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C H E M I S T R Y

Structure-guided design enables development 
of a hyperpolarized molecular probe for the detection 
of aminopeptidase N activity in vivo
Yutaro Saito1, Hiroyuki Yatabe1, Iori Tamura1, Yohei Kondo1, Ryo Ishida2, Tomohiro Seki2†, 
Keita Hiraga3, Akihiro Eguchi1, Yoichi Takakusagi4,5, Keisuke Saito3,6, Nobu Oshima2‡, 
Hiroshi Ishikita3,6, Kazutoshi Yamamoto2, Murali C. Krishna2*, Shinsuke Sando1,7*

Dynamic nuclear polarization (DNP) is a cutting-edge technique that markedly enhances the detection sensitivity 
of molecules using nuclear magnetic resonance (NMR)/magnetic resonance imaging (MRI). This methodology 
enables real-time imaging of dynamic metabolic status in vivo using MRI. To expand the targetable metabolic 
reactions, there is a demand for developing exogenous, i.e., artificially designed, DNP-NMR molecular probes; 
however, complying with the requirements of practical DNP-NMR molecular probes is challenging because of the 
lack of established design guidelines. Here, we report Ala-[1-13C]Gly-d2-NMe2 as a DNP-NMR molecular probe for 
in vivo detection of aminopeptidase N activity. We developed this probe rationally through precise structural 
investigation, calculation, biochemical assessment, and advanced molecular design to achieve rapid and detectable 
responses to enzyme activity in vivo. With the fabricated probe, we successfully detected enzymatic activity 
in vivo. This report presents a comprehensive approach for the development of artificially derived, practical 
DNP-NMR molecular probes through structure-guided molecular design.

INTRODUCTION
Nuclear magnetic resonance imaging (NMR/MRI) is a powerful 
method for metabolic imaging. Metabolic reactions of endogenous 
molecules labeled with low- nuclei, such as 13C and 15N, can be 
observed with NMR. However, such an application in MRI is limited 
because of the extremely low sensitivity of low- nuclei com-
pared with that of 1H, abundant tissue water (1–4). In 2003, 
Ardenkjær-Larsen et al. (5) reported dissolution dynamic nuclear 
polarization (dDNP) as a powerful method for overcoming this is-
sue. Through dDNP, the NMR sensitivity of measured low- nuclei 
in a molecular probe is markedly enhanced by polarization transfer 
from electron spins to nuclear spins when a sample is subjected 
to the special conditions of cryogenic temperature, high magnetic 
field, and microwave irradiation. The hyperpolarized molecular 
probes can then be used for real-time MRI after quick dissolution 
(6). The NMR sensitivity of hyperpolarized molecules can be en-
hanced 104- to 106-fold in 13C and 15N nuclei. For instance, dDNP 

has been clinically applied to detect elevated lactate dehydrogenase 
activity in vivo using hyperpolarized [1-13C]pyruvate for diagnos-
ing prostate cancer (7).

Although dDNP is useful for a variety of in vivo studies including 
in humans, only a limited number of molecular probes can be 
practically used in vivo (8–10). This situation is due to a number 
of physicochemical and biological requisites needed for the 13C- or 
15N-labeled dynamic nuclear polarization (DNP)-NMR molecular 
probes. Because the hyperpolarized state of the nuclear spin decays 
exponentially depending on the spin-lattice relaxation value (T1), 
the labeled atom in the molecular probe should have a sufficiently 
long T1 for monitoring under physiological conditions (requisite 1). 
To detect enzymatic activity, target selectivity (requisite 2), rapid 
enzymatic reaction (requisite 3), and a large chemical shift difference 
between the substrate and the products (requisite 4) are also required 
to produce detectable signals and distinguish each component as a 
separate peak. Other fundamental properties include water solubility 
(requisite 5), biocompatibility (requisite 6), biostability (requisite 7), 
and high hyperpolarization efficiency (requisite 8).

Successful examples that meet the above requisites were found 
in naturally occurring endogenous small molecules labeled with 13C 
stable isotopes (8–10). These are sometimes further modified by 
deuteration and esterification to improve their physicochemical 
and pharmacokinetic properties. Some of these DNP-NMR molec-
ular probes, including [1-13C]pyruvate, function in vivo and are 
used for biological and medical applications (11–16). Nonetheless, 
practical DNP-NMR molecular probes are still few. Although 
endogenous molecules have advantages in biocompatibility and in 
tracing their metabolic pathways, such molecules do not usually 
satisfy several of the above requisites. This situation leads to very 
limited enzymes and metabolic reactions that can be probed with 
DNP-NMR/MRI.

An alternative approach is the development of exogenous, i.e., 
artificially designed, molecular probes (8–10). This approach is 
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effective for developing molecular probes to satisfy the requisites 
because molecular properties can be optimized through chemical 
structures and appropriate chemical modifications. However, there 
are no established guidelines for the design of such DNP-NMR 
molecular probes. Moreover, in terms of metabolic analysis, only a 
few artificially designed probes are useful in vivo (17, 18). Even if 
probe and metabolite signals can be detected in vivo, they are often 
barely visible, making these probes impractical for biological 
evaluation and other applications. Thus, developing DNP-NMR 
molecular probes applicable in vivo by rational molecular design is 
critical, and the establishment of necessary design guidelines is a 
great challenge in this field.

Aminopeptidase N (APN) (CD13) plays several important roles 
throughout the body. This zinc-containing enzyme hydrolyzes 
peptides at the N terminus by preferentially recognizing neutral 
residues such as alanine. APN has attracted attention because of its 
relevance in various physiological systems and diseases, including 
the immune system, pain sensation, and blood pressure regulation 
(19, 20). In particular, APN is highly expressed in a variety of 
tumors and is associated with malignancy, angiogenesis, and metas-
tasis, making it an important therapeutic target and biomarker for 
cancer (21–26). The expression and localization of APN have been 
investigated using molecular probes that bind specifically to APN 
(24, 26); the direct detection of APN activity is also of interest 
because APN is a multifunctional enzyme that has roles other than 
that of a peptidase (19, 27). Although some luminescence and 
fluorescence probes for APN activity have been reported and 
partially applied for in vivo imaging, detection of APN activity has 
not yet been achieved because of the low transparency of light in 
deeper regions of the body (28–30).

In 2016, we reported [1-13C]Ala-NH2 (1) as a DNP-NMR molecu-
lar probe (Fig.  1) that successfully detected APN activity in  vitro 
(31). This molecule was designed to have APN specificity and 
prolonged T1. However, APN activity detection in  vivo was not 
achieved because [1-13C]Ala-NH2 (1) did not satisfy several of the 
abovementioned requisites, such as rapid enzymatic reaction and 
large chemical shift change.

Here, we developed Ala-[1-13C]Gly-d2-NMe2 (3) as a practical 
DNP-NMR molecular probe for the detection of APN activity in vivo 

(Fig. 1) via structure-guided design to satisfy the requirements for 
in  vivo application. Notably, slow and insufficient enzymatic 
conversion, which was a major disadvantage in previous probes, 
was overcome by focusing on the enzymatic parameter Km, which 
was previously overlooked. This probe enabled in vivo detection of 
APN activity in tumor xenograft mice; moreover, distinct parent 3 
and corresponding product 4 signals were clearly observed in vivo 
in the magnetic resonance (MR) spectra (MRS), and chemical shift 
imaging (CSI) was successfully obtained. There are only a few DNP-
NMR probes that provide large signals of the enzymatic products 
in vivo, and to the best of our knowledge, this is the first example of 
structure-guided design of an artificial DNP-NMR molecular probe 
that can provide such clear metabolic signals (8, 9). In this report, 
we demonstrate that artificial DNP-NMR molecular probes appli-
cable in vivo can be developed by rational molecular design.

RESULTS
Design strategy for a practical DNP-NMR molecular probe 
that can detect APN activity in vivo
The previously reported probe [1-13C]Ala-NH2 (1) could not be 
used in vivo because of its (i) slow enzymatic reactions that led to an 
insufficient accumulation of the product and (ii) small chemical 
shift change [ 1.4 parts per million (ppm)] that resulted in 
inseparable probe and product peaks (31). In particular, it was a 
serious issue that the metabolite is barely observed because of the 
weak product signals even in vitro. Thus, we envisioned that solving 
these problems, which are common issues in many other cases, 
would contribute to establishing design guidelines for DNP-NMR 
molecular probes (9).

We commenced this study by improving the enzymatic reaction 
rate of Ala-NH2 (5). In our previous work, Ala-NH2 (5) was found to 
have a lower affinity to rat APN compared with that of natural substrate 
Ala-Gly (7) [Km(Ala-NH2) = 9.7 mM versus Km(Ala-Gly) = 3.6 mM] 
and, instead, to have a higher turnover number [kcat(Ala-NH2) = 210 s−1 
versus kcat(Ala-Gly) = 74 s−1] (31). Given that the typical blood con-
centration of the probe injected into mice is in the low millimolar 
range (13), the inefficiency of the enzymatic reaction was at-
tributed to the large Km(Ala-NH2) and not to kcat(Ala-NH2). There-
fore, improving Km, i.e., enhancing affinity to APN, is expected 
to be key.

To improve affinity for APN, we calculated the binding energies 
of Ala-NH2 (5) and Ala-Gly (7) in the active pocket of APN (Fig. 2, A and B) 
using the reported cocrystal structure of porcine APN with poly-
alanine (Protein Data Bank ID: 4NAQ) (32). Porcine APN has high 
sequence identity and similar kinetic properties with human APN 
(hAPN) (32). As Km(Ala-NH2) is larger than Km(Ala-Gly), the calculated 
binding energy of Ala-Gly (7) was lower than that of Ala-NH2 (5), as 
protonated Glu384 donated a hydrogen bond to the substrate carbonyl 
oxygen site in the Ala-Gly-APN structure optimized using a quantum me-
chanical/molecular mechanical (QM/MM) approach. The corresponding 
hydrogen bond was absent in the QM/MM-optimized Ala-NH2-APN 
structure (Fig. 2A). Notably, the calculated binding energy was similar for 
these substrates when Glu384 was ionized and the hydrogen bond was 
absent (fig. S1). These results suggest that hydrogen bond formation 
between protonated Glu384 and the substrate (Fig. 2B) plays a important 
role in increasing substrate binding affinity to APN and decreasing Km. 
Accordingly, we concluded that the carbonyl oxygen of the second resi-
due in the N terminus is crucial for increasing APN affinity.

Fig. 1. Previous and new DNP-NMR probes for the detection of APN activity 
in vivo. 
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Exploration of molecular structure to achieve fast 
enzymatic reaction
According to the suggestion above that carbonyl oxygen of the 
second residue from the N terminus is effective for affinity to APN, 
the molecular structures of the substrate were evaluated to improve 
the enzymatic reaction rate for hAPN. The efficiency of hydrolysis 
of the candidate substrates by APN was tested at a substrate concen-
tration of 3.0 mM, assuming that the probe concentration is low 
millimolar when injected into mice (Fig.  3A). The conversion of 
Ala-NH2 (5) was 16% under the tested conditions (entry 1). Ala-NHMe 
(6), in which the carboxyl group was removed from the structure of 
Ala-Gly (7), showed low reactivity (entry 2); this was consistent 
with the theoretical calculation results. The conversion rates of 
Ala-NH2 (5) and Ala-Gly (7) were similar (entries 1 versus 3), 
probably because of the trade-off between their Km and kcat values. 
Moreover, Ala-Ala (8) was converted at a higher rate than Ala-Gly 
(7) (entry 4). Although the natural dipeptides Ala-Gly (7) and 
Ala-Ala (8) are promising candidates, their kcat to APN is reported 
to be low, and they may be cleaved by dipeptidyl peptidases and 
carboxyl peptidases in the body (31).

Thus, we sought a structure similar to that of Ala-Gly (7) with 
a large kcat and resistance to nonexpected enzymatic digestions. 
Although Ala-d-Ala (9) and Ala--Ala (10), in which the C termini are 
unnatural amino acids, are expected to evade recognition by 
dipeptidyl peptidases and carboxyl peptidases, their reactions with 
APN were very slow (entries 5 and 6). On the basis of entries 3 
and 4, we assumed that hydrophobicity at the C-terminal residue 
enhances reactivity. Thus, Ala-Gly-NMe2 (11) was designed to 
retain the hydrogen bond between the carbonyl oxygen and gluta-
mate in the APN pocket, avoid enzymatic digestion by dipeptidyl 
peptidases and carboxyl peptidases, and exhibit increased 
hydrophobicity at the C terminus. Subsequently, this compound 
showed a much faster reaction with APN (entry 7) compared 
with that of the others. Figure 3C displays the conversion time 
course of Ala-Gly-NMe2 (11), which was much faster than that 
of Ala-NH2 (5).

Structural investigation of kinetic parameters
To confirm the validity of our enzymatic kinetic parameter-based 
strategy and to elucidate the mechanism by which Ala-Gly-NMe2 (11) 
shows a high hydrolysis rate by APN, we determined the Km and kcat 
of Ala-NH2 (5), Ala-Gly (7), Ala-Gly-NMe2 (11), and Ala-Gly-NHMe 

(12) for hAPN (Fig. 4). Consistent with previous results on rat APN 
(31), Km(Ala-Gly) was lower than Km(Ala-NH2), and kcat(Ala-Gly) 
was lower than kcat(Ala-NH2), indicating that the Gly moiety 
contributes to the increased APN affinity and decreased catalytic 
turnover number. Moreover, Ala-Gly-NMe2 (11) showed slightly 
lower Km than that of Ala-Gly (7), suggesting that the Gly moiety in 
the second residue contributes to the increased APN affinity. These 
findings are consistent with the calculated binding energies (Fig. 2C 
and fig. S1). Furthermore, Ala-Gly-NMe2 (11) showed a higher kcat 
than that of Ala-Gly (7), indicating that the dimethylamide group 
increases kcat. This is supported by the fact that Ala-Gly-NHMe (12), 
in which the terminal amide group is modified with only one methyl 
group, has a lower kcat than that of Ala-Gly-NMe2 (11). Conse-
quently, we conclude that the Gly moiety increased affinity to APN, 
while the dimethylamide group increased kcat of Ala-Gly-NMe2 (11).

Structural investigation of molecular magnetic properties
For DNP-NMR molecular probes, satisfying the criteria for molecular 
magnetic properties in addition to enzymatic reaction properties is also 
essential. In particular, T1, which determines the hyperpolarization 
lifetime, and the magnitude of the chemical shift change () are 
important for obtaining separate probe and product peaks for a 
sufficient period of time. In this structural investigation, on the 
basis of our experimental knowledge, we tentatively set the criteria 
for these two parameters under physiological conditions as T1 > 20 s 
and  > 2.0 ppm.

We thus focused on the quaternary carbon atom of the carbonyl 
group, which has a relatively large T1 value (Fig. 3B) (8). While 
Ala-NH2 (5) has a T1 value of 22.6 s [500 mM in 90 mM phosphate 
buffer containing 10% D2O (pH 7.4), 37°C, 9.4 T], its  value is 
small (1.4 ppm; entry 1). The introduction of a methyl group into 
the amide moiety increased  at physiological pH (entries 1 versus 2). 
This trend of increased  was observed for Ala-Gly (7), Ala-Ala 
(8), Ala-d-Ala (9), and Ala--Ala (10), but the T1 values were 
considerably decreased (entries 3 to 6).

The carbonyl carbon of the N-terminal Ala residue in Ala-Gly-
NMe2 (11) exhibited a large  value (3.4 ppm), but the T1 value 
(12.0 s) was small (entry 7; carbon is highlighted with a blue circle). 
However, this molecule has another carbonyl carbon in the C-terminal 
moiety (entry 7; carbon is highlighted with a red circle), which was 
found to satisfy our tentative criteria (T1 = 21.0 s,  = 2.8 ppm). 
Considering that Ala-Gly-NMe2 (11) is converted by APN to two 

Fig. 2. Substrate binding sites and binding energy. QM/MM-optimized geometries of (A) Ala-NH2-APN, (B) Ala-Gly-APN, and (C) Ala-Gly-NMe2-APN. Red balls indicate 
water molecules. Dashed lines indicate electrostatic interactions. The calculated binding energies are described below the figures.
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products, Ala and Gly-NMe2, and that Ala is readily incorporated 
into further metabolic pathways (22, 23), the Gly-NMe2 moiety 
would be a better tracer for monitoring APN activity. A similar 
trend in T1 values was observed in Dulbecco’s phosphate-buffered 
saline (DPBS) and in human serum at 3.0 T used for animal experi-
ments (table S1). Therefore, Ala-[1-13C]Gly-NMe2 was chosen as a 
potential molecular probe candidate.

Ala-[1-13C]Gly-d2-NMe2 as a DNP-NMR probe for APN
Ala-[1-13C]Gly-d2-NMe2 (3) was lastly obtained as a molecular probe. 
In Ala-[1-13C]Gly-d2-NMe2 (3), the Gly moiety -position was deu-
terated because the adjacent 1H nucleus to the measured 13C causes 
T1 relaxation due to dipole-dipole interactions (Fig. 3D) (33–35). 
Nondeuterated Ala-[1-13C]Gly-NMe2 had a T1 value of 27.3 s in D2O 
(10 mM, 37°C, 9.4 T), whereas that of Ala-[1-13C]Gly-d2-NMe2 (3) 
(deuterated efficiency: 91%) was 35.4 s with an elongation of about 
8 s. The ratio of the dipole-dipole relaxation (R1

DD) to total relax-
ation (R1

tot) decreased from 42 to 24%, indicating that the dipole-
dipole relaxation was effectively attenuated. Considering that the 
dipole-dipole interaction is inversely proportional to the sixth power 

of the distance (35), the remaining dipole-dipole relaxation is thought 
to originate mainly from the 1H of the dimethylamide group. Al-
though it is possible to further deuterate the dimethylamide group, 
we considered that Ala-[1-13C]Gly-d2-NMe2 (3) would be the best 
choice for the imaging probe in terms of synthetic cost as it already 
has a sufficiently long T1. The details and effects of other relaxation 
pathways are summarized in fig. S2. Under aqueous conditions 
[10 mM in 90 mM phosphate buffer containing 10% D2O (pH 7.4), 
37°C, 9.4 T], the T1 of the 13C nucleus in Ala-[1-13C]Gly-d2-NMe2 
(3) was 30.7 ± 0.7 s and that of [1-13C]Gly-d2-NMe2 (4), the corre-
sponding product, was 38.3 ± 2.2 s. Under the biological conditions 
such as DPBS and human serum, T1 values of Ala-[1-13C]Gly-d2-
NMe2 (3) were hardly decreased (31.9 ± 0.9 s in DPBS and 28.6 ± 1.6 s 
in human serum, 37°C, 9.4 T).

Synthesis of Ala-[1-13C]Gly-d2-NMe2
Ala-[1-13C]Gly-d2-NMe2 (3) was synthesized in six steps starting 
from [1-13C]Gly as a 13C source at a relatively low cost (figs. S3 and 
S4). [1-13C]Gly-d2-NMe2 (4) was prepared by deuteration of the 
-position of [1-13C]Gly catalyzed by ruthenium on carbon (36), 

Fig. 3. Reaction efficiencies for APN, chemical shift changes, and spin-lattice relaxation times of APN probe candidates. (A) A series of probe candidates and their conversion 
rates during enzymatic reactions with APN. Conditions: 3.0 mM compound in 100 mM phosphate buffer (pH 7.4), hAPN (9.7 nM), 37°C, 40 min, n = 3. Wavy lines indicate bonds that 
are cleaved by APN. (B) Magnetic parameters of the 13C atoms in probe candidates, highlighted as blue or red circles in (A). , change in 13C chemical shift between probe 
and product generated by hydrolysis by APN. Measurement conditions, 100 mM each of the probe and product in phosphate buffer [90 mM (pH 7.4)] containing 10% D2O, 
37°C. T1, spin-lattice relaxation time. Measurement conditions, 500 mM compound in phosphate buffer [90 mM (pH 7.4)] containing 10% D2O, 37°C, 9.4 T. (C) Time course of 
Ala-NH2 (5) and Ala-Gly-NMe2 (11) conversion by APN. Conditions, 3.0 mM compound in phosphate buffer [100 mM (pH 7.4)], hAPN (9.7 nM), 37°C, n = 3. (D) T1 values and 
contributions of R1

DD of Ala-[1-13C]Gly-NMe2 and Ala-[1-13C]Gly-d2-NMe2. Measurement conditions, 10 mM compound in D2O (In D2O), in phosphate buffer [90 mM (pH 7.4)] containing 
10% D2O (In PB), in DPBS containing 10% D2O (In DPBS), or in human serum containing 10% D2O (In serum), 37°C, 9.4 T; 3 T (HP), ca. 1.4 mM compound in DPBS con-
taining 3.4 mM glycerol, 32 M OX063, and 227 M EDTA, 37 °C, 3.0 T under a hyperpolarized state. R1

DD, inverse of T1 relaxation time by dipole-dipole interaction; 
R1

tot, the total value of the inverse of T1 relaxation times. HP, hyperpolarized state. Error bars indicate the SD. n.d. indicates that the product (Ala) was not detected.
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benzyloxycarbonyl (Cbz) protection, condensation with dimethylamine, 
and deprotection. Ala-[1-13C]Gly-d2-NMe2 (3) was obtained via 
coupling with Cbz-Ala and [1-13C]Gly-d2-NMe2 (4), followed by 
removal of the Cbz group. The total yield was 43% from [1-13C]Gly, 
with 91% deuterated efficiency at the -position of the [1-13C]Gly 
moiety. This synthetic protocol can be applied to gram-scale synthesis 
(total yield: 63%).

Enzymatic reaction under thermal equilibrium state
The ability of Ala-[1-13C]Gly-d2-NMe2 (3) to detect APN activity 
was evaluated under a thermal equilibrium state. Probe 3 was added 
to mouse kidney homogenate, and the conversion was monitored 
using 13C NMR at 37°C (Fig. 5, A and B). The 13C NMR signal of 
probe 3 ( 170.0 ppm) gradually decreased, and an increase in the 
new signal ( 167.7 ppm) was observed. The newly generated peak 
was assigned to the corresponding product [1-13C]Gly-d2-NMe2 (4) 
by comparison with an authentic sample. During this experiment, 
no peaks other than those of 3, 4, and dimethyl sulfoxide (DMSO; 
an internal standard) were observed, indicating that no side reactions 
occurred (fig. S5). In the presence of phebestin, an APN inhibitor 
(37), 4 was not generated, and the peaks of 3 did not change, 
suggesting that Ala-[1-13C]Gly-d2-NMe2 (3) can detect APN activity 
by selectively reacting with APN (fig. S6). Similar conversion and 
inhibition by phebestin were observed also in homogenate of mouse 
xenograft tumor tissue (MIA PaCa-2), although APN activity was 
lower than that in kidney homogenate (figs. S7 and S8).

Hyperpolarization experiments in vitro
Next, we performed in  vitro hyperpolarization experiments of 
Ala-[1-13C]Gly-d2-NMe2 (3) (Fig. 5, C and D). The aqueous solu-
tion of 4.4 M probe 3 containing 19 mM OX063 and 23% glycerol 
was hyperpolarized with HyperSense (Oxford Instruments, UK). 

The hyperpolarized sample was rapidly dissolved with hot DPBS 
containing 0.68 mM EDTA, and the 13C MRS (3.0 T) was then 
acquired at room temperature (Fig. 5C). The 13C NMR signal was 
observed over 160 s. The apparent T1 at 3.0 T was found to be 26 s 
by curve fitting. The corrected T1, taking into account the magneti-
zation loss due to successive flip angles, was determined to be 
43.7 ± 1.1 s. When this measurement was performed at 37°C, the 
corrected T1 was elongated to 56.7 ± 8.7 s (Fig. 3D and table S1), 
indicating that this probe has sufficiently long enough T1 for biological 
use at 3.0 T.

We further performed APN detection experiments. The hyper-
polarized solution of probe 3 was added to a DPBS solution con-
taining 250 nM APN (Fig. 5D). The peak of Ala-[1-13C]Gly-d2-NMe2 
(3) appeared at  172.6 ppm. With a few seconds of delay, a distinct 
[1-13C]Gly-d2-NMe2 (4) peak appeared at  170.0 ppm. This indi-
cates the successful sensitive detection of APN activity in vitro using 
the hyperpolarized probe 3.

In vivo detection of APN activity
With Ala-[1-13C]Gly-d2-NMe2 (3), a potential hyperpolarized MR 
probe for APN, in hand, we then assessed the performance of 
Ala-[1-13C]Gly-d2-NMe2 (3) in direct detection of APN activity 
in vivo (Fig. 6). The neat sample of Ala-[1-13C]Gly-d2-NMe2 (3) 
(ca. 5 M) containing 19 mM OX063 was hyperpolarized in the 
polarizer. This sample was successfully hyperpolarized for about 
1.5 to 2.5 hours without any additional glassing agents. General 
glassing agents such as DMSO and glycerol affect metabolic systems; 
this property, applicable to hyperpolarization at high concentra-
tions without the use of glassing agents, is a distinct advantage for 
practical hyperpolarization. The hyperpolarized sample was rapidly 
dissolved with DPBS containing 0.68 mM EDTA for subsequent 
in vivo use.

The hyperpolarized probe 3 was intravenously injected into 
mice bearing tumor xenografts (MIA PaCa-2), followed by acquisi-
tion of 13C MRS (3.0 T) from the tumor regions. A distinct peak 
derived from Ala-[1-13C]Gly-d2-NMe2 (3) was observed immediately 
after injection. Furthermore, the NMR signal of 4, the correspond-
ing product by APN, was detected in a time-dependent manner 
(Fig. 6B). The parent and product signals were observed as distinct 
and separate peaks of in vivo DNP-MRS. The area under the curve 
(AUC) ratio, which is the ratio of the integrated peak intensities of 
probe 3 and product 4, was 0.35 (Fig. 6D), suggesting a sufficient 
conversion of the exogenous hyperpolarized MR molecular probe 
3 by APN in vivo, which had not been achieved by the conventional 
hyperpolarized MR probe for APN (31).

Next, we examined whether hyperpolarized probe 3 can be used 
to directly assess the in vivo efficacy of inhibitors. Phebestin is an 
APN inhibitor that suppresses its activity in vivo. The day after the 
first injection of hyperpolarized probe 3, phebestin was adminis-
tered to the same mouse, and the hyperpolarized probe 3 was again 
injected to monitor APN activity (Fig. 6, A and C). The AUC ratio 
decreased to 0.11, indicating that APN activity was suppressed by 
phebestin (Fig. 6, C and E). One day later, the APN activity of the 
same mouse was monitored without preadministration of phebestin, 
which confirmed the recovery of APN activity (fig. S10). A series of 
animal experiments showed a significant difference in the AUC 
ratio between nontreated and inhibitor-treated mice (Fig. 6F). These 
results indicate that probe 3 and product 4 do not affect APN activ-
ity and that probe 3 reacts with APN with high selectivity in vivo. 

Fig. 4. Structural effect of Ala-Gly-NMe2 on the rapid APN enzymatic reactions. 
Kinetic parameters (Km and kcat) of Ala-Gly-NMe2 and its analogs for hAPN.
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Notably, no abnormalities were observed in mice when hyperpolarized 
probe 3 was injected.

Last, we performed CSI with the developed probe 3 (Fig. 6G and 
figs. S11 and S12). The hyperpolarized solution was intravenously 
injected to tumor xenograft mice, followed by acquisition of MR 
signals from each voxel in the tumor-bearing leg region. MRS with 
different probe-to-product ratios were obtained in each voxel. An 
increase in the signal ratio of the product was particularly observed 
in tumor regions (Fig.  6G, voxels b to d). On the other hand, a 
strong hyperpolarized signal of the probe only was detected in the 
muscle regions where large blood vessels exist (Fig. 6G, voxel a). These 
results suggest that the present probe is capable of site-specifically 
monitoring APN activities in tumors, and it can be promising as a 
bioimaging tool for tumor diagnosis based on APN activity and 
evaluation of cancer therapeutics by APN inhibition. This is the 
first example of a DNP-NMR probe that allows observation of APN 
activity in vivo.

DISCUSSION
We have successfully developed a practical DNP-NMR molecular 
probe to detect APN activity in vivo by structure-guided molecular 
design. This probe fulfills all major requisites typically found with 

[1-13C]pyruvate, which is widely used in preclinical and clinical 
research. Here, in vivo APN activity and the inhibitory effect by 
phebestin were clearly observed with the developed probe 3, and 
imaging of APN activity was successful in the tumor region, validat-
ing its practicality for in vivo biological assessment. Because of its 
robust performance, the Ala-[1-13C]Gly-d2-NMe2 (3) probe could 
serve as a powerful tool for the detection of malignancy and evalua-
tion of treatment response, because APN, also known as CD13, is a 
key biomarker for malignancy, angiogenesis, and metastasis (21–26). 
In addition to its application as a tumor biomarker, considering the 
multifunctional role of APN (19,  20), the DNP-NMR probe is 
expected to contribute to elucidating the pathogenesis of various 
APN-related diseases and not just cancer.

The realization of this probe is highly important from the 
perspective of rational design of exogenous DNP-NMR probes. 
Although a variety of DNP-NMR molecular probes have been reported 
to date, there are few examples of DNP-NMR molecular probes that 
provide distinct hyperpolarized NMR peaks for the probe and product 
in vivo. To the best of our knowledge, Ala-[1-13C]Gly-d2-NMe2 (3) is 
the first example of structure-guided design of an artificial DNP-
NMR molecular probe that provides unambiguously distinct MRS of 
enzymatic conversion in vivo. This probe enabled such observation 
by satisfying the eight requisites for hyperpolarized MR molecular 

Fig. 5. Detection of APN activity with hyperpolarized Ala-[1-13C]Gly-d2-NMe2 in vitro. (A) Scheme for the reaction of Ala-[1-13C]Gly-d2-NMe2 (3) by APN to produce 
Ala and [1-13C]Gly-d2-NMe2 (4). (B) Thermally equilibrated 13C NMR spectra of Ala-[1-13C]Gly-d2-NMe2 (3) after incubation with mouse kidney homogenate in the absence 
(left) and presence (right) of phebestin, an APN inhibitor. (C and D) Hyperpolarization studies in vitro. (C) Stacked hyperpolarized 13C NMR spectra of 3 (10 mM in DPBS 
solution), acquired every 1 s (flip angle, 10°). (D) Detection of APN activity (250 nM; rat) in vitro using the hyperpolarized probe 3. Inset spectrum: Sum of individual scans 
(scans 1 to 200).
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Fig. 6. Detection of APN activity with hyperpolarized Ala-[1-13C]Gly-d2-NMe2 in vivo. (A) Schematic representation of the experimental outline. i.v., intravenously. 
(B and C) Time series of 13C NMR spectra acquired in vivo with the coil placed over the leg tumor after intravenous injection of hyperpolarized probe 3. Inset: an example 
of the anatomical images from the observed area (1H MRI). (D and E) Time course plots of 13C signals of Ala-[1-13C]Gly-d2-NMe2 (3) (red line) and [1-13C]Gly-d2-NMe2 
(4) (orange line) in (B) and (C). (F) Dot plot of the AUC ratio on days 1 and 2 (n = 3 and P = 0.009). The experiments were performed using 40 l (n = 1) and 80 l (n = 2) of 
the probe solution for hyperpolarization. AUC, area under the curve. N.T., nontreated. G) CSI of a mouse leg bearing xenograft tumor (MIA PaCa-2). Left: Anatomical 
image from the observed area (T2-weighted 1H MRI). Middle: Image of the product (4) to the probe (3) ratio. Right: Expanded spectra in representative voxels a to d. The 
voxel size is 2.8 mm × 2.8 mm × 10 mm. The left peak is Ala-[1-13C]Gly-d2-NMe2 (3; red circle), and the right peak is [1-13C]Gly-d2-NMe2 (4; orange circle). 13C spectra are 
with denoising process. The image was acquired at 18 to 26 s after injection of the hyperpolarized probe.
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probes to function in vivo, including (i) long lifetime of hyperpolarized 
state, (ii) high selectivity for APN, (iii) fast enzymatic reactions 
at concentrations of in vivo DNP-MRI, (iv) large chemical shift change, 
(v) water solubility, (vi) biocompatibility, (vii) stability in blood 
(no change during the measurement time of DNP-MRI, a few 
minutes in serum; fig. S9), and (viii) high hyperpolarization efficiency. 
These properties are achieved by the elaborate molecular structure 
design in which each part plays its own role, as shown in Fig. 7. In 
particular, a fast enzymatic reaction (requisite 3) was achieved by 
focusing on the enzymatic kinetic parameter Km. The practical Km 
of this probe was achieved through a rational process involving 
calculations of the binding affinity between substrates and the 
target protein, explorations of appropriate molecular structures, and 
biochemical assessments. This report demonstrates the importance 
of Km and provides a set of guidelines for developing DNP-NMR 
molecular probes that detect enzymatic activity in vivo.

Structural investigation to achieve a long T1 (requisite 1) is also an 
important part of this research. The total relaxation rate (R1

tot = 1/T1) 
can be expressed as the sum of each relaxation factor, including 
dipole-dipole (R1

DD), chemical shift anisotropy (R1
CSA), spin rotation 

(R1
SR), scalar coupling (R1

SC), and all other residual relaxations 
(R1

res) (34, 35). The carbonyl 13C of the Gly moiety in Ala-Gly-NMe2 
(11) exhibited a longer T1 than that of the amide carbons in the Ala 
moiety (Fig. 3B). This result could be attributed to the absence of 
nearby exchangeable amide protons, resulting in reduced R1

DD and 
R1

SC. In addition, deuteration of the -position of the Gly moiety 
eliminated R1

DD between the 1H nuclei and the measured 13C, 
further extending T1 (Fig. 3D). Ala-[1-13C]Gly-d2-NMe2 (3) exhibited 
a longer T1 at 3.0 T than that at 9.4 T. This probably occurred 
because the T1 value of carbonyl 13C is strongly affected by R1

CSA, 
which depends on the magnetic field strength (B0) (8). In carbonyl 
13C, R1

CSA is usually much larger than other B0-dependent factors 
(8). Under such conditions, R1

tot is proportional to the square of the 
magnetic field (B0

2) (38). The measured R1
tot values at 9.4, 11.7, and 

14.1 T were in proportion to B0
2 (fig. S13). Extrapolating this plot, 

T1 of probe 3 in D2O at 3.0 T was predicted to be 62.5 s, which is 
longer than T1 measured in DPBS at 3.0 T (56.7 s). The shorter 
experimentally determined T1 may have occurred because of para-
magnetic relaxation from the coexisting radicals. A longer T1 could 
be achieved by removing radicals after hyperpolarization, as is the 
case in clinical studies, or by adapting radical-free hyperpolariza-
tion methods.

We found a unique and useful property for this probe in the 
hyperpolarization process. This sample was successfully hyper-
polarized without the use of any glassing agents. Because of the 

concern that common glassing agents, such as DMSO and glycerol, 
may perturb metabolic systems, methods of hyperpolarization without 
glassing agents or with alternative glassing agents that are biologically 
inert have been sought (39). The property of being hyperpolarized 
at high concentrations without glassing agents is advantageous for 
practical hyperpolarization. Although it is difficult to explain why 
this probe has this unique property, the dimethylamide group is 
considered one of the most important factors. Ala-Gly (7) readily 
forms a solid at room temperature. In contrast, Ala-Gly-NMe2 (11) 
and Ala-[1-13C]Gly-d2-NMe2 (3) are sticky and hygroscopic, allow-
ing the preparation of solutions with extremely high concentrations 
and viscosities, which may prevent ice formation, crystallization, 
and phase separation. If this property could also be implemented by 
molecular design, then it would be a breakthrough in the development 
of DNP-NMR molecular probes.

The possibility of preclinical and clinical applications of the 
newly developed probe requires further experiments. However, this 
probe exhibits promising properties. First, the probe retained a long 
T1 under biological conditions, such as DPBS and human serum 
(Fig. 3D). Second, the probe was stable in blood within the mea-
surement time of DNP-NMR. The probe was not digested within 
20 min in the mouse serum (fig. S9). Third, the T1 at 3.0 T was 56.7 s 
(Fig. 3D), which is a promising length for clinical application. If 
further elongation in T1 is required, then one approach is to deuterate 
the dimethylamide group to reduce R1

DD. The 14N-to-15N substitution 
of the nitrogen atom next to the 13C carbonyl is another approach to 
obtain enhanced signals. The scalar relaxation of 13C by the neigh-
boring 14N quadrupole is not negligible at Earth’s magnetic field, 
resulting in hyperpolarization loss during the sample transfer 
process. Substitution of 14N with 15N can suppress the relaxation, as 
reported previously (40). Alternatively, taking the 14N-containing 
hyperpolarized probe in a transport magnet maintained at a higher 
field is another option. It should be noted that further careful and 
detailed studies, including those related to toxicity to the human 
body, are necessary.

Until now, it has been considered that the molecular design of 
DNP-NMR is interesting but impractical. However, this report 
successfully demonstrates that rational molecular design is essential 
for the development of practical DNP-NMR molecular probes 
applicable in vivo. We expect that this research will be followed 
by the design and development of more sophisticated molecular 
probes, which would further improve hyperpolarized MR for 
in vivo imaging.

MATERIALS AND METHODS
Enzymatic reaction with APN
The solution of the APN substrate (6.0 mM) in phosphate buffer 
[50.0 l and 100 mM (pH 7.4)] was preincubated at 37°C for 10 min. 
hAPN (19.4 nM) in phosphate buffer [50.0 l and 100 mM (pH 7.4)] 
preincubated at 37°C for 10 min was then added to the solution. 
The resulting solution (100 l, 3.0 mM APN substrate, 9.7 nM 
hAPN) was incubated at 37°C for 40 min. The reaction was quenched 
by the addition of inhibitor solution (20.0 l, 25 mM EDTA, 5.0 mM 
1,10-phenanthroline in H2O). After mixing, the solution was im-
mediately chilled on ice, followed by the addition of 400 l of D2O 
containing 1,4-dioxane (an internal standard for chemical shifts). 
The conversion of the compound was determined using 1H NMR 
spectroscopy.

Fig. 7. Fine-tuned molecular structure of Ala-[1-13C]Gly-d2-NMe2 as a DNP-NMR 
probe that can detect APN activity in vivo. 
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Chemical shift and T1 measurements
Chemical shift changes were measured using a JEOL ECS400 (9.4 T; 
JOEL Ltd., Tokyo, Japan). Measurement conditions included 100 mM 
each of the probe candidate and product in phosphate buffer con-
taining 10% D2O [90 mM (pH 7.4), adjusted with 1 M NaOH aq.] at 
37°C. T1 measurements under a thermal equilibrium state were con-
ducted with a JEOL ECS400 (9.4 T) using the inversion recovery 
method. Representative measurement conditions were as follows: 
500 mM for nonlabeled or 10 mM for 13C-enriched compound in 
phosphate buffer containing 10% D2O [90 mM (pH 7.4), adjusted 
with 35 weight % (wt %) DCl in D2O and 40 wt % NaOD in D2O], 
37°C, and 9.4 T. T1 measurements under a hyperpolarized state 
(Fig. 3D) were conducted with a 3-T MR Solutions animal scanner 
(MR Solutions Ltd., Guildford, UK).

DNP-NMR/MRI measurements in vitro
A 4.4 M solution of probe 3 containing 23% glycerol and 19 mM 
OX063 (GE Healthcare, Chicago, IL) was prepared (pH adjusted to 
7 with 10 M HCl aq.). The sample was submerged in liquid helium 
in a DNP polarizer magnet (3.35 T; HyperSense, Oxford Instru-
ments, Oxford, UK). Hyperpolarization was achieved using micro-
wave irradiation at 94 GHz and 100 mW for approximately 1.5 hours 
under 2.8 mbar at 1.45 K. Then, hyperpolarized samples were dissolved 
in DPBS containing 0.68 mM EDTA. DNP-NMR measurements were 
performed using a 3-T MR Solutions animal scanner (MR Solutions 
Ltd., Guildford, UK) in the absence or presence of 250 nM rat APN 
(164599; Merck, Darmstadt, Germany). The apparent T1 was ob-
tained by curve fitting to signal decay profile, and the corrected 
T1 was estimated by considering the magnetization loss due to 
successive flip angles. The details are described in the Supplemen-
tary Materials.

DNP-NMR/MRI measurements in vivo
All animal experiments were carried out in compliance with the 
Guide for the Care and Use of Laboratory Animal Resources, and 
experimental protocols were approved by the Animal Care and Use 
Committee of the National Cancer Institute (NCI-CCR-ACUC). 
A solution of probe 3 (4 to 5 M) containing 19 mM OX063 was 
prepared (pH was adjusted to 7 with 10 M HCl aq.) and hyperpolar-
ized as described above. The hyperpolarized solution was injected into 
the tail vein of athymic nude mice bearing a tumor xenograft (MIA 
PaCa-2) in the hind leg. Dynamic 13C MRS were acquired using the 
3-T MR Solutions animal scanner (MR Solutions Ltd., UK) with a 
17-mm-diameter home-built 13C solenoid coil with a saddle 1H 
coil. 13C two-dimensional CSIs were acquired with a field of view of 
28 × 28 mm2 in a 10-mm axial slice through the tumor, a matrix 
size of 10 × 10, a spectral width of 3.33 kHz, a repetition time of 
85 ms, and 250 ms of Gaussian excitation pulse with a flip angle of 10°. 
MRS and CSI data were analyzed on MATLAB (MathWorks, Natick, 
MA, USA) using previously reported denoising methods (41).

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at https://science.org/doi/10.1126/
sciadv.abj2667

View/request a protocol for this paper from Bio-protocol.
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