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ABSTRACT: Monoamine oxidase (MAO) A is a flavoen-
zyme that catalyzes the oxidation of biologically important
monoamines and is thought to be associated with psychiatric
disorders. Here, we report a strategy for rationally designing a
"F magnetic resonance imaging probe for the specific detec-
tion of human MAO-A (hMAO-A) activity. Our designed '°F
probe was oxidized expeditiously by hMAO-A to produce
2-fluoro-4-nitrophenol via a spontaneous f3-elimination me-
chanism. Concomitant with the structural change of the probe
to the product, the '”F chemical shift changed by 4.2 ppm,
which was enough to visualize the probe and enzymatic
product separately. Importantly, our probe achieved excellent
discrimination of hMAO-A from its isoform hMAO-B.

onoamine oxidase (MAO) is a flavoenzyme that catalyzes
Mthe oxidation of monoamines to the corresponding imi-
nium intermediates, which are subsequently hydrolyzed to
aldehydes (Scheme 1)." In humans, MAO exists as two iso-
forms: hMAO-A and hMAO-B. These isoforms play different
physiological roles.

hMAO-A oxidizes biologically important monoamine neuro-
transmitters, including serotonin and epinephrine, to maintain
homeostasis. h(MAO-A activity is thought to be associated with
psychiatric disorders." Current research suggests that brain
hMAO-A increases in major depressive disorder (MDD), and
elevated hMAO-A levels could be the primary cause of the
monoamine-lowering process in MDD.” In fact, A(MAO-A-selec-
tive inhibitors are prescribed as clinical antidepressant agents. By
contrast, hMAQO-B-selective inhibitors are devoid of such anti-
depressant activity.” In this sense, h(MAO-A activity is one of the
primary targets for psychiatric disorder analysis, and thus there is
increasing focus on chemical probes that can selectively detect
hMAO-A activity in a complex biological system.

To date, several optical AIMAO indicators have been reported,® >
and some of these have realized the sensitive detection of hMAO
activity in cells. However, these optical modality-based approaches
typically suffer from difficulties when applied to ex vivo or in vivo
applications because of the limited transparency of excitation and
emission light through the opaque body.

In this context, magnetic resonance (MR) is an appropriate
modality because MR signals can be detected even in deeper
sites. In particular, a '"F MR-based probe is most attractive

v ACS Publications ©2011 American chemical Society

Scheme 1. Mechanism of Oxidative Deamination by MAO
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because of the high sensitivity of F (0.83 relative to 'H) and
extremely low background signals in biological samples.®””
'“F-labeled compounds, such as fluorinated serotonin’® or dopa-
mine,”” have potential for use in an '*F-based MAO assay. To our
knowledge, however, none of these has been shown to have
MAO-A/B selectivity or to induce sufficient '°F signal changes for '°F
magnetic resonance imaging (MRI). Under these circumstances, we
were prompted to develop an hMAO-A-specific MRI probe. Here, we
report a strategy for rationally designing a '’F MRI probe targeting
hMAO-A. Our probe achieved high specificity to hMAO-A and
realized the *F chemical shift-based imaging of h(MAO-A activity.

When designing an hMAO-A-specific '°F MRI probe, there
are two important issues to be solved. The first issue is how to
incorporate hMAO-A specificity into the probe. h(MAO-A and -B
have about 70% identity,' and discriminating between these
two isoforms is a challenge. We focused on hMAO inhibitors.
Because hMAO inhibitors are used as potent pharmaceutical
agents to treat psychiatric or neurodegenerative disorders, selec-
tive inhibitors have been investigated Vigorously.lb Clorgyline
(Figure 1a, left) is a known hMAO-A-selective inhibitor.'*
Interestingly, structurally related pargyline (Figure la, second
from left) is an inhibitor but is specific to hMAO-B."* On the
basis of this comparison, we hypothesized that ortho/para-
substituted phenol (Figure 1a, third from left) is a key scaffold
to achieve hMAO-A-selective binding.

The second issue is how to convert the o/p-substituted
phenol, a hypothesized hMAO-A-selective binder, to the '°F
MRI probe. For this purpose, we designed compounds 1—3 as
potent '’F MRI probes with hMAO-A specificity (Figure 1a,
right). These probes are designed to work as a '°F chemical shift-
switching probe via the following mechanism (see Figure 1b).
After enzymatic oxidation of an amino group to aldehyde by
MAO, a propionaldehyde moiety is released spontaneously by
[-elimination in water to afford o/ p—lgF /NO;-phenol. Because of
the electron-withdrawing property of the NO, substituent, the

Received:  June 21, 2011
Published: August 18, 2011

14208 dx.doi.org/10.1021/ja2057506 | J. Am. Chem. Soc. 2011, 133, 14208-14211



Journal of the American Chemical Society

COMMUNICATION

(a) 1:Ry=F, Ry;=NO,, Rz3=H NH,
=z N 2:Ry=NOy, Ry=F, Rg=H
\ 3:Ry=F, Ry=H, Ry = NO,
N OH

-

ortholpara-substituted 19F MRI probes

al
Clorgyline Pargyline phenol

hMAO-A inhibitor hMAO-B inhibitor

(b)
1:Ry=F,Ry=NOp Rg=H  NH2 O
2:R;=NO,, R = FR3=HJ)

hMAO-A binder  hMAO-A-specific MRI probe

3:R;=F, Ry=H, Ry= NO,

\©/ hMAO-A \©/ B ellmlnatlon\©/

Figure 1. (a) Design of hMAO-A-specific '’F MRI probes 1—3. (b)
Proposed mechanism for the spontaneous production of o/p-substituted
phenol from '’F MRI probes 1—3 upon oxidation by hMAO-A.

pK, of the produced ﬂuoronltrophenol is <7 (e.g,, pK, = 6.03 for
2-fluoro-4-nitrophenol”), and the product should be present
mainly as the phenolate form under physiological conditions.
Thus, the net conversion from probes 1—3 to the o/p-""F/NO,-
substituted phenolate ion should induce a sufficient chemical
shift change of '°F on the phenyl ring, as suggested by reports
from Mason’s group of a '’F MRI reporter protein using an
o/p F/NOZ—phenol -based substrate.”

We first evaluated the reactivity of probes 1—3 to hMAO-A.
Typically, the enzymatic reaction of probe (100 #M) by hMAO
(12 units/mL) was performed in HEPES buffer (100 mM, pH
7.4) at 37 °C. After incubation with hMAO-A, intact probes were
quantified by HPLC-UYV analysis. During 1 h incubation, 65.8 &
0.7, 10.5 £ 0.9, and 46.9 £ 1.1% of probes 1, 2, and 3 were
consumed, respectively, suggesting that all three probes can be a
substrate of hMAO-A and probe 1, having a nitro substituent at
the para position, is the best substrate among these probes
(Figure 2a). This p-NO, selectivity is reasonable, based on
crystallographic data of the clorgyline—hMAO-A complex,
which shows a relatively wide space to accommodate the larger
nitro group at the para position (Figure 2b)."°

We focused further on the enzymatic reactivity of probe 1.
HPLC-UV analyses were performed at the A, of probe 1
(312 nm) and A,,,, of the expected product 2-fluoro-4-nitrophe-
nol (400 nm) (Figure 2c). After 1 h incubation with hMAO-A,
the HPLC peak of probe 1 (15.8 min) was clearly reduced (top
left vs top right at 312 nm). Monitoring at the A, of the
enzymatic product (400 nm) showed concomitant appearance of
anew peak at 10.6 min (Figure 2, top right). The new peak was
confirmed as the predicted 2-fluoro-4-nitrophenol by compar-
ison with an authentic sample. Calculated from the peak in-
tensity, the molar amount of 2-fluoro-4-nitrophenol produced
corresponded to 66.0 = 0.3% of probe 1, indicating that about
100% of the consumed starting probe 1 was oxidized and
converted expeditiously to 2-fluoro-4-nitrophenol via sponta-
neous f-elimination. These results validate the designed hMAO-
A-induced deamination and f3-elimination mechanism.

Very importantly, probe 1 showed high specificity for hMAO-
A over hMAO-B. In contrast to the clear conversion by hAMAO-A,
only a faint amount (<1%) of the product was observed after
incubation with hMAO-B (Figure 2c, bottom left). When the
reaction with hMAO-A was performed in the presence of the
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Figure 2. (a) Reactivity of probes 1—3 (100 uM) with hMAO-A (12
units/mL) in HEPES buffer (100 mM, pH 7.4) at 37 °C. The fraction of
consumed probe was determined by HPLC-UV analysis of each enzy-
matic reaction solution. Error bars indicate the standard deviation of
three independent experiments. (b) Active pocket of AMAO-A com-
plexed with the inhibitor clorgyline and cofactor flavin adenine dinu-
cleotide (FAD) (PDB: 2BXR). The chemical structure of clorgyline is
shown to the left. The O, N, and Cl of clorgyline are depicted in red, blue,
and green, respectively; FAD is shown in yellow. (c) HPLC-UV analyses
(312 and 400 nm) of probe 1 (100 uM) after 1 h incubation: (top left)
without hMAO-A, (top right) with hMAO-A (12 units/mL), (bottom
left) with hMAO-B (12 units/mL), and (bottom right) with MAO-A
(12 units/mL) and clorgyline (10 4M).

MAO-A inhibitor clorgyline (10 #M), production of 2-fluoro-4-
nitrophenol was suppressed completely (Figure 2c, bottom
right). The designed probe 1 worked as a substrate of hMAO-
A with excellent specificity.

The enzymatic production of 2-fluoro-4-nitrophenol from
probe 1 was also monitored by measuring the absorption. Upon
reaction with hMAO-A (12 units/mL), the absorption spectra of
probe 1 (100 #M) changed in an incubation time-dependent
manner with a single isosbestic point at 345 nm (Figure 3a). The
product 2-fluoro-4-nitrophenol (pK, = 6.03°) presented mainly
in the phenolate ion form at physiological pH, so the product had
an absorption maximum at a relatlvely long wavelength of
400 nm (£400 n = 17200 M~ "in HEPES (100 mM, pH
7.4)). By contrast, the o- alkylated starting probe 1 had a low
extinction coeflicient at 400 nm. Therefore, the enzymatic
conversion of 1 to product could be monitored easily by the
absorption change at 400 nm. As shown in Figure 3b, a clear
increase in absorption was observed for the probe 1 solution in
the presence of AMAO-A (red circles). The presence of hMAO-B
(green circles) or hMAO-A with the inhibitor clorgyline (blue
circles) caused almost no absorption change. This specific
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Figure 3. (a) Absorption spectra of probe 1 (100 #M) incubated with
hMAO-A (12 units/mL) in HEPES buffer (pH 7.4) at 37 °C for 0, 20,
40, 60, and 90 min (from bottom to top at 400 nm). (b) Time course of
the absorption change at 400 nm of probe 1 (100 #M) solution in the
presence of hMAO-A (12 units/mL) (red), h(MAO-A with the inhibitor
clorgyline (10 #M) (blue), or h(MAO-B (green). (c) Image of probe 1
solution (500 M) incubated in the presence of hMAO-A (60 units/
mL), hMAO-A with the inhibitor clorgyline (S0 #M), and hMAO-B
(from bottom to top) for 0, 20, 40, 60, and 90 min (from left to right).

reactivity of probe 1 to hMAO-A is consistent with the results
obtained by HPLC-UV analysis (Figure 2).

Using the Michaelis—Menten equation, the kinetic para-
meters for enzymatic reaction of hMAO-A with probe 1 were
determined as K, = 37.2 £ 1.7 uM and V,,,,, = 24.1 £ 0.8 nmol
min~ ' mg of microsomal protein”'. The obtained K,, value is
lower than that of natural monoamine substrates (high yuM—mM
range, e.g., K, = 137 uM for serotonin’ ), showing that probe 1
can be a practical substrate for hMAO-A under physiological
conditions. By contrast, the reactivity of probe 1 with hMAO-B
was too small to determine these parameters.

Because of the appreciable absorption enhancement at
400 nm, hMAO-A activity could be detected easily by the
unaided eye. Figure 3c shows a photograph of probe 1 solutions
in the presence of hMAO-A (bottom line), hMAO-A with
clorgyline (middle line), and hMAO-B (top line). In the presence
of hMAO-A, probe 1 solution turned yellow in an incubation
time-dependent manner (from 0 to 90 min, from left to right). In
marked contrast, the other solutions remained colorless. This
indicates that probe 1 can also be used as a chromogenic probe
for the specific sensing of hMAO-A activity. Although such
chromogenic sensing is not our present concern, we note that
this probe allows a mix-and-read sensing without the need for
additional reagents, enzymes, or steps for monitoring. The
hMAO-A/B selectivity, reactivity, and simplicity are superior to
those reported for other chromogenic probes.

Having an hMAO-A-specific substrate in hand, we moved on
to the detection of hMAO-A activity using the 9F MR modality.
'F NMR analyses of probe 1 and product 2-fluoro-4-nitrophe-
nol gave '°F signals at —133.3 and —137.5 ppm, respectively
(Figure 4a). The observed chemical shift difference between the
probe and product was 4.2 ppm, which was enough to visualize each
compound selectively using '’F MRL Figure 4b presents the
phantom images (11.7 T)) of these compounds in tubes. "H MRI
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Figure 4. (a) '°F NMR spectra of probe 1 and 2-fluoro-4-nitrophenol
(100 #M) in HEPES buffer (pH 7.4). (b) 'H and "’F chemical shift-
selective imaging (11.7 T) of probe 1 and 2-fluoro-4-nitrophenol (S mM
each) in HEPES buffer (pH 7.4). (c) Time course (0—90 min) of
'"F NMR spectra of probe 1 (100 #M) upon reaction with hAMAO-A
(12 units/mL). (d) "H and '°F chemical shift-selective imaging (11.7 T)
of hMAO-A activity (240 units/mL) using probe 1 (5 mM) in the
presence or absence of the inhibitor clorgyline (250 uM).

visualized both tubes because of the presence of a large amount of
H,O (Figure 4b, left). By contrast, probe 1 and product 2-fluoro-4-
nitrophenol were visualized separately by '°F chemical shift-selective
imaging (Figure 4b, middle and right, obtained by probe 1 and 2-
fluoro-4-nitrophenol selective pulse frequenaes, respectively).'!
Finally, we applied probe 1 in 'F MR analysis of hMAO
activity. Probe 1 was incubated with hMAO-A, and the mixture
was subjected to 'F NMR analysis at each time point (0—
90 min). At the starting point (0 min), a single '°F peak was
observed at —133.3 ppm (Figure 4c, bottom). As the reaction
proceeded, a new signal appeared at —137.5 ppm in an incuba-
tion time-dependent manner (Figure 4c, from bottom to top,
0—90 min), which was assigned as the produced 2-fluoro-4-
nitrophenol by co garison with an authentic sample. The time-
course profile of '’F NMR (79% conversion of probe 1 to
product after the 90 min reaction, determined by comparison of
the '°F peak integrals) was similar to that observed by absorption
analysis (Figure 3b) or HPLC-UV analysis (Figure S1, 78%
conversion after 90 min, determined by HPLC), supporting that
the '"F NMR-based approach produces quantitative results.
Again importantly, the new '°F NMR peak at —137.5 ppm was
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hMAO-A dependent. No signal was observed around —137.5
ppm after 60 min incubation with hMAO-B or hMAO-A in the
presence of clorgyline (Figure S2). In addition to the hMAO-A
specificity, it should be also noticed that a new NMR peak
appeared in a clear probe-to-product one-to-one conversion
manner without any undesirable side peaks. This is a big benefit
for chemical shift-selective imaging, where sometimes such side
peaks result in nonnegligible background or false-positive con-
trast. The designed probe 1 realized the direct imaging of hMAO-A
activity (Figure 4d). 'F chemical shift-selective imaging (product
'F selective) produced the clear signal for probe 1 only upon
incubation with hMAO-A (Figure 4d, left). The presence of an
hMAO-A inhibitor completely suppressed such signal (Figure 4d,
right). These results show clearly that the designed probe 1 func-
tions as the first signal-switching '°F MRI probe for the specific
detection and imaging of hMAO-A activity.

In conclusion, we report a strategy for designing hMAO-A-
specific ”F MRI probe. The designed MRI probe has at least two
distinct advantages. The first is specificity. On the basis of the
o/p-substituted phenol hypothesis, our MRI probe achieved
excellent discrimination of hMAO-A from its isoform hMAO-B.
hMAO-A and -B play different physiological roles. In particular,
hMAO-A, the focus of the present work, is considered one
possible enzyme involved in the pathogenesis of psychiatric
disorders.” In this sense, the specificity shown in this work is
essential for revealing the true physiological and pathological
roles of hMAO-A activity. The second advantage is the applic-
ability to '°F MRL The rationally designed MRI probe achieved
sufficient '°F chemical shift change upon selective reaction with
hMAO-A. These results allow us to conclude that the designed
“smart” molecule functions as the first chemical shift-switching
'F MRI probe for the specific detection and imaging of hMAO-
A activity. In addition to the high performance of the present
probe itself, the design strategy in this report may provide the
basis for creating new hMAO-A- or -B-specific MRI probes.

Judging from the observation that the related '*F-substituted
phenol-type probes could be used successfully for in vivo '°F
NMR analysis of the reporter protein activity (e.g.,, 0.012—0.026
mmol of probes in the mouse experiments),” the present probe
seems to have potential for in vivo applications. However,
practical applications must await further experiments to improve
the probe in terms of the enzymatic turnover rates and pharma-
cokinetic profiles. '°F MR spectroscopy in a much larger voxel
might also be a promising approach to overcome the intrinsic low
sensitivity of the MR probe. In the future, the combination with
PET studies should provide a more precise understanding of
MAO activity."” Further work is in progress along these lines.
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