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Abstract

Alterations in arginase enzyme expression are linked with various diseases and have been shown 

to support disease progression, thus motivating the development of an imaging probe for this 

enzymatic target. 13C-enriched arginine can be used as a hyperpolarized (HP) magnetic resonance 

(MR) probe for arginase flux since the arginine carbon-6 resonance (157 ppm) is converted to urea 

(163 ppm) following arginase catalyzed hydrolysis. However, scalar relaxation from adjacent 14N-

nuclei shortens cabon-6 T1 and T2 times, yielding poor spectral properties. To address these 

limitations, we report the synthesis of [6-13C,15N3]-arginine and demonstrate that 15N-enrichment 

increases carbon-6 relaxation times, thereby improving signal-to-noise ratio and spectral 

resolution. By overcoming these limitations with this novel isotope-labeling scheme, we were able 

to perform in vitro and in vivo arginase activity measurements with HP MR. We present HP 

[6-13C,15N3]-arginine as a noninvasive arginase imaging agent for preclinical studies, with the 

potential for future clinical diagnostic use.
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Arginine is a proteinogenic amino acid with a wide range of metabolic fates. One such fate 

is its hydrolysis to urea and ornithine, which is enzymatically catalyzed by one of two 

arginase isoforms (Figure 1).1,2 Arginase-1 is involved in the urea cycle and is therefore 

heavily expressed in liver cells, whereas arginase-2 is present to a lesser degree across a 

variety of tissue types.2 This enzymatic activity is of particular interest because aberrations 

in arginase expression are associated with a variety of pathologies, including liver disease,3 

psoriasis,4 pulmonary diseases,5 inflammatory bowel disease,6 and cancer.7 Specifically 

with respect to cancer, urea cycle metabolism as a whole can be rewired to facilitate the 

metabolic needs of the proliferating cell. Arginase presents an entry into the urea cycle via 

the production of ornithine, which subsequently participates in a cascade of metabolic 

processes whose role in cancer progression is still under investigation. Researchers have 

recently increased efforts toward this end and found correlations between alterations in 

arginase expression and disease progression across an array of cancer subtypes.8–11 For 

instance, arginase-2 expression in breast cancer has been shown to promote cell 

proliferation, with arginase inhibition yielding dampened growth rates.12,13 Clinical studies 

on breast cancer patients have also demonstrated that serum arginase activity correlates with 

elevated histological grade.14,15 Aside from arginase expression in cancer cells themselves, 

elevated arginase-1 expression in tumor associated macrophages is thought to support an 

immunosuppressive phenotype that promotes T-cell evasion and tumor growth.16,17 Thus, 

there is a strong link between disease progression and arginase expression, and the 

development of an imaging agent for arginase activity will address an unmet need of 

significant relevance to biomedical research.

Hyperpolarized (HP) 13C magnetic resonance imaging (MRI) is an appropriate imaging 

modality for this application, as it can be used to quantify enzymatic flux in regions of 

interest throughout the body.18 With this technique, the nuclear spin polarization of a 13C-

enriched molecule can be transiently enhanced to increase its 13C-MR signal.19 The HP state 

facilitates rapid acquisition of high signal-to-noise ratio (SNR) spectra, which can be used to 

monitor enzymatic conversion of the HP molecule to downstream metabolites in real time. 

This method has been used to measure enzyme kinetics in vitro, as well as to measure flux 

through enzymatic pathways in vivo.20–22 However, the exponential decay constant of the 

HP state is typically on the order of 10s of seconds for 13C-nuclei,23 so only rapid enzymatic 

processes can be studied with this technique.
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To date, a molecular imaging probe to directly assess in vivo arginase activity has not been 

developed. A prior study with [6-13C]-arginine demonstrated that the carbon-6 resonance of 

this compound can be hyperpolarized and used to detect arginase-catalyzed hydrolysis of 

arginine to urea.24 However, the presence of three directly bonded 14N quadrupole nuclei (I 
= 1, 99.6% natural abundance) introduces scalar relaxation to the carbon-6 resonance.25 This 

causes shortened T1 in very low magnetic fields (e.g., during transfer of a HP sample from 

the polarizer to the MRI), resulting in increased sample depolarization prior to data 

acquisition. Furthermore, scalar relaxation shortens T2 relaxation times at both low and high 

magnetic field strengths, resulting in broadening of resonance peak widths. Collectively, the 

effect of scalar relaxation on the T1 and T2 of the carbon-6 resonance of [6-13C]-arginine 

contributes to lower SNR, making in vivo translation of this molecule challenging.

These limitations motivated the design and synthesis of [6-13C,15N3]-arginine (Figure 2), in 

which the three guanidino nitrogen are enriched with 15N to dramatically decrease scalar 

relaxation on the carbon-6 resonance. This yields enhanced spectral properties and lowers 

the barrier for in vivo translation, and we report a convergent synthetic scheme for [6-13C,
15N3]-arginine in this Article. Following synthesis of this compound, T1 and T2 values of the 

carbon-6 resonance of [6-13C,15N3]- and [6-13C]-arginine were measured to assess the effect 

of 15N-enrichment on 13C relaxation times. In addition, enzyme kinetic parameters for 

recombinant arginase-1 were measured using natural abundance arginine or [6-13C,15N3]-

arginine as the substrate to evaluate the kinetic isotope effect of heavy-atom enrichment. 

Conversion of HP [6-13C,15N3]-arginine to [13C,15N2]-urea was detected in vitro as well as 

in vivo in a proof-of-concept magnetic resonance spectroscopy (MRS) study. Our results 

demonstrate that the spectral properties of the carbon-6 resonance of arginine can be 

improved by reducing 14N-mediated scalar relaxation, ultimately facilitating in vivo 
detection of arginase flux.

RESULTS AND DISCUSSION

Heavy-Atom Labeling of Arginine Does Not Significantly Alter Arginase Enzyme Kinetics.

On the basis of previously solved crystal structures of human arginase-1 complexed with 

several different arginase inhibitors, a mechanism for arginase-catalyzed hydrolysis of 

arginine has been proposed in which His, Glu, Asp, and 2 Mn2+ ions at the arginase active 

site coordinate with the guanidino group of arginine.26 Heavy-isotope enrichment can 

decrease enzymatic rates as a function of the kinetic isotope effect,27 and we suspected that 

arginase-1 kinetics will be impaired when acting on [6-13C,15N3]-arginine since the sites of 

heavy-atom enrichment are at or near the sites of coordination with the arginase-1 active 

site.

Enzyme kinetics for recombinant human arginase-1 using either [6-13C,15N3]-arginine or 

natural abundance (unenriched) arginine were fit to the Michaelis–Menten kinetics model 

and are reported in Figure 3A. These results show that Km values do not significantly differ 

between the two analogs (95% confidence intervals are 2.17 ± 0.51 mM for unenriched 

arginine, and 2.04 ± 0.55 mM for [6-13C,15N3]-arginine), whereas there is a 12% decrease in 

Vmax when the enzyme acts on heavy-atom enriched arginine (95% confidence intervals are 

54.8 ± 4.26 s−1 for unenriched arginine and 48.2 ± 4.17 s−1 for [6-13C,15N3]-arginine). 
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While this decrease in Vmax (p = 0.029, extra sum-of-squares F-test, d.f. = 22) is consistent 

with the proposed arginase mechanism of action and should be noted, it is not large enough 

to be prohibitive toward HP enzymatic flux studies.

15N-Enrichment Mitigates Scalar Relaxation, and the Carbon-6 Resonance of [6-13C,15N3]-
Arginine Can Be Hyperpolarized by dDNP.

Thermal equilibrium T1 and T2 relaxation times of the arginine carbon-6 resonance were 

measured at 14.1 T1 revealing that 15N-enrichment at the guanidino group does not extend 

T1 (95% confidence intervals are 7.21 ± 0.14 s with enrichment and 7.18 ± 0.18 s without) 

but yields a significant increase in T2 (95% confidence intervals are 0.488 ± 0.012 s with 

enrichment and 0.174 ± 0.004 s without, p < 0.0001, extra sum-of-squares F-test, d.f. = 18) 

(Figure 3B,C), and these values are consistent with previously reported values.28 These 

trends are also in accordance with the phenomenon that scalar relaxation effects on T1 are 

highly field dependent and pronounced at very low fields, in contrast to its effects on T2.25

A similar trend regarding T2* was also observed at 1 T when comparing line widths from a 

thermal equilibrium 13C NMR spectrum containing a mixture of [6-13C]- and [6-13C,15N3]-

arginine (Figure 3D). Note that the carbon-6 resonance of [6-13C,15N3]-arginine is a quartet 

due to coupling with 15N. Since the full-width-half-max (fwhm) of a resonant peak is 

inversely proportional to T2*, we compared the fwhm of the carbon-6 resonance of both 

species to measure relative differences in T2* at 1 T. As B0-inhomogeneity can decrease 

T2*, both compounds were mixed together in a single NMR tube so sample-to-sample 

differences in B0-inhomogeneity could be ignored when interpreting differences in peak 

widths. The fwhm values of each of the split carbon-6 resonances of [6-13C,15N3]-arginine, 

from downfield to upfield, were 1.34, 1.68, 1.76, and 1.38 Hz, whereas the fwhm for 

[6-13C]-arginine was measured to be 3.16 Hz. The fwhm values of the 15N-enriched variant 

were roughly half that of the unenriched variant, indicating that 15N-enrichment increases 

T2*, and probably also T2, of the carbon-6 resonance at 1 T.

HP T1 of the carbon-6 resonance of arginine was also measured at 1 T, starting roughly at 

20–30 s post-dissolution. The dynamic HP 13C NMR acquisition in Figure 3E shows T1 

relaxation of the hyperpolarized carbon-6 resonance of [6-13C,15N3]-arginine at 157 ppm 

(T1 = 15.13 ± 1.23 s, n = 4), and the T1 is consistent with a previously published 

measurement.28 Meanwhile, the carbon-6 resonance of [6-13C]-arginine could not be 

detected due to rapid scalar-mediated relaxation at low field during sample transfer. 

Carbon-6 polarization of [6-13C,15N3]-arginine at the time of dissolution was calculated to 

be 6.51% ± 0.85%, n = 4, but this value could not be calculated for [6-13C]-arginine.

For both molecules, HP signal from natural abundance 13C at the carbon-1 position was also 

observed at 175 ppm, suggesting both [6-13C]- and [6-13C,15N3]-arginine were polarized to 

similar levels but the carbon-6 resonance of [6-13C]-arginine rapidly depolarized during 

sample transfer. We previously reported that the carbon-6 HP T1 relaxation times of both 

arginine species are similar at 1 T,28 so the loss of carbon-6 polarization is likely due to 

strong scalar-mediated relaxation from 14N on carbon-6 polarization at very low magnetic 

fields.
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The improved relaxation properties of [6-13C,15N3]-arginine make it potentially superior to 

[6-13C]-arginine for spectroscopic imaging applications. The drastic reduction in scalar 

relaxation via 15N-enrichment results in increased T2 relaxation times, facilitating 

implementation of longer spectral readout times and longer echo-trains to yield improved 

spectral resolution and increased imaging resolution, respectively. Though the carbon-6 T1 

values of both variants are similar at 1 T, the absence of rapid scalar-mediated depolarization 

at low field in [6-13C,15N3]-arginine makes this molecule better equipped for in vivo 
translation. The dramatic reduction in low field scalar relaxation makes it easier to transfer 

the sample from the polarizer to the MRI without substantial hyperpolarization loss. 

Although a rapid-injection system can be used to circumvent this issue for preclinical 

studies, it is likely difficult to translate [6-13C]-arginine for clinical studies, regardless of the 

method used for hyperpolarization, since rapid injection cannot be used. On the basis of 

current practices, HP clinical samples must undergo a quality control process during which 

samples are analyzed at low field for upward of 1 min prior to injection into a patient.29,30 

During this time, [6-13C]-arginine would rapidly depolarize via 14N-mediated scalar 

relaxation, whereas this depolarization mechanism is minimized in 15N-enriched arginine.

Conversion of HP [6-13C,15N3]-Arginine to [13C,15N2]-Urea Scales with Increasing Arginase 
Activity in Liver Homogenates.

Since the liver endogenously expresses high amounts of arginase-1 due to its role in the urea 

cycle, mouse liver homogenate was used to demonstrate that arginase-mediated conversion 

of HP [6-13C,15N3]-arginine to [13C,15N2]-urea could be detected with 13C NMR and that 

this conversion scales with enzymatic activity. Furthermore, since the arginase-1 activate site 

contains two paramagnetic Mn2+ ions, which coordinate with the arginine side chain, we 

also sought to determine whether the presence of these paramagnetic metals depolarizes 
13C-hyperpolarization when HP [6-13C,15N3]-arginine is bound to the arginase active site. 

HP [6-13C,15N3]-arginine was mixed with varying amounts of mouse liver homogenate, and 
13C-spectra were acquired every 3 s (Figure 4A). The seven spectra from Figure 4A were 

summed and are shown in Figure 4B, and the ratio of the urea AUC to the arginine carbon-1 

AUC is reported in Figure 4C.

It is important to note that increasing the amount of liver homogenate also increases the 

levels of free metals and proteins in the sample, whose presence shortens 13C-T1, and we 

hypothesize this accounts for the total 13C-signal decrease in the sample with more liver 

homogenate. To address this, we normalized the urea signal to the carbon-1 signal, as 

opposed to the carbon-6 signal of arginine, since the former exhibits a longer T1 and will 

undergo a smaller relative change in T1 as levels of liver homogenate are increased. The 

results from Figure 4 demonstrate that arginase-catalyzed hydrolysis of HP [6-13C,15N3]-

arginine can be detected with NMR, production of [13C,15N2]-urea scales with arginase 

activity (p = 0.0078, two-tailed t test, d.f. = 2, Figure 4C), and the presence of Mn2+ in the 

arginase active site does not completely depolarize arginine hyperpolarization during 

catalysis.
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In Vivo Arginase Activity Can Be Detected with HP [6-13C,15N3]-Arginine.

For a proof-of-concept demonstration of in vivo arginase activity detection with HP [6-13C,
15N3]-arginine, a healthy female athymic nude mouse was used. From our earlier imaging 

attempts with HP [6-13C,15N3]-arginine, we noticed that anesthesia with isoflurane 

significantly increased the toxicity of intravenously administered arginine in mice. We 

observed that a 250 μL bolus of 10–30 mM arginine could be lethal to an anesthetized 

mouse under isoflurane but was nontoxic when the same dose was intravenously 

administered to an awake mouse. To limit the use of anesthesia and reduce arginine toxicity 

during HP MRI scans, we adapted a previously reported method of awake animal restraint 

for ophthalmologic imaging applications, in which mice were restrained in a plastic Mouse 

DecapiCone Restrainer (Braintree Scientific).31

A slab dynamic acquisition across a 2 cm axial slice containing the entire liver and superior 

region of the kidneys (Figure 5A) was performed to detect in vivo conversion of HP [6-13C,
15N3]-arginine to [13C,15N2]-urea. 13C-spectra were acquired every 2 s and are shown in 

Figure 5B, displaying the arrival, accumulation, and signal decay of HP [6-13C,15N3]-

arginine in the excitation slice. When the spectra are magnified and summed, the HP signal 

from [13C,15N2]-urea and carbon-1 of arginine (natural abundance 13C) can also be seen 

(Figure 5C,D). To further verify these findings, we infused mice with [6-13C,15N3]-arginine, 

collected liver and serum samples 90 s post-infusion, and acquired 13C NMR on ex vivo 
liver and serum metabolite extracts. [13C,15N2]-urea was detected in both tissues, with liver 

and serum urea concentrations corresponding to 1.51% ± 0.59% and 1.26% ± 0.14% of the 

total injected arginine dose per gram of tissue, respectively, and no [6-13C,15N3]-arginine 

was detected in the liver (Figure S1). These results suggest that metabolism through arginase 

is highly active in the murine liver since [13C,15N2]-urea could be detected in the serum and 

liver within 90 s post-injection, similar to what was observed with in vivo HP MRI. In 

addition, the inability to detect [6-13C,15N3]-arginine in ex vivo liver extract implies that 

arginine is rapidly converted to urea upon uptake into the liver, suggesting that the [6-13C,
15N3]-arginine signal in the in vivo data set is predominantly from [6-13C,15N3]-arginine in 

the blood. This proof-of-concept experiment demonstrates that in vivo conversion of 

arginine to urea in the mouse liver can be detected with HP [6-13C,15N3]-arginine, paving 

the way for future arginase imaging experiments on different tissues/pathologies and with 

increased imaging resolution.

Conclusions.

We report a high-yield, multistep synthesis for [6-13C,15N3]-arginine from commercially 

available precursors. Though [6-13C]-arginine is commercially available, scalar relaxation 

from three covalently bound 14N-nuclei on carbon-6 results in shortened T1 and T2. Our 

results demonstrate that 15N-enrichment of the three directly bonded nitrogen improves SNR 

and spectral resolution as a function of decreased scalar relaxation, and future studies will be 

aimed at utilizing the increased 13C-T2 to achieve increased imaging resolution. This work 

highlights the advantages of 15N-enrichment for HP probes with 13C-enrichment on 

amidelike functionalities, and similar benefits should be appreciated when applying this 

technique to other HP probes with this functional group, such as glutamine,32 thiourea,33 

small peptides,34,35 and amino acid derivatives.36–38 Heavy-atom enrichment at 4 positions 
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in [6-13C,15N3]-arginine results in impaired arginase enzyme kinetics, but the decrease in 

Vmax is on the order of ~10% and does not prohibit HP enzyme kinetics studies. 

Furthermore, the conversion rate of HP [6-13C,15N3]-arginine to HP [13C,15N2]-urea scales 

with arginase activity in vitro, and this enzymatic process can also be detected in healthy 

mouse liver in vivo. This work represents the first demonstration of noninvasive, in vivo 
detection of arginase activity, in part facilitated by the improved spectral properties afforded 

from 15N-enrichment. As researchers continue to study the role of urea cycle rewiring, or 

specifically arginase activity, in disease progression, HP [6-13C,15N3]-arginine can be used 

as an additional tool to advance this research. In addition, since our imaging approach is 

clinically translatable, it is possible that HP [6-13C,15N3]-arginine can be used to image 

arginase flux in humans in the future.

Future endeavors with this probe will involve deeper ventures into biological applications 

and imaging, consisting of more comprehensive studies in biological systems as well as 

further improvements to spectral properties and data acquisition. With respect to biology, we 

aim to explore the use of this probe in the setting of disease, such as cancer, to determine 

whether it can be used as a clinically relevant prognostic marker. In addition, we intend to 

take advantage of the long carbon-6 T2 and explore the use of longer echo-train acquisitions 

with increased imaging resolution. The use of a 15N-decoupler will further unlock the 

potential of this probe, as it will collapse the carbon-6 quartet to a singlet, increasing SNR 

by a factor of ~2 and improving spectral resolution. Implementation of 1H-decoupling to 

improve the in vivo SNR of HP 13C-MRS experiments has been previously reported,39 and 

we believe a similar setup can be used to facilitate 15N-decoupling. Arginine variants with 

different heavy-atom labeling schemes, as well as other amino acids, can also be synthesized 

by implementing minor changes to the scheme in Figure 2A due to the modular nature of 

our synthetic route. For example, deuteration at the carbon-5 position can be easily achieved 

by replacing H2 with D2 in step h. This may yield even longer carbon-6 relaxation times 

because splitting between carbon-5 protons and carbon-6 is observed as a triplet in 13C 

NMR when 1H-decoupling is turned off (Supporting Information), suggesting that carbon-5 

protons may be close enough to exhibit significant dipolar relaxation on cabon-6.

Applications of [6-13C,15N3]-arginine are also not just limited to HP 13C NMR or MRI. 

Since 15N itself is MR-active, this molecule may be used to assay arginase flux via detection 

of HP 15N resonances. Though the receptivity of 15N is lower than 13C, this may be 

compensated by the propensity of 15N-nuclei to exhibit longer T1. This probe can also be 

used in the non-HP setting, as [6-13C,15N3]-arginine can be injected intravenously or added 

to tissue culture media, after which 13C NMR of tissue extracts, cell extracts, or cell media 

can be performed to follow the metabolic fates of arginine. Due to the 13C- and 15N-labeling 

scheme of [6-13C,15N3]-arginine, the arginine carbon-6 resonance and resulting urea carbon 

resonance exhibit characteristic splitting with 15N, allowing unambiguous detection of [13C,
15N2]-urea produced from [6-13C,15N3]-arginine with 13C NMR, as demonstrated in Figure 

S1. In theory, this logic can be employed to follow arginine metabolism to creatine, 

agmatine, and citrulline, but this has yet to be demonstrated. Aside from MR applications, 

this molecule can also be used for mass spectrometry-based metabolic tracing studies via 

detection of 13C- and 15N-enrichment in downstream metabolites. This can be applied to 

metabolic tracing of [6-13C,15N3]-arginine in in vitro cell culture or ex vivo tissue extracts,40 
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as well as to newer techniques such as ex vivo metabolite imaging of tissue slices or cells 

with desorption electrospray ionization (DESI)41 imaging or multi-isotope imaging mass 

spectrometry (MIMS)42 for more spatially resolved analysis of metabolism. Overall, this 

work highlights the potential of [6-13C,15N3]-arginine as an in vivo HP imaging probe, and 

future experiments will be designed toward further exploring the utility of this molecule.

METHODS

Synthesis of [6-13C,15N3]-Arginine HCl.

The synthetic scheme for [6-13C,15N3]-arginine is detailed in Figure 2 and was adapted from 

previously published work on similar compounds.43,44 Each reaction in the multistep 

synthesis was optimized to >50% yield, with a total overall yield of 9.42%. The final 

product was purified via crystallization as the monohydrochloride salt. Reaction conditions, 
1H and 13C NMR spectra, and high-resolution mass spectrometry results for each 

intermediate are listed in the Supporting Information.

T2 and T2 Measurements at 14.1 T.

A 14.1 T NMR spectrometer (Bruker) was used to measure thermal equilibrium T1 and T2 

relaxation times of the carbon-6 resonance of [6-13C,15N3]-arginine and [6-13C]-arginine. 

Each compound was dissolved to a final concentration of 20 mM in a 1:9 (v/v) solution 

consisting of D2O and 100 mM Tris, 1 mM EDTA, pH 7.4, in H2O. D2O was added to the 

mixture to facilitate spin-locking to minimize B0 drift. For T1 calculation, 13C NMR spectra 

were acquired using a standard inversion recovery sequence with a 52631.578 Hz spectral 

width, 65 536 points, and delay times ranging from 2 to 30 s between the 180° and 90° 

pulses. Spectra for T2 calculation were acquired using a Carr–Purcell–Meiboom–Gill 

(CPMG) sequence on the same samples. Each CPMG spectrum was acquired with a 50 000 

Hz spectral width, 16 384 points, and 0.01 s echo time. Total echo times between 0.02 and 

0.8 s were sampled. Each inversion recovery and CPMG acquisition was an average of 12 

scans, and a >5 × T1 wait time was implemented between scans to allow full recovery of 

longitudinal magnetization. For the T1 calculation, the area under the curve (AUC) of the 

carbon-6 resonance from each inversion recovery spectrum was integrated in MNova45 

(Mestrelabs) and AUC values were plotted against delay time in Prism 746 (GraphPad 

Software) for curve fitting. For the T2 calculation, the AUC of the carbon-6 resonance from 

each CPMG spectrum was integrated and AUC values were plotted against total echo time 

for curve fitting. AUC vs time was fit to a monoexponential function to calculate T1 and T2, 

and values are reported with a 95% confidence interval.

Hyperpolarization of [6-13C,15N3]-Arginine.

For all HP experiments, [6-13C,15N3]-arginine HCl or [6-13C]-arginine HCl (Cambridge 

Isotope Laboratories) was dissolved to a final concentration of 3.2 M in deionized H2O in 

the presence of 1 equiv of HCl and 15–20 mM OX063 radical (General Electric). The 

sample was sonicated at 45 °C for 1 h and subsequently polarized with dissolution dynamic 

nuclear polarization (dDNP) in a General Electric 5T SPINlab Polarizer (>2 h, 0.8 K, 

139.960 GHz) for in vivo experiments or a General Electric 3.35T SPINlab Polarizer (>1 h, 

0.8 K, 93.980 GHz) for all other experiments. Following polarization, the HP substrate was 
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expelled from the polarizer via rapid dissolution, during which the HP sample is dissolved in 

a superheated aqueous solution of 100 mM Tris, 1 mM EDTA, pH 7.4, and ejected into a 

prechilled vial (−20 °C) containing 1 equiv of 10 N NaOH. For in vivo experiments, the 

dissolution buffer was prepared in D2O.

Polarization Level, HP T1, and Line Width Measurements at 1 T.

All 1 T measurements were acquired on a Magritek SpinSolve 1 T 13C NMR spectrometer. 

All spectra were acquired with a 2500 Hz spectral width and 4096 points. For HP T1 

measurements of the carbon-6 resonances of [6-13C]-arginine and [6-13C,15N3]-arginine, 

each substrate was polarized separately and dissolved to a final concentration of 10–15 mM 

upon dissolution. For each measurement, 300 μL of the HP dissolution was added to a 5 mm 

NMR tube and was loaded in the spectrometer approximately 20–30 s post-dissolution. 

Spectra were acquired every 3 s with a 10° or 30° excitation. T1 values were calculated by 

plotting the AUC values of the resonance of interest against time and fitting the points to a 

monoexponential decay function in Prism 7,46 which was corrected for polarization loss 

from each excitation.28,47

13C polarization levels were approximated by comparing the carbon-6 AUC from the first 

HP spectrum with the thermal equilibrium carbon-6 AUC of the same sample. For thermal 

equilibrium measurements, the HP sample was allowed to depolarize to thermal equilibrium 

polarization, after which a solution of 0.5 M Gd-DOTA in H2O was added to a final 

concentration of 1 mM. A 13C NMR spectrum was subsequently acquired using a Magritek 

SpinSolve 1 T spectrometer with a 90° excitation and 10 s repetition time and averaged over 

8192 scans. Polarization levels were calculated by multiplying the 13C polarization levels at 

1 T and 300 K (calculated as 0.000086% on the basis of the Boltzmann distribution) with the 

fold-enhancement of the HP signal versus the thermal equilibrium signal, and this value was 

subsequently extrapolated back to the initial time of dissolution using the measured T1 at 1 

T. The final polarization value was corrected for differences in excitation angle and number 

of averages between the two measurements.

To compare differences in T2* between [6-13C,15N3]-arginine and [6-13C]-arginine, a 

solution containing 40 mM of each compound was prepared in 1:9 D2O/100 mM Tris, 1 mM 

EDTA (pH 7.4) in H2O. A 13C NMR spectrum of this mixture was averaged over 119 298 

scans with a 45° excitation and 5 s repetition time. Fwhm measurements of the carbon-6 

resonances were measured in MNova45 and used to compare T2* between the two species.

Colorimetric Arginase Activity Assay.

A previously described 96-well plate-based colorimetric assay for quantitative urea 

detection48,49 was used to measure enzyme kinetics of recombinant human arginase-1 

enzyme (Abcam). Each well contained 10 ng of arginase-1, 40 mM Tris (pH 7.4), 0.4 mM 

EDTA, and natural abundance or [6-13C,15N3]-arginine ranging from 0.25 to 10 mM in a 

final volume of 60 μL. Each condition was loaded in a 96-well plate in triplicate and 

incubated at 37 °C for 40 min before quenching the enzymatic reaction with sulfuric acid 

and assaying for urea via 530 nm wavelength absorbance, as previously described.48,49 

Since arginine also absorbs at 530 nm, blanks for each concentration of arginine were 
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prepared in triplicate. Absorbance values were referenced to a urea standard curve ranging 

from 0 to 500 μM urea, and these values were used for Km and Vmax calculations.

Arginase Activity Measurement in Murine Liver Homogenate with HP [6-13C,15N3]-Arginine.

Liver tissue was collected from male SCID mice and stored in a −80 °C freezer prior to 

homogenization. For homogenate preparation, 260 mg of liver was mixed with 520 μL of 

RIPA lysis and extraction buffer containing 0.5 mM EDTA and supplemented with protease 

and phosphatase inhibitors (Thermo Fisher Scientific). This mixture was incubated on ice 

for 5 min, blended with a hand-held tissue homogenizer, and incubated on ice for another 30 

min. The solution was subsequently pelleted in a microcentrifuge at 14000 rpm and 4 °C for 

30 min, and the supernatant was collected for HP enzymatic activity assays.

For HP arginase activity measurements, Eppendorf tubes were filled with either 10 or 30 μL 

of liver homogenate (corresponding to 3.3 or 10 μg of liver, respectively), and an aqueous 

solution of 100 mM Tris (pH 7.4), 1 mM EDTA was added to each tube to bring the total 

volume up to 100 μL. This mixture was equilibrated to 37 °C in a water bath prior to 

dissolution of the HP substrate. Following polarization, HP [6-13C,15N3]-arginine was 

dissolved to a final concentration ranging from 11.13 to 16.56 mM after dissolution. 200 μL 

of the [6-13C,15N3]-arginine dissolution was mixed with the liver homogenate solution and 

transferred to a clean NMR tube. A total of seven 1 T 13C NMR spectra were acquired 

starting 15 s post-mixing using a 30° excitation every 3 s. Each spectrum was acquired with 

a 2500 Hz spectral width and 4096 points. Free induction decays (FIDs) were zero-filled to 

65 536 points and line broadened with a 1.5 Hz filter during post-processing, prior to 

analysis and quantification. Each condition was measured in triplicate.

In Vivo Arginase Flux Measurement (3 T MRI).

The imaging experiment was conducted with a Bruker 3T preclinical MRI equipped with a 

dual-tuned 1H/13C coil. The lateral tail vein of a female athymic nude mouse (7 months old, 

Charles River) was cannulated with a 28 cm 23-gauge rodent tail vein catheter (Braintree 

Scientific). The catheter was pre-filled with 10 U heparin mL−1 in normal saline, which was 

used to prevent coagulation within the catheter, and the mouse was anesthetized using a 

continuous flow of 1 L min−1 oxygen with 1.5% isoflurane. Once unconscious, the mouse 

was placed in a DecapiCone restrainer (Braintree Scientific) and loaded on the MRI bed, 

which was equipped with a water heater and nose cone for continued delivery of 1.5% 

isoflurane. A 4 M [1-13C]-acetate phantom was placed adjacent the mouse for 13C pulse 

calibration. The mouse was subsequently loaded inside the MRI, and its abdomen was 

centered within the coil. The magnetic field was shimmed throughout a 2 cm slice 

containing the mouse liver and kidneys. Five minutes before dissolution, isoflurane was 

removed to allow the mouse to regain consciousness while restrained in the DecapiCone in 

the MRI. HP [6-13C,15N3]-arginine was dissolved to a final concentration of 26 mM after 

dissolution, and the mouse was injected with 250 μL of this solution through the catheter 

over 10 s. Note that this injected volume excludes the 100 μL of 10 U heparin mL−1 in the 

dead volume of the catheter, which was also injected into the mouse. A slab dynamic 

acquisition was initiated just prior to injection, similar to previously reported methods.
32,50,51 During acquisition, a 13C spectrum was acquired across the shimmed 2 cm slice 
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every 2 s with a 30° excitation, 4132 Hz spectral width, and 4096 points. Isoflurane was 

readministered after the HP scan; the unconscious mouse was taken out of the MRI and 

restrainer, and the cannula was removed while the animal was sedated. In vivo MRS data 

was post-processed with previously reported noise thresholding,52 after which FIDs were 

truncated to 512 points to match the T2* decay and eliminate noise from the end of the 

acquisition window, zero-filled to 4096 points, and line broadened with a 20 Hz filter.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
General scheme of arginase-catalyzed hydrolysis of arginine. Liver arginase hydrolyzes 

arginine (top) to urea (middle) and ornithine (bottom). Chemical shift values of the specified 

carbon resonances are indicated in red.
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Figure 2. 
Synthesis of [6-13C,15N3]-arginine. (A) Synthetic scheme for Boc-protected thiourea-

derived precursor (compound 3). (a) 1.15 equiv of CH3I, EtOH, reflux, 3 h; (b) 4 equiv of 

Boc2O, DCM, sat. NaHCO3, RT, 5 d. (B) Synthetic scheme for [6-13C,15N3]-arginine. (c) 

1.5 equiv of ECF, 1.5 equiv of Et3N, THF, −10 °C → RT, 30 min; (d) 2.1 equiv of NaBH4, 

THF/H2O, 0 °C → RT, 1 h; (e) 2 equiv of TsCl, 5 equiv of Et3N, 0.1 equiv of DMAP, DCM, 

0 °C → RT, 1 h; (f) 2 equiv of NaI, acetone, reflux, 1 h; (g) 1.2 equiv of KC15N, DMSO, 

80 °C, 18 h; (h) H2, Pd/C, AcOH, RT, 2 h; (i) 1 equiv of compound 3, 5 equiv of Et3N, 

DMSO, RT, 24 h; (j) 1:9 TFA/DCM, RT, 18 h; (k) 1 M HCl.
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Figure 3. 
Biochemical and spectroscopic properties of [6-13C,15N3]-arginine. (A) Enzyme kinetics of 

recombinant human arginase-1, using either natural abundance arginine (red) or [6-13C,
15N3]-arginine (blue) as the enzymatic substrate. Data points were fit to the Michaelis–

Menten kinetics model (dashed lines) to approximate Km and Vmax, revealing no significant 

difference in Km but a significant 13% decrease in Vmax with isotopic enrichment. (B) 

Inversion recovery and (C) CPMG acquisitions on the carbon-6 resonance of each arginine 

variant at 14.1 T, which were used to measure T1 and T2, respectively. At 14.1 T, 15N-

enrichment does not increase carbon-6 T1 but it yields a roughly 3-fold increase in T2. (D) 1 

T 13C NMR spectrum of an aqueous equimolar mixture of [6-13C]- and [6-13C,15N3]-

arginine, displaying the carbon-6 resonance of each arginine variant. Peak widths were 

quantified to approximate relative differences in carbon-6 T2*, and the narrower peak widths 

for [6-13C,15N3]-arginine indicate an increase in T2* with 15N-enrichment. (E) 1 T 13C 

NMR of HP [6-13C]- and [6-13C,15N3]-arginine acquired with a 30° excitation every 3 s. 

Scalar-mediated relaxation from adjacent 14N-nuclei results in depolarization of the 

carbon-6 resonance of [6-13C]-arginine during sample transfer from the polarizer to the 

spectrometer, whereas this relaxation mechanism is mitigated in [6-13C,15N3]-arginine.
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Figure 4. 
Arginase-catalyzed hydrolysis of HP [6-13C,15N3]-arginine to [13C,15N2]-urea can be 

detected with 1 T NMR. (A) 1 T 13C NMR of HP [6-13C,15N3]-arginine mixed with either 

high levels (left, homogenate containing 10 μg of mouse liver) or low levels (right, 

homogenate containing 3.3 μg of mouse liver) of arginase activity, demonstrating that HP 

[13C,15N2]-urea production scales with increasing arginase activity. Spectra were acquired 

with a 30° excitation every 3 s. (B) Sum of the spectra from (A). (C) Ratio of the urea peak 

integral with the carbon-1 resonance of arginine from (B). **p < 0.01.
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Figure 5. 
In vivo detection of liver arginase activity with HP [6-13C,15N3]-arginine. (A) Coronal T1,-

weighted 1H-MRI of a female athymic nude mouse placed next to a 4 M [1-13C]-acetate 

phantom. The 2 cm region of excitation for HP 13C-MRS acquisition is indicated by the 

solid red lines. (B) 13C-spectra from the 2 cm region indicated in (A) following injection 

with HP [6-13C,15N3]-arginine, acquired with a 30° excitation every 2 s. The spectra 

illustrate the accumulation and subsequent signal decay of [6-13C,15N3]-arginine within the 

excitation slice. (C) Spectra 5–18 from (B), magnified to display the arginine carbon-1 
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(natural abundance) and urea resonances. The urea resonance is likely from arginase-

mediated hydrolysis of hyperpolarized [6-13C,15N3]-arginine in the liver. Spectra have been 

baseline corrected with cubic splines. (D) Sum of spectra 5–18 from (B). The resulting 

summed spectrum was baseline corrected with cubic splines.
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