted cytotoxicity because they also target
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nonhistone proteins such as transcription factors, nuclear
transport proteins, and cytoskeleton proteins that can alter cell-
cycle progression, differentiation, and apoptosis.17 Moreover,
FDA-approved HDACis that have traditionally been used for
the treatment of hematological diseases have limited ability to
cross the blood−brain barrier (BBB).18 Considering these
obstacles, the goal of this project was to synthesize small
HDACi molecules that easily penetrate the BBB and enhance
memory with minimum cytotoxicity.
Most HDACis typically follow a common pharmacophore

structure that is comprised of a cap group, a linker, and a zinc-
binding group (ZBG) (Figure 1A). The crystal structures of
HDACi-Zn2+ complexes illustrated that the zinc-binding
groups chelate with a zinc ion (Zn2+) located in the catalytic
center of HDAC enzymes.19,20 The linker travels through the
narrow hydrophobic channel (11 Å), which connects the ZBG
with the surface recognition cap group.19,21 Modifying these
pharmacophore pieces is critical for improving the potency and
isoform selectivity of novel HDACi compounds.22,23 To date,
four HDACi compounds (SAHA, romidepsin, belinostat, and
panobinostat) have been approved by the FDA as chemo-
therapeutic agents.24,25 Although HDACis have been tradi-
tionally developed to treat cancer, there are promising
applications for the utility of HDACi-based therapeutics to

improve memory deficits associated with neurodegenerative
disorders.26,27

Based on the typical pharmacophore model, we demonstrate
in this series of studies the development and biological
evaluation of a new class of disulfide-based HDACis. Initial
biological assessment of the target compounds included assays
of cell viability, histone 3 (H3) acetylation, HDAC inhibition
by the lead compound, MJM-1, in vitro, and in a cancer cell
line. The lead compound was then subjected to in vivo studies
to evaluate its BBB penetration capability. Upon finding that
MJM-1 penetrates the BBB and is detected in the hippo-
campus, the ability of MJM-1 to enhance memory formation
was assessed in tasks that rely on hippocampal function.

■ RESULTS

Chemistry: Structural Design and Synthesis. To date, a
range of natural and synthetic HDACis have been identified,
which are structurally diverse. Among them, cyclic depsipep-
tide-type HDACis are complex natural products containing a
large macrocyclic framework.28 The depsipeptide (e.g.,
romidepsin)-type inhibitors are structurally unique, as they
serve as stable prodrugs, and upon intracellular reduction of
the disulfide bond by glutathione, they convert to its active
monocyclic dithiol form (Figure 1B). The freed thiol group

Figure 1. Structural analysis of HDAC inhibitors. (A) Pharmacophore model and chemical structures of selected HDAC inhibitors; and (B)
romidepsin structure and its reduced active form.

Scheme 1. Synthesis of MJM-1 and MJM-2a

aReagents and conditions: (a) Et3N, CH2Cl2, rt, 3 h; (b) (triphenylphosphoranylidene)acetaldehyde, C6H6, reflux, 12 h; (c) LDA, THF, −78 °C, 3
h; (d) I2, NaOAc, CH2Cl2 : MeOH (10:1), 0 °C to rt, 3 h; (e) LiOH, THF/ H2O (4:1), 50 °C, 12 h.
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with the longer aliphatic linker enters the catalytic pocket and
chelates with zinc, thus inhibiting the enzyme activities.29

Although romidepsin was found to be highly potent against
certain malignancies, it shows high cytotoxicity and very low
BBB permeability, highlighting its drawbacks in clinical
applications for neurodegenerative diseases.30 To improve
BBB permeability of HDAC inhibitors, most efforts have been
focused on increasing lipophilicity.31,32 In this endeavor, we
hypothesized that certain designer small compounds inspired
by the romidepsin scaffold may possess more “druglike”
properties, such as increased solubility/bioavailability, de-
creased toxicity, and high brain uptake upon i.p. admin-
istration, yet be adequately potent to benefit memory
formation. Therefore, we set out to design small HDACis
that are structurally derived from romidepsin by following the
typical pharmacophore model. Accordingly, we made HDACi
bearing the C6 linker with a smaller cap group while still
containing a disulfide bond as in romidepsin, which should act
by the same prodrug mechanism.33

Our synthesis started with the commercially available
acrolein for the formation of the desired disulfide compounds
7 (MJM-1) and 9 (MJM-2) following the synthetic route
shown in Scheme 1. Initially, the reaction between acrolein 1
and triphenylmethanethiol 2 afforded aldehyde 3. The
corresponding α,β-unsaturated aldehyde 4 was then prepared
b y t h e W i t t i g r e a c t i o n b e t w e e n 3 a n d 2 -
(triphenylphosphoranylidene)acetaldehyde. The desired aldol
product 6 was achieved from 4 using lithium diisopropylamide
(LDA) [generated in situ by reaction with n-BuLi and
diisopropyl amine (DIPEA)] as a base and tert-butyl ester 5
as the enolate source. The aldol reaction provided the β-
hydroxy ester 6 as a racemic mixture. Subsequently, the
racemic product 6 then underwent a dimerization reaction in

the presence of iodine and sodium acetate, resulting in the
desired disulfide productMJM-1. The racemic ester 6 was then
deprotected with lithium hydroxide to yield β-hydroxy acid 8,
from which the expected disulfide product MJM-2 was
obtained by applying the same dimerization reaction
conditions as described earlier.
In the next phase, we aimed to modify the cap group by

replacing the ester moiety with an amide functionality through
a coupling reaction (Scheme 2). First, β-hydroxy acid 8 and
phenylamine were placed under coupling conditions using
benzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluoro-
phosphate (PyBOP) as a coupling reagent and N,N-
diisopropyl ethyl amine (DIPEA) as a base, which led to the
formation of corresponding amides 12. Unfortunately, the
same coupling condition did not work well for a tert-butyl
amide. To synthesize compound 10, different coupling
conditions were applied during the reaction between tert
butylamine and 8, where 1-(3-dimethylaminopropyl)-3-ethyl-
carbodiimide hydrochloride (EDC) was used as a coupling
reagent, triethylamine (TEA) as a base, and 4-dimethylami-
nopyridine (DMAP) as a catalyst. Later, we incorporated a
bigger cap group by the coupling of β-hydroxy acid 8 and D-
norleucine methyl ester hydrochloride by employing the same
coupling conditions used for compound 10, which yielded
compound 14. The basic hydrolysis of ester 14 resulted in the
corresponding acid 16. Finally, applying the similar dimeriza-
tion condition mentioned in Scheme 1, the desired dimer
compounds MJM-3, MJM-4, MJM-5, and MJM-6 were
synthesized from 10, 12, 14, and 16, respectively.

Biological Evaluation. The ability of each “MJM”
compound to inhibit deacetylation reactions catalyzed by
HDAC2 in vitro was monitored in a concentration-dependent
manner in the presence and absence of the reducing agent

Scheme 2. Synthesis of MJM-3, MJM-4, MJM-5, and MJM-6a

aReagents and conditions: (d) I2, NaOAc, CH2Cl2 : MeOH (10:1), 0 °C to rt, 3 h; (e) LiOH, THF/ H2O (4:1), 50 °C, 12 h; (f) tert-butyl amine,
PyBOP, DIPEA, CH2Cl2, 0 °C to rt, 12 h; (g) EDC, DMAP, TEA, phenyl amine, CH2Cl2, 0 °C to rt, 12 h; (h) D-norleucine methyl ester
hydrochloride, PyBOP, DIPEA, CH2Cl2, 0 °C to rt, 12 h.
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dithiothreitol (DTT). DTT was assumed to reduce each
compound to its active (SH) monomer form, as depicted for
romidepsin (Figure 1B). The addition of DTT increased the
potency of each compound, typically about 10-fold (Table 1).
DTT did not affect HDAC activity when added to dimethyl
sulfoxide (DMSO) alone.

To study the effects of MJM compounds after 48 h in
respect to cell proliferation, a 3-(4,5-dimethylthiazol-2-yl)-2,5-
diphenyltetrazolium bromide (MTT) assay was conducted on
DU145 tumor cell (Figure 2). Romidepsin was used as a

positive HDACi control. Interestingly, only MJM-1 showed
concentration-dependent effects on viability (Figure 2). For
example, MJM-3 and MJM-4 showed no inhibition of DU145
cell proliferation at the tested concentrations. Other analogues
were tested similarly (data not shown) and achieved no
significant reduction of cellular proliferation up to 50 μM of

the compound. By contrast, MJM-1 inhibited the growth of
DU145 tumor cells in a concentration-dependent manner, with
an LD50 of 39 ± 20 μM. Specifically, the treatment of DU145
tumor cells with 50 μM of MJM-1 significantly reduced
proliferation by ∼50% and ∼80% when treated with 100 μM
compared to that of DMSO control. As expected, romidepsin
inhibited proliferation in the nM range where concentrations
of 5 and 10 nM showed significant inhibition of viability. Based
on these results, MJM-1 was selected for further investigation.
Additional cell-based and in vitro methods were used to

characterize the HDAC inhibitory activity of MJM-1 (Figure
3). First, the acetylation levels of histone H3 were assessed
using immunofluorescence microscopy after 24 h of treatment
with either DMSO only (Figure 3A), 25 μM (Figure 3B), 50
μM (Figure 3C), or 100 μM MJM-1 (Figure 3D), or 10 nM
romidepsin (Figure 3E). Acetylation levels of histone H3
showed a dose-dependent increase following MJM-1 treatment
in DU145 tumor cells. Specifically, treatment with 100 and 50
μM of MJM-1 showed many brightly fluorescent nuclei in
every field of view, indicating high levels of acetylation.
Treatment with 25 μM of MJM-1 resulted in fewer strongly
labeled nuclei. As expected, romidepsin treatment also showed
increased histone H3 acetylation at the 10 nM dose. Therefore,
these results show that the dose-dependent inhibition
increased histone H3 acetylation at the 10 nM dose. Therefore,
these results show that the dose-dependent inhibition of cell
proliferation observed following treatment with MJM-1
correlates with increased levels of histone H3 acetylation.
The effect of MJM-1 on the activity of recombinant purified
HDACs was also compared with that of romidepsin (Figure
3F). Despite being less potent, MJM-1 inhibited all HDACs
including those not in class I. About 100 times more
romidepsin, which was developed as a specific class I HDAC
inhibitor, was needed to inhibit cytoplasmic class IIb HDAC6
than was needed to inhibit class I HDACs. In contrast, MJM-1
inhibited both class IIb and all class I HDACs tested with
similar potency. The lower potency MJM-1 most likely results
from the absence of half of the ring present in romidepsin
(Figure 1B).

Maximum Tolerated Dose (MTD) Studies. To deter-
mine the MTD in vivo, escalating doses of MJM-1, romidepsin,
and SAHA were injected i.p. into BALB/c mice, and morbidity
and mortality were monitored over 2 weeks. Romidepsin
showed very high toxicity, with the animals only being able to
tolerate doses of 3.125 mg/kg (Table 2). By contrast, MJM-1
had an MTD of more than 200 mg/kg, which was similar to
that of SAHA, suggesting that both MJM-1 and SAHA are
much less toxic than romidepsin.

MJM-1 Detection in Hippocampus. Based on the
promising anti-HDAC activity in the DU145 prostate cancer
cell line and the high maximum tolerable dose, we then
decided to examine the extent to which MJM-1 can be
detected in blood, liver, and brain samples collected from
BALB/c mice. After i.p. injection of 40 mg/kg MJM-1, blood,
liver, and brain samples were collected 10, 30, and 60 min
following i.p. injection. The samples were analyzed by mass
spectroscopy (Shimadzu LCMS-8040), and MJM-1 was
detected in all samples. The presence of MJM-1 in brain
samples suggests that it can cross the blood−brain barrier
(BBB).
Because the hippocampus is responsible for many aspects of

memory formation, we further investigated the extent to which
a systemic injection of MJM-1 penetrates the hippocampus.

Table 1. HDAC2 Inhibition of MJM Compounds
Synthesized in the Presence and Absence of the Reducing
Agent DTT

IC50 (μM)a

compound +DTT −DTT
MJM-1 10 ± 4 100 ± 20
MJM-2 28 ± 19 140 ± 40
MJM-3 18 ±11 >100
MJM-4 25 ± 8 105 ± 60
MJM-5 17 ± 6 280 ± 130
MJM-6 11 ± 6 140 ± 30

aConcentration needed to inhibit HDAC2 by 50% in an HDAC-Glo
assay. Values determined from two independent titrations with each
HDACi (average ± standard deviation, SD). >100, less than 50%
inhibition at the highest concentration tested.

Figure 2. DU145 tumor cells showed decreased viability after
treatment with MJM-1. DU145 tumor cells were treated with the
indicated concentration of MJM-4 (squares), MJM-3 (triangles),
MJM-1 (diamonds), or romidepsin (circles) for 48 h. Absorbance
values were obtained and normalized to DMSO control levels.
Percent of cells remaining was calculated, and results are
representative of three independent experiments. Only MJM-1
showed significantly reduced cell viability (****p < 0.0001) at 100
and at 50 μM (***p = 0.0006) compared to DMSO. Romidepsin was
used as a positive control and demonstrated significantly reduced
viability (***p = 0.0002) at 10 and 5 nM. Bars indicate the mean
percent inhibition.
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MJM-1 was administered i.p. at two different doses (20 or 40
mg/kg) to determine the optimal dose range for subsequent
memory assessment. For the 20 mg/kg dose, whole brains
were collected from two BALB/c mice for one time point (10
min), whereas for the 40 mg/kg dose, brains were collected at
two time points (10 and 30 min). Later, the hippocampus was
isolated from each brain. Finally, the hippocampus and the rest
of the brain (see the Supporting Information) were analyzed
using mass spectroscopy (Shimadzu LCMS-8040) and the
chromatograms are shown in Figure 4. For both the 20 mg/kg
(see the Supporting Information) and 40 mg/kg dose, MJM-1
was detected 10 min after injection. In addition, for the 40 mg/
kg dose, the smaller area of the chromatogram after 30 min
suggests a declining amount of MJM-1 in the dorsal
hippocampus over time. The data illustrated in Figure 4
suggest that MJM-1 penetrates the BBB and diffuses into the
hippocampus rapidly after i.p. administration.

Pharmacokinetic Study of MJM-1. After an i.p. injection
of 40 mg/kg MJM-1, we detected MJM-1 in blood, brain, and
liver with a tmax of ∼10 min and Cmax values of 131.2, 82.5, and
530 ng/mL, respectively. The calculated half-life in blood,
brain, and liver was 45.4, 13.4, and 41 min, respectively. MJM-
1 showed the highest area under the curve (AUC) of 31 091
ng/(min mL) for liver, whereas, for brain and blood samples,
the AUC was 2019 and 5286 ng/(min mL), respectively. The
elimination rate was 0.052 min−1 in the brain in contrast to
that of blood (0.022 min−1) and liver (0.017 min−1). The
plasma:brain ratio was 1:0.38 in terms of AUC (Figure 5A−C).

Assessment of Memory Consolidation. We then
assessed the extent to which MJM-1 can enhance memory
consolidation in male mice. As described in the Experimental
Section, the object placement (OP) and object recognition
tasks were used to assess spatial and object recognition
memory consolidation, respectively.
Briefly, each task consists of a training phase in which mice

must accumulate 30 s, exploring two identical objects in an
open field (Figure 6A,B). Immediately after training, mice were
injected i.p. with vehicle control (DMSO), the positive HDACi
control sodium butyrate (NaBu), or one of three doses of
MJM-1 (20, 30, 40 mg/kg). Memory in object placement and
object recognition was tested 24 and 48 h later, respectively,
because negative control mice no longer remember the identity
and location of the objects at these time points.34−36 During
object placement testing, one training object was moved to a
new location in the testing arena, whereas during object
recognition testing, one training object was replaced with a

Figure 3. Ability of MJM-1 to inhibit HDAC activity. (A−E) Representative images of histone H3 acetylation after treatment with MJM-1 or
romidepsin. DU145 tumor cells were treated with the indicated concentrations of MJM-1 or romidepsin for 24 h. Cells were labeled with DAPI
(blue) to identify nuclei and stained for acetylated H3 (green). Cells treated with (A) DMSO, (B) 25 μM MJM-1, (C) 50 μM MJM-1, (D) 100
μM MJM-1, and (E) 10 nM romidepsin. Scale bar = 50 μm. (F) Ability of HDAC1 (circles), HDAC2 (squares), HDAC3 (triangles), HDAC6
(diamonds), or HDAC8 (hexagons) to deacetylate peptides in the presence of either romidepsin (filled symbols) or MJM-1 (open symbols). All
reactions were performed in triplicate, with averages plotted and fitted to a concentration-response equation using nonlinear regression (GraphPad
Prism). The table lists the concentration of either romidepsin or MJM-1 needed to inhibit HDAC-catalyzed reactions by 50% (IC50). Deacetylation
was coupled to aminoluciferin and luciferase such that luminescence (arbitrary units, au) linearly reflects deacetylase activity. Each reaction
contained the same HDAC concentration (0.5 nM) and indicated amounts of a HDACi. Note both axes are log scales. Uncertainties reflect 95%
confidence intervals of the curve fits.

Table 2. Maximum Tolerated Doses

compound maximum tolerated dosea

SAHA >200 mg/kg
Romidepsin 3.1 mg/kg
MJM-1 >200 mg/kg

aCompounds were dissolved in 20% DMSO/saline and injected i.p.
into healthy BALB/c mice. Individual values were derived from the
average of triplicate experiments with standard error within a 20%
margin. >200, animal survival at the highest concentration tested (200
μM).
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novel object. Because mice exhibit an inherent preference for
novelty, those that spend more time than chance (15 s) with
the novel or moved object are considered to display intact
consolidation of memory for the training objects. Mice
completed object placement testing followed by object
recognition testing. Objects were counterbalanced across
mice to account for any object preferences that might be
expressed. Bouts of testing were separated by 2 weeks to
ensure that any effects of drug treatment were dissipated
before the next treatment. Multiple doses of MJM-1 enhanced
spatial memory consolidation (Figure 6C). Although one-way

analyses of variance (ANOVAs) did not indicate significant
between-group differences (F(4,78) = 1.134; p = 0.3467), one-
sample t-tests that assess memory within each group revealed a
differential pattern of spatial memory consolidation among the
groups. Mice receiving the negative DMSO control did not
spend significantly more time with the moved object than the
chance value of 15 s (t(16) = 0.6857, p > 0.05; n = 17),
suggesting that this group exhibited impaired memory for
object location. In contrast, mice receiving the positive control,
NaBu, spent significantly more time than chance with the
moved object (t(14) = 2.265, p = 0.0399; n = 15), indicating

Figure 4. Mass chromatogram of MJM-1 (40 mg/kg dose) and internal standard (DPI: 4,5-diphenylimidazole) in hippocampus for two different
time points. (A) Sample collected 10 min after i.p. injection. (B) Sample collected 30 min after i.p. injection. The following transitions were
monitored in multiple reaction monitoring (MRM) modes for MJM-1: m/z 485 [M + Na+] > 373.00, m/z 485 [M + Na+] > 429.00, m/z 485 [M +
Na+] > 311.00; and for DPI: m/z 221 > 193.00, m/z 221 > 167.00, m/z 221 > 152.00.

Figure 5. Pharmacokinetic analysis of MJM-1 in blood, brain, and liver. Swiss Webster mice were injected i.p. with 40 mg/kg MJM-1, and blood
(A), brain (B), and liver (C) concentrations were determined by liquid chromatography−mass spectrometry (LC−MS/MS) at different time
points. Data are depicted as a mean ± SD (n = 4) and fitted to a two-compartment pharmacokinetics (PK) model to determine PK parameters.
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enhanced memory for object location. Similarly, mice receiving
20 mg/kg MJM-1 (t(16) = 2.244, p = 0.0393; n = 17) or 40
mg/kg MJM-1 (t(15) = 5.248, p < 0.0001; n = 16) also spent
significantly more time with the moved object than chance,
indicating that these two doses of MJM-1 enhanced spatial
memory consolidation. Although these increases may appear
small, they are 12−24% greater than chance (15 s). Cohen’s d
for the t-tests indicates medium effect sizes for NaBu (d =
0.584) and 20 mg/kg MJM-1 (d = 0.544) and a large effect size
for 40 mg/kg MJM-1 (d = 1.312). Although not quite
statistically significant, mice receiving 30 mg/kg MJM-1 also
tended to spend more time than chance with the moved object
(t(17) = 2.054, p = 0.0556; n = 18). These results suggest that
acute i.p. administration of MJM-1 can enhance spatial
memory consolidation in male mice.
In contrast to its effects on spatial memory, MJM-1 did not

influence object recognition memory consolidation (Figure
6D). One-sample t-tests indicated that mice receiving vehicle
did not spend significantly more time than chance with the
novel object (t(12) = 1.533, p > 0.05; n = 13). Although mice
receiving NaBu spent significantly more time than chance with
the novel object, (t(14) = 3.915, p = 0.0016; n = 15), those
receiving the 20, 30, or 40 mg/kg MJM-1 did not (ts(14-15) =
0.6089, 0.3235, and 1.747, respectively, p > 0.05; n = 15−16).
The main effect of treatment was significant (F(4, 70) = 6.027;
p = 0.0003), an effect driven by the fact that the NaBu-treated
group differed significantly from every other treatment group

(NaBu vs Veh: p = 0.0002; NaBu vs 20: p = 0.0077; NaBu vs
30: p = 0.0013; NaBu vs 40: p < 0.0001). Taken together,
these results indicate that MJM-1 can enhance spatial, but not
object recognition, memory consolidation to a similar extent as
the known memory-enhancing HDAC inhibitor NaBu.

■ DISCUSSION

Although HDACis have established anticancer activity, this
class of compounds has gained an intense interest in recent
decades for its potential to alleviate memory loss in aging and
neurodegenerative diseases like Alzheimer’s disease (AD).37,38

In preclinical studies, HDACis facilitate brain function and
enhance memory formation and retention in wild-type rodents
and mouse models of AD.26,39 Although several well-known
HDACis including SAHA, valproic acid, and trichostatin A are
effective in treating CNS disorders such as Alzheimer’s disease,
brain cancer, and addiction,40 their clinical application in this
area has remained underdeveloped due to their limited ability
to cross the BBB.18,31,41 So far, researchers have discovered
only a handful of analogues of HDAC inhibitors that can cross
the BBB and have the potential to treat CNS disorders.31,42−44

Considering the high efficacy of cyclic depsipeptide-type
HDAC inhibitors as chemotherapeutic agents, we undertook
a systematic approach to synthesize small disulfide molecules
(Schemes 1 and 2), which could have high brain uptake as well
as potency for memory formation. The successful synthesis of
the desired compounds following the proposed scheme was

Figure 6. Post-training i.p. administration of MJM-1 enhances spatial, but not object recognition, memory in male mice. (A, B) Schematic of the
object placement and object recognition tasks used to assess the consolidation of spatial memory and object recognition memory, respectively. See
the text for a detailed description of task protocols. (C) Male mice receiving an i.p. injection of the HDACi sodium butyrate (NaBu), or 20 or 40
mg/kg of MJM-1 spent significantly more time than chance (dashed line at 15 s, *p < 0.05, ****p < 0.0001) with the moved object 24 h after
training (n = 15−18/group). Although not statistically significant, mice receiving the 30 mg/kg dose of MJM-1 displayed a strong trend toward
spending more time than chance with the moved object (#p = 0.0556). (D) Only mice receiving NaBu treatment spent significantly more time than
chance with the novel object 48 h after training (**p < 0.01, ***p < 0.001). Mice treated with NaBu also spent significantly more time with the
novel object than every other treatment group (relative to NaBu) (n = 13−15/group). Bars represent the mean ± standard error of the mean
(SEM).
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confirmed by our spectroscopic data, which include high-
resolution mass spectrometry (HRMS), 13C NMR, and 1H
NMR (see the Supporting Information).
In this study, we initially assessed whether MJM-1, our novel

HDACi, could reduce cell viability. The MTT results
demonstrate a dose-dependent behavior shown by MJM-1,
where the treatment of 100 and 50 μM reduced viability by
∼80 and ∼50%, respectively. The LD50 value of MJM-1 was
approximately 40 μM. Additional analogues of MJM-1 (MJM-
2, MJM-3, MJM-4, MJM-5, MJM-6) were tested and showed
no significant reduction in cellular proliferation at the highest
dose tested (50 μM). Treatment with romidepsin in the nM
range also showed a reduction of viability. This is consistent
with previous studies testing romidepsin against prostate
cancer cells.45 Although romidepsin had a higher potency than
our novel inhibitor, it has shown numerous clinical toxicities
when used as an antineoplastic agent. Most commonly are
hematological complications such as thrombocytopenia and
anemia.46

Histone acetylation has been shown to play crucial roles in
myriad biological processes including cell proliferation and
carcinogenesis.47 HDACis such as romidepsin have been
shown to increase levels of acetylation in multiple tumor cells.
Our immunofluorescence imaging results demonstrated high
levels of histone acetylation in DU145 cells when treated with
100 and 50 μM of MJM-1, which was less pronounced at the
25 μM dose. Similarly, the treatment of DU145 cells with
romidepsin in the nM range showed high levels of histone
acetylation, which has been shown in previous studies.45 The
observed levels of histone acetylation after MJM-1 treatment
were qualitatively lower than those after treatment with
romidepsin, which could explain the lower toxicity exhibited
by MJM-1, as shown in the MTD studies. Further assessment
will include the quantification of acetylation levels using flow
cytometry or mass spectrometry. In vitro studies supported the
contention that decreased apparent cellular histone acetylation
in the presence of MJM-1 results from HDAC inhibition
(Figure 3F). Although several orders of magnitude less potent
than romidepsin, MJM-1 inhibited all HDACs tested in a
concentration-dependent fashion, and this activity is not
restricted to class I HDACs. In addition, from the IC50 values
(Table 1) of other MJM compounds, we observed that MJM-1
shows better or comparable HDAC inhibition.
To evaluate acute toxicity and assess potential safety, we

determined the maximally tolerated dose (MTD).48 The assay
was performed in a way that conserved the compound and
minimized the number of animals sacrificed during subsequent
in vivo study. Both MJM-1 and SAHA were well tolerated
during the study, and no significant loss of body weight or
other signs of overt toxicity were observed. In contrast,
morbidity and mortality were substantially higher with
romidepsin. These data suggest a much more favorable safety
profile for MJM-1, such that MJM-1 is far less toxic than
romidepsin (even at a higher dose).
MJM-1 has a longer half-life in blood and liver than brain

after i.p. administration. The elimination of MJM-1 may
depend on its conversion to the corresponding thiol in a
reductive environment, as well as metabolism and secretion.
Levels of the thiol species, if present, were below detectable
limits in blood after i.p. administration. Nevertheless, we think
that the thiol is likely to be present because the prodrug MJM-
1 can be detected or complexation of cations or the formation
of mixed disulfides with, e.g., glutathione, complicated the

quantification of the thiol compound by MS/MS. The ability
of MJM-1 to cross the BBB was supported by memory
enhancement after i.p. injection and indicated by PK analysis.
The Cmax in the brain was 63% of the Cmax in blood at 10 min.
This confirms a rapid and robust BBB transit of MJM-1.
Interestingly, the half-life of MJM-1 is significantly shorter in
the brain than in blood or liver. Brain tissue is highly
dependent on redox systems that support synaptic plasticity
and neurotransmitter recycling.49 If reduction to the thiol can
be assumed a major metabolic pathway, then the local
accumulation of thiol formed by MJM-1 may be greater in
the brain than elsewhere. Finally, the AUC (liver) is almost 6-
fold higher than the AUC (blood); thus, MJM-1 is
compartmentalized in the liver, which might be due to the
hydrophobic nature of MJM-1 (unspecific binding) or a
specific interaction of unknown nature. The elimination rate in
the liver is comparable to that in the blood; thus, accumulated
MJM-1 in the liver is not rate-limiting for metabolism. Further
research will identify the metabolites of MJM-1 in vivo and
their approximate rates for formation in blood and the brain.
These future studies will not only focus on phase I and phase II
metabolism but also on the redox kinetics of these unique
disulfides.
It has been reported that the physicochemical properties of

small molecules correlate with their ability to cross the BBB.
Several physicochemical properties are widely used to assess a
compound’s ability to cross the BBB, including lipophilicity
(clogP), topological polar surface area (tPSA), and molecular
weight (MW).50 In general, CNS active drugs have molecular
weights less than 450 g/mol, clogP values of 2−4, and tPSA
values less than 90 Å2.50 The predicted values of these
properties for MJM-1 and romidepsin were calculated by
Chem Biodraw Ultra 12.0 software and have been compared.
The calculated molecular weight of MJM-1 is 462.21 g/mol,
the predicted clogP value is 4.0488, and the predicted tPSA
value is 93.07 Å2. These values are within or near those
reported to be optimal for brain-penetrant drugs. On the other
hand, the values for romidepsin are outside the range with an
MW of 540.21 g/mol, a clogP of 3.4427, and a tPSA of 142.70
Å2. The significant differences in their physicochemical
properties may account for MJM-1’s ability to penetrate BBB
more effectively.
Furthermore, we quantified MJM-1 in the dorsal hippo-

campus, a brain region that mediates multiple forms of
episodic memory, including spatial and object recognition
memory51 and that deteriorates in aging and neurodegener-
ative diseases.52,53 These results are promising because they
suggest that the memory-enhancing effects of MJM-1 are due
to its presence in the dorsal hippocampus during the
consolidation window of long-term memory formation. The
consolidation window is a brief period of time following a
learning event in which numerous molecular processes, such as
gene transcription, support the transfer of initially labile
information into long-term memory.54,55 The consolidation
phase for spatial and object recognition memory has been
previously shown to last ∼1 h following training, a time frame
that is amenable to the inhibitory effects of MJM-1.34,36

Finally, we demonstrate that MJM-1 can enhance spatial
memory consolidation in male mice. A single post-training i.p.
injection of 20 or 40 mg/kg MJM-1, and to a lesser extent 30
mg/kg MJM-1, enhanced spatial memory consolidation in the
object placement task. These findings also indicate that MJM-1
similarly enhances spatial memory consolidation to the
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established HDACi NaBu. The spatial memory-enhancing
effects of MJM-1 are consistent with a number of previously
published studies utilizing extant HDACi in object placement
tasks. For instance, post-training i.p. administration of NaBu
has been previously shown to enhance spatial memory in male
mice using a comparable object placement task.12 Similarly,
post-training infusion of NaBu or other HDACi, including MS-
275 and TSA, directly into the dorsal hippocampus enhances
object placement memory consolidation in male mice.14,56 As
such, the ability of MJM-1 to facilitate spatial memory
formation is consistent with those of other well-established
HDACis.
The spatial memory-enhancing effects of MJM-1 are

consistent with our mass spectrometry analyses, demonstrating
that the 40 mg/kg dose of MJM-1 can be detected in the dorsal
hippocampus at both 10 and 30 min following i.p. injection.
Although the lifetime of the drug in the dorsal hippocampus
appears to be relatively short, memory consolidation occurs in
this task within 90 min.57 Thus, we observe spatial memory-
enhancing effects of MJM-1 24 h later because MJM-1 is in the
dorsal hippocampus during a critical window of time during
which it can facilitate the transcription of genes critical for the
consolidation of spatial information.7

We also demonstrate that MJM-1 inhibits both class I
(HDAC1, 2, 3, 8) and class IIb HDACs (HDAC6) with similar
potency. MJM-1 is a more potent inhibitor in the presence of a
reducing agent, DTT. This suggests that MJM-1 compound is
a prodrug that remains inactive and needs to be activated by
reduction. Interestingly, this inhibitory profile is consistent
with our observed beneficial effect on spatial memory
formation. Previous studies have demonstrated that mice
overexpressing HDAC2 exhibited impaired spatial memory
formation,15 whereas the focal deletion of HDAC3 within the
dorsal hippocampus enhanced spatial but not object
recognition, memory in male mice.16 Furthermore, the
deletion of HDAC6 rescued spatial memory impairments in
a mouse model of AD.58

In contrast, our data also indicate that MJM-1 does not
enhance object recognition memory consolidation. The lack of
an effect on object recognition memory is inconsistent with
other studies in which post-training i.p. injection of NaBu
given to young or aged male rodents or dorsal hippocampal
infusion of TSA given to young ovariectomized female mice
enhances object recognition memory consolidation.11−13,59

The reasons for this discrepancy are unclear at present. The
object placement and recognition tasks are frequently used in
the field of learning and memory because they are nonaversive,
one-trial learning tasks that are amenable to the repeated use of
pharmacological interventions.36 However, the distinct molec-
ular mechanisms that support the formation of spatial and
object recognition memories remain unclear, let alone how
HDACis interact within the existing molecular framework to
enhance one form of learning over another.
The inconsistent effects of MJM-1 on spatial vs recognition

memory may reflect distinct contributions of individual
HDACs that support memory formation in a task-specific
manner. For instance, mice that overexpress HDAC2, but not
HDAC1, exhibited impaired spatial memory formation,15

whereas the focal deletion of HDAC3 in the dorsal
hippocampus enhanced spatial, but not object recognition,
memory in male mice.16 Therefore, MJM-1 may preferentially
influence spatial memory by partially inhibiting the activity of
class I HDAC2 and HDAC3. Alternatively, differential

regulation by MJM-1 of the histone acetyltransferase tran-
scription factor/coactivator complex CREB (cAMP response
element-binding protein) binding protein (CBP) may play a
role, as post-training i.p. injection of NaBu enhances both
spatial and object recognition memory in wild-type mice but
only facilitates object recognition in CBP mutant mice.12 Thus,
spatial and object recognition memory may differ in their
requirement for interactions with CREB: CBP proteins.
Finally, the differential effects of MJM-1 on these two types
of memory may relate to the brain circuitry that mediates
them. Whereas spatial memory in rodents predominately relies
on the hippocampus,60 object recognition memory is involving
the hippocampus, insular cortex, and multiple regions of the
temporal lobe.61,62 Interestingly, NaBu enhanced object
recognition memory consolidation when it was infused post-
training into the insular cortex but not the hippocampus, of
male rats.56 Although our mass spectrometry analyses
indicated MJM-1 penetration into the hippocampus, it remains
unclear whether MJM-1 localizes to and/or activates other
brain regions that are relevant for object recognition memory
formation.
Limitations of the study center around the fact that the

cellular mechanism of action of MJM-1 is still unclear.
Although MJM-1 was designed to be a brain-penetrant
prodrug, only the prodrug form could be detected in the
brain (Figure 5). In vitro, MJM-1 reduction enhances potency
at least 100-fold, but this reduced form inhibits HDACs 1000
times less potently than romidepsin. Also, unlike romidepsin,
MJM-1 displays little specificity for class 1 HDACs. Finally,
only five other putative prodrugs were synthesized that
resemble MJM-1. All inhibited HDAC2 with a similar potency
as MJM-1 (Table 1), meaning that few structure−activity
relationships can be gleaned from this study. To address these
limitations, further SAR studies are underway.

■ CONCLUSIONS

In conclusion, we have synthesized a novel nontoxic small-
molecule HDACi that promotes histone acetylation, rapidly
penetrates the blood−brain barrier, and enhances spatial but
not object recognition memory in mice. As an HDAC
inhibitor, MJM-1 significantly increased the amount of
acetylated histone proteins present in tumor cells that
correlated with cytotoxicity. Furthermore, the maximum
tolerable dose determination assay established that MJM-1
has favorable tolerability compared to romidepsin. The ability
of MJM-1 to enhance spatial memory consolidation in male
mice suggests that this compound may represent a promising
putative treatment for spatial memory deficits in humans.
Future work should assess the effects of MJM-1 in other spatial
memory tasks (e.g., the Morris water maze) to determine the
extent to which MJM-1s memory-enhancing effects generalize
to other tests of spatial memory. Moreover, because spatial
memory impairments are characteristic of normal aging and
neurodegenerative diseases such as Alzheimer’s disease, and
the hippocampus, which is largely responsible for spatial
memory formation, is one of the first brain structures to
deteriorate in Alzheimer’s disease, future work should also
examine the extent to which MJM-1 rescues spatial memory
deficits in mouse models of aging and Alzheimer’s. Such work
should include female subjects as well, given the increased risks
to women of developing Alzheimer’s relative to men.
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■ EXPERIMENTAL SECTION
Chemistry General. All reactions were performed under a dry

nitrogen atmosphere using standard Schlenk techniques unless
otherwise noted. All reaction vessels were flame-dried under vacuum
and filled with nitrogen prior to use. Reagents and solvents were
purchased from Sigma-Aldrich, Milwaukee. All 1H and 13C NMR
spectra were recorded in CDCl3 and CD3OD (internal standard: 7.26
ppm, 1H; 77.16 ppm,13C) at room temperature with Bruker 300 MHz
and 500 MHz spectrometers. The chemical shifts (δ) are given in
parts per million (ppm), and the coupling constants are given in Hertz
(Hz). The following abbreviations are used: s, singlet; d, doublet; t,
triplet; q, quartet; and m, multiplet. Previously reported compounds
were identified by 1H NMR. All new compounds were additionally
characterized by 1H NMR, 13C NMR, and high-resolution mass
spectrometry (HRMS). HRMS was obtained using the electrospray
ionization (ESI) technique using quadrupole time-of-flight (LCMS-
IT-TOF, Shimadzu Corporation). For column chromatography, silica
gel (35−70 μm) was used. Thin-layer chromatography (TLC) was
performed on aluminum-backed plates precoated (0.25 mm) with
silica gel 60 F254 with a suitable solvent system and was visualized
using UV fluorescence and/or iodine chamber. The preparative high-
performance liquid chromatography (HPLC) (Shimadzu Corpora-
tion) was conducted with the column (Thermo Fisher, Prep-C18,
21.1 × 150 mm, 10 μm) system. The purity of biologically tested
compounds was >95%. Purity was evaluated by Shimadzu LCMS
2020 single quadrupole mass analyzer (Shimadzu, Kyoto, Japan) in
electrospray ionization mode. The LC−MS was operated with a heat
block temperature of 400 °C, a flow rate of 0.4 mL/min, a drying gas
flow of 15 L/min, a desolvation line temperature of 250 °C, a
nebulizing gas flow of 1.5 L/min, and both needle and interface
voltages of 4.5 kV. The response acquisition was performed using
LabSolutions software. The analytes were analyzed with a Pinnacle
C18 column 100 × 2.1 mm (Restek Corporation). The particle and
pore size of the column were 3 μm and 110 Å, respectively. Solvent A
was H2O with 0.1% formic acid and solvent B was 100% acetonitrile
or methanol, and the ambient temperature was used as the column
oven temperature.
3-(Tritylthio)propanal63−65 (3). A round-bottom flask was charged

with triphenylmethanethiol (5.0 g, 18.1 mmol), and contents were
dissolved in dichloromethane (50 mL) under nitrogen. Triethylamine
(3 mL, 21.7 mmol) and acrolein (1.2 mL, 18.1 mmol) were added
consecutively to the mixture and was stirred for 2 h and then
concentrated in vacuo. Upon completion, the crude product was
purified by flash column chromatography with a 25% ethyl acetate/
hexane solution until the product spot eluted. Product 3 was
recrystallized with toluene and collected as a white solid (5.3 g, 88%).
1H NMR (CDCl3, 500 MHz): δ (ppm) 9.59 (s, 1H), 7.47 (d, J = 10.0
Hz, 6H), 7.47 (q, J = 7.5 Hz, 6H), 7.26 (t, J = 5.0 Hz, 3H), 2.51 (t, J =
7.5 Hz, 2H), 2.41 (t, J = 7.5 Hz, 2H); 13C NMR (CDCl3, 125 MHz):
δ (ppm) 200.4, 144.5, 129.6, 128.0, 126.8, 67.0, 42.7, 24.4.
(E)-5-(Tritylthio)pent-2-enal65 (4). A charged round-bottom flask

containing 3-(tritylthio)propanal 3 (5.0 g, 15.0 mmol) and 2-
(triphenylphosphoranylidene)acetaldehyde (5.3 g, 16.6 mmol) was
put under nitrogen, and the contents of the flask were dissolved in
benzene (100 mL) and then refluxed overnight. The concentrated
crude product was purified via flash column chromatography with a
20% ethyl acetate/hexane solution and finally recrystallized with
toluene to afford pure product 4 (3.8 g, 70%). 1H NMR (CDCl3, 500
MHz,): δ (ppm) 9.46 (d, J = 7.8 Hz, 1H), 7.45 (dd, J = 5.2, 3.4 Hz,
6H), 7.32 (dd, J = 10.3, 4.9 Hz, 6H), 7.27−7.23 (m, 3H), 6.65 (dt, J =
15.6, 6.4 Hz, 1H), 6.00 (ddd, J = 15.7, 7.8, 1.3 Hz, 1H), 2.36 (m, J =
13.0, 6.6, 1.8 Hz, 4H); 13C NMR (CDCl3, 125 MHz): δ (ppm) 193.8,
155.8, 144.6, 133.7, 129.6, 128.0, 126.8, 67.0, 31.8, 30.1.
(E)-tert-Butyl-3-hydroxy-7-(tritylthio)hept-4-enoate (6). A round-

bottom flask was charged with THF (50 mL) and cooled to −78 °C
under nitrogen. Later, diisopropylethylamine (DIPEA) (9.4 mL, 53.8
mmol) and n-butyllithium (21.5 mL, 53.8 mmol) were added
dropwise at −78 °C and was stirred for 1 h. tert-Butyl acetate (6.6 mL,
48.9 mmol) was added at −78 °C and was allowed to stir for an

additional 1 h. Lastly, (E)-5-(tritylthio)pent-2-enal (3.5 g, 9.8 mmol)
was added to the mixture and was stirred for 45 min at −78 °C. The
reaction was quenched with a saturated solution of NH4Cl (25 mL)
and then concentrated in vacuo. Then, dichloromethane was added to
the aqueous mixture and extracted three times, then dried over
anhydrous Na2SO4, and concentrated in vacuo. The residue was
purified with flash column chromatography (ethyl acetate/hexane,
1:9) and collected as product 6 as a white solid (3.6 g, 78%). 1H
NMR (CDCl3, 500 MHz): δ (ppm) 7.46 (d, J = 5.0 Hz, 6H), 7.32 (t,
J = 7.5 Hz, 6H), 7.25 (t, J = 7.5 Hz, 3H), 5.64−5.58 (m, 1H), 5.45
(dd, J = 15.0, 5.0 Hz, 1H), 4.43 (s, 1H), 3.09 (s, 1H), 2.48−2.42 (m,
2H), 2.25 (t, J = 5.0 Hz, 2H), 2.13 (t, J = 7.0 Hz, 2H), 149 (s, 9H);
13C NMR (CDCl3, 125 MHz): δ (ppm) 171.8, 144.9, 132.1, 129.9,
129.6, 127.9, 126.6, 81.3, 68.7, 66.6, 42.4, 31.5, 31.4, 28.2. HRMS
(ESI+): calculated (m/z) for C30H34O3S (M + Na)+: 497.2121, found
497.2129.

(4E,4′E)-Di-tert-butyl-7,7′-disulfanediylbis(3-hydroxyhept-4-
enoate) (MJM-1). (E)-tert-Butyl-3-hydroxy-7-(tritylthio)hept-4-
enoate 6 (1.0 g, 2.1 mmol) was dissolved in a 10:1 solution of
CH2Cl2/MeOH (10 mL) and was added dropwise to the solution of
iodine (0.27 g, 2.1 mmol) and sodium acetate (0.17 g, 0.464 mmol)
in a 10:1 solution of CH2Cl2/MeOH (15 mL) at 0 °C under nitrogen.
The mixture was allowed to stir for 2 h. The reaction was quenched
by adding a saturated sodium thiosulfate (Na2S2O3) solution. The
aqueous layer was extracted with dichloromethane (3 × 15 mL) and
then with ethyl acetate (3 × 15 mL) and concentrated in vacuo. The
concentrated crude product was first purified by column chromatog-
raphy (ethyl acetate/hexane, 1:4). Then, this column purified product
was injected in the HPLC (Shimadzu Corporation) with the column
(Prep-C18, 21.2 × 150 mm, 10 μm) system and 58% ACN/H2O was
used to elute through the column under a flow rate of 20 mL/min.
The wavelength was set at 254 nm to detect and collected the pure
compound MJM-1 at 7.60−11.00 min in a fraction collector (0.66 g,
68%). 1H NMR (CDCl3, 300 MHz): δ (ppm) 5.70−5.60 (m, 1H),
5.48 (dd, J = 15.0, 6.0 Hz, 1H), 4.38 (q, J = 6.0 Hz, 1H), 3.3 (s, 1H),
2.64 (t, J = 7.5 Hz, 2H), 2.38−2.31 (m, 4H), 1.38 (s, 9H); 13C NMR
(CDCl3, 125 MHz): δ (ppm) 171.6, 132.8, 129.1, 81.2, 68.7, 42.5,
38.1, 31.8, 28.1. HRMS (ESI+): calculated (m/z) for C22H38O6S2 (M
+ Na)+: 485.2002, found 485.1995.

(E)-3-Hydroxy-7-(tritylthio)hept-4-enoic Acid65 (8). Lithium hy-
droxide (3.0 g, 126.5 mmol) was added to a solution of (E)-tert-butyl-
3-hydroxy-7-(tritylthio)hept-4-enoate 6 (3.0 g, 6.3 mmol), which was
dissolved in a 4:1 ratio of THF/water (50 mL) and heated to 50 °C.
After 12 h of stirring, the reaction was then diluted with water (20
mL) and then acidified to a pH of 4−5 with KHSO4. The aqueous
layer was extracted with ethyl acetate (20 mL) four times. The
combined organic layers were then washed with water, brine, dried
over anhydrous sodium sulfate, and concentrated in vacuo. Finally, the
residue was purified with flash column chromatography (ethyl
acetate/hexane, 9:10) to obtain product 8 as a white solid (2.5 g,
95%). 1H NMR (CDCl3, 300 MHz): δ (ppm) 7.43 (d, J = 6.0 Hz,
6H), 7.30 (t, J = 7.5 Hz, 6H), 7.25 (t, J = 6.0 Hz, 3H), 5.66−5.57 (m,
1H), 5.44 (dd, J = 15.0, 6.0 Hz, 1H), 4.48 (q, J = 6.0 Hz, 1H), 2.56
(d, J = 6.0 Hz, 2H), 2.25 (t, J = 7.5 Hz, 2H), 2.11 (q, J = 6.0 Hz, 2H);
13C NMR (CDCl3, 75 MHz): δ (ppm) 177.3, 144.9, 131.6, 130.7,
129.6, 127.9, 126.7, 68.5, 66.7, 41.3, 31.4, 31.3.

(4E,4′E)-7,7′-Disulfanediylbis-(3-hydroxyhept-4-enoic Acid)
(MJM-2). Prepared by following the same procedure used to
synthesize compound MJM-1. The crude was purified with flash
column chromatography on silica gel with 100% ethyl acetate and
afforded the pure product MJM-2 (yield 70%). 1H NMR (CD3OD,
300 MHz): δ (ppm) 5.80−5.71 (m, 1H), 5.62 (dd, J = 15.0, 6.0 Hz,
1H), 4.48 (q, J = 6.0 Hz, 1H), 2.76 (t, J = 7.5 Hz, 2H), 2.49−2.43 (m,
4H); 13C NMR (CD3OD, 75 MHz): δ (ppm) 173.7, 133.3, 128.7,
68.6, 42.1, 37.7, 31.6. HRMS (ESI−): calculated (m/z) for
C14H22O6S2 (M + Na)+: 373.07500, found 373.07478.

(E)-N-(tert-Butyl)-3-hydroxy-7-(tritylthio)hept-4-enamide (10).
(E)-3-Hydroxy-7-(tritylthio)hept-4-enoic acid 8 (500 mg, 1.2
mmol) and tertiary butylamine (125 μL, 1.2 mmol) were dissolved
in anhydrous dichloromethane (15 mL) under nitrogen. Then, benzo
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osbenzotriazol-1-yl-oxytripyrrolidinophosphonium hexafluorophos-
phate (PyBOP) (746 mg, 1.4 mmol) was added to the solution at
0 °C and stirred for 20 min. Then, DIPEA (832 μL, 1.19 mmol) was
added into the solution and the reaction was allowed to warm to 25
°C with continuous stirring for 12 h. It was then quenched with a
saturated NH4Cl, extracted with dichloromethane (3 × 15 mL),
washed with brine, dried over Na2SO4, and then concentrated in
vacuo. The residue was purified with column chromatography
(hexane/ethyl acetate, 1:1) to afford compound 10 as a white solid
(407 mg, 72%). 1H NMR (CDCl3, 500 MHz): δ (ppm) 7.43 (d, J =
10.0 Hz, 6H), 7.30 (t, J = 7.5 Hz, 6H), 7.23 (t, J = 7.5 Hz, 3H), 5.66
(brs, 1H), 5.60−5.54 (m, 1H), 5.42 (dd, J = 15.0, 5.0 Hz, 1H), 4.40
(t, J = 7.5 Hz, 1H), 3.15, 3.92 (s, 1H), 2.31−2.21 (m, 4H), 2.12−2.07
(m, 2H), 1.35 (s, 9H); 13C NMR (CDCl3, 125 MHz): δ (ppm) 171.3,
144.9, 132.4, 129.7, 129.6, 127.9, 126.6, 69.3, 66.6, 51.4, 43.2, 31.5,
31.4, 28.8. HRMS (ESI+): calculated (m/z) for C30H35NO2S (M +
Na)+: 496.22807, found 496.22851.
(4E,4′E)-7,7′-Disulfanediylbis(N-(tert-butyl)-3-hydroxyhept-4-en-

amide) (MJM-3). Prepared according to the procedure used to
synthesize MJM-1. The crude was purified with column chromatog-
raphy on silica gel (dichloromethane/methanol, 20:1) and obtained
the pure product MJM-3 as a white solid (yield 68%). 1H NMR
(CDCl3, 500 MHz): δ (ppm) 5.93 (s, 1H), 5.75−5.70 (m, 1H), 5.56
(dd, J = 15.0, 5.0 Hz, 1H), 4.45 (s, 1H), 4.22 (s, 1H), 2.74 (t, J = 7.5
Hz, 2H), 2.68 (q, J = 10.0 Hz, 2H), 2.33−2.25 (m, 2H), 1.35 (s, 9H);
13C NMR (CDCl3, 125 MHz): δ (ppm) 171.4, 133.1, 129.0, 69.3,
51.4, 43.2, 38.3, 31.8, 28.8. HRMS (ESI+): calculated (m/z) for
C22H40N2O4S2 (M + H)+: 461.2502, found 461.2508.
(E)-3-Hydroxy-N-phenyl-7-(tritylthio)hept-4-enamide (12). 1-

Ethyl-3-(3-dimethylaminopropyl)carbodiimide (EDC) (82 mg, 53
mmol), 4-dimethylaminopyridine (DMAP) (86 mg, 0.12 mmol), and
triethylamine (TEA) were consecutively added to the cooled (0 °C)
solution of compound 8 (200 mg, 0.48 mmol) and aniline (45 μL,
0.48 mmol) in anhydrous dichloromethane under nitrogen. The
reaction was allowed to warm to 25 °C with continuous stirring for 12
h. It was then quenched with a saturated NaHCO3, extracted with
dichloromethane (3 × 15 mL), washed with brine, dried over
Na2SO4, and then concentrated in vacuo. The residue was purified
with column chromatography (hexane/ethyl acetate, 3:2) to afford
compound 12 as a pure product (189 mg, 80%). 1H NMR (CDCl3,
500 MHz): δ (ppm) 7.96 (brs, 1H), 7.50 (d, J = 9.0 Hz, 2H), 7.43 (d,
J = 9.0 Hz, 6H), 7.35−7.20 (m, 11H), 7.14 (d, J = 9.0 Hz, 1H), 5.66−
5.57 (m, 1H), 6.02 (dd, J = 15.0, 6.0 Hz, 1H), 4.52 (s, 1H), 3.15 (s,
1H), 2.53 (t, J = 4.5 Hz, 2H),, 2.24 (t, J = 6.0 Hz, 2H), 2.11 (t, J = 6.0
Hz, 2H); 13C NMR (CDCl3, 125 MHz): δ (ppm) 169.9, 144.9, 137.6,
132.2, 130.5, 129.6, 129.0, 127.9, 126.7, 124.5, 120.1, 69.3, 66.7, 43.9,
31.4, 31.3. HRMS (ESI+): calculated (m/z) for C32H31NO2S (M +
Na)+: 516.19677.2003, found 516.19679.
(4E,4′E)-7,7′-Disulfanediylbis(3-hydroxy-N-phenylhept-4-enam-

ide) (MJM-4). Prepared according to the procedure used to synthesize
compound MJM-1. The crude was purified with column chromatog-
raphy on silica gel (dichloromethane/methanol, 50:1) and obtained
the pure product MJM-4 as a white solid (yield 65.5%). 1H NMR
(CD3OD, 300 MHz): δ (ppm) 7.55 (d, J = 6.0 Hz, 2H), 7.31 (t, J =
7.5 Hz, 2H), 7.10 (t, J = 7.5 Hz, 1H), 5.81−5.71 (m, 1H), 5.64 (dd, J
= 15.0, 6.0 Hz, 1H), 4.56 (q, J = 6.0 Hz, 1H), 2.68 (t, J = 7.5 Hz, 2H),
2.56 (t, J = 7.5 Hz, 2H), 2.41 (q, J = 6.0 Hz, 2H); 13C NMR
(CD3OD, 75 MHz): δ (ppm) 170.4, 138.3, 133.4, 128.9, 128.4, 123.8,
119.9, 69.2, 44.5, 37.7, 31.5. HRMS (ESI+): calculated (m/z) for
C26H32N2O4S2 (M + Na)+: 523.16957, found 523.16932.
(2S)-Methyl-2-((E)-3-hydroxy-7-(tritylthio)hept-4-enamido)-

hexanoate66 (14). (E)-3-Hydroxy-7-(tritylthio)hept-4-enoic acid 8
(2.0 g, 4.8 mmol) and D-norleucine methyl ester hydrochloride salt
(0.87 g, 4.8 mmol) were dissolved in anhydrous dichloromethane (50
mL) under nitrogen. Then, benzotriazol-1-yl-oxytripyrrolidinophos-
phonium hexafluorophosphate (PyBOP) (3.0 mg, 5.7 mmol) was
added to the solution at 0 °C and stirred for 20 min. Then, DIPEA
(3.3 mL, 19 mmol) was added into the solution and the reaction was
allowed to warm to 25 °C and continued stirring for 12 h. It was then
quenched with a saturated NH4Cl, extracted with dichloromethane (3

× 15 mL), washed with brine, dried over Na2SO4, and then
concentrated in vacuo. The residue was purified with column
chromatography on silica gel (hexane/ethyl acetate, 3:2) to afford
compound 14 as a white solid (2.2 g, 81%). 1H NMR (CDCl3, 300
MHz): δ (ppm) 7.43 (d, J = 10.0 Hz, 6H), 7.30 (t, J = 7.5 Hz, 6H),
7.24 (d, J = 10.0 Hz, 3H), 6.43 (d, J = 5.0 Hz, 1H), 5.62−5.56 (m,
1H), 5.45 (dd, J = 15.0, 5.0 Hz, 1H), 4.64−4.60 (m, 1H), 4.44 (s,
1H), 3.76 (s, 3H), 3.50 (s, 1H), 2.45 (dd, J = 15.0, 5.0 Hz, 1H), 2.37
(dd, J = 15.0, 10.0 Hz, 1H), 2.24 (t, J = 7.5 Hz, 2H), 2.11 (t, J = 5.0
Hz, 1H), 1.87−1.83 (m, 1H), 1.68 (d, J = 5.0 Hz, 1H), 1.33 (d, J =
5.0 Hz, 4H), 0.92 (t, J = 7.5 Hz, 3H); 13C NMR (CDCl3, 75 MHz): δ
(ppm) 173.1, 171.5, 144.9, 132.2, 130.2, 129.6, 127.9, 126.6, 69.1,
66.6, 52.4, 52.1, 42.6, 32.1, 31.5, 31.4, 27.4, 22.3, 13.9.

(2S,2′S)-Dimethyl-2,2′-(((4E,4′E)-7,7′-disulfanediylbis(3-hydroxy-
hept-4-enoyl))bis(azanediyl))dihexanoate (MJM-5). Prepared ac-
cording to the procedure used to synthesize compound MJM-1. The
crude was purified with column chromatography on silica gel with
100% ethyl acetate, and the pure product MJM-5 was obtained as a
white solid (yield 75%). 1H NMR (CDCl3, 500 MHz): δ (ppm) 6.67
(d, J = 10.0 Hz, 1H), 5.79−5.73 (m, 1H), 5.60 (dd, J = 15.0, 5.0 Hz,
1H), 4.49 (q, J = 5.0 Hz, 1H), 4.51 (s, 1H), 3.90 (brs, 1H), 3.75 (s,
3H), 2.74 (t, J = 7.5 Hz, 2H), 2.51−2.41 (m, 4H), 1.88−1.81 (m,
1H), 1.71−1.65 (m, 1H), 1.35−1.28 (m, 4H), 0.89 (t, J = 7.5 Hz,
3H); 13C NMR (CDCl3, 125 MHz): δ (ppm) 173.3, 171.8, 132.9,
129.3, 69.2, 52.4, 52.2, 42.9, 38.2, 31.8, 31.7, 27.5, 22.2, 13.8. HRMS
(ESI+): calculated (m/z) for C28H51N2O8S2 (M + H)+: 605.2925,
found 605.2914.

(2S)-2-((E)-3-Hydroxy-7-(tritylthio)hept-4-enamido)hexanoic
Acid66 (16). Prepared according to the procedure used to synthesize
compound 8. The residue was purified with column chromatography
on silica gel (hexane/ethyl acetate, 1:1) to afford compound 16 as a
white solid (yield 92%). 1H NMR (CDCl3, 300 MHz): δ (ppm) 7.43
(d, J = 10.0 Hz, 6H), 7.30 (t, J = 7.5 Hz, 6H), 7.24 (t, J = 7.5 Hz, 3H),
6.68 (d, J = 5.0 Hz, 1H), 6.57 (d, J = 5.0 Hz, 1H), 5.61−5.56 (m,
1H), 5.47−5.41 (m, 1H), 4.57−4.44 (m, 1H), 4.46 (t, J = 10.0 Hz,
1H), 2.46−2.36 (m, 2H), 2.23 (t, J = 7.5 Hz, 2H), 2.10 (t, J = 10.0
Hz, 1H), 1.91−1.87 (m, 1H), 1.72−1.68 (m, 1H), 1.35 (s, 4H), 1.29
(s, 1H), 0.92 (t, J = 5.0 Hz, 3H); 13C NMR (CDCl3, 75 MHz): δ
(ppm) 175.6, 172.3, 146.9, 144.9, 129.6, 127.9, 127.3, 126.7, 69.2,
66.7, 52.3, 42.7, 31.7, 31.5, 31.4, 27.4, 22.3, 13.9.

(2S,2′S)-2,2′-(((4E,4′E)-7,7′-Disulfanediylbis(3-hydroxyhept-4-
enoyl))bis(azanediyl))dihexanoic Acid (MJM-6). Prepared according
to the procedure used to synthesize compound MJM-1. The crude
was purified with column chromatography on silica gel (dichloro-
methane/methanol, 20:1), and the pure product MJM-6 (yield 84%)
was obtained. 1H NMR (CD3OD, 500 MHz): δ (ppm) 5.80−5.71
(m, 1H), 5.62 (dd, J = 15.0, 5.0 Hz, 1H), 4.45 (q, J = 7.5 Hz, 1H),
4.27 (q, J = 3.0 Hz, 1H), 3.76 (t, J = 7.5 Hz, 2H), 2.45 (t, J = 7.5 Hz,
4H), 1.85 (t, J = 7.5 Hz, 1H), 1.68 (q, J = 6.0 Hz, 1H), 1.36 (s, 4H),
0.93 (t, J = 3.0 Hz, 3H); 13C NMR (CD3OD, 125 MHz): δ (ppm)
177.9, 171.4, 133.6, 128.5, 69.0, 54.9, 43.6, 37.7, 32.4, 31.6, 27.6, 22.3,
13.0. HRMS (ESI+): calculated (m/z) for C26H44N2O8S2 (M + H)+:
577.2612, found 577.2610.

Methods. Cell Culture. The DU145 human prostate epithelial cell
line (HTB-81) was purchased from ATCC (Manassas, VA). DU145
cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM)
(Life Technologies, Grand Island, NY), supplemented with 10% fetal
bovine serum (FBS, Atlanta Biologicals, Flowery Branch, GA), 100
U/mL penicillin, 100 μg/mL streptomycin, and 2 mM L-glutamine
(all from ThermoFisher Scientific, Waltham, MA) in a humidified
atmosphere at 37 °C and 5% CO2. Cells were passaged using trypsin−
ethylenediaminetetraacetic acid (EDTA) (ThermoFisher Scientific)
when they reached 70% confluency.

Cell Proliferation Assay. DU145 cells were plated in 96-well
microtiter plates (14 000 cells/well in 200 μL) and allowed to adhere
for 24 h at 37 °C in 5% CO2. Stock solutions (10 mM in DMSO) of
MJM-1 and romidepsin (FK228, Selleckchem) were diluted in
DMEM medium supplemented with 10% FBS to the desired
concentration (100, 50, 25 μM and 10, 5, 1.25 nM, respectively).
An equivalent volume of DMSO in the medium was used as vehicle
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control. Using a multichannel pipettor, the culture media was
removed, and the compounds or vehicle control were added to the
plate in triplicate. The plate was incubated as above for 48 h.
Following incubation, the media was removed and 200 μL of 250 μg/
mL 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide
(MTT, Research Products International, Mount Prospect, IL) in
DMEM was added to each well. Cells were incubated with the MTT
solution as above for 4 h. The MTT solution was removed, and 200
μL of DMSO was added to each well and the plate was mixed on a
rotator for 10 min at room temperature. Each well was further mixed
with a pipettor to ensure the MTT precipitate was completely
dissolved. Plates were read at 570 nm with a reference wavelength at
690 nm on a Molecular Devices Versamax plate reader (San Jose,
CA). Data are presented as mean ± SEM unless stated otherwise. A
two-tailed Student’s t-test was performed, and statistical significance
was determined at p ≤ 0.05. Analysis and IC50 calculations were
conducted using GraphPad Prism8 (La Jolla, CA).
H3 Acetylation Assay. The human prostate cell line DU145 was

cultured as described above. At confluency of 70% or less, cells were
lifted, counted, and resuspended at 5 × 104 cells/mL. One milliliter of
the cell suspension was added to each well of a 24-well plate, and cells
were allowed to adhere for 24 h at 37 °C with 5% CO2. Next, the
media was removed and increasing concentrations of MJM-1 (25, 50,
100 μM), romidepsin (10 nM), or DMSO control, diluted in media,
were added to the wells in duplicate. The cells were incubated for 24
h before labeling. Cells were fixed in 300 μL of 4% paraformaldehyde
for 10 min at room temperature (RT). Cells were then permeabilized
in 300 μL Tris-buffered saline supplemented with 0.1% Tween 20 and
1% bovine serum albumin (TBS-T/BSA) at 4 °C for 1 h. The TBS-T/
BSA was removed, and 300 μL of rabbit anti-acetyl-histone H3
(Lys9/Lys14) antibody (Cell Signaling Technology, Danvers, MA) at
1:2000 dilution in TBS-T/BSA was added to each well and incubated
at 4 °C overnight. The primary antibody was removed, cells were
washed with TBS-T/BSA, and 300 μL of goat antirabbit IgG
AlexaFluor 488 (Jackson ImmunoResearch, West Grove, PA) at 1:500
dilution in TBS-T/BSA was added to each well and incubated at 4 °C
for 1.5 h. The secondary antibody was removed, cells were washed as
above, and 300 μL of DAPI (0.3 μg/mL) was added to each well and
incubated in the dark at RT for 15 min. The DAPI solution was
removed, cells were washed as above, and then fixed in 1.5%
formaldehyde. The cells were analyzed using a Nikon Eclipse TE-
2000U inverted fluorescence microscope (Nikon, Melville, New
York). Images were captured with a CoolSNAP ES camera
(Photometrics, Tucson, Arizona) and analyzed using MetaVue
software (Molecular Devices, Sunnyvale, California). Images from a
minimum of five random high-powered fields were captured and
analyzed for each sample. Results are representative of three
independent experiments.
Histone Deacetylase Assays. The ability of various compounds to

inhibit the ability of HDACs to remove acetyl groups in vitro was
monitored using the HDAC-Glo I/II assay and screening system
(Promega, product #G6430). The substrate in this assay is an
acetylated peptide coupled to a luciferase derivative, which reacts with
a proprietary reagent to generate aminoluciferin only when
deacetylated. The product, aminoluciferin, can then be detected by
measuring luminescence (au, arbitrary units) using luciferase and
ATP. Recombinant, purified HDACs were obtained from BPS
Bioscience: HDAC1 (Catalogue #50051), HDAC2 (Catalogue
#50002), HDAC3 (Catalogue #50051), HDAC6 (Catalogue
#50046), and HDAC8 (Catalogue #50008). Each protein was diluted
to the same concentration based on their calculated molar mass in
“HDAC-Glo Buffer” (25 mM Tris−HCl, 137 mM NaCl, 2.7 mM KCl,
1% v/v Triton X-100, pH 8). Compounds were first activated by
reducing them with dithiothreitol (DTT) for 20 min at 23 °C. For
reduction, 0.5 μL of 350 mM DTT [in dimethyl sulfoxide (DMSO)]
was added to 99.5 μL of a 1 mM romidepsin (DMSO) or 0.7 μL of
350 mM DTT was added to 19.3 μL of 10 mM MJM-1. These
mixtures were then serially diluted in HDAC-Glo buffer, and 5 μL of
each compound dilution was added to 5 μL of a diluted HDAC such
that the final HDAC concentration was 0.5 nM in each well of a 384-

well microplate (Greiner). After incubating compounds and HDACs
for 10 min, 10 μL of the HDAC-Glo substrate/developing reagent
mixture (prepared according to the manufacturer’s protocol) was
added to each well, and the plate was mixed on an orbital shaker. After
another 40 min at room temperature (23 °C), luminescence was
measured with a FLOstar Omega plate reader (BMG Labtech). Data
were fitted, using GraphPad Prism (v6), to a four-parameter
concentration-response equation (Y = Bottom + (Top−Bottom))/
(1 + 10((LogIC50 − X)*HillSlope)) to estimate the concentration of
each HDACi needed to inhibit the reaction by 50% (IC50). “Top”
values were constrained to the activity observed in the absence of
HDACi’s (DMSO only controls), and the “bottom” value was
constrained to the luminescence observed in the absence of HDAC
(no enzyme controls). All reactions were performed in triplicate.
Errors reported for IC50 values span 95% confidence intervals for the
nonlinear regression.

Analytical Studies. Animals. C57BL/5 and Balb/c (wild-type)
mice were either purchased from Jackson Laboratories (Bar Harbor,
ME) or bred in house in a specific pathogen-free barrier facility in the
animal resource center at the University of Wisconsin-Milwaukee.
Female and male mice from 8 to 12 weeks of age were used. During
the study, a total of 38 mice were used. All animals were screened
regularly for pathogens. Procedures were approved by the Animal
Care and Use Committee of the University of Wisconsin-Milwaukee
(IACUC: 20-21#54) following the National Institutes of Health
Guide for the Care and Use of Animals.

Drug Injection and Anesthesia. MJM-1 was resuspended in
DMSO on the days of the experiment. Mice were individually
weighed for drug calculations, and the average body weight was 26 g.
Mice were physically restrained by the scruff for i.p. injections. A dose
of either 20 or 40 mg/kg of body weight of MJM-1 was injected into
the right lower abdominal region. Following the veterinary
recommendation, all mice were anesthetized using diluted isoflurane
until the mouse was sedated and demonstrated a slowed breathing
pattern.

Maximum Tolerated Dose (MTD) Study. Generally, the
determination of MTD is performed in a way that conserves
compound and minimizes the number of animals sacrificed. Each
animal was initially weighed using a digital scale and then injected i.p.
with the compounds (listed in Table 2). A single mouse was given a
single i.p. dose of 200 mg/kg, body weight, a second mouse received a
dose of 100 mg/kg, and a third mouse received a single dose of 50
mg/kg. The mice were observed and weighed every day for 8 days.
They were euthanized if they lost more than 20% of their body weight
or if there were other signs of overt toxicity. If none of the mice
survived with the first three doses, the next three dose levels (25, 12.5,
and 6.25 mg/kg) were tested in a similar manner. This process was
repeated until a tolerated dose was found, and the MTD value was
determined. The last testing was repeated once. This dose was then
designated the MTD and was used to calculate the amount of material
administered to mice during efficacy testing.

Tissue Collection. Isoflurane-anesthetized mice were placed on the
dissection table in a lateral recumbent position for blood collection.
The head was grasped, and the eyelids were retracted to create
proptosis of the right eye. A heparinized capillary pipette was gently
inserted into the medial canthus at a 45° angle and, with twisting
motion, the retro-orbital sinus was punctured. Blood was collected
into Eppendorf tubes, and volumes were recorded and stored at −80
°C until use. Mice were then euthanized by CO2 asphyxiation, the
abdomen was opened using scissors, and the liver was taken out,
rinsed, and weighed. Following liver collection, the base of the skull
was opened using lateral incisions and the whole brain was removed
using a laboratory spatula. In other experiments, the dorsal
hippocampus was dissected bilaterally on wet ice, weighed, and
stored at −80 °C until sample preparation.

Biological Sample Preparation to Detect MJM-1. Blood samples
were thawed on ice, vortexed for 10 s, and a 100 μL aliquot was
combined with 400 μL cold acetonitrile. Samples were vortexed for 30
s and centrifuged at 16 000g for 10 min at 4 °C. The supernatant layer
was then transferred into clean tubes and evaporated using a Speedvac
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concentrator. The residue was reconstituted with 400 μL of
acetonitrile and spin-filtered through 0.22 μm nylon centrifugal filter
units (Costar). After reconstitution, the samples were diluted if
needed and 4,5-diphenylimidazole was added as the instrument
standard. The injection volume was 3 μL (LC−MS/MS, Shimadzu
8040). Brain and liver tissue samples were thawed, weighed, and
homogenized directly into 400 or 600 μL acetonitrile, respectively,
using a Cole Palmer LabGen 7B Homogenizer. Samples were
centrifuged at 16 000g for 10 min at 4 °C. The supernatant was then
spin-filtered through 0.22 μm nylon centrifugal filter units (Costar)
and evaporated using a Speedvac concentrator. After reconstitution
with 100 μL of acetonitrile for brain and liver, respectively, 4,5-
diphenylimidazole was added after spin-filtration through 0.22 μm
nylon centrifugal filter unit. The injection volume was 3 μL (LC−
MS/MS, Shimadzu 8040). Brain tissue samples (hippocampus) were
prepared by following the same procedure mentioned above for brain
sample, and the injection volume was 5 μL for mass spectrometer
(LC−MS/MS, Shimadzu 8040) analysis (see the Supporting
Information).
Pharmacokinetics and LC−MS/MS Analysis. Blood samples were

thawed on ice, vortexed for 10 s, and a 200 μL aliquot was added to
300 μL of cold acetonitrile containing 55 ng/mL of instrument
standard (4,5-diphenylimidazole). Brain and liver tissue samples were
thawed, weighed, and homogenized directly into 400 or 600 μL of
cold acetonitrile containing 13.75 or 27.5 ng/mL of the instrument
standard (4,5-diphenylimidazole), respectively, using a Cole Palmer
LabGen 7B Homogenizer. Samples were vortexed for 30 s and
centrifuged at 14 000 rpm for 10 min. Next, the supernatant layer was
spin-filtered through a 0.22 μm nylon membrane centrifugal filter unit
(Costar) and evaporated using a Speedvac concentrator. For blood,
brain, and liver samples, the residues were reconstituted with 300,
100, and 300 μL of acetonitrile, respectively, and spin-filtered through
0.22 μm nylon centrifugal filter units (Costar). The injection volume
was 5 μL for mass spectrometer (LC−MS/MS, Shimadzu 8040)
analysis. Separation was accomplished using a Pinnacle C18 column
(100 × 2.1 mm, particle and pore size are 3 μm and 110 Å,
respectively, Restek Corporation) under a flow rate of 0.5 mL/min, a
column temperature at 40 °C, with 254 nm UV detection, a mobile
phase of 0.1% formic acid (v/v) containing water (A) and MeCN (B),
and a gradient time program of the following: 30% B (0) → 30%
MeCN (0.5 min) → 75% B (5.0 min) → 99% MeCN (5.30 min),
hold at 99% B (6.30 min), return to 35% B (6.80 min), hold at 35% B
(9.0 min). Analytes were monitored under a positive mode using
electrospray ionization (ESI). The following transitions were
monitored in multiple reaction monitoring (MRM) modes for
MJM-1: m/z 485 [M + Na+] > 373.00, m/z 485 [M + Na+] >
429.00, m/z 485 [M + Na+] > 311.00; and for DPI: m/z 221 >
193.00, m/z 221 > 167.00, m/z 221 > 152.00. The collision energy
was optimized for each transition to obtain optimal sensitivity. The
mass spectrometer was operated with a heat block temperature of 400
°C, a drying gas flow of 15 L/min, a desolvation line temperature of
250 °C, a nebulizing gas flow of 1.5 L/min, and both needle and
interface voltages of 4.5 kV. The response acquisition was performed
using LabSolutions software.
Memory Studies. Animals. Male C57BL/6 mice were obtained

from Taconic Biosciences (Germantown, NY) at 10 weeks of age and
housed individually in shoebox cages in a room (22−23 °C) with a
12/12 h light−dark cycle. During the study, a total of 89 mice were
used. Food and water were provided ad libitum. Mice were handled
for 30 s each for 3 consecutive days before behavioral testing. All
procedures were conducted from 10:00 to 17:00 h in a dimly lit quiet
room, and experimenters conducting behavioral testing were blind to
the treatment each mouse received. All procedures were approved by
the University of Wisconsin-Milwaukee Institutional Animal Care and
Use Committee following the National Institutes of Health Guide for
the Care and Use of Animals.
Drugs and Injections. All drugs were prepared the day of use and

administered by a single intraperitoneal (i.p.) injection at a volume of
5 mL/kg immediately following behavioral training. The negative
control (“vehicle”) treatment was 100% dimethyl sulfoxide (DMSO).

As a positive control, the nonselective HDACi sodium butyrate
(NaBu) was dissolved in sterile saline to a concentration of 120 mg/
mL for a dose of 600 mg/kg. This dose of NaBu previously enhanced
object recognition memory consolidation in male mice.11 MJM-1 was
dissolved in 100% DMSO to a concentration of 8 mg/mL, for the 40
mg/mL dose, and then serially diluted to concentrations of 6 and 4
mg/mL for doses of 30 and 20 mg/kg, respectively. These doses were
chosen based on our finding that both the 40 and 20 mg/kg doses of
MJM-1 can be detected in the mouse DH 10 min following a single
i.p. injection.

Memory Testing. The memory-enhancing effects of MJM-1 were
examined using the object placement (OP) and object recognition
(OR) tasks, which assess spatial memory and object recognition
memory, respectively. Both tasks were performed as the Frick lab has
described previously.34,35,67 Briefly, OP and OR were conducted in a
white open field box (width, 60 cm; length, 60 cm; height, 47 cm).
Before training, mice were handled for 1 min/day for 3 consecutive
days to acclimate mice to being held. On the second day of handling,
a single Lego Duplo block was placed in the home cage to acclimate
mice to objects. The Lego Duplo block was removed from the cage
just prior to training. Following handling, mice underwent a single
habituation session for 5 min/day for 2 consecutive days. During
habituation, mice were allowed to move freely in the box without
objects present.

On the training day, mice were habituated to the box for 2 min
without objects present. They were then placed back into their home
cage while the training objects were placed in the upper right- and
left-hand corners of the box. Mice were then returned to the box and
allowed to explore until they had accumulated a total of 30 s of
exploration time with the objects (or until 20 min had elapsed).
Experimenters manually scored in real time the duration of object
exploration using ANYmaze tracking software (Stoelting). Object
exploration was recorded when the mouse’s nose and/or front paws
were directed toward and/or touching an object. Different objects
were used for OP and OR, and all objects used were counterbalanced
across mice to account for any potential object preferences.
Immediately following training, mice received an i.p. injection of
either vehicle, NaBu, or one of three doses of MJM-1 (20, 30, or 40
mg/kg) and were then returned to their home cage. All treatments
were administered immediately post-training to pinpoint the effects of
MJM-1 on the consolidation phase of memory formation. If mice did
not accumulate 30 s of exploration time during training, they were
then retrained 4−7 days later with different objects. Testing in OP
and OR occurred 24 and 48 h post-training, respectively. These time
points were chosen based on the previous evidence that vehicle-
treated male mice no longer remember the location or identity of the
objects at these time points.68 Similarly, male mice can remember
object identity 24 h after OR training.69,70 During OP testing, the
least-explored training object was moved to the lower right- or left-
hand corner of the box. During OR testing, the least-explored training
object was replaced with a novel object. Mice were given 20 min to
accumulate 30 s of exploration time during both OP and OR testing.
Because mice inherently prefer novelty, mice that remember the
location and identity of the training objects should spend more time
than chance (15 s) with the moved object in OP and the novel in OR.
Chance is designated at 15 s because this value represents the equal
exploration of both objects.69 If mice did not accumulate 30 s of
exploration time, then they were retrained no more than three times
to successfully complete the OP and OR tasks. All mice were given at
least 1 week between bouts of testing to ensure that any acute effects
of previous drug injections dissipate before the next treatment.

Memory Data Analyses. Statistical analyses were conducted using
GraphPad Prism8 (La Jolla, CA). For each behavioral experiment,
separate one-sample t-tests were performed for each group to
determine if the time spent with the novel object differs from chance
(15 s).35,67−71 This analysis assesses learning within a group. To
assess differences between treatment groups, one-way analyses of
variance (ANOVAs) were conducted for each task, followed by
Fisher’s LSD post hoc tests. To ensure that post-training treatments
do not influence activity during testing, the time for each mouse to
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accumulate 30 s of exploration was collected and analyzed using one-
way ANOVAs. Statistical significance was determined at p ≤ 0.05.
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