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13C and >N dynamic nuclear polarization coupled with nuclear magnetic resonance study
provides an opportunity to non-invasively monitor metabolic fluxes in vivo using appropriately
designed '*C or >N enriched metabolic probes. However, hyperpolarized spin states have a short
lifetime because the hyperpolarized magnetization decays by Ti relaxation. This restricts the
biological applications of hyperpolarized probes. Therefore, the goal of this dissertation work is
to develop '*C and "N enriched probes with long T, values that quickly enter cells and actively
metabolize or act as reporters of important biological metal ions involved in metabolism. The
first project focuses on cell permeable '°N labeled hyperpolarized probes designed to report zinc

vii



levels, which play a crucial role in the onset and progression of prostate cancer. Deuterated '>N-
tris(pyridylmethyl)amine designed and synthesized for this purpose was found to have extremely
long T values and an altered >N chemical shift upon Zn?*" binding. Its applicability for zinc
mapping was demonstrated in hyperpolarized >N MRI experiments in phantoms. The second
project was to demonstrate the feasibility of using hyperpolarized [1-'*C]ketoisocaproic acid as
an imaging agent to detect altered branched-chain amino acid metabolism in glioma. This probe
was successfully used to monitor both branched-chain aminotransferase and alpha-keto acid
dehydrogenase activity in glioma by hyperpolarized **C imaging in vivo. Both !*C-
ketoisocaproic acid in vivo imaging and '3C-leucine infusion study provided strong evidence for
increased catabolism of ketoisocaproic acid in tumor compared to the contralateral normal
appearing brain tissue. The third project involved the design and synthesis of '*C labeled
glyoxylate in an attempt to image the glyoxylate shunt pathways. [1-1*C]Glyoxylate hydrate was
successfully synthesized and was evaluated as a metabolic probe for the glyoxylate cycle in cells.
However, the incorporation of [1-13C]glyoxylate via the glyoxylate cycle was not observed in the
mouse embryonic fibroblasts and yeast cells. This is likely due to the high chemical reactivity of
glyoxylate toward free amino groups of proteins. In summary, in these projects, ’N and 3C
labeled hyperpolarized probes have been investigated for noninvasive monitoring of
physiochemical sensing and metabolic processes, which could provide a key to detect

abnormality of cancer metabolism.
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Chapter 1

BACKGROUND

1.1 Nuclear magnetic resonance (NMR) spectroscopy

The phenomenon of nuclear magnetic resonance (NMR) was demonstrated for the first time in
1945 by Purcell and Bloch!? who were awarded the Nobel Prize in physics (1952). NMR
spectroscopy can provide chemical structure information via chemical shifts through the
magnetic property of the nuclei. NMR active nuclei with a spin quantum number of I > ' (e.g.,
'H, 3C, or °N) absorb radiofrequency energy in a B, external magnetic field at a specific
frequency called the Larmor frequency. This frequency is dependent on the strength of the B,
magnetic field, type of nuclei, and its chemical environment. Because of the shielding by
electrons in chemical bonds, the same type of nucleus (e.g. '*C) in different chemical
environment absorbs at slightly different frequencies to produce a wide chemical shift range. In
addition, the nuclear spins interact with adjacent nuclei through covalent bonds via scalar
couplings or through space by dipolar coupling. Other NMR parameters such as longitudinal
relaxation time (T1) and transverse relaxation time (T2) also provide insights into molecular

structure and dynamics.

1.1.1 Nuclear spin interaction with magnetic field
According to classical physics, magnetic moments of nuclei are random in the absence of an
external magnetic field. However, in the presence of a magnetic field (B,), nuclear spins align

along (By) (Figure 1.1.a) precess around B, at a specific Larmor frequency. The potential energy
1



E of a magnetic moment can be described in Equation 1.1.°

E=—-p-B=—u, B (1.1)

In quantum mechanical terms, the nuclear spin can be described by quantized angular

momentum and the magnetic moment along the longitudinal Z axis (i) is given by the Equation

1.2
h
k= v(5)1 (1.2)
(a) z (b) 7 (c)
v I,=+1/2 1 l,=-1/2
M E, (B spin state)
Spinning
nucleus E AE
B0
_ 2 I,=+1/2
x ) l;=-1/2 (o spin state)
B, >

Figure 1.1 (a) Magnetization (M) via applied By field along Z direction (b) Interaction between a
spinning nucleus and external field, and (c) spin-up (o) and spin-down (P) are different energy
levels linearly dependent on external magnetic field

The magnitude of magnetic momentum p is proportional to the gyromagnetic ratio y and spin
quantum number 7/, which is determined by the number of protons and neutrons that make up the
nucleus. This spin quantum number defines the overall magnetic property of the nucleus. Nuclei
such as carbon ('?C) and oxygen ('°0) have spin quantum number [ = 0 and are not detectable
by NMR. Nuclei with spin quantum number I # 0 such as 'H, *C, N, °F, #Si, *'P, 2H and
23Na are NMR active.* A list of common NMR active nuclei and gyromagnetic ratios is provided

in Table 1.1.



Nucleus n (spin) Natural abundance (%) Y,/2r (MHZ/T) Chemical shift (Ad)

1H 1/2 99.98 42.677 13
2H 1 0.02 6.536 13
13¢ 1/2 1.11 10.708 200
BN 1/2 0.37 -4.136 900
83y 1/2 100 -2.806 1300
19 1/2 100.00 40.052 700
2Na 3/2 100.00 11.262 72
31p 1/2 100.00 17.235 430
296 1/2 4.68 -8.465 519

Table 1.1 Gyromagnetic ratios of some NMR active nuclei
From quantum mechanics, spin angular momentum of the spin 'z nuclei is quantized to I, = +1/2,

and the energy difference of the two energy state is shown in Equation 1.3.
AE = yhB, = h (%) B, (1.3)

where, h is Plank’s constant (= h /2w, 6.63 x 10-?7erg sec). Under the external magnetic field (B,)
along the Z-axis, the nuclear spins are aligned in the +Z/-Z direction in two different energy
levels. The parallel (+Z) or anti-parallel (-Z) to the applied magnetic field are often referred to as
the o and B states, respectively (Figure 1.1.b). The energy difference between two spins states
are called the nuclear Zeeman effect, which was initially described by Pieter Zeeman in 1896,
who had observed optical spectral splitting by a magnetic field. The population of spin ratio in

the presence of B, can be calculated using by Boltzmann’s law (Equation 1.4)%

Ng AE hy
—2 = @kT = @kT (1.4)
ng
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where, n, is the number of spin in o states, ngzis the number of spins in the [ states, k is

Boltzmann constant, T is the absolute temperature in K, and AE is the energy difference between
the o and f3 state. The AE determines the intensity of NMR which is directly proportional to the

B, and gyromagnetic ratio () (Equation 1.3). Therefore, larger ¥ nuclei such as 'H or '3C have

stronger NMR signal compared to low gyromagnetic ratio nuclei such as °N (Figure 1.2)*

E 7y B,=9.4T
AE (*H)
A
AE (13C)
Ey _t aErm
v = 400 MHz 100.56 MHz 40.52 MHz

Figure 1.2 The energy difference between spin states for 'H, 13C, and N under By = 9.4T, which
determines the intensity of the absorption

1.1.2 Magnetization

Resonance is a phenomenon of interconversion of nuclei spin states from a to B and vice versa
when a second weaker filed (B;) is applied perpendicular to B, that matches the Larmor
frequency of the precessing nuclei (Equation 1.5).

wo = JB, (rad s) (1.5)

This weak applied B, field is generated by use of radio frequency (rf) pulse transmitted through a
coil that surrounds the sample perpendicular to By. Once the rf pulse of angle 0 is applied to
nuclear spins, the M, magnetization vector tilts toward the x-y plane. M,, magnetization and

longitudinal magnetization (M,) are equal to M sinf and My cos, respectively (Figure 1.3). The
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flip angle (@) is determined by the duration of the pulse and applied field strength, B;, which can

be described by the Equation 8 = 2mytB;. For instance, when a rf pulse is applied with 90° flip
angle, M, magnetization spins will be flipped entirely into Mxy plane. After the rf pulse is turned

off, the magnetization, M, returns to its equilibrium state along the z- direction (M) followed

by relaxation processes®.

>
»

=

950201

<

OS/})a V4
X

Figure 1.3 Net Magnetization Vector

1.1.3 Relaxation

1.1.3.1 Longitudinal relaxation

The longitudinal component of the magnetization is described by Equation 1.6 and the solution
of it is the Equation 1.7 (after 90° excitation, M,(0) = 0). Longitudinal relaxation is the
exponential recovery of longitudinal magnetization along the z-axis. This recovery rate is

defined by the time constant T that describes the time required for M, to recover 63% of spin



magnetization (Figure 1.4).5

aM Mz—M

=22 (1.6)
dt T,
M, (t) = Mo(1 — e~t/™) (1.7)

T: relaxation relies on energy exchange between the nuclear spin system and its lattice
(environment). The major source of longitudinal relaxation in liquid state is the isotropic
tumbling of molecules in solution which generates fluctuating local magnetic fields. In general,
small molecules and macromolecules have longer T: than medium size molecules since their
molecular rotation frequency are most likely in similar range as the Larmor frequency. It is also
predominantly affected by dipole-dipole interaction of heteronuclear or homonuclear pairs of
nuclear spins. This dipolar relaxation transfers energy from one nucleus to another adjacently
coupled nucleus, and the relaxation rate depends on the number of attached nuclei and bond
length. For example, T, values of 1*C are affected by the number of attached protons. In general,

non-proton bearing carbon have longer T and follows the order *C > 3CH> 3CH,> *CHs.

equilibrium M,

63% M,

M, () = My(1— e~/T1)

T, constant time

Figure 1.4 Longitudinal relaxation (T1) process



1.1.3.2 Transverse relaxation

Transverse relaxation is the exponential signal decay or dephasing resulting from temporary and
random spin-spin interaction in transverse plane because of a discrepancy among Larmor
frequency of the spins in an asymmetric statistical clustering of spins. This will cause slightly
different angular velocity in the transverse plane among the precessing individual spins and loss
of their phase coherency over time. This spin-spin relaxation is the transverse component of
magnetization (M, ) progressive decay or dephasing, which is considered to follow first order
kinetics. The transverse component of the magnetization behaves according to Equation 1.8 and

the solution is given by Equation 1.9 (after 90° excitation, M, (0) = M,).

T T (19
M,y (t) = Mge ™t/ (1.9)

This decay rate is defined by the time constant T that is the time required for M,, or M,, to decay
to 1/e (~37%) of its initial maximum value (Figure 1.5).°> The transverse relaxation time decays
faster than predicted by the molecular mechanism due to magnetic inhomogeneity in B, caused
by magnetic susceptibility, which induces a field distortion toward the materials placed within
the field. Overall, this magnetic inhomogeneity causes the transverse magnetization to decay

faster, which is characterized by effective spin-spin relaxation time constant (72*).



T,* relaxation time

T,* constant T, constant

Figure 1.5 Transverse relaxation (T2) process

1.1.4 Chemical shift

The chemical shift is a unique property of NMR spectrum since it contains chemical structural
information. When a nucleus of interest is placed in magnetic field (B,) the electrons around a
nucleus generate a small magnetic field that the opposes the applied By. This reduction is called
shielding so actual magnetic field by the nucleus will be slightly reduced. The extent of this
shielding effect depends upon the electronic environment around the nucleus. Thus, the local

effective field experienced by the nucleus is

Beff = BO - BOO' = Bo(]. - O-) (1.10)

Where o is a non-dimensional shielding constant. This induced shielding effect is about a million
times smaller than the applied field. For instance, if the proton Larmor resonance frequency is in
the order of megahertz, the difference in resonance frequencies for different proton nuclei will be

on the order of a few hertz. This relatively small radiofrequency difference (~Hz) is hard to
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distinguish, thus only the relative position of NMR signals can be determined compared to

reference signal. Tetramethylsilane (TMS) or 4,4-dimethyl-4-silapentance-1-sulfonic acid (DSS)
is used in 'H and '3C NMR spectroscopy as a reference. The chemical shift (§) is commonly
expressed as a unitless value of parts per million (ppm), where the frequency difference in Hz is
divided by spectrometer frequency (Equation 1.11). The typical ranges in chemical shifts of

important biochemical samples are shown in Table 1.1.5

5§ =28% %106 = (0z — 05) X 10°, 0p < 1 (1.11)

1-0R

1.1.5 Free Induction Decay

After an applied pulse, the net magnetization vector begins to return to equilibrium. The M,,,
magnetization induces a current in the receiver coil and the signal is a sine wave oscillating at the
Larmor frequency (w,), which is detected by free induction decay (FID). This oscillating signal
can be detected by NMR spectrometer and these resonant frequencies of the nuclei can be
separated and measured. This FID contains the chemical shift information via the different
frequency components. A typical FID is illustrated in figure 1.6. The time-dependent FID can be
converted into a frequency-dependent spectrum via Fourier transform (Equation 1.12 and 1.13).
The cos wt describes real part (peak absorption) and 4 sin wt describes the imaginary part (peak

dispersion).
g ) =[" f(t)etdt (1.12)

e @t = coswt + 4 sin wt (1.13)
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MR signal MR spectrum

T

The signal is oscillating in the
resonance frequency (MHz)

v

time " frequency
Figure 1.6 Free induction decay and Fourier Transformation
1.1.6 Signal to noise
The signal intensity of conventional NMR is directly proportional to spin polarization (p), the
difference in energy of a nuclear moment between two magnetic spin states at Boltzmann
equilibrium. The spin polarization is defined by equation 1.14. It is proportional to magnetic

field (Bo), gyromagnetic ratio (y), and inversely proportional to temperature (P = %). However,

the Boltzmann distribution near room temperature and conventional magnetic field strength is

almost equally populated, and thereby the signal to noise is lower.!°

_ na—nlg _ y-h-BO
P = ratng tanh (—Z-R-T) (1.14)

Where, n,, ngis nuclear population of two states.

The signal to noise ratio (SNR) can be considered as the amount of signal per unit time under
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fully relaxed pulse-acquired experiment. SNR can be improved by repeating acquisition. The

SNR is proportional to v/n (n is the number of acquisition), since noise is increased by v/n while
the signal is increased by n via accumulating the spectra. In addition, the SNR at thermal
equilibrium can be enhanced by increasing the external magnetic field or decreasing the
temperature. However, this effect is not very significant at feasible magnetic fields and
temperatures. For instance, the 1*C spin polarization at 37 °C is about 1.2 x 10 and 8.4 x 10 at
1.5 T and 7 T, respectively. To obtain the maximum signal for a given pulse, repeated
acquisitions are needed after the magnetization returns to the equilibrium. The repetition time
(TR) in the NMR experiment is determined by T; and is usually five times longer the Ti. When
signal is acquired repeatedly, the Ernst angle can be employed to minimize the scan time.

(Equation 1.15). The Ernst angle is the ideal flip angle for excitation of a spin’s maximal signal.

TR
Oernst = arccos(e T1) (1.15)

1.2 Dynamic Nuclear Polarization

1.2.1 Limitations of in vivo NMR spectroscopy

In vivo spectroscopy facilitates in sifu molecular analysis by taking advantage of the fact that
the chemical shift of the injected chemical probe can be observed separately from its biochemical
products in tissue. However, the intrinsic low sensitivity of conventional NMR methods require
high substrate concentrations and is limited to nuclei with high gyromagnetic ratios such as
proton, fluorine, or phosphorous. For this reason, 3'P NMR and '"H NMR have been most widely

applied to various in vivo NMR studies. However, practical application of 3P NMR for
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biochemical pathway studies is limited as there are only a few phosphorous-containing

metabolites in biological systems while 'H NMR is impeded by its limited chemical shift range
(~10 ppm). In contrast, *C NMR is characterized by a large spectral range of over 200 ppm and
narrow linewidths, which allows 3C NMR spectroscopy to identify carbon atoms in a particular
chemical group of biomolecules. Moreover, most biochemical reactions involve carbon or
nitrogen containing molecules so '*C and "N NMR can detect many different metabolites.
However, a major limitation of '3C or '’N NMR spectroscopy is its relatively low sensitivity due
to low natural abundance (1.1% of '*C and 0.4% of ®N) and gyromagnetic ratio ((y13¢c/
Y1 )=0.251, (Y1sn/¥1n)=0.097). These problems result in an extremely weak NMR signal in '3C
and >N in conventional NMR experiments. One strategy is to overcome the low sensitivity by
increasing SNR. However, increasing number of acquisition leads to long acquisition time in
some 3C or "N NMR experiments due to their long T values. Increasing sensitivity and
decreasing noise can also be achieved by improving RF coil design, but this does not solve the
principal problem of low spin polarization. Increasing magnetic field strength or lowering the
experimental temperature can enhance the spin-polarization but the gain is not dramatically
increased. The SNR enhancement using cryogenic probes'! is accomplished by reducing the
thermal noise in the receiver coil.

The strategy adopted in this dissertation to overcome the low SNR was the increase of spin
polarization with dissolution dynamic nuclear polarization (d-DNP) methods. Non-equilibrium
spin populations (also known as hyperpolarized spin distribution) can be achieved artificially by
various hyperpolarization techniques such as dissolution dynamic nuclear polarization, spin-

exchange optical pumping, and para-hydrogen induced polarization (PHIP).!22! Among these
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methods, d-DNP has been extensively used to polarize a wide range of nuclei including 13C, N,

'H, 3P, ¥Si, F, SLi,!3Cs ¥Y and '71%Ag, and it is currently the preferred technique to
polarize 13C labeled compounds for metabolic studies®?%-33, 13C or "N NMR in combination with
dissolution DNP provides opportunities to non-invasively monitor metabolic pathways of interest
using hyperpolarized substrates with high sensitivity and contrast against a weak background
signal.** Metabolic fluxes can be selectively detected by administering the hyperpolarized

labeled substrates and observing the signals of downstream metabolites.>?

1.2.2 Enhancing the MR signal by dynamic nuclear polarization (DNP)
In this section, the principles of DNP are discussed. A more thorough review of DNP can be
found in many references.®!%!13:1823.2536 DNP is a technique that significantly increases the
signal-to-noise ratio of NMR signals by enhancing the polarization of nuclear spins in samples
containing a paramagnetic component.>’*® This technology overcomes the issue of inherently
low sensitivity of conventional NMR by efficiently producing non-equilibrium spin distribution
on the Zeeman levels. At the same magnetic field and temperature, the polarization of the
electron spin is much higher than proton nuclear spin due to the higher magnetic moment of the
electron spin. For instance, at 90K, the polarization of electron spin is 10.541% while the
polarization of the proton nuclear spin is 0.016%. At a 1.4K, the electron polarization is 96%

while the carbon polarization is 1.96% (Figure 1.7).
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Figure 1.7 Temperature dependence of the polarization level of electron and 'H, Polarization
levels are calculated based on Equation 1.14. Adapted from reference

The theoretical framework of DNP was initially proposed by Albert Overhauser** and
experimentally demonstrated by Carver and Slichter*! in 1953. During the DNP process, the
maximum enhancement of nuclear spin polarization is governed by the gyromagnetic ratio
between electron and nuclear spins (y, /¥,,), which corresponds to the factor of ~660 for 'H and
~2600 for 1*C nuclei. These signal enhancements can be significantly affected by several DNP
parameters, such as magnetic field, temperature, microwave irradiation, electron polarization
agent, polarized agent, and matrix. By translating the physical theory of DNP into practical

application via d-DNP, many biological studies have been achieved.

1.2.3 DNP mechanisms

DNP can be achieved by several mechanisms including the Overhauser effect, the solid effect,
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the cross effect, and thermal mixing.’® However, none of these mechanisms are exclusive and

polarization occurs by combination of one or more mechanisms. The most effective DNP
mechanism depends on the experimental condition such as EPR linewidth and experimental
temperature in samples. In particular, the frozen solution or solid system follows the solid effect
and thermal mixing mechanism as their DNP process.?®*8 Under the current dissertation study,
dominant mechanisms include the solid effect and thermal mixing. These are discussed briefly

below.

1.2.3.1 Solid effect

In 1958, Abragam and Proctor proposed that the enhancement of nuclear polarization could be
accomplished by forbidden transitions of W, and W, via microwave irradiation*>* if the

frequency corresponds to the energy difference (vs & v;) (Solid effect). 43

(a)

IS, 1, >

Figure 1.8 Energy level diagram to illustrate the solid effect. (a) The energy level diagram for
electron spins coupled to a nuclear spins (I=1/2). W, and W;; are the transition probabilities for
EPR and NMR. (b) Transition frequencies for positive and negative enhancements are presented
by blue lines, respectively
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This process is easy to understand by considering the four possible spin states, which are

generated by hyperfine interaction of an electron spin (S =1/2) coupled to proton (I =1/2) (Figure
1.8.a).%° W, and Wy, are transition probabilities that flip only one electron (S) or the nuclear
quantum number (I). Wy (flip-flop) and W, (flip-flip) are zero and double quantum transition
probability involving no or two changes of spin states and the forbidden transitions. The
enhancement of nuclei polarization is occurred by hyperfine coupling, a mixing of spin state via
coupling of electron-nuclear spin under the influence of microwave irradiation. This coupled
electron-nuclear spin states allow the forbidden transitions. The enhancement becomes maximal
when the irradiation frequency equals to the sum of electron Larmor frequency and nuclear
Larmor frequency (@ = w, + @,), while it becomes the most negative when the frequency
equals to the difference (w = w, — @,) (Figure 1.8.b).*¢ The solid effect DNP mechanism is
efficient under the condition where the electron spin concentration is low, resulting in the
negligible electron-electron interaction.*’” The EPR linewidth of free radical in the sample needs
to be much less than the nuclear Larmor frequency, which is termed as “well-resolved solid
effect”. If it is not much less than the nuclear Larmor frequency, the enhancement is reduced,
which is termed as “differential solid effect”. For this reason, low concentration of narrow-

linewidth radicals such as OX063 and BDPA are desired in solid effect DNP.*3

1.2.3.2 Thermal mixing

Thermal mixing is a phenomenon of energy exchange between electron spin and nuclear
spin ensemble. This effect occurs under the high concentration of unpaired electrons, which

results in homogeneously broadening of ESR linewidth (§) caused by the multiple dipolar
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coupled electrons under the condition of § > wy.*’ Since high radical concentration is used in

thermal mixing process, electron spin ensemble presents strong inter-electron interaction as a
group and not as an individual spin. For this reason, it is better to understand the mechanism with
spin temperature model and thermodynamic ensembles rather than with individual energy states.
In DNP via thermal mixing mechanism, the polarization transfer is due to the interaction of three
thermodynamic system associated with spin temperature: nuclear Zeeman system (NZS),
electron Zeeman system (EZS), and electron dipolar system (EDS). These strong interactions
cause a homogeneously broadened EPR line of implicated paramagnetic species in sample.
Thermal mixing mechanism proceeds driven by irradiation of allowed EPR transition. Initially,
the microwave irradiating adds energy to the electron spin system. The mutual interaction Hgg
between the electron spins distributes this energy, so that the spin temperature of EZS heats up
and EDS cools down. Subsequently, the coupling Hg; between EDS and NZS combines with Hgg
to cool the NZS, and the transition energy between EDS and NZS are effectively decreased
(Figurel.9). As a result, the polarization is transferred from electrons to nuclei through mutually
flips coupled three spins, electron-electron-nucleus. This mechanism is only effective when the
EPR linewidth is more than or equal to the nuclear Larmor frequency and electron spin system is

locally equilibrium.
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Figure 1.9 Schematic diagram of the energy flow in three spin system (adapted and modified
from reference®®)

Thermal mixing is considered the primary mechanism for d-DNP and more suitable to the low- y
nuclei like *C and '>N. The narrow linewidth of free radical such as trityl and BDPA are optimal
for the polarization. This effect become dominant when w,, = w,; — W, is comparable to the

EPR linewidth w;,, and maximal under the condition of w = w, * w;5.

1.2.4 Experimental approach for dissolution DNP

Griffin and co-workers were the first to apply dynamic nuclear polarization to solid state NMR
for structural biology applications.’!-* In 2003, Ardenkjaer-Larsen and co-workers developed a
fast dissolution technique that allows frozen samples in the solid state to be brought into the
liquid state at room temperature while retaining ~10,000-fold NMR signal enhancement
compared to the same concentration of unpolarized sample (Figure 1.10).% In that study, *C-
urea was polarized in a glycerol-glassing matrix doped with a trityl as free radical. The electron
spin polarization was transferred to '*C nuclei by optimal microwave irradiation (93.952 GHz,

100mW) low temperature (~1.1K) and high magnetic field (3.35T).
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Figure 1.10 (A) '*C spectrum of urea (natural abundance '3C) hyperpolarized by the DNP-NMR
method. The concentration of urea was 59.6 mM, and the polarization was 20%. (B) Thermal
equilibrium spectrum of the same sample at 9.4 T and room temperature. This spectrum was
acquired under Ernst-angle conditions (pulse angle of 13.5° and repetition time of 1 s based on a
T1 of 60 s) with full 'H decoupling. The signal is averaged during 65 h (232,128 transients).
Reproduced with permission from reference??

The d-DNP sample consists of a 3C or '°N labeled compound of interest, an organic free radical
as free electron source, and a glassing matrix for homogeneous distribution of the labeled
compound and the radical in the sample. If desired, a paramagnetic lanthanide complex can be
used to speed up the polarization time. Gd**, Ho**, Dy**, and Tb*" complexes have been all used.>
For instance, adding an optimized concentration of Gd** and Ho®" into hyperpolarized sample of
[1-3C] pyruvate or [1-'3C] sodium acetate not only increases the achievable polarization level
but also accelerates the polarization build-up time.*>>¢ At the same time, these lanthanide ions
also play the role of a relaxation agent in the liquid state and slightly shorten the T values of
hyperpolarized probes. The selection of glassing matrix is typically based on the solubility of
labeled substrate and free radicals. In general, mixture of glycerol and water, DMSO, ethylene

glycol, methanol, or ethanol can be used as glassing matrix. As previously discussed, the free
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radical can be chosen based on EPR linewidth and solubility in the matrix. The chemical

structures of a few stable organic free radicals used in d-DNP are shown in Figure 1.11.% The
trityl radical (OX063) is most often used for d-DNP since it has favorable solubility for aqueous
dissolution medium. The polarization transfer is achieved by microwave irradiation near the
EPR frequency of the free radical (94GHz, at 3.35 T) at a cryogenic temperature (~1K). The
solid-state polarization reaches a plateau around ~ 2 to 4 hrs for a typical *C sample. The frozen
sample is dissolved by the addition of superheated dissolution medium and the resulting solution

is ready for in vivo and in vitro studies.’>>’

In general, aqueous buffers are used as dissolution
media for biological experiments. EDTA (ethylenediaminetetraacetic acid), a chelating agent, is

often used to remove paramagnetic ion impurities in the dissolution media or hyperpolarized

sample.

COCOH
R=CH2CH20H

BDPA DPPH Galvinoxyl 4-oxo-TEMPO Trityl OX063

Figure 1.11 Chemical structures of stable organic free radicals used as polarizing agents in
dissolution DNP.

The dissolved hyperpolarized sample usually needs to be used for NMR studies within a minute
following dissolution to minimize Ti-dependent loss of HP signal.® The hyperpolarized probes

are introduced into biological systems to detect biological events with high sensitivity and
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contrast against background signals. The schematic diagram of the dissolution DNP experiment

is shown in Figure 1.12. The d-DNP technique has been used successfully to generate
hyperpolarized *C and >N nuclei for 3C and >N applications in vivo or in vitro system.>% A
commercial dissolution DNP polarizer’® such as the HyperSense (Oxford Instruments) or
SPINlab (GE Healthcare) were used in this study. T1 dependent HP signal decay after dissolution

is a major limitation which motivates the development of long T, agents.

microwaves
Free radical ) )
Fast dissolution Hyperpolarized liquid
) For
NMR/MRI
Target nuclei
Solid-state Liquid-state
@ cryogenic temp. @ physiological temp.

Figure 1.12 Schematic diagram of the dissolution DNP experiment
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1.2.4.1 Liquid-State NMR enhancement

As the NMR signal intensity corresponds to spin temperature (Ts) of the nuclear spin system*7°,

the d-DNP-enhanced polarized NMR signal (Ppy) also corresponds to a spin temperature Tg
expressed as Pp, = tan(hv,/2kgTs). Here Py, is the thermal polarization at a given lattice

temperature T;. Overall, the NMR signal enhancement of DNP-enhanced polarization can be

defined by

Ppp _ tan(hv,/2KpBTs)
Ptp tan(hvy,/2KgTL)

€= (1.16)

Experimentally, the NMR signal enhancement (¢) is determined by the relative ratio of
integrated area: T;-corrected hyperpolarized (HP) signal Ahp over the thermal equilibrium NMR
signal Ath. Since the NMR signal is proportional to rf flip angle, the ratio (sin 0th/sin Ohp) reflect
the rf flip angle correction factor, while the sample concentration correction factor (cth/chp)

should be counted so that the ratio of the signal intensity in hyperpolarized and thermal

equilibrium state are equally attributed to spin count.*?

€= {(Aﬂ) (%) (Ct—h) exp (%)} X number of scany, (1.17)

Ath sin th Chp

where the subscripts hp and th represent the values measured in the hyperpolarized and thermal
equilibrium states, respectively. The NMR signal intensity is also proportional to the number of
acquisition so it needs to be normalized based on number of scans. Typically, only the number of

acquisitions of thermal signal is counted since hyperpolarized signal is acquired in 1 scan.
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1.2.4.2. Liquid-State hyperpolarized magnetization decays by T; relaxation

After dissolution of a hyperpolarized sample, the Z-magnetization returns to thermal equilibrium
due to T relaxation. For example, Figure 1.13 shows the decay of hyperpolarized magnetization
of ’'N TPA in water. The T, value of the polarized sample can be determined from the decay of

hyperpolarized signal by fitting of hyperpolarized NMR signal decay to Equation 1.18°7, which

takes into account the effect of rf pulse with given flip angle’!.

1(t) = I, sin O (cos B)/TRexp=t/T (1.18)

In this equation, I(t) is the intensity of the '3C MR at time t, I, is the initial magnetization, TR is

repetition time, and 6 is the flip angle of rf pulse used to monitor the hyperpolarization signal.

t/TR

The sin 0 refers transversal (xy) component of magnetization, (cos @) refers to destroyed

—t/Ty

magnetization by pulsing, and exp denote the effect of loss of magnetization due to T

decay.
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Figure 1.13 Sequential >N NMR spectra of hyperpolarized sample of TPA showing polarization
decay. Spectra were collected every Ssec using a 5 degree pulse.

There are several mechanisms that contribute to the longitudinal relaxation rate Ry (R1=1/T1) of
hyperpolarized nucleus: dipole-dipole (Rg), paramagnetic relaxation (Rpara), chemical shift
anisotropy (Rcas), scalar coupling relaxation (Rs), and spin-rotation (Rs). Each mechanism can
be defined by a time-dependent Hamiltonian operator that denotes the probability of spin
transition caused by specific mechanism (Equation 1.19).7> If the paramagnetic relaxation
mechanism is excluded’, relaxation of hyperpolarized signal is predominantly driven by a

dipole-dipole interaction and chemical shift anisotropy (CSA).7*

1
Ry :__ZiRi = Rd+Rpara+Rcsa+Rsr + Rg. (1.19)

T

The dipole-dipole coupling is the magnetic interaction between two coupled nuclear spins. The
dipolar relaxation of a nucleus in a molecule depends on the nature and the distance between the
nucleus and nearby nuclear spins as described by Equation 1.20. The dipolar relaxation is due to

local oscillating magnetic fields generated by nuclear spins as the molecule tumbles in solution.
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1/T1,dipolar = Tcyizyjz hz/r6 (120)

where 7.1s the correlation time for rotational motion, and r is the distance between molecular
probe nuclei () and adjacent dipolar coupled nuclei (). T1 and T> relaxation times as a function
of 7, correlation time for spin-1/2 nuclei by dipole-dipole mechanism is given in Figure 1.14.7°
Specially, 'H nuclei are strongly dipolar coupling to directly bonded *C and'>N nuclei’. For this

reason, quaternary '*C and !N atoms have longer T values on protonated C-H or N-H atoms.

10 Small Molecules

107" |~

102 |- Macromolecules

107

Relaxation time (s)

104 |-

105 -

| | | | | | | |
10" 10" 10" 10° 10® 107 10® 10°
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Figure 1.14 Behavior of T, and T, as a function of correlation time for spin 1/2 nuclei relaxing by

the dipole-dipole mechanism (Reproduced with permission from reference®)

Another major mechanism of relaxation is the chemical shift anisotropy (CSA) within the
external magnetic field. The chemical shift is a tensor quantity and random molecular motions
lead to fluctuation in local magnetic fields caused by anisotropic electron distribution. This effect

is more dominant for nuclei with low gyromagnetic ratio and wide chemical shift ranges. CSA
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contributes to longitudinal relaxation in proportion to the magnetic field (B) and chemical shift

anisotropy (Ac)’¢ (Equation 1.21). To minimize the CSA effect on longitudinal relaxation, the
hyperpolarized probes need to have a more symmetrical structure at the atom of interest since

symmetrical structures have lower contributions from CSA.
1/Tycsa = 27y{B5(80)?/15 (1.21)
Ao = [20,, — (04 + 0y,)]/3 (1.22)

1.3. Dissolution DNP in studies of cancer metabolism

One of the recently added cancer hallmarks is reprogramming of cellular energy
metabolism. Cancer promotes reprogramming of cell metabolism for sustained cancer cell
growth and proliferation.”” As the first concept of metabolic reprogramming in cancer, Otto
Warburg proposed the “Warburg effect” which describes how tumor metabolism differs from the
surrounding tissue by increased glycolytic activity and reduction of oxidative phosphorylation in
mitochondria compared with normal tissue even under aerobic conditions.”® Theses metabolic
alterations were thought to be caused by mitochondrial dysfunction associated with
mitochondrial DNA mutations, mitochondrial enzyme defects, or altered tumor suppressors.’®-32
Therefore, cancer metabolism can be understood to be a collective representation of independent
biochemical pathways, each pathway providing a specific function in metabolic
reprogramming.®*3* The biochemical pathways altered in cancer metabolism includes glycolysis,
the pentose phosphate pathway, the tricarboxylic acid cycle, oxidative phosphorylation, and the

synthesis of nucleotides and lipids.®> In addition, another notable alternation in tumor tissue is
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the reduction of glutamine metabolism and an increase in glutamine uptake into cell. These

metabolic demands in cancer drive altered utilization of metabolic substrates such as glucose,”

87.88 and branched-chain amino acids.® Therefore, in vivo molecular imaging

glutamine,’¢ acetate,
using isotope tracers of specific enzyme-catalyzed biological reaction that are altered in cancer
compared to surrounding normal appearing tissue would be a key to detect abnormality of cancer
metabolism. These characteristics can be detected by hyperpolarized MR imaging techniques
using '°C and PN labeled hyperpolarized molecular probes. Figure 1.15 shows a schematic

presentation of metabolic pathways with a various '*C and >N labeled TCA cycle intermediates

that have been used as HP imaging probes in cancer metabolism.
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Figure 1.15 Biochemical scheme that summarizes the labeled products that are generated from
various widely used '3C metabolic probes. Hyperpolarized substrates that have been used in HP
experiments are presented as blue and orange circles. Red and blue dots represent a '3C label that
either exchanges with other existing pools (i.e., alanine and lactate) or passes into the TCA cycle
and enters downstream products. Grey dots reflect SN labeled substrates LDH-Lactate
dehydrogenase, ALT-alanine transaminase, CA-carbonic anhydrase, PC-pyruvate carboxylate,
CAT-carnitine acetyltransferase, PDH-pyruvate dehydrogenase complex, PC-pyruvate
carboxylase, CS-citric synthase, IDH-isocitrate dehydrogenase, OGDC-oxoglutarate
dehydrogenase complex, SCS-succinyl coenzyme A synthetase, SQR-succinate dehydrogenase,
FH-fumarate hydratase, MDH-malate dehydrogenase, GLDH-glutamate dehydrogenase, BCAT-
branched chain amino acid transferase, BCKDH-branched chain a-ketoacid dehydrogenase
complex (adapted and modified from reference®)

Over the decades, various molecular imaging techniques have been developed to non-invasively
detect cancer-specific metabolic changes for cancer diagnosis or therapeutic intervention.

Hyperpolarized '3C MR in vivo imaging can easily be compared to positron emission
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tomography (PET) which has been extensively used for in vivo molecular imaging in preclinical

and clinical settings. PET tracers typically display high specificity in molecular targeting, and
utilize biologically active substances without alternating the biological processes. High
sensitivity can be achieved by administering picomolar quantities PET tracers which is negligible
to their endogenous levels of metabolites accounting for physiological function. This condition
conserves endogenous metabolic substrate behavior.”® Although the use of PET tracers can
provide sensitivity in the nano - picomolar range, the lack of spectral information limits the
biological information obtained compared to hyperpolarized NMR. PET only reports uptake of
the injected radiolabeled tracer rather than downstream metabolites. Another disadvantage of
PET is the use of ionizing radiation.'*C DNP coupled with NMR spectroscopy is a robust
method for simultaneously detecting multiple hyperpolarized '3C labeled metabolic products
derived from an injected hyperpolarized '*C molecule based upon differences in their chemical
shifts. This allows simultaneous observation of multiple metabolic pathways in real-time. This
dissertation work focuses on the application of '*C and >N labeled hyperpolarized molecular
probes for potential imaging of cancer metabolism. To aid discussion of this topic, a brief
overview of biological applications of hyperpolarized MR probes is given in the following

section.

1.4 Hyperpolarized NMR probes

The stable isotope-labeled HP probes can be classified into three categories. First is an
endogenous molecular probe that minimally modifies natural compounds by *C, °N, or ?H
enrichment, enhancing NMR properties without altering the chemical properties. This type of

probe is inherently biocompatible when used in near-physiological concentrations. Most isotope
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labeled metabolite substrates belong to this category.”! Second is non-endogenous molecular

probes designed as biochemical sensors to monitor biologically important chemical

31,32.3492.93 The design of these probe included a long T nucleus for detection of reactions

species.
of interest based upon NMR chemical shift changes. Non-endogenous probes should have
biocompatible properties. The third category of probes is derivatives of endogenous molecular
probes modified to improve biocompatibility or hyperpolarization lifetimes. Examples include

9495 anhydrides,”® and pre-methylated amino acid modifications’® that improve the cellular

esters,
uptake and polarization lifetimes. Optimized hyperpolarized HP probe provide molecular
information, spectral resolution with low background interference, and minimal invasiveness for
the biological study. To apply DNP technology in vivo, it is necessary to develop HP probes

enriched with 3C or PN, a long polarization half-life and rapid incorporation into biological

pathway of interest.

1.5 Biological applications of d-DNP

Hyperpolarized probes can be used to study in vitro, in cell-based systems, and in vivo to
perform biological assays that are detectable by NMR with high sensitivity and high contrast
against a background signal.®! The use of NMR spectroscopy with hyperpolarized probes enables

variety of biological studies such as metabolic conversion, kinetic profiling of cellular

97-100 H 31,101-103
b

reactions, monitoring changes in p examining redox state,!%1% detecting reactive

108,109 29,110-112

oxygen species,!’” measuring ion concentrations, and evaluating drug efficacy.

Figure 1.16 illustrates applications of the probes described in this dissertation.
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Figure 1.16 Schematics of biological application of dissolution DNP (a) Metabolism of [1-
BCIKIC in reaction catalyzed by the enzymes BCAT and BCKDH (b) Hyperpolarized MR probe
targeting Zn**

1.5.1 Real time in vivo study of enzymatic reactions

The chemical shift dispersion offered by high-resolution NMR allows hyperpolarized NMR
probes to simultaneously detect multiple sequential and parallel biochemical reactions. A
metabolic conversion of hyperpolarized metabolic molecule can be monitored over time for

sequential metabolic conversion, which yields real-time reaction monitoring. '3

Applications of
hyperpolarized molecule that have been studied in real-time to probe enzymatic metabolic

reactions are presented in Figure 1.16.a. It shows the metabolic profiling of [1-!3C]leucine and

3C bicarbonate by BCAT and BCKDH enzyme activity using hyperpolarized [1-!3C]KIC in the
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1% The in vivo metabolic probe shows the flux of the hyperpolarized signal

murine glioma brain.
with dynamics and high resolution. Among the many of enzyme substrates, '*C labeled pyruvate
is the most commonly used substrate as in vivo metabolic imaging probe since pyruvate is a
central metabolite for important metabolic pathway.!!>!'¢ Pyruvate is easily transported into
intercellular space and is converted into lactate, bicarbonate, and further downstream to different
metabolites. Due to its relatively long T and biocompatibility,'!? hyperpolarized pyruvate has

118

been investigated in isolated cells,’®!!” isolated perfused hearts,'!® and even in clinical studies of
g p

19 and human heart'?°. It has been demonstrated that hyperpolarized [1-13C]

human prostate
pyruvate can detect the real time metabolism of a single enzyme-catalyzed reaction in perfused
heart.!'® The experiments showed metabolic conversion of [1-'3C]pyruvate into [1-'3C]lactate
catalyzed by LDH, [1-'*C]alanine by catalyzed by ALT, and '3CO, by catalyzed by carbonic
anhydrase (CA) in parallel through a single acquisition. In addition, measurements of metabolic

flux can be calculated based on the kinetic information with a 1-second temporal resolution!?!

due to the hyperpolarized NMR sensitivity.

1.5.2 In vivo sensors

13C or >N labeled hyperpolarized probes with capacity of sensing physiological parameters have

H’31,101-103 104-106 107

been used to measure p redox state, and reactive oxygen species'’ by detecting
chemical shift changes. The ratio of signal between HP probes and reacted products can be used
for quantitative and qualitative analysis. One of the application of HP sensors is the use of
hyperpolarized probe to detect molecular interactions with biologically important metal ions

such as Zn*" and Ca?" 3410819 For instance, it has been shown that HP >N TPA used to detect
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the Zn** by monitoring its chemical shift change (Figure 1.16.b). Upon binding to Zn**, the

molecular environment of HP N TPA is changed and resulted in alternation of the chemical
shift. If the binding is reversible, the exchange rate between metal-bound ligand and free ligand
also affects the NMR signal. These hyperpolarized chemical probe sensors have been designed
as a combination of sensing and signaling moieties. The signaling part is composed of enriched
stable isotope for MR sensitivity. The sensing part ensures selectivity for the analyte of interest.
This coupled sensing and signaling moieties should induce definite changes in the NMR
detectable signal. This change includes not only in chemical shift but also in spectrum linewidth,
or in hyperpolarization signal decay. Furthermore, hyperpolarized probes have various
applications such as probing drug binding,>-!'%122 monitoring drug mechanism,'!? and covalent

chemical labeling of amino acid.!?*12* DNP application can be found more in the reference.®!:1%
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Chapter 2

Hyperpolarized >N tripodal tetramine derivatives as MRI sensors of free Zn?*

2.1 Introduction

Zn** plays an important role in various biochemical processes such as enzyme catalytic activity,
neurotransmission, intracellular signaling, and antibiotic activity. Cellular Zn?>" homeostasis is
related to the onset and progression of several diseases including diabetes and cancer.! For
example, Zn?* is essential for insulin production, storage, and secretion by pancreatic B-cells. In
the brain, Zn** is involved in glutamate release from presynaptic vesicles via calcium-dependent
exocytosis; an alteration in zinc homeostasis may also play a role in the development of various
neurodegenerative disorders. In another example, the amount of total Zn>" in prostate tissue
decreases significantly during the early stages of malignancy.>* Healthy prostate cells store and
secrete large amounts of Zn** while malignant prostate cells have reduced levels of Zn**.2 Indeed,
in prostate cancer (PCa), there is a remarkable decrease in Zn*>* levels in malignant prostate
tissue compared to normal prostate.’ The current accepted clinical biomarker of PCa is based on
a prostate-specific antigen (PSA) blood test but needs verification by other biomarkers such as
prostate health index (Phi), prostate cancer antigen 3 (PCA3), and eventually by biopsy.¢ Prostate
tissue biopsies are painful and have a chance of missing cancerous cell growth in a small area
tissue collection. Previous studies have shown that Zn*" levels in prostate tissue significantly
decrease in the early stages of malignancy.> The Zn?" content in normal prostate is 3,000 ~ 4,500

nmol/g wet tissue weight of epithelial tissue but it reduces to ~400 ~ 800 nmol/ g wet tissue

43
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weight of epithelial tissue with the development of malignancy (Table 1.1).* For this reason,

detecting a decrease in prostate Zn>" levels may prove useful for early diagnosis of malignant
prostate cancer.* Therefore, noninvasive real time in vivo detection of Zn?>* homeostasis could
become an important diagnostic biomarker for prostate cancer and perhaps a variety of other

diseases.

(NMOLS/GRAM WWT) CITRATE ZINC
NORM PERIPH ZONE 12,000-14,000 3,000-4,500
MALIG PERIPH ZONE 200-2000 400-800
OTHER TISSUES 250-450 200-400
NORM PROS FLUID 40,000-150,000  8,000-10,000
PCA PROS FLUID 500-3000 800-2000
BLOOD PLASMA 100-200 15

Table 2.1 Representative citrate and Zn?* levels in various tissues and fluids, reproduced with
permission from reference *

However, in vivo Zn*" detection remains a major challenge because of the lack of non-invasive
imaging. There are limited numbers of non-invasive techniques for in vivo Zn*" detection.
Optical imaging and magnetic resonance imaging (MRI) have a potential for real time Zn?" in
vivo detection without involving ionizing radiation. However, limited penetration depth due to
attenuation and light scattering in tissues is a major obstacle in optical imaging.” A recent study
demonstrated that MRI can successfully monitor Zn?" secretion into extracellular space in
malignant prostrate lesions using a gadolinium-based contrast agent.® Although several Zn?*
specific Gd-based MR contrast agents have been reported, these are limited to the extracellular

space by their cellular impermeability. In addition, the detection limit of a typical Gd-based MRI
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contrast agent is restricted to the 50 ~ 100 uM range by the intrinsic low sensitivity of

conventional MRI methods, depending on the relaxivity of the MR agent.!

Dissolution DNP-NMR can overcome the low sensitivity problem of conventional MRI.
Dynamic nuclear polarization (DNP) refers to technologies that enhance the NMR signal-to-
noise ratio by amplifying nuclear spin polarization.” However, the lifetime of the hyperpolarized
spin state is limited since hyperpolarized magnetization returns to thermal equilibrium by spin-
lattice relaxation (T1). DNP polarization is feasible for several nuclei including '*C and "N, both
of which have much lower NMR sensitivity compared to 'H. Hyperpolarized (HP) '°N is
particularly attractive for DNP because the spin %2 N nucleus in most molecules tends to have
longer Ti and wider chemical shift range than *C. In this study, cell permeable "N-labeled
tripodal ligands were investigated as hyperpolarized >N MR sensors of Zn?*, with the aim of
detecting biologically relevant free Zn?" in both intracellular and extracellular spaces.

There are several reports of HP-NMR based biological metal sensors such as *C-EDTAs as
hyperpolarized multi-metal sensor and '2Xe NMR based Zn?" sensor. However, they have some
limitations such as significant line broadening of the ligand '*C signals after binding to Zn** and
the lack of sufficient chemical shift difference between Zn?* and Mg?* or Ca>" complexes.!® The
hyperpolarized '*Xe NMR based Zn?*sensors work by continuous xenon exchange between free
129X e and 'Xe bound to the cryptophane host conjugated to a Zn sensing moiety. However, this
system also shows only 1.7ppm !2°Xe chemical shift difference in the presence and absence of

7Zn*" ions.!!
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2.2 Materials and Methods

2.2.1 Chemicals and reagents

All reagents were analytic grade and were purchased from Sigma Aldrich, then used without
further purification. HSA (essentially fatty acid free and globulin-free) was used for the
isothermal titration calorimetry to determine dissociation constant. A stock solution of HSA,
which used for hyperpolarization binding study (stock # P9523 from Aldrich), was prepared
HEPES buffer and the concentration was determined by ultraviolet absorption at 291nm

(extinction coefficient of 39310 M-'cm’!, molecular weight of 66.4 KDa).

2.2.2 Synthesis of TPA derivatives

2.2.2.1 Synthesis of ['SN|TPA : P’ N-tris(2-pyridylmethyl)amine

BN-phthalimide (1)
N-ammonium acetate (506.1mg, 6.5mmol) was mixed with phthalic anhydride (800mg,
5.4mmol) and stirred for 4hr at 160°C. After the reaction mixture cooled to room temperature,

the white solid was washed with cold water, filtered, and dried in vacuum to afford '"N-

phthalimide as white powder (0.73 g, 91%)

BN-(pyridine-2-ylmethyl)phthalimide (2)
ISN-phthalimide (645mg, 4.3mmol) was dissolved in dimethylformamide (10 mL) and potassium
carbonate (1.5g, 10.9mmol) and 2-(chloromethyl)pyridine (749mg, 4.6mmol) were added. The

reaction mixture was stirred for 12hr at 50°C. After removal of the solvent, water was added to
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precipitate the product and to remove inorganic salts. The crude product was filtered and dried in

vacuum to afford '>N-(pyridine-2-ylmethyl)phthalimide as a white solid (1.03g, yield 98%).
BN-2-aminomethyl pyridine (3)

N-(pyridine-2-ylmethyl)phthalimide (850mg, 3.6mmol) was dissolved in 10% hydrochloric
acid (30mL) and the solution was stirred for 12hr at 80°C. The hydrochloric acid was removed
by rotary evaporation and the residue was dissolved in 20% sodium hydroxide (SmL) and
extracted with dichloromethane (50mL). The organic layer was dried over anhydrous sodium
sulfate, filtered, and concentrated by rotary evaporation. The residue was dried in vacuum to

afford!’N-2-aminomethyl pyridine as a yellowish oil (349.25mg, yield 89%).

BN-tris(2-pyridylmethyl)amine (4)

5N-2-aminomethyl pyridine (348mg, 3.2mmol) was dissolved in acetonitrile (15mL) and
potassium carbonate (1.8g, 12.8mmol) and 2-(chloromethyl)pyridine (1.1g, 6.4mmol) were
added. The reaction mixture was stirred for 12hr at ambient temperature. After filtration of
solvent, the crude product was dissolved in dichloromethane and filtrated to remove potassium
carbonate. The organic layer was dried over anhydrous sodium sulfate, filtered, and dried in
vacuum. The oily residue was purified by column chromatography in 97:3 dichloromethane :
methanol solvent system and recrystallization from ethyl ether/hexane to afforded 'N-tris(2-

pyridylmethyl)amine as light yellowish solid (291.15mg, yield 31%)

2.2.2.2 Synthesis of ['>'N]TPAds : '°N labeled tris(2-pyridylmethyl-d;)amine

Pyridine-2-ylmethan-d>-ol (5)
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Sodium borodeuteride (4.2g, 99.2mmol) was added slowly to a deuterated methanol solution

(18mL) of ethyl picolinate (5g, 33.1mmol) at 0°C over 40min. The reaction mixture was stirred
for 12hr at ambient temperature. After removal of solvent, the residue was stirred with saturated
potassium carbonate solution (100mL) for lhr and then extracted with chloroform. The organic
layer was dried over anhydrous sodium sulfate, filtered, and dried in vacuum to afford the

product as white solid (3.22g, yield 88%)

2-(chloromethyl-d>) pyridine (6)

2-(chloromethyl-d>) pyridine was prepared as previously described.!? In brief, pyridine-2-
ylmethan-d>-ol (3.2g, 28.0mmol) was added dropwise to a solution of thionyl chloride (16.7g,
140.2mmol) in dichloromethane (20mL) in an ice bath. The reaction mixture was refluxed for
3hr and then stirred at room temperature for 12 hours. The product was precipitated by adding
ethyl ether (20 mL). The precipitation was filtered and dried in vacuum to afford 2-

(chloromethyl-d>) pyridine as yellowish powder (3.56g, yield 98.5%).

BN-(pyridine-2-ylmethyl-d>)phthalimide (7)

BN-(pyridine-2-ylmethyl-d;)phthalimide was synthesized from 2-(chloromethyl-d>) pyridine
(1.8g, 11.1mmol) as described for >N-(pyridine-2-ylmethyl)phthalimide. '*N-phthalimide (1.5g,
10.Immol) was dissolved in dimethylformamide (18mL) and potassium carbonate (3.5g,
25.3mmol) and 2-(chloromethyl-d;) pyridine (1.8g, 11.Immol) was added and the reaction

mixture was stirred for 12hr at 50°C. After removal of solvent, water was added to the crude
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product to remove the inorganic salts. The precipitated product was filtered and dried in vacuum

to afford N-(pyridine-2-ylmethyl-d>)phthalimide as white powder (2.39g, yield 98%).
BN-2-(aminomethyl-d>)pyridine (8)

This intermediate was synthesized from '"N-(pyridine-2-ylmethyl-d>)phthalimide (2.2g, 9.3mmol)
as described for 'N-2-aminomethyl. A solution of !'N-(pyridine-2-ylmethyl-d>)phthalimide
(2.2g, 9.3mmol) in 10% hydrochloride (45mL) was stirred for 12hr at 80°C. After removal of the
hydrochloric acid, the residue was dissolved in 20% sodium hydroxide (13mL) and extracted
with dichloromethane. The organic layer was dried with anhydrous sodium sulfate, filtered, and
dried in vacuum to afford '’N-2-(aminomethyl-d>)pyridine as a pale yellow oil (877.53mg, yield

85%).

BN-tris(2-pyridylmethyl-d>)amine (9)

I5N-2-(aminomethyl-d>)pyridine (535mg, 4.9mmol) was dissolved in acetonitrile (15mL) and
potassium carbonate (2.7g, 19.6mmol) and 2-(chloromethyl-d>) pyridine (1.6g, 9.8mmol) were
added. The reaction mixture was stirred for 12hr at 50°C. The inorganic salts were removed by
filtration and the organic layer was dried in vacuum, then dissolved in ethyl acetate and heated.
After filtering to remove insoluble impurities, the organic layer was dried over anhydrous
sodium sulfate, filtered, and dried in vacuum. The oily residue was purified by recrystallization
in ethyl ether to afford N-tris(2-pyridylmethyl-d>)amine as a light yellowish solid (920.76mg,

yield 81%)

2.2.2.3 Synthesis of ["'N]BP: '°’N-Benzyl-1-(pyridine-2-yl)-N-(pyridine-ylmethyl)methanamine



50
ISN-Benzylphthalimide (10)

Benzyl bromide (1.01 g, 5.93 mmols) was added dropwise to a mixture of '>N-phthalimide (1.00
g, 5.39 mmols) and potassium carbonate (1.50 g, 10.78 mmols) in 10 mL of dimethylformamide
and heated with stirring to 80 °C over 3 days. The reaction was then cooled to room temperature

and 100 mL of cold water was added to crash out the product in the form of a white solid. The

solid was filtered, washed with cold water, and dried. (1.11g, 86.44% yield).

ISN-Benzylamine (11)

Anhydrous hydrazine (202.00 mg, 6.29 mmols) was added dropwise to a solution of 'SN-
benzylphthalimide (1.00g, 4.19 mmols) in 12 mL of methanol and heated to 70 °C overnight
under vigorous stirring. The reaction was then cooled to room temperature, filtered, and the
filtrate was dried in vacuo. The resulting product was washed with 40 mL 2N sodium hydroxide
and extracted in 200 mL dichloromethane. The organic layer was dried over anhydrous sodium

sulfate and the dichloromethane was evaporated. The reaction yielded a colorless oil (315mg,

69.51% vield).

I N-Benzyl-1-(pyridine-2-yl)-N-(pyridine-2-ylmethyl) methanamine (12)

A mixture of '"N-benzylamine (315 mg, 2.94 mmols), 2-chloromethyl pyridine hydrochloride
(966 mg, 5.88 mmols), and potassium carbonate (1.62g, 11.76 mmols) in 15 mL of acetonitrile
was heated to 50 °C under vigorous stirring for 5 days. The reaction mixture was then cooled to
room temperature, filtered, and the solvent was evaporated, yielding 724 mg of crude product.

This was then further purified via column chromatography using silica with a solvent system of
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90% ethyl acetate and 10% hexane. This yielded the purified product as oil (389mg, 45.57 %

yield).

2.2.3 Determination of the TPA binding constant with HSA by isothermal titration calorimetry
(ITCO).
ITC experiments were performed to measure the binding constant for TSA binding to HSA using
a MicroCal ITC 200. All samples were prepared in 100mM HEPES buffer, pH 7.4. HSA was
dialyzed in a buffer solution and degassed prior to the experiment using FlatLyser with a
molecular weight cut-off 20 kDa. The samples were placed in the instrument for thermal
equilibrium at 25°C. TPA was titrated with 18 successive 2puL injection and time interval of 125s
between each injection into the cell containing 300uL HAS. The measurement was performed at

the biophysics core facility at UT Southwestern Medical Center.

2.2.4 Determination of the dissociation constant of TPA-Zn complexes

The dissociation constants (Kp) of the TPA ligands were determined by competitive binding
assays using the fluorophore ZnAF-2F in 100 mM HEPES buffer (pH 7.4) at 25 °C. A solution
containing 1 pM ZnAF-2F, 0.05 uM ZnSO, and 100 uM TPA or BP in buffer was prepared.
Aliquots of this solution were serially diluted 2-fold by addition of a buffered solution which
contained the same concentration of ZnAF-2F and ZnSO, without TPA. This gave twelve
samples of different concentrations of TPA but all samples contained the same concentration of
ZnAF-2F and ZnSO,. The fluorescence of 100 pL aliquots of each of these samples was

measured in triplicate in COSTAR 96 well plates. In order to account for the background
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correction from the agent interacting with Zn**, ZnSO, without ZnAF-2F were prepared in a

same manner and fluorescence were measured by triplicate (The excitation and emission
wavelengths used were 492 and 520 nm with Gain 1000 with positioning delay 0.2s at 25°C,
respectively. The fluorescence intensity data (Figure 2.1) were fitted to the following equations,
and K}, was calculated by GraphPad Prism Software Version 7, Competition Binding equations

of One site - Fit Ki (Graph Pad Software Inc.).

F = Fmin + (Fmax - Fmin)/(1 + 1OA(X - logICSO)) (21)
logICso = log(10log Kp) * (1 + ligand (nM)/HotK, (nM)) (2.2)

F is the measured and background corrected fluorescence.

Fpax and Fp,;, are plateaus in the units of Y axis (fluoresce intensity): F,,, is the maximal
fluorescence in absence of competitors (TPAs ligands) and F,,;,is the minimal fluorescence
observed in the competition binding experiment. Ligand (nM) is the concentration of ZnAF-2F
in nM. A single concentration of ZnAF-2F (1 uM) is used for the entire experiment. HotK;, (nM)
is the equilibrium dissociation constant of the ZnAF-2F (K, = 5.5 nM for ZnAF-2F). ICs,
corresponds to the concentration of competitor where the binding is reduced by half and decrease

50% of E, 4. Kp is the dissociation constant in Molar.
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Figure 2.1 Competition binding curve for determination of Zn*" binding dissociation constant
using ZnAF-2F

2.2.5 General method for !N hyperpolarization
The synthesized TPAs were dissolved at a concentration of 640mM in glycerol and water (50:50
w/w) containing 2mM Gd (ProHance®) and 15mM trityl radical (OX063, GE-healthcare, UK).
50ul samples were polarized using a HyperSense polarizer (3.35 Tesla, Oxford Instruments
Molecular Biotools, UK). The polarization was performed at 1.05K with 94.112 GHz microwave
irradiation for 2hr and subsequently rapidly dissolved in a phosphate buffered solution (10mM
POs*, ImM Na,EDTA, pH~7.4) or HEPES buffered solution to yield 8mM hyperpolarized
solution in a 10-mm NMR tube. DNP experiment with unlabeled TPA was performed in the
general HP condition and dissolved in water to yield 35mM final concentration. '"N-NMR
spectra were acquired on a 9.4 T spectrometer on a 9.4T Agilent vertical bore microimager
(Agilent, USA) using 5-degree flip angle with repetition time (TR) of 2 sec. All '°N chemical
shifts are externally referenced to '"N-ammonium ion (0 ppm). The >N spectra were processed
using ACD/SpecManager (ACD Labs, Canada). Hyperpolarization signal enhancement and T;

decay were calculated from Equation 1.17 and 1.18 as discussed in Chapter 1. The binding
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stoichiometry experiment was performed using thermal "N NMR spectrometer (90-degree flip

angle with repetition time (TR) of 250 sec.

2.2.6 >N CSI imaging

TPAds phantom imaging was performed on a 9.4T Agilent vertical bore microimager (Agilent,
USA). The phantom consisted of three of 8-mm NMR tubes inserted into a 22mm NMR tube
containing DI water (8~10mL). ImL of different Zn?" concentrations were added to the three
8mm NMR tubes. The axial imaging plane was positioned near the phantom center. The
acquisition of N CSI imaging started 10s after the hyperpolarized sample transfer was
completed. CSI parameter: CSI2 sequence (Agilent VnmrJ 4 Imaging, USA), field of view (FOV)
=40 x 40 mm; TR =200 ms; TE = 1.30ms; Flip angle = 30 °; NA=1, matrix = 16X16. The °’N
CSI imaging data were reconstructed and analyzed using MATLAB (Mathworks, Natick MA,

USA).

2.3 Results and Discussion

2.3.1 Design of '>N-Zn?" sensors for hyperpolarization

There are important criteria to be considered for the design of hyperpolarized N Zn?* sensors
including: 1) selectivity for Zn?*, 2) long >N spin-lattice relaxation times (T:) with high levels of
polarization to allow in vivo observation, 3) appropriate conditional dissociation constant (Kq)
for the range of Zn?" concentrations to be detected,!® 4) fast complexation with Zn*" to allow
rapid detection, 5) appropriate chemical shift change upon Zn?'-binding, and 6) proper cell

membrane permeability to detect total tissue Zn?*. Based on these considerations, we designed
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N-enriched tripodal ligands and derivatives with different Kq values and T, that can potentially

report in vivo “free” Zn-level to function as hyperpolarized "N MR Zn-sensors (Figure 2.2).
Here, tris(2-pyridylmethyl)amine (TPA) is proposed as a design platform for hyperpolarized °N

MR Zn-sensors.

D
= , ~/ D
\ [ \ g ! AN
\ g
["NITPA ["NJTPA-d. ["N]BP

Figure 2.2 Structure of ’N-labeled tripodal derivatives

Since Zn*" is a “soft-to-intermediate” ion in terms of the hard soft acid-base theory, it forms
stable complexes with ligands containing 3 to 6 N, O or S donor atoms. For this reason, tripodal
ligands with N-donors in which the three coordinating side-arms are attached to a central atom
are the most popular platform for Zn-sensors. These complexes have high stability and
selectivity toward Zn?" over most endogenous divalent biometals except for Cu**. However, the
in vivo concentration of Cu?* is much lower than that of Zn?"; in addition, the '*N signal of TPA-
Cu complex will not be observed due to the fast relaxation caused by the paramagnetism of
Cu?"%15 TPA is cell-permeable and will likely distribute across cell membranes at physiological
pH (~7.4)!¢ and can detect both intracellular and extracellular Zn?". Once it binds to intracellular
Zn**, the TPA-Zn complex is positively charged and should be trapped in the intracellular
compartment. For quantitative determination of Zn?*, the dissociation constant of the sensor for
Zn** should match the target concentration range of free Zn** in the tissue of interest, typically in

the micromolar to nanomolar range.
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2.3.2 Preliminary hyperpolarization studies using natural abundance TPA

To evaluate the prototype Zn-sensing ligand, tris(2-pyridylmethyl)amine (TPA) as a potential
hyperpolarized 'N-Zn?* sensor, we performed hyperpolarized MR experiments with unlabeled
TPA. There are two different types of nitrogen atoms in TPA; namely, the N-atoms in pyridine
and the central fert-N-atom. Our preliminary data showed that there is a substantial chemical
shift in both the N-atom of pyridine (50pm upfield) and the central tert-N-atom (20ppm upfield)
upon Zn*" binding (Figure 2.3). The hyperpolarized natural abundance of '°N signal in pyridine
(288.6 ppm) decayed more rapidly due to a strong chemical shift anisotropy than in tert-N-atom

(8158 = 40.2 ppm).
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Figure 2.3 DNP MR experiments of hyperpolarized unlabeled TPA. (a) scheme for Zn sensing of
TPA (b) the first >N spectrum of hyperpolarized unlabeled TPA in the absence (spectrum in
black) and presence of 40mM Zn?* (spectrum in red).

2.3.3 Synthesis of hyperpolarized '°N labeled TPA

The labeling position at the central fert-N-atom was chosen because this N-atom had higher
hyperpolarized °N signal than the pyridine N-atoms presumably due to its longer T; (Figure 2.3).
5N labeled version of TPA was synthesized starting from "NH4Cl and 2-chloromethyl pyridine
or 1-(chloromethyl-d>) pyridine using standard organic reactions as outlined in Scheme 2.1. >N

BP was also synthesized using a similar synthetic approach.
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Scheme 2.1 Synthesis of "N-labeled tripodal derivatives
2.3.4 Hyperpolarization studies with °N labeled TPA and BP as Zn** sensor

The >N labeled TPA and BP were hyperpolarized under standard DNP conditions using
HyperSense with trityl OX063 as the polarizing agent. It achieved 27,500-fold signal
enhancement for TPA. A spin-lattice relaxation time (Ti) of >N labeled tertiary amine was
calculated to be 27s at 25°C and 9.4T by fitting the decay of hyperpolarized NMR signal to
equation 2.3 (Figure 2.4.e).!7!® In accordance with natural-abundance hyperpolarization '°N
experiments, chelation experiments with hyperpolarized '’N-TPA and Zn?>* ions revealed that the
15N NMR signal of '’N-TPA shifted 20 ppm upfield upon complexation (Figure 2.4.c and d). In
the presence of free Zn?* ions, the four nitrogen donor atoms of TPA coordinate to Zn**, which
causes a change in the N chemical shift of the nitrogen atoms. Significant upfield shift (20 ppm)

in the >N resonance of the central >N atom was observed upon binding to Zn>*. This indicated
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that Zn*" exchange between free ligand and TPA-Zn** complex is slow on the experimental

NMR timescale. The spin lattice relaxation time (T1) was determined by following the decay of

hyperpolarized magnetization over time by applying a small flip angle pulse. The T value can be

calculated using Equation 2.3.

I(t) = I,sin @ (cos @)t/ TRexp=t/T (2.3)
Where, [(?) is the signal intensity at time t, Iy is the initial magnetization, TR is repetition time,

and 0 is the flip angle of rf pulse used to monitor the hyperpolarization signal.
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Figure 2.4 DNP-'N MR experiments of ’N-TPA. (a) '’N NMR spectrum of hyperpolarized and
thermal equilibrium 'N-TPA at 9.4 T, 298K (b) Sequential >N-TPA spectrum decay, "N NMR
chemical shift of (¢) '"’N-TPA and (d) '’N- TPA-d, in the absence and presence of Zn*" (0.25eq)

(e) Tirelaxation of '"’N-TPA derivatives measured at 9.4T.
In general, the dominant mechanism for >N T, relaxation is a combination of dipole-dipole (DD)

relaxation and chemical shift anisotropy (CSA). DD is independent of the By field strength, while
CSA increases by the power of 2 with an increase in By.!” The DD contribution to T relaxation
can be minimized by replacing the protons with deuterium in the vicinity of the observed nucleus,
because dipole-dipole (DD) interaction with 'H is the most efficient mechanism for relaxation.?’

Another way to elongate T is to decrease the CSA contribution, which can be minimized by
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increasing the symmetry of the molecule. TPA already has a symmetrical structure; thus for this

molecule, the CSA contribution is not expected to be significant. However, the central >N in
TPA has adjacent protons in the methylene groups that can significantly shorten the >N T,
through dipole-dipole interaction. Therefore, a deuterated >N TPA derivative, ’N-TPA-ds, was
synthesized to elongate the Ti. The Ti of "N TPA-ds was measured at various magnetic field
strengths to understand the dominant relaxation mechanism. T values were found to be 79s at
IT, 89s at 3T, and 71s at 9.4T (Table 2.2), indicating that it is largely independent of magnetic
field strength. The somewhat shorter T; at 1T is likely due to the relaxation effect of Gd**
(ProHance), which is added to improve the polarization levels during DNP. Overall, the
deuteration of the ligand led to a significant (nearly 3-fold) increase in the 15N spin lattice (T1)
relaxation time (T = 89 s at 3 T) suggesting that the dominant T relaxation mechanism is

dipole-dipole relaxation.

15mM Hypersense 71 s(9.47)
15mM OmM Hypersense 89 s (3T)
15mM 2mM SpinLab 79 s (1T)

Table 2.2 T of "'N-TPA-ds under the different field and absence/presence of GADO3A

2.3.5 Magnetic resonance spectroscopic imaging of HP "'N-TPA-ds

In general, chemical shift imaging (CSI) provides spectral (chemical environment) information
as well as spatial information. CSI of the hyperpolarized TPA >N signal can be used to map in
vivo Zn*" distribution. In a proof of principle imaging experiment, >N chemical shift images of

phantoms containing HP '>N-TPA-ds in the absence and presence of Zn?" were collected to
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demonstrate the feasibility of in vivo imaging of Zn-distribution (Figure 2.5). The free and Zn-

bound N-TPA-ds were easily distinguished by "'N-CSI due to the 20ppm >N NMR chemical
shift separation. This result clearly demonstrates that HP SN-TPA-ds has a potential as a Zn**

imaging probe for >N MRI imaging.
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Figure 2.5 Hyperpolarized "N MR imaging of '"’N-TPA-d,in HEPES buffer, Axial imaging slice
that contains different Zn>* concentration phantom (a) contrast-enhanced proton MRI of phantom
(b) N spectra with different ratio of Zn** to "’N-TPA-d, (c) '’N-CSI imaging based on free

ligand (40ppm) and (d) '’N-TPA-ds and Zn**complex (20ppm) (e-f).

2.3.6 Consideration for effective hyperpolarized MR Zn?* probe
In the previous section, the feasibility of TPA as hyperpolarized N Zn>* sensor was
demonstrated. However, there are several factors to be considered for effective use in a

biological system.
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2.3.6.1 Selectivity toward Zn?" and binding stoichiometry

Competition of other species with Zn?* for TPA could potentially interfere with Zn binding. In
biological systems, competition can arise from protons (ligand protonation) or binding to
endogenous metal ions; such as Ca?*, which is the most abundant metal ion in tissue (1 to 2 mM

extracellular concentration).

(a)

1SN-TPAgs (21.6mM) TPA “
+0.5eq Zn?*
Ca’* (2mM)
with SN-TPAgs (5mM) w I +0.25 eq Zn?*
Zn? (4.6mM) 2+
with N-TPAs (7mM) J WWWMM“
%0 8 75 50 25 0 -25 -50

5N & (ppm)

Figure 2.6 Zn?" binding selectivity and stoichiometry of TPA (a) single-scan N spectra in
present of Ca?" and (b) thermal N NMR spectroscopy in the presence of various Zn?**
concentrations

In principle, protonation of the ligand at the '>N-atom can affect the Zn-binding in the pH range
of the pKa. Fortunately, the pK, values of TPA (2.55, 4.35, 6.17)*!' are lower than physiological
pH range and the >N chemical shift of the ligand is not pH dependent in the range of pH 6.4-8.0.

TPA has been actively studied as an optical Zn?>" imaging probe and its high Zn** binding
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selectivity is well-established.!*!> Hyperpolarized studies confirmed that interference was not

observed from Ca?" ions (2 mM) at biologically relevant pH values (Figure 2.6.a). In addition,
one-to-one stoichiometry of 'N-TPA-ds binds to Zn** was indicated by thermal "N NMR

spectroscopy (Figure 2.6.b).

2.3.6.2 Detection limit of Zn?" concentration in hyperpolarization study

Zn** detection limit was determined by adding decreasing amounts of Zn** to hyperpolarized
samples of '’N-TPA-ds and observing the "N signal of the Zn-complex in buffered solutions.
These experiments revealed that the detection threshold of free Zn?* was between 1-5 uM by HP
N spectroscopy of 'N-TPA-ds (Figure 2.7). This value is lower than the intracellular
concentration of Zn?" in all secretory cells in mammalian tissues (UM to mM)321:22 so it is
anticipated that these HP Zn?" sensors could be used to monitor Zn levels in diseases associated
with low levels of Zn?" in secretory granules such as diabetes, prostate cancer, and perhaps

pancreatic cancer.
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Figure 2.7 Single scan of "N NMR spectra of hyperpolarized HP '"N-TPA-d, (1.2mM) with

various concentration of Zn*"

2.3.6.3 Binding affinity of TPA with Zn?*

Kb is defined as the equilibrium constant for the dissociation reaction of the complex:

[TPA — Zn] = [TPA] + [Zn] (2.4)
_ [TPAl(zn]
D ™ |rPA-Zn] (2.5)

The low Kbz, of the complex indicates strong interaction of the ligand with Zn?** and thus the
equilibrium is shifted to the formation of the Zn** complex. Since the unit of Kp is in mol/L (M),
it can be directly related to the concentration of Zn*". To quantitatively determine the Zn**
concentration in vivo with reasonable accuracy by measuring the ratio of [TPA-Zn]/[TPA], the
Kp dissociation constant should approximately match the level of Zn*' in the potential target

organ of interest, and is typically in the micromolar to nanomolar range. In other words, if the
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Zn** concentration is significantly less than Kp, only the Zn?" complex would be detected

whereas if the Zn>" concentration is much higher than Kp, only the free ligand would be detected.
The binding competition of Zn** between the free Zn?* sensor and other biological endogenous
Zn*" chelators should also be considered. In this context, the Zn>" sensor should not have
significantly higher binding affinity for Zn?>* than any endogenous enzymes or proteins since it
could then induce an imbalance of Zn>* homeostasis (i.e. it would remove Zn?>* bound to
biomolecules). Since the dissociation constant of TPA toward Zn?* is very low (logKp ~ -11), it
cannot be used to quantitatively measure Zn>* because [TPA-Zn] and [TPA] would be below the
detection limit of HP-15N. However, it can be used to qualitatively observe in vivo Zn** by
detecting the SN signal of the Zn-complex. Therefore, a derivative of TPA was designed and
synthesized in which one of the methylpyridyl side-arms was replaced with a non-coordinating
benzyl moiety ('’N-BP). This ligand is expected to have a weaker affinity for Zn** based on its 3
donor nitrogen structure. The dissociation constant of TPA (Kp = 0.04nM) and BP (Kp = 300nM)
with Zn?" were measured by competitive assay using the fluorophore ZnAF-2F (Kd = 5.5nM)%.
Even though the binding affinity of BP is in the optimal range for an in vivo Zn*" sensor, the
solubility is not suitable for dissolution DNP. The benzyl group increases the hydrophobicity and
decreases the solubility in water. Hyperpolarized N MRS experiments of '"N-BP were
performed under the same conditions as for TPA. The chelation of Zn?" ions by '"N-BP was
studied using thermal >N NMR, which revealed an 8 ppm upfield chemical shift change upon
complexation (Figure 2.8.a). Hyperpolarized >N signal can be detected only when ethanol is

used for dissolution (T =14.5s, 9.4T) (Figure 2.8.b and c).
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Figure 2.8 DNP-'SNMR experiments of "N-BP (a) thermal SN NMR study of !N-BP in the
absence and presence of Zn?" (b) hyperpolarized '°N spectrum decay of >N BP in ethanol, and (c)
PBS dissolution at 9.4T. The chemical shift is referenced to nitrobenzene.

2.3.6.4 Biocompatibility as in vivo Zn** sensor

It is well documented that serum albumin is capable of binding and transporting various
hydrophobic molecules with aromatic group such as benzyl.>*?> This binding significantly alters
the pharmacokinetic and pharmacodynamic properties of the drug. In addition, binding also
affects T1 shortening leading to rapid loss of hyperpolarized magnetization by increasing the
rotational correlation time (tc). The related information can be found in Figure 1.16 in the
previous chapter. TPA is expected to strongly bind to albumin due to its pyridine rings.

Therefore, the effect of albumin binding on the hyperpolarized >N signal of TPA was studied
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using HP-IN-TPA. (Figure 2.9.a). As expected, the total loss of >N polarization was observed

within seconds in mouse plasma as well as in human serum albumin (0.5mM) presumably due to

the accelerated Ti-mediated signal decay as a result of albumin binding?® (Figure 2.9.a).

(a) (b)
HEPES buffer JL SAL &HSA l
HSA (0.5mM)
mouse plasma HEPES buffer
200 | 150 100 50 0  -50 200 150 100 50 0 50

Figure 2.9 a) Competitive displacement experiment using salicylic acid. Single scan "N NMR
spectra of hyperpolarized '’N-TPA (7mM) in (a) mouse plasma, HSA (0.5mM), and HEPES (pH
7.0) and (b) with salicylic acid (SAL, 25mM in HEPES) as displacer

The binding constant of TPA to human serum albumin (HSA) was measured by isothermal
titration calorimetry (ITC) and was found to be K4 = 1x10”7 M. The rapid loss of polarization
would obviously be an obstacle for in vivo studies. To address this problem, the feasibility of
using a displacer to eliminate the HSA binding by competitive inhibition?”-?® was studied. First,
salicylate was tested. However, competitive displacement by salicylate only partially restored the
5N signal (Figure 2.9.b). This was not surprising as salicylic acid binds to HSA with lower
affinity (K4 ~ 10*M) than TPA (Figure 2.10) through multiple binding sites including the

primary subdomain site I, site II, and other multiple weak binding sites.?’
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Figure 2.10 Direct measurement of HSA binding affinity to (a) TPA and (b) SAL by isothermal
titration calorimetry, HSA 26uM in HEPES buftfer (100mM, pH 7.0)

Next, iophenoxic acid (IPA) was tested. [ophenoxic acid is non-toxic and was used as an X-ray
contrast agent in the past.>* IPA binds more strongly to HSA than TPA (Kd ~10"® M) at drug site
I as well as drug site II. Competitive displacement experiments with IPA and HP-'>N-TPA-ds in
the presence of human plasma (0.5 mM) revealed that 5 mM IPA nearly completely restored the

hyperpolarized !N TPA signal (Figure 2.11.a)
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Figure 2.11 Competitive displacement experiment using iophenoxic acid (IPA) (a) single scan of
15N NMR spectra of hyperpolarized ’N-TPAds (SmM) in various concentration of IPA (b) T
decay

2.4 Conclusions

In this study, hyperpolarized "N labeled Zn?>" sensors were designed with the goal of detecting
the in vivo Zn?*" distribution using >N magnetic resonance spectroscopy. '°N labeled tripodal
ligand tris(pyridylmethyl)amine (TPA) was found to selectively bind Zn?" with long T; and high
N MR sensitivity. The T value of deuterated tris(pyridylmethyl)amine-d¢ (*’N-TPA-d¢) was

found to be around 80s and Zn?* detection limit of hyperpolarized '’N-TPA-ds was found to be
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around 5 uM Zn?". It was shown that protonation and Ca?" binding does not interfere with Zn
u p g

sensing. As expected, albumin binding of the hyperpolarized ligand resulted in rapid loss of °N
polarization. However, the hyperpolarized >N signal could be restored by the addition of a
competitive displacer (iophenoxic acid) that has a higher affinity for albumin than TPA. These
results demonstrate that >N labeled, deuterated TPA derivatives are promising hyperpolarized
Zn** sensors. For future study, toxicity and biodistribution need to be investigated for in vivo

7Zn*" detection.
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3.1 Introduction

In tumors, energy dependence on substrates is significantly altered to compensate for elevated
biosynthesis and bioenergetics needed for tumor proliferation.! For instance, most cancer cells
rely on energy-inefficient aerobic glycolysis, known as ‘the Warburg effect’,? to facilitate the
uptake and incorporation of nutrients into the biomass for rapid proliferation. The biosynthetic
demands of rapid proliferation in cancer drive altered utilization of other nutrients such as

lutamine® and acetate,*”
9

and branched-chain amino acids (BCAAs: leucine, valine, and
isoleucine). In particular, BCAAs are reportedly essential for tumor proliferation®® and altered
BCAA utilization has been demonstrated in multiple cancer.” Overexpressed branched-chain
amino acid aminotransferase 1 (BCAT1), a cytosolic enzyme that transfers a-amino groups to o-
ketoglutarate to yield the respective branched-chain a-keto acid (BCKA), has been suggested as
a prognostic cancer indicator.5!%-12 Moreover, a recent study showed increased expression of
mitochondrial BCAT (BCAT?2) in pancreatic adenocarcinoma.!'® Despite the emerging roles of
BCAAs, however, the molecular mechanism of associated enzyme activities in cancer still
8,9,14

remains elusive.

73
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In the brain, BCAAs serve as nitrogen donors in the glutamine/glutamate cycle as well as

sources for energetic and biosynthetic demands!>!¢ (Figure 3.1). As the first step of BCAA
catabolism, BCAAs are transaminated to BCKAs by BCAT isoenzymes. Although the BCATs
catalyze the reversible transamination reaction between BCAA and BCKA, the catabolic
pathway of BCAAs is the predominant direction in most cell types.”® o-ketoglutarate is
converted to glutamate via BCAT1 in neurons and via BCAT2 in astrocytes to yield the major
excitatory neurotransmitter of the central nervous system.!” In the tripartite synapse, astrocytes
convert excess glutamate to o-ketoglutarate by reanimating BCKAs to maintain the
concentration of glutamate below 5-10 mM as a glutamate-buffering mechanism for brain
nitrogen homeostasis. As a result of this regulatory mechanism, the physiological concentration
of a-ketoisocaproic acid (KIC) is maintained at 0.7 = 0.1 uM in rat brain, which is significantly
lower than KIC in rat blood plasma (18.9 + 1.4 uM).'® Subsequently, the BCKAs are converted
to branched-chain acyl-CoA’s via branched-chain a-keto acid dehydrogenase complex (BCKDC)
at an irreversible oxidative decarboxylation step. Thus, CO> production from a BCKA provides a
direct indicator of BCAA oxidation. The ensuing enzymatic reactions are unique for each BCAA
with end products from each degradative pathway eventually being oxidized through the citric
acid cycle (CAC). In brain malignancies (e.g., glioma), BCAA uptake via L—amino acid
transporter-1 (LAT1) is enhanced compared to normal astrocytes!” and BCATI activity is
augmented in primary gliomas with wild-type isocitrate dehydrogenase (IDH™). In particular,
the BCATs are suggested as cancer-specific biomarkers, but the directionality of the BCAT-
mediated reaction and how the BCAT enzyme levels are associated with metabolic phenotypes

in tumor have been addressed in different manners.” In glioblastoma, BCAA catabolism is
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upregulated to support cell proliferation.® In contrast, increased reverse direction was observed in

non-small cell lung cancer for tissue protein synthesis!# and in leukemia for cancer progression.®
As the tumor metabolism is progressively remodeled by adapting to the surrounding tumor
microenvironment, it is important to understand the environmental factors and tumor

heterogeneities, and therefore necessary to assess comprehensive tumor characteristics in vivo.?°
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4 BCAA —N > BCAA
a-KG a-KG
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Figure 3.1 Schematic diagram of BCAA metabolism in the brain, BCAT, branched-chain amino
acids aminotransferase; BCKDC, branched-chain a-ketoacid dehydrogenase complex; CAC,
citric acid cycle; a-KG, a-ketoglutarate; OAA, oxaloacetate.

Non-invasive assessment of in vivo BCAA metabolism is crucial to understand the altered
BCAA metabolism and to identify potential imaging biomarkers in cancer. PET tracers such as
[1-11C]L-leucine are used to quantify BCAA uptake and to estimate regional rates of cerebral
protein synthesis from BCAAs using a complex kinetic model.?!*? However, the absence of
spectral information in PET limits the access to the downstream metabolites of BCAA

metabolism. Dynamic nuclear polarization (DNP or ‘hyperpolarization’) in combination with a
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rapid dissolution and *C MR spectroscopy allows in vivo investigation of multiple metabolic

pathways by detecting metabolic flux of '3C labeled substrates.?? It has been a useful imaging
tool for assessing cancer-specific enzyme-catalyzed metabolic phenotypes.’** In particular,
hyperpolarized (HP) [1-"*C]KIC has been used to assess BCAT-mediated leucine metabolism in
the brain in vivo.?® [1-13C]KIC has a relatively long longitudinal relaxation time (Ti), a key
parameter that determines the length of the observable time-window for in vivo metabolism. KIC
is rapidly transported into the cell via monocarboxylic transporter (MCT)?¢ and can assess both
BCAT and BCKDC activities via production of [1-'*C]leucine or *CO> (and thus H'3*COs"),
respectively. Indeed, previous studies showed that the HP [1-'*C]JKIC conversion to [1-
BC]leucine was correlated with BCAT activity in prostate cancer cells, lymphoma, and normal
rat brain. In the prostate cancer cells, elevated BCAT levels resulted in increased production of
HP [1-'*C]leucine from HP [1-'3C]KIC.?” Another HP [1-"*C]KIC study observed increased [1-
BBClleucine conversion in EL4 lymphoma.?® Moreover, Butt, et al. demonstrated that '3C
metabolic imaging using HP '3C KIC is a practical method to access the BCAT activity in vivo in

rat brains.2¢

BCAA can be partially oxidized for protein synthesis or can be fully oxidized as an energy
source. Although major BCAA oxidative capacity is high in skeletal muscle or liver, brain has 20%
of the whole-body capacity to oxidize BCAA?° and this rate is greater than incorporation rate of
BCAA into protein.!*> Previous studies have shown increased uptake of BCAA by C6 glioma!®
and breast cancer cell lines (MDA-MB-231, MCF-7) via LAT1.3® We hypothesized that BCAA
oxidation would be increased in brain tumor-bearing rats as a unique feature of the tumor, which

can be visualized by 3C MRI in combination with DNP. In this study, we investigated the
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feasibility of HP [1-'3C]KIC as an imaging agent to measure altered BCAA metabolism in

glioma by assessing BCAT- and BCKDC-catalyzed in vivo enzyme reactions. Moreover, 3C
NMR isotopomer analysis was performed after a steady-state infusion of [U-'*C]leucine into
glioma-bearing rats to elucidate the downstream metabolism of BCAA. These results were
further evaluated by subsequent ex vivo tissue analysis of BCAT/BCKDC enzyme activities and

its expression levels by biochemistry experiments.

3.2 Materials and Methods
3.2.1 Hyperpolarization study of [1-'3C] a-ketoisocaproic acid

[1-3C] a-ketoisocaproic acid (KIC) was prepared from [1-'3C] a-ketoisocaproic acid sodium
salt (Cambridge Isotope Laboratories, Andover, MA, USA) by dissolving in 1-M HCI (pH < 1)
and extracting the aqueous layer with diethyl ether. The combined organic layer was dried over
anhydrous sodium sulfate, filtered and evaporated to afford [1-13C]KIC (7M, colorless oil,
purity > 95%, 94% yield).?” For hyperpolarization, a 70-uL sample of the [1-13C]KIC mixed
with 11-mM trityl radical (OX063, Oxford Instruments Molecular Biotools Ltd, Oxfordshire, UK)
was placed in a sample vial, which was then assembled with a research fluid path (GE
Healthcare, Waukesha, WI, USA) containing 16 mM of dissolution media (0.1 g/L Na2EDTA)
in the dissolution syringe. After placed in a SPINlab® polarizer (GE Healthcare), the sample was
polarized at ~0.8K in a 5T magnet by irradiating microwaves at a frequency of 139.93 GHz. The
polarized sample (3 - 4 hrs) was dissolved and mixed with neutralization media (0.72 M NaOH,
0.4 M Trizma and 0.1 g/L Na2EDTA), resulting in 6.5 - 7.0 mL of 80-mM [1-13C]KIC solution

(pH 7.4 - 8.2).
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3.2.2 Hyperpolarized *C MRS study of F98 cell

HP 3C MR cell studies were performed on a clinical GE 3T Discovery 750W MR scanner and
the GE SPINIab™. F98 cells were cultured as described above and collected (1.1 £ 0.1 x 108, n
= 3) and washed with PBS twice. The cells were suspended in 2 mL of DMEM media and then
were placed in FalconTM 50mL centrifuge tube at 37 °C. 2 mL of HP [1-13C]KIC was injected
into the tube within 15 - 18 sec following the dissolution. Dynamic and time-average 13C spectra

were acquired using a custom-made '*C transmit/receive surface coil (Jinner = 28 mm).

3.2.3 MR Imaging protocol

In vivo imaging studies were carried out at the clinical GE 3T Discovery 750W MR scanner
(Dbore = 70 cm). For 'H imaging, a quadrature birdcage volume RF coil (Jinner = 80 mm) was
used for both RF excitation and data acquisition. After locating the rat brain at the center of the
birdcage coil using a 3-plane fast gradient-recalled echo (FGRE) sequence, high-resolution axial
brain images were acquired using a dual-echo T2-weighted fast spin echo (FSE; echo times [TEs]
= 11.3 msec/64.0 msec, TR = 5,000 msec, 7 - 13 slices, field of view [FOV] = 96 x 96 mm?,
matrix size = 256 x 192, slice thickness = 2 mm, echo train length = 8). B, field inhomogeneity
over the brain region was minimized using a single voxel point-resolved spectroscopy (PRESS)
sequence by adjusting linear shim currents. For 13C MRSI, a custom-made '*C transmit/receive

surface coil (Jimer = 28 mm) was used. A 2D spiral chemical shift imaging pulse sequence

described in previous study®' with a variable flip angle scheme*, 6, = tan™! (\/%),n =

1,...,4, was used to acquire single time-point metabolite maps of rat brain (four spatial

interleaves of spiral k-space readout, spectral bandwidth = 210.8 Hz, #echoes = 64, FOV = 50 x
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50 mm?, matrix size = 16 x 16, slice thickness = 7.7 mm, acquisition time = 1.5 sec) following

an intravenous injection of 80-mM HP [1-*C]KIC (injection-to-scan time = 25 sec). Finally, a
CE T;-weighted spin echo (SE) images were acquired at the end of each imaging session (TE =
12 msec, TR = 700 msec, 96 x 96 mm?, 7 - 13 slices, matrix size = 256 x 192, slice thickness = 2

mm).

3.2.4 Image reconstruction

The HP '*C MRSI were reconstructed for individual peak similarly as described in the previous
study.’® After a 5-Hz Gaussian line broadening and 4-fold zero-fillings along the time domain, an
inverse FFT was applied to the raw data. Prior to a spatial apodization (hanning function) and a
zero-filling (4x) along each spatial domain, chemical shift artifact was removed by correcting the
off-resonance and aliasing pattern of each peak (spectral tomosynthesis), followed by a gridding

onto the Cartesian coordinate and a spatial 2D inverse FFT.

Metabolic maps of HP [1-3C]KIC, [1-!3C]leucine, and H'3COs~ were produced by integrating
the signal around each peak in absorption mode. The metabolic images were normalized by the
maximum signal. Regions of interest (ROIs) of tumor and NAB were drawn manually to

calculate the signal intensities for the metabolites. All the '3C data were reconstructed and

analyzed using MATLAB (Mathworks, Natick MA, USA).

3.2.5 Infusion of [U-'*C]leucine

3C isotope tracer infusion studies were performed as previously descried.* After 15 - 18 days
from the tumor implantation, rats were fasted (n = 3) for 15 hrs prior to leucine infusion (U-13C;

99%, Sigma-Aldrich Isotec). After a tail vein catheterization under anesthesia (< 10 min), all the
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rats stayed awake during the infusion. Each infusion started with a bolus injection of [U-

B3C]leucine (0.25 mg/g per body weight in 4 mL saline solution over 1 min), continued by a slow
infusion (0.006 mg/g of body weight/min in saline solution at 4.8 mL/hr). Depending on the
body weight, up to 2.5 hrs were required to complete the leucine infusion. Following the
completion of the infusion, each animal was fully anesthetized and 4 - 6 mL of blood sample was
collected by cardiac puncture. After decapitation, the whole brain was harvested and sliced to 2-
mm coronal sections using brain matrices (Ted Pella, Inc., Redding CA, USA). Tumor (112.2 +
24 mg) and contralateral NAB tissues (92.0 + 10.8 mg) were rapidly collected from the brain
slices, immediately frozen by liquid nitrogen and stored at -80 °C. The quantification of *C

fractional enrichment on glutamate methods are in supporting material.

3.2.6 Statistical analysis
Statistical significance between tumor and contralateral NAB was evaluated by a paired t-test (o
= 0.05, one-tailed) using GraphPad Prism version 7.0 (GraphPad Software, Inc., La Jolla CA,
USA). Unpaired t-tests were used for comparison between tumor-bearing rats and healthy

controls. All the data were presented as mean + standard deviation.

3.2.7 GBM animal model and tumor implantation

F98 glioma cell line was used for both in vitro and in vivo studies. It is histologically classified
as an anaplastic glioma, which is pathologically undifferentiated malignant glioma,**3> and the
characteristics of tumor growth are similar to human glioblastoma multiforme (GBM) in
overexpression of the EGFR*. The F98 glioma cells (CRL-2397™) were obtained from ATCC

(Manassas, VA, USA). The cells were cultured at 37 °C in a monolayer using Dulbecco’s
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Modified Eagle Medium (DMEM) with 10% fetal bovine serum (FBS) and streptomycin with 5%

CO,®. The cells were harvested at 85~ 90% confluency. Approximately 1 x 10* cells were
prepared for each animal. After a Trypan blue exclusion test for cell viability, the cells were
implanted into the right striatum of male Fisher rats (n = 12, body weight = 240 + 10 g). The
tumor implantation was performed at the Neuro-Models Core Facility of the University of Texas
Southwestern Medical Center. The growth of tumors was confirmed after 15 ~ 18 days of
implantation by T>-weighted and contrast-enhanced (CE) Ti-weighted proton MRI. The tumor
regions identified by postmortem hematoxylin and eosin (H&E) stain was better matched to the

hyperintense regions of the CE Ti-weighted-MRI rather than those of T>-weighted images.

When the tumors were established (15 ~ 18 days after the implantation) the animals were either
injected with hyperpolarized [1-*C]KIC for MR spectroscopic imaging (MRSI) or infused with
[U-13C]leucine for isotopomer analysis. Tumor volumes were estimated as 93.5 + 10.3 mm? by
measuring hyperintense regions in a 2D T-weighted MRI using OsiriX dicom viewer. Tumor
sizes were further confirmed by a 2D contrast-enhanced Ti-weighted MRI (50.0 + 26.5 mm?).
Immediately after the imaging or infusion studies, the glioma and normal-appearing brain (NAB)
tissues were collected for enzyme assays, histology, or isotopomer analysis. For comparison,
healthy male Fisher rats (n = 3, body weight = 252 + 10 g) were also examined. All the animal

protocols were approved by the local Institutional Animal Care and Use Committee.

3.2.8 Quantification of '*C fractional enrichment on glutamate

uantitative analysis about the downstream metabolic products of [U-13C]leucine was performed
y p p

using the tissue samples from the infusion study. *C NMR spectra of PCA tissue extracts of
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glioma and NAB were compared. [U-'*C]leucine was oxidized to [1,2-'3C>]acetyl-CoA and [2-

BBCJacetyl-CoA, which were metabolized into [4,5-°C,]glutamate and [4-!3C]glutamate through
CAC.3¢ Infused '*C-leucine can result in 1*C singlets, doublets, or multiples of [4-!*C]glutamate,
depending on metabolic turnover. Mostly, the singlet of C4 glutamate (C4S) and doublets of
glutamate (C4D) were shown in our 3C leucine infusion study. The '*C enrichment of C4
glutamate in brain tissue were determined by C4 glutamate doublet (C4D, 'Js4s = 51.0 Hz) and C4
glutamate singlet (C4S) of the corresponding '*C resonance at 34.4 ppm. However, this singlet of
glutamate (C4S) includes natural abundance level (1.1%) of *C isotope of intrinsic glutamate
pool in addition to the singlets resulting from metabolic conversion of [U-'*C]leucine to a *C-
enrichment glutamate. To exclude the contribution of the natural abundance level, the total
concentration of glutamate was measured using 'H NMR and an internal reference of 1-mM

DSSds.

The amount of *C incorporation into glutamate C4S and C4D was calculated from the ratio of
peak area of C4S or C4D over the peak area of the 1-mM DSSds and was presented in umol/g
unit after normalization by wet tissue weight. Therefore, the portion of *C incorporated in C4

glutamate can be obtained by (B+y)/a. (Figure 3.5d.)

__ J1H NMR of C4

[Dssae where o is the total glutamate concentration in the tissue sample.

B = J13C NMR of c4S

[ Dssds =[C4S] - 0.01a, where [C4S] is *C NMR integration of C4S glutamate.

_ [13C NMR of C4D
[ Dssdeé

= [C4D], where [C4D] is '*C NMR integration of doublet of glutamate C4.
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3.2.9 Lactate and leucine concentration in brain tissue via 'H NMR

Lactate and leucine concentration of glioma and contralateral NAB brain tissues were
determined from the ratio of the area of DSSds (Figure 3.2). Chemical shifts were referred to
internal DSSds at 0 ppm, which was used an internal reference and concentration standard. The
total leucine plasma level was within the physiological condition during the infusion (91.2

umol/L in tumor-bearing rats, 152.6 umol/L in healthy control).>’

(a) (b) (c) (d)
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Figure 3.2 'H NMR spectra acquired from NAB (black spectrum) and glioma (red spectrum)
after [U-13C]leucine infusion. Elevated lactate (a) and leucine uptake (¢) were measured in
glioma compared to NAB (b,d).

3.2.10 Histology
Paraffin-embedded glioma and H&E staining were obtained from tumor-bearing brain slices by
the Division of Molecular Pathology Core Facility at University of Texas Southwestern Medical

Center (Figure 3.3).

3.2.11 Radiochemical assay for BCKDC activity

Flash frozen tumor-appearing brain tissue (117.5 = 32 mg, n = 4) and contralateral NAB tissue

(112 £ 21.7 mg, n = 5) were thawed and manually homogenized in ice-cold glass tissue
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homogenizer containing 1 mL of homogenizing buffer. The homogenizer buffer was composited

of 30 mM KPi (pH 7.5), 3 mM EDTA, 5 mM DTT, 3% fetal bovine serum, 5% triton X-100, 1
uM leupeptin, 50 mM NaF, 2.0 mM DCA, and 1.0 mM S-CPP. The tissue homogenate was
transferred to an ice-cold 10 mL polycarbonate tube and centrifuged at 25,000 G for 10 min to
spin down tissue debris. The supernatant was transferred to a new 10 mL tube and centrifuged at
40,000 G for 90 min to pellet all the branched-chain a-ketoacid dehydrogenase complex
(BCKDC). The supernatant was removed and the BCKD containing pellets were resuspended
into 1 mL dilution buffer composed of 50 mM HPEPS (pH 7.5), 0.5 mM DTT, 0.1 % Triton X-
100, 3 % fetal bovine serum, and 1 uM leupeptin on ice. Samples (50 puL) were placed in; 24-
well assay plates containing 295 pL of assay buffer composite with 30 mM KPi (pH 7.5), 0.4
mM CoA, 3 mM NAD", 5% fetal bovine serum, 2 mM thiamine diphosphate, 2 mM MgCl,, and
42 pg/ml of human E3. 25 pL of [1-"*C]KIC substrate (0.5 mM in 25 pL; specific radioactivity:
1,000 cpm/nmol) was added to each well and placed bridge per well containing 2 M NaOH
soaked filter wicks. Assay plates were sealed with clear Mylar adhesive film and incubated at
37 °C for 30 min to begin BCKDC activity assay. The plates were cooled down on ice for 10
min. 50 pL of trichloroacetic acid solution (20%) was added to each well to stop the assay
reaction. Assay plates were further incubated at 37 °C for 45 min to completely inactivate the
BCKDC. The amount of carbon dioxide (**CQO,), trapped on 2M NaOH soaked filter wicks was

3839 Protein concentration of each sample was

measured in a liquid scintillation counter
measured by a Bradford assay with BSA as a standard. BCKDC enzymatic activity was

measured as nmol CO>/min/g tissue.
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3.2.12 Spectrophotometric assay for BCAT activity

Flash frozen tumor tissue and contralateral NAB tissue were thawed and homogenized as
described in the previous section (n = 3 each for tumor and NAB tissue). Spectrophotometric
BCAT activity assay was performed from the rat brain tissues as described in Ref.** Briefly, 20
U/ml L-lactic dehydrogenase (from rabbit muscle, Sigma-Aldrich) and 10 U/ml glutamic-
pyruvic transaminase (from porcine heart, Sigma-Aldrich) were prepared in 100 mM potassium
phosphate (pH 7.4). Stock solution of the following substrates and enzymatic cofactors was
prepared in deionized water: 42 mM KIC, 4 mM NADH, and 2 mM pyridoxal 5’-phosphate
hydrate). All the assay solution was kept ice-cold. 100 mL of assay buffer solution containing
0.2M Tris, 0.6 M L-glutamic acid, and 1.6 M L-alanine (pH 8.3) and 10 pL of substrate stock
solution was placed in 96-well assay plates. 2 pL of tissue homogenate and 48 pL of deionized
water were added to each well, yielding a final solution of 200 pL per well. Absorbance of 334
nm wavelength at 37 °C was monitored every 30 sec for 30 min. Specific activity (U/gram

protein) was calculated from protein concentration measured via Bradford assay.

3.2.13 Immunoblot

Tissues were lysed in lysis buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 1% Triton-X100,
and protease inhibitor cocktail) and were homogenized (BioSpec-985370 Tissue-Tearor
Homogenizer) on ice, followed by sonication on ice. Equal amounts of lysates were fractionated
by SDS-PAGE and subjected to immunoblot assays with the following antibodies: BCAT1
(Proteintech, 13640-1-AP), BCAT2 (Proteintech, 16417-1-AP), actin (Proteintech, 66009-1-Ig),

BCKDEIA (Bethyl, A303-790A), and BCKDK (Abcam, ab151297)
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3.3 Results and Discussion

3.3.1 GBM animal model

We used F98 cell line for glioma model. It is histologically classified as an anaplastic glioma,

3435 and the characteristics of tumor

which is pathologically undifferentiated malignant glioma,
growth are similar with human glioblastoma multiforme (GBM) in overexpression of the
epidermal growth factor receptor (EGFR).* The growth of tumors was confirmed 15 - 18 days
after the cell implantation using both Tz-weighted and contrast-enhanced (CE) Ti-weighted
proton MRI. The tumor regions identified by postmortem hematoxylin and eosin (H&E) stain

was better matched to the hyperintense regions of the CE Ti-weighted-MRI rather than those of

T>-weighted images.

Figure 3.3 T2-weighted and contrast-enhanced Ti-weighted proton MRI from an axial slice of rat
brain 15~18 days after F98 cell implantation, H&E histology confirmed the tumor.

3.3.2 In vivo 13C imaging branched-chain amino acid metabolism in glioma using

hyperpolarized [1-'*C] a-ketoisocaproate to assess BCAT/BCKDC activity of glioma

We first tested HP [1-13C]KIC in F98 glioma cells in vitro. A time-resolved pulse-and-acquire
13C sequence with a non-selective radiofrequency (RF) pulse was used to monitor the injected [1-

BCIKIC (813¢c = 172.6 ppm) and products every 3 sec. BCAT and BCKDC activities were
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reported by the appearance of [1-*C]leucine (813¢c = 176.8 ppm) and H'*CO5- (813¢ = 163.1 ppm),

respectively. The signal of HP [1-*C]leucine reached a maximum about 20 sec after the
injection of HP [1-13CJKIC (Figure 3.4 a-c). All the KIC samples were polarized by a SPINlab™
DNP polarizer. The polarization level and the T; at 3T were measured as 24% (35 sec after the

dissolution) and 77 sec from independent calibration experiments.

For in vivo imaging, a two-dimensional spiral chemical shift imaging pulse sequence with a
variable RF scheme was used to acquire single time-point metabolite maps of glioma-bearing rat

brain following an intravenous injection of HP [1-'3C]KIC (injection-to-scan = 30 sec, scan time

= 0.5 sec).?! Upon intravenous bolus injection of [1-'3C]KIC into F98 glioma rats, [1-'*C]leucine
and H'*COj3" were detected in the rat brain tissue (Figure 3.4 d-f). KIC has been found to cross
the blood-brain barrier (BBB) predominantly by a carrier-mediated transport system and
subsidiary by simple diffusion under physiological condition.*! Exogenously injected HP KIC
was taken up by MCTs and metabolized to leucine and bicarbonate (HCO;-) by BCAT and
BCKDC, respectively. Reversible BCAT reaction enables a carbon isotope exchange between
KIC and leucine in addition to the net flux of HP *C from KIC to leucine.** Therefore, HP *C
KIC to leucine conversion is determined by the endogenous '2C leucine pool size as well as
membrane transport of KIC, delivery to the tumor, and BCAT enzyme activities.*> On the other
hand, conversion of HP KIC to HCO5-, a decarboxylated product of [1-*C]KIC, is irreversibly
mediated by BCKDC and, therefore, indicates a pure metabolic catabolic flux. *C-leucine, the
transamination product of KIC, was smaller in the tumor as compared to the contralateral

normal-appearing brain (NAB) ([1-!3C]leucine/total '*C = 0.0053 in tumor vs. 0.0081 in NAB, p
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< 0.05).The low 3C conversion from KIC to leucine in the tumor implies predominant net

conversion of leucine to KIC or suppressed isotope exchange between KIC and leucine (e.g.,
depletion of intrinsic leucine pool). Conversely, more H*COs" was detected in the tumor
(HBCOs/total *C = 0.005, p < 0.05) compared to the NAB (0.0027), suggesting elevated KIC

catabolism by BCKDC towards isovaleryl-CoA.
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Figure 3.4 (a) Metabolic pathway of hyperpolarized (HP) [1-'3C]KIC. *C-labeled KIC and its
metabolic products are highlighted in red. (b) An in vitro time-averaged spectrum from F98 cells
showed the injected HP [1-'3C]KIC and produced [1-'*C]leucine and and H'*COs" peaks. (¢) The
corresponding time courses of HP KIC and the products. (d-e) /n vivo chemical shift imaging of
a F98 glioma-bearing rat using HP [1-'3C]KIC and (f) the contrast-enhanced (CE) Ti-weighted
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'H imaging. Metabolite distributions of [1-!*C]leucine and H'*COs™ in a tumor-bearing rat brain
slice after an injection of HP [1-1*C]JKIC. (g-h) The reconstructed spectra in the glioma (solid red)
and the contralateral normal-appearing brain (NAB; dotted blue) and (i) in vivo metabolite ratio
of [1-13C]leucine to H*CO5

3.3.3 Increasing of [U-'3C]leucine oxidation in F98 glioma

To elucidate the metabolic fate of BCAA in glioma, leucine metabolism was further explored in
F98 glioma using ex vivo 3C NMR isotopomer analysis. The isotopomer analysis can track
multiple metabolic pathways by accessing the distribution of *C isotopomers in tissue after
infusion of *C-labeled substrates. We evaluated downstream metabolism of leucine in brain
tumor after a [U-'*C]leucine infusion into F98 glioma-bearing rats. Oxidation of [U-'*C]leucine
in the glioma produced distinct labeling in several CAC intermediates as downstream products.
In particular, *C-glutamate labeling patterns enable direct comparison of leucine utilization
between glioma and NAB. The glutamate doublet in '*C NMR spectra is also analyzed to
determine the quantity of *C labeled acetyl-CoA entering the CAC. The protocol for 3C-leucine
infusion study is described in Figure 3.5 a. Both glioma and contralateral NAB tissues were
harvested and freeze-clamped after a steady-state infusion of [U-*C]L-leucine. '3*C NMR spectra
from glioma and NAB tissue extracts were compared by examining the distribution of *C
isotopomers. The data showed that [U-'3C]leucine was converted to [U-'3CJKIC and further
catabolized to [1,2,3,4,5-1°Cs]isovaleryl-CoA and H'*COj" via mitochondrial BCKDC, followed
by conversion to [2,3,4-*Cs]acetoacetate and [1,2-'3Cz]acetyl-CoA. Both [1,2-*C] and [2-
B3CJacetyl-CoA are oxidized in the CAC and form various '*C isotopomers in *C-glutamate. 1*C

NMR spectra reflected higher quantities of '*C-labeled leucine in glioma tissue versus NAB
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tissue (Figure 3.5b). Glutamate derived from leucine was estimated from C4 doublet of [4,5-

3C,]glutamate (23.1 £ 6.2 % of total glutamate pool in glioma, 15.5 + 5.9 % in NAB, p < 0.05,
Figure 3.5d,e). Moreover, the multiplets appearing in the lactate C2 resonance were more
abundant in the spectrum of glioma tissue, reflecting oxidation of leucine in the CAC followed
by cycling of three carbon units out of the CAC and into pyruvate (pyruvate cycling) (Figure
3.5¢). Based on the '"H MR spectroscopy, leucine concentration in brain tissue was significantly
higher in glioma (0.278 £ 0.035 pumol/g of wet tissue) than in contralateral NAB (0.075 £ 0.001
umol/g). Lactate pool was also larger in the glioma (9.989 + 1.413 umol/g) compared to the
NAB (7.639 £ 1.506 umol/g) (Figure 3.2). Together, these results indicate that leucine uptake
and oxidation are increased in glioma. The total leucine plasma level was within the
physiological levels during the infusion (91.7 + 16umol/L in tumor-bearing rat),?” which implies
that leucine metabolism was observed under physiological conditions. Increased catabolism of
leucine in tumor tissue observed in this study is consistent with our previous in vivo 3C imaging
study using HP [1-*C]KIC in F98 glioma that showed higher decarboxylation products of

HCOj5- from [1-'3C]JKIC in the tumor compared to NAB.
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Figure 3.5 3C NMR spectra acquired from glioma and contralateral normal-appearing brain
(NAB) ex vivo a er a steady-state [U-'3C]leucine infusion. (a) Protocol for the [U-'3C]leucine
infusion. (b) Elevated leucine uptake and signi cantly higher (¢) lactate and (d) glutamine
labeling were observed in the tumor as compared to NAB, indicating an increased oxidation of
leucine in the tumor. (e) '3C -labeled [4-!3C]glutamate derived from [U-'*C]leucine relative to
the total glutamate pool size (%) from the leucine infusion study (*p < 0.05). D indicates doublet.

3.3.4 Ex vivo assay of BCAT and BCKDC activities in brain tissues
To verify the results of the in vivo imaging and steady-state infusion study, enzyme activities
and expression levels of BCAT and BCKDC were measured in brain tissues. BCAT activity

assays were performed as previously described using in vitro continuous spectrophotometric
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method. L-alanine aminotransferase and L-lactate dehydrogenase were used as coupled enzyme

in this assay.*> BCKDC-Ela subunit activity was assayed in the brain tissue according to the
methods of radiochemical assay by [1-'*C]KIC substrate and measure the ['*C]decarboxylation
by BCKDC-Elo.* The previous study reported that BCATI is a major isoenzyme in rat brain,
responsible for 60 - 70% of total BCAT activity.*> This is congruent with our western blot
analysis; the expression of BCATI, rather than BCAT2, is relatively predominant in both NAB
and glioma. While the total BCAT activities were comparable between glioma (3.34 £+ 0.36
U/gram of protein) and NAB (3.16 + 0.05), the expression levels of isoenzyme BCAT1 and
BCAT2 were significantly tumor-specific: lower BCAT1 and higher BCAT2 in glioma than in
NAB (Figure 3.6). Increased expression level of BCAT2 with unaltered BCKDC level in glioma
suggests that BCAT2 is a key enzymatic step that regulates BCAA catabolism. The distinct
levels of BCATI and 2 in glioma might be due to the characteristics of its cellular origin as a

1’35,46

glial cel since tumors conserve the metabolic phenotype of their tissue origin.*’ Indeed,

BCAT2 is predominant in glial cells whereas BCATI is primarily in cortical neurons.!”#4 In
contrast, both the activity and the expression level of the BCKDC-Ela subunit were at similar
levels in glioma (3.795 + 1.866 nmol CO2/min/g tissue) and NAB (4.405 + 0.86) (Figure 3.6).
Increased expression level of BCAT2 and unaltered BCKDC level in glioma together suggests
that BCAT?2 is a key enzymatic step that regulates BCAA catabolism in glioma. Islam, M.M., et
al.® recently reported that BCAT2 forms a protein-protein complex with BCKDC such that the
substrates like KIC are channeled to the adjacent E1 subunit of BCKDC for further catabolism.

Such channeling of substrates could explain the enhanced H'*COj; production observed in

glioma versus normal brain tissue.
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Figure 3.6 Ex vivo assay of (a) BCAT and BCKDC activities in brain tissues. (b) Protein
expression levels, normalized to the protein expression in the contralateral normal-appearing
brain (NAB), of BCATI, BCAT2 and BCKDC-Ela (Western blot analysis, *p < 0.05,
k3%

p<0.01).

3.4 Conclusions

HP [1-13CJKIC is a promising substrate to investigate in vivo brain tumor metabolism. KIC can
be delivered to intracellular space via MCT and instantly converted to [1-'*C]leucine by BCAT?
or to CO; (and thus HCO3") by BCKDC. The detection of BCKDC activity is crucial for
assessing BCAA oxidation since it irreversibly catabolizes BCKAs and regulates the BCAA
oxidation. Here we demonstrated the feasibility of HP [1-13C]KIC to assess BCAT/BCKDC
activity in F98 glioma in vivo and discovered that leucine oxidation was increased in the tumor
as a unique feature of glioma. In addition, we showed the increase of in vivo leucine oxidation in
F98 glioma as a unique metabolic feature of brain tumor using steady-state infusion [U-
BC]leucine. Both the in vivo HP KIC imaging and the leucine infusion study indicate that KIC
catabolism is upregulated through BCAT/BCKDC and further oxidized via the CAC in F98
glioma. To our knowledge, this is the first report of HP [1-1*C]KIC in vivo imaging in rat glioma

model.
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GBM is one of the most aggressive primary brain tumors. Diagnosis and prognosis is limited by

a poor understanding of molecular biomarkers®® and biopsy is restricted if the tumor is
inoperable. Although the role of BCAA in cancer needs further investigation, multiple enzymatic
steps of BCAA metabolism can be important as prognostic and diagnostic biomarkers in tumor.
The HP KIC imaging method can assess activities of two key enzymes in BCAA catabolism,
BCAT and BCKDC, and therefore potentially play a crucial role in tumor characterization, drug
development, and therapeutic decision. In particular, BCAT1 expression is dependent on the
concentration of a-ketoglutarate substrate in glioma cell lines and could be suppressed by ectopic
overexpression of mutant IDHI in immortalized human astrocytes, providing a link between
IDHI function and BCAT]1 expression. This link is supported by IDH™ astrocytic gliomas being
characterized by high BCATI1 expression.® The overexpression of mutant IDH isoform 1
associated with reduced BCAT1 expression and reduced invasiveness and tumor growth
provides a plausible rationale for the aggressiveness of primary GBM and the relatively less
aggressive low grade or secondary gliomas. Besides glioma and other cancer applications, we
expect that this technique can be utilized to investigate BCAT/BCKDC-associated pathological
features in multiple other diseases with altered BCAA metabolism such as traumatic brain

injury.’!
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Chapter 4

Investigating of hyperpolarized MR probe for glyoxylate cycle

4.1 Introduction

The glyoxylate cycle, first discovered by Kornberg & Krebs (1957),! is the bypass of the
oxidative decarboxylation steps of the TCA cycle to conserve carbon skeletons for biomass
synthesis from two carbon compounds.? In general, acetyl-CoA enters the TCA cycle on each
turn and produces of two molecules of CO; and four pairs of electrons for energy production.
Therefore, the acetyl moiety of acetyl-CoA can’t be conserved for biomass production through
TCA cycle. However, in those tissues with a glyoxylate bypass, two carbon skeletons can be
conserved for biomass production by bypassing the oxidative decarboxylation steps. In the
combined TCA and glyoxyate cycles, acetyl-CoA condenses with oxaloacetate to form citric
acid and isocitrate. Isocitrate is then cleaved to succinate and glyoxylate by aldol cleavage using
isocitrate lyase (ICL; encoded by aceA in E. coli). Glyoxylate then condenses with another acetyl
CoA in a Claisen-like reaction to yield malate in a reaction catalyzed by malate synthase (MS;
encoded by aceB in E. coli).>* This malate is used as a gluconeogenic precursor or subsequently
oxidized to oxaloacetate as another molecule to start a second turn of the TCA cycle. This
combined pathway then uses two acetyl CoA molecules to produce a single four-carbon
intermediate using only two extra enzymes, isocitrate lyse and malate synthase.> In addition,
cleavage of isocitrate in the first step not only yields glyoxylate but also succinate to conserve

TCA cycle intermediates or to be converted into oxaloacetate (OAA) and phosphoenolpyruvate

100
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as a precursor of glucose in gluconeogenesis (Figure 4.1). The driving force of the branch point

between the glyoxylate bypass and TCA cycle is the phosphorylation of isocitrate dehydrogenase
(ICD). Phosphorylation inhibits ICD activity and thus forces isocitrate production via bypass>’
Intermediates of the TCA cycle also allosterically inhibit isocitrate lyase more than isocitrate
dehydrogenase. Even low concentrations of TCA cycle intermediates have been shown to

strongly inhibit isocitrate lyase in vivo.®
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Figure 4.1 Schematic overview of glyoxylate cycle, The bypass of oxidative decarboxylation
step is shown in gray. Glyoxylate cycle shares several enzymes with citric acid cycle. IDH,
isocitrate dehydrogenase; ICL, isocitrate lyase; MS, malate synthase; PEP, phosphoenolpyruvate;
G3P, glycerolaldehyde-3-phosphate; DHAP, dihydroxyacetone phosphate, Adapted from ref ®

A glyoxylate cycle has been found in plants, bacteria, fungi, and nematodes. This pathway

allows these species to grow on acetate or to use acetyl-CoA derived from (-oxidation of fatty
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acids to synthesize carbohydrate.!%!® In plants, the glyoxylate cycle converts fats to carbohydrate

under limited carbohydrate conditions such as seed germination. The glyoxylate cycle enzymes
exist in special organelles called glyoxysomes in plants, while the glyoxylate enzymes are found
in the cytoplasm of yeast. Acetyl-CoA can be metabolized to succinate in glyoxysomes. The
succinate must be transported back into mitochondria for conversion to oxaloacetate and PEP
due to lack of fumarase and succinic dehydrogenase in glyoxysomes. The glyoxylate cycle also
plays an important role in the response to oxidative stress in fungal virulence'* since it has the
potential to disturb cellular redox potential via bypassing the step of producing NADH and

FADH; in the TCA cycle.

The glyoxylate cycle has been suggested to be absent in animals. However, ICL and MS activity
rarely has been reported in rat and chick livers.!>>* For a few instances, Goodman et al.
demonstrated the presence of ICL and MS in human liver homogenates and conformed their
activity in human liver homogenates by showing the rate of conversion of *C-isocitrate to C
glyoxylate, and the rate of conversion of “C glyoxylate to '*C malate using cytochemical
studies.?* Davis et al. reported glyoxylate cycle evidence in brown adipose tissue of hibernating
black bear. Peroxisome enzyme activity of palmitoyl-CoA oxidase and catalyse activity in the
brown fat of the hibernating bear were increased without change in mitochondrial enzyme
activity compared to non-hibernating bear. The study also demonstrated that net glycogen
content increases in the dormant brown adipose tissue after incubation with palmitate.!” However,
the presence of a glyoxylate cycle in vertebrate remains controversial.?>2¢ Although previous
reports have suggested the presence of glyoxylate cycle enzyme activity in vertebrates, there is

another notion that no apparent genes for key glyxoylate cycle enzymes, isocitrate lyase and
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malate synthase, have been found. On this basis, the absence of glyoxylate cycle can be applied

to in the design of drugs against bacterial and fungal parasites.”> Evidence for glyoxylate cycle
activity has been found under specific temporal or regulated conditions such as liver of the fetal

1827 hibernating black bear brown adipose tissue,!”

guinea pig? and liver tissue of starving rats,
chick liver after suffering vitamin D deficiency,? and in cartilage of the epiphyseal growth plate
of rats.?® The reasons for these rare occurrences in mammals is possibly due to the lack
understanding of how glyxoylate enzymes are induced or activated or the lack of direct detection
methods. Recently, the activity of CLYBL, a human mitochondrial enzyme with unknown
function, was reported to have malate synthase and B-methylmalate synthase activities. Those
enzymes had not been reported in humans previously. This study showed substantial malate
synthase activity by producing malate through glyoxylate coupling with acetyl CoA. It also
presents the close correlation of CLYBL with mitochondrial vitamin B12 processing proteins.*°
Thus, CLYBL in humans provides the potential evidence of malate synthesis from glyoxylate in
mammals. As an extension of CLYBL enzyme activity, glyoxylate which is not produced

through glyoxylate shunt, but through other metabolic pathways from hydroxyproline, glycine,

or glycolate still can condense with acetyl CoA to generate malate.

Glyoxylate can be produced through other metabolic pathways in humans such as the
intermediary metabolism of glycine, hydroxyproline, and glycolate. For example, mitochondrial
hydroxyl-oxoglutarate (HOG) aldolase produces glyoxylate during hydroxyproline metabolism.
High concentrations of glyoxylate are toxic to the cell so concentration is regulated by a

detoxification pathway.’! Reactive aldehydes can be catalytically removed by diverse
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dehydrogenases or oxidases. Cytosolic glyoxylate is readily converted to oxalate by lactate

dehydrogenase, which cannot be further metabolized by mammals and accumulates as insoluble
calcium oxalate stones that cause tissue damage. In addition, cytosolic and mitochondrial
glyoxylate reductase also produces a limited amount of oxalate from glyoxylate. Peroxisomal
glyoxylate is converted into glycine by the peroximal enzyme, alanine-glyoxylate
aminotransferase, for glyoxylate detoxification. The third pathway is the reduction of glyoxylate

to glycolate by cytosolic glyxoylate reductatse (GR) in liver (Figure 4.2).31:3
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Figure 4.2 Glyoxylate detoxification metabolic pathways in human mitochondria and
peroxisomes. GO, glycolate oxidase; AGT, alanine glyoxylate aminotransferase; HOGAI, 4-
hydorxy-oxoglutarate aldolase; GR, cytosolic glyoxylate reductase; LDH, lactate dehydrogenase

Detection of highly reactive glyoxylate in biological samples is challenging since it can react
with free amino groups. Glyoxylate is a two carbon aldo acid that reacts with amino groups to

form a Schiff base imine on-enzymatically.*? In addition, the cellular toxicity of the aldehyde is
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dynamically regulated by enzymatic reaction of alanine glyoxylate aminotransferase (AGT) in

mammalian systems.’* In general, isocitrate lyase and malate synthase, enzymes unique to the
glyoxylate cycle, can be detected by photometric assay or radiometric assay. Malate synthase
activity can be measured by spectrophotometric assay by measuring the thiol ester cleavage from
acetyl CoA in the presence of glyoxylate.?> Alternatively, malate synthase enzyme reaction can
be detected by a fluorometirc determination of malic acid generation®® or by measuring of
residual glyoxylate by derivatization to semicarbazone®’ or phenyl hydrazone® for
spectrophotometric detection. It can be also modified to 2,4-dinitrophenyl hydrazine,®®-
nitrophenylformazan carboxylic acid,***' or p-nitrophenylhydrazon for colorimetrical
detection.*> However, those derivatization methods could overestimate the malate synthase

activity by detecting thiol ester from other sources or by detecting semicarbazone or phenyl

hydrazone moieties formed by other aldehydes derivatives.

BC NMR spectroscopy using !'3C enriched substrates can selectively probe enriched
intermediates of the glyoxylate cycle and detect metabolic products simultaneously*®. [U-13C]
and [1-13C] glyoxylate were tested to probe glyoxylate metabolism by examining the distribution
of 3C isotopomers using '*C NMR and mass spectroscopy. '3C NMR spectroscopy in
combination with DNP can detect the single enzymatic reaction in real time by taking advantage
of highly specific chemical information and high MR sensitivity. The chemical conversion of
hyperpolarized metabolic substrates by specific enzymes can be monitored in real time to obtain
reaction kinetics in vivo. For this reason, hyperpolarized [1-1*C]glyoxylate was proposed as an
activity-based probe to assess glyoxylate cycle activity directly by detecting production of malate

via malate synthase. To achieve this, [1-*C]glyoxylate was synthesized from [I-
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B3C]dichloroacetic acid using conventional organic synthesis. The feasibility of [1-!3C]glyoxylate

was used to detect malate synthase enzyme activity in yeast and in PDH KO mouse embryo
fibroblasts (MEFs) using '*C isotope analysis to understand the role of glyoxylate in the context
of its metabolism in mammals. In addition, the potential of [1-13C]glyoxylate as a hyperpolarized

metabolic probe was also examined.

4.2 Materials and Methods

4.2.1 Chemicals and reagents

All reagents purchased from Aldrich were analytical grade and used without further purification.
[1-13C]dichloroacetic acid was purchased from Sigma Aldrich (Cat No. 604232-500.00MG) and
[U-13C] glyoxylate monohydrate was purchased from Toronto Research Chemicals Inc. (Cat No.

G755002).

4.2.2 Synthesis of [1-13C]glyoxylate

Sodium (4.6mmol) was added to 3ml of absolute ethanol to prepare the sodium ethoxide. When
the sodium had dissolved, dichloroacetic acid (1.33mmol) was added to the solution with stirring
and refluxing for 3hr. The solution turned yellow-orange in color when sodium chloride begins
to separate as the initial reaction*’. After the reaction mixture was cooled to 0°, 1.1mL of 2M
HCI in ethanol was slowly added for 30min to the reaction mixture. The reaction mixture was
stirred at room temperature for 2hr. The reaction mixture is placed in an ice bath and the excess
acid was neutralized to ~ pH 7 by slow addition of 2M sodium ethoxide. The mixture was
filtered through filter paper and the precipitate is extracted using ethyl acetate three times and the

organic layer was washed with water, dried over anhydrous sodium sulfate, filtered, and dried in
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vacuum to afford a light yellowish oil (59 mg, overall yield 41.3%, purity >98%). 'H NMR

(400MHz, water) & 5.2ppm, *C NMR (100MHz, water) & 172.99ppm, 86.01ppm.

4.2.3 [U-13C] glyxoylate study in MEFs vs PDH KO MEFs

WT MEF and PDHAI knockout MEFs cell were kindly provided by Ralph J. DeBerardinis.*’
They were cultured in Dulbecco’s Modified Eagle Medium (DMEM) including 10 mM glucose,
4mM glutamine, 10% fetal bovine serum (FBS), and streptomycin with 5% CO,. Cells were
detached from the culture plate for passaging using 0.05 % trypsin. The metabolic assay using
[U-13C]glyoxylate was performed following a method adapted from Mullen, ef al.*® When the
cells reached ~80% confluence (~1.2 x 10°), they were labeled with OmM, 0.5mM, 1mM, and
2mM of [U-!3C]glyoxylate in DMEM supplemented with 10% FBS and allowed to incubate for
6hr. For the analysis of intracellular metabolites by GC/MS, the cells were separated from the
media and rinsed in ice-cold PBS and lysed by freeze-thawing three times in cold 50% methanol.
The lysates were centrifuged to remove precipitated protein (16,000 x g and 4°C for 15 min).
Total protein was quantified from the pellets (BAC protein Assay, Thermo). SuL of sodium 2-
oxobutylate solution was added as internal standard (1:500 dilution of 20% w:v solution of
sodium 2-oxobutylate). The samples were dried at 42°C using air and after addition of a few
drops of methylene chloride, dried again for a few more minutes to completely remove the
residual moisture. The samples were derivatized by trimethylsilylation (Tri-Sil HTP reagent,
Thermo Scientific) at 42°C for 2hr then used for gas chromatography-mass spectrometry (GC-

MS) analysis. The abundance of labeled products were analyzed in fumarate (m/z 245-249) and
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malate (m/z 335-339).47 Chromatograms were integrated using MultiQuant software version 2.1

(Applied Biosystems SCIEX, Foster City, CA) and *C metabolic flux analysis was performed

using Metran software (TLO,MIT).

4.2.4 [1-13C] glyxoylate study in saccaharomyces cerevisiae

Saccharomyces cerevisiae were kindly provided by Benjamin Tu. Rich medium of Yeast
Extract-pepton-Dextrose (YPD) contained 1% yeast extract, 2% peptone and 2% glucose, and
glucose starved synthetic defined medium (SD) contains 6.7 g/L yeast nitrogen base with
ammonium sulfate (DIFCO). After cells were grown in YPD overnight, they were diluted in
YPD (ODsoo = 0.2). The cells were transferred to SD medium and grown to ODsoo ~ 1.0. for the
glyoxylic acid metabolism study. The yeast cells were starved for 12 hrs., then SmM of [1-
BCglyoxylic acid or 5SmM of [U-'*C] acetate was added to the culture media and the cells were
incubated for various time. Cultured cells are collected for metabolite extractions at specific time
points at 30min, lhr, and 2hr. Collected cells were centrifuged to separate the cell pellets from
the media. The cell pellets were quenched in a cold 5% PCA (0~4°C), spun down at 4°C, then
extracted with 5% perchloric acid. The supernatants with metabolites were collected and dried
for 1*C NMR spectroscopy. Proton-decoupled '3C spectra of perchloric acid (PCA) extracts were
acquired at 150MHz using a Bruker Avance III HD 600 MHz spectrometer equipped with a 10-
mm double resonance (*C/>*Na) cryoprobe. The resulting '3C NMR spectra were processed and

analyzed using ACD/SpecManager 12.0 software.*8
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4.2.5 Hyperpolarized studies using [1-1*C] glyxoylate

[1-3C] glyxoylate prepared in our lab was polarized in DMSO matrix containing 2mM Gd
(ProHance®) and 15mM trityl radical (OX063, GE-healthcare, UK). 50ul of sample was
polarized using a HyperSense polarizer (3.35 Tesla, Oxford Instruments Molecular Biotools,
UK). The polarization was fulfilled at 1.05K with 94.112 GHz microwave irradiation for 2hr and
subsequently rapidly dissolved in 3mL of phosphate buffered solution (10mM PQO,3-1mM
Na,EDTA, pH~7.4) to yield 26mM hyperpolarized solution in a 10-mm NMR tube. *C NMR
spectra were acquired on a 9.4 T spectrometer on a 9.4T Agilent vertical bore microimager

(Agilent, USA) using 5-degree flip angle with repetition time (TR) of 5 sec.

4.3 Results and Discussion

4.3.1 Design of HP probes for detecting glyoxylate cycle activity

To elucidate glyoxylate cycle activity in cells or tissues using hyperpolarized '*C MR methods,
[1-13C] glyoxylate was proposed as hyperpolarized '*C MR probe to detect malate synthase

activity.
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Figure 4.3 *C isotopomer distribution for incorporation of (a) [1-'*C] glyoxylate, (b) [1.2-13C3]
acetate, (c) [1-1°C] acetate, and (d) [2-'3C] acetate on the glyoxylate cycle and tricarboxylic acid
cycle. GO, glyoxylate cycle; TCA, tricarboxylic acid; a-KG, a-ketoglutaric acid

Many studies have used '*C labeled acetate to elucidate glyoxylate metabolism in yeast**-*° since
3C tracer experiment using NMR enables detecting multiple metabolic pathway simultaneously,
as well as non-invasively detecting the distribution of '*C isotopomers. 3C from acetate is

incorporated into malate and oxaloacetate through the glyoxylate and TCA cycles and various



111
products of 3C-labeled oxaloacetate can be detected in various metabolic products. The relative

contribution of 3C labeled acetate passing through the complete TCA cycle versus the
glyoxylate bypass to oxaloacetate can in principle be distinguished by examining the *C labeling
patterns.>® However, when metabolic pathway turnover is low, '*C labeled acetate flux though
glyoxylate cycle versus TCA cycle is difficult to distinguish from acetate flux only through the
TCA cycle (Figure 4.3). The relatively short polarization lifetime of HP probes limits the assay
conditions in a HP '3C spectroscopy study. Due to the polarization decay with a longitudinal
relaxation of Ty, high turnover metabolic products cannot be detected using hyperpolarized *C
labeled acetate. For this reason, [1-°C] glyoxylate was proposed as a HP probe to exploit the

glyoxylate cycle in hyperpolarization experiment (Figure 4.4).

O 0] malate synthase o
O&OH + AS/COA — - HOMOH
CoASH O OH

Figure 4.4 [1-13C]glyoxylate as hyperpolarization probe to detect malate synthase

4.3.2 Synthesis of [1°C] glyoxylate
Several synthetic methods were attempted for preparing 3C labeled glyoxylate. Synthetic
Schemes were designed considering commercial availability and cost. *C labeled oxalic acid
and fumarate are commercially available with reasonable price, so they were first used as starting

material for the synthesis of 13C labeled glyoxylate.
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Scheme 4.1 Synthesis pathways for preparing glyoxylate

First, magnesium amalgam was employed as reducing a agent to synthesize glyoxylic acid from
oxalic acid. The reaction was not complete, and it was not easy to remove starting material and
intermediate sulfonate salt by the methods of organic solvent extraction and cation exchange. In
addition, the yield of converting bisulfite salt to glyoxylic acid was very low, less than 5%
(Scheme 4.1.a~b).>!>2 Next, based on ethyl and butyl glyoxylate prepared by oxidation of ethyl

>3 and lead tetraacetate,> diethyl

and butyl tartrate with red lead oxide, sodium bismuthate,
fumarate was converted to diethyl tartrate by potassium permanganate. Further oxidation to ethyl
glyoxylate using lead tetraacetate®® and sodium periodate was tried (Scheme 4.1.c). However, the
oxidation reactions were not efficient. Alternatively, glyoxylate can be synthesized from

reduction of oxalate by electrolytic method, which requires electrolysis apparatus, and limits the

reaction scale (Scheme 4.1.d).°*% Finally, [1-*C]glyoxylate was synthesized by a modified



113
Moffett method where ethyl diethoxyacetate was synthesized from dichloroacetic acid using

sodium ethoxide followed by esterification of the intermediate diethoxyacetic acid. * [1-13C]
diethoxyacetate was synthesized from commercially available [1-'*C] dichloroacetic acid, then
the diethoxy group was hydrolyzed by 6N hydrochloric acid to yield dihydroxy acetic acid of
hemiacetal of glyoxylate (Scheme 4.2). Since glyoxylate is an organic compound which has an
aldehyde and carboxylic acid, the aldehyde group forms entirely gem-diol, glyoxylate hydrate in

the aqueous solution with Keq = 163.%

o Q  Na/EtoH o Q oNHOI 0
—_—
\(dOH = Ydo/\ YdOH
Cl ~_O OH

Scheme 4.2 Synthesis of [1-13C] glyoxylic acid

4.3.3 [113C] glyoxylate as an activity based probe to detect glyoxylate cycle activity
Most studies have suggested that the glyoxylate cycle is absent in mammalian metabolism since
the existence of activity of the enzymes are uncertain. However, recent observations have
suggested that the glyoxylate cycle may play a role in mammalian pathology of Type 2
diabetes.’*® Since the glyoxylate pathway can convert fat into glucose without consuming
carbon, this pathway could potentially enable overproduction of glucose. It has been proposed
that glyoxylate cycle is inactive under normal physiological conditions but is activated during
starvation or over-supply of fat.°®® This could be related to the presence of glyoxylate cycle
activity as evidenced by isocitrate lyase and malate synthease activities in the brown adipose in a
dormant black bear.?6 As an extension of same context, it is possibly proposed that glyoxylate

cycle can be induced in diseases associated with increased glucose metabolism such as cancer.
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Song et. al. further proposed that increasing fat flux into hepatocytes induces proliferation of

peroxisomes to increase the capacity of B-oxidation and this final product of acetate acts as a
potential inducer of glyoxylate pathway.®® However, these hypotheses involving the glyoxylate
pathway existing in mammalian pathology have not been fully tested largely due to limitations in
direct detection of metabolic flux through this pathway. For this reason, a *C isotope labeling
study using [1,2-3C,] and [1-'*C]glyoxylate as a glyoxylate cycle probes was tested in
mammalian MEF cells, and in yeast cells. In addition, a dissolution hyperpolarization study was

attempted to evaluate its applicability as HP probes.

4.3.3.1 [U-13C] glyoxylate incorporate into TCA cycle in normal and impaired cells

To examine whether exogenous glyoxylate incorporates into TCA cycle in normal and
impaired mammalian cell differently, [U-13C] glyoxylate was doped into the culture media of

MEFs and PDH-KO MEFs (Figure 4.5).

~ 1.2X106 cell
10mM glucose, 4mM glutamate, In DEME (10%FBS)

L 4
Glyoxylate OmM, 0.5mM, 1mM, 2mM
6hr incubation, 37° C

L 4
media Cell pallets

L 4
Cell lysate
Freeze-thaw cycle
L 2
Derivatives by Tri-Sil HTP reagent

3

Analysis of intracellular metabolite
By GC/MS

Figure 4.5 Experimental flow chart for 13C isotopomer study using [U-'3C] glyoxylate
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When cultured with [U-13C]glyoxylate, no evidence could be found for integration of

exogeneous glyoxylate in either MEFs nor PDH-KO MEFs. The fraction of malate and fumarate
containing '3C carbon were barely detectable after a 6 hr culture of MEFs and PHD-KO MEFs
cells with [U-13C] glyoxylate in the presence of 10mM unlabeled glucose and 4mM glutamine
(Figure 4.6). These could be due to 1) these glucose-replete culture conditions may not optimal
for activation of the glyoxylate cycle, 2) the permeability of glyxoylate into cells may not be
favorable, or 3) the exogenous glyoxylate cannot incorporated into the glyoxylate cycle at the
level of malate synthase due to a structural requirements of this enzyme as part of a metabolon.
There is little information about a potential structural metabolon formed between ICL and MS to
avoid intracellular accumulation of glyoxylate in the microbial systems.®! If glyoxylate metabolic
pathway is composed of multiple enzyme cluster as metabolons, exogenous glyoxylate, the
intermediate of the glyoxylate cycle, may be restricted to using only glyoxylate formed in the
previous step by ICL.

malate

OmM [U-3C] glyoxyalte, PDH-KO

0.5mM [U-13C] glyoxyalte, PDH-KO
= 1mM [U-13C] glyoxyalte, PDH-KO
= 2mM [U-13C] glyoxyalte, PDH-KO

= 2mM [U-13C] glyoxyalte, WT

ENRICHMENT(%)

B 0mM [U-13C] glyoxyalte, WT

(b)

ENRICHMENT(%)

Figure 4.6 Mass isotopologues of malate and fumarate after culture of MEF and PDH-KO MEF
for 6hr with [U-13C]glyoxylate
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4.3.5 3C NMR study of [1-13C]glyoxylate utilization in saccaharomyces cerevisiae

There are many factors that could affect the outcome of glyoxylate metabolism in
mammal cells so additional experiments were conducted in yeast cells since they are known to
have an active glyoxylate cycle. Metabolism of [1-13C]glyoxylate was tested in yeast under
aerobic conditions and, as a control, metabolism of [U-'*CJacetate was also examined. The major
metabolic product from acetate in yeast is trehalose (TRE,1-O-a-D-glucopyranosyl-a-D-
glucopyranoside). If [1-13C] glyoxyate or [U-!3CJacetate is utilized in yeast as a carbon source
for production of trehalose, then this would be evident in a '*C NMR spectrum labeled TRE

based upon *C-13C couplings.
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Figure 4.7 13C NMR spectrum of yeast cell PCA extraction after an aerobic incubation for 2hr
with [U-1*C]acetate

As a control experiment, [U-'>Clacetate was cultured in yeast cell and checked its PCA
extraction by 3C NMR (Figure 4.7). TRE assigned C1~C6 peaks are shown at 94.4, 73.3, 73.7,
70.9, 72.2, and 61.7 ppm with 3C-13C splitting patterns which are caused by '*C-!*C coupling

between adjacent °C labeled carbon. This data implies that the TRE was synthesized from [U-
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13C] acetate by participating in the glyoxylate cycle partially since both glyoyxlate cycle and

TCA cycle are involved in TRE synthesis from the acetate.’ In a second experiment, [1-
3Clglyoxylate was incubated in yeast under the same conditions as in the [U-!’CJacetate
experiment. The appearance of [3,4-'°C;] labeled in TRE was expected when [1-13C]glyoxylate
is involved in gluconeogenesis. However, no '3C labeled TRE was observed in the experiment
(Figure 4.8). There was no significant difference of '*°C NMR spectra between incubating with

[1-13C]glyoxylate versus unlabeled acetate.

(a-1)13Cglyoxylate+12C acetate

(a-2)12C acetate

(a-3) WO/substrate

T T T T T T T T T T T T T T T T T
180 160 140 120 100 80 60 40 20

B/ \
(b-1)13C glyoxylate+12C acetate W W

(b-2)12C acetate

(b-3) WO/substrate

T T T T T T T T
75.5 75.0 74.5 74.0 73.5 73.0 725 72.0

Chemical Shift (ppm)

Figure 4.8 13C NMR spectra of yeast cell after incubation with [1-*C]glyoxylate and the C1-C4
refer to the carbon atoms of TRE.
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The flow of the 13C label in this experiment is affected by not only the rate of the conversion of

enzyme reaction involved in glyoxylate cycle but also by the rate of at which the substrates cross
the cell membrane. Since one of the key enzymes of the glyoxylate cycle, malate synthase, is
located in peroxisomes in the yeast, it would be required for exogenous glyoxylate to be
translocated into cells and also into peroxisomes to be converted to malate. The mechanism of
metabolite transport into peroxisomes is not clear but previous studies indicated that peroxisomes

1.2

contain a transport channel.®~ Therefore, metabolite intermediates can cross the peroxisome by

regulated transporter or diffusion based on size and charge of the intermediate.?

4.3.6 Hyperpolarization studies using [1-*C]glyoxylate

[1-3C]glyoxylate was hyperpolarized under standard conditions using a HyperSense DNP
polarizer. After dissolution, the longitudinal relaxation time (T:) was determined to be 15s at
9.4T by fitting hyperpolarized NMR signal (Figure 4.10). The T decay of C1 glyoxylate is faster
than expected for a single carboxylate carbon suggesting there may be dipolar coupling with the
single proton on the C2 carbon. One could likely lengthen the Ti of [1-'*C]glyoxylate by

substituting a deuterium for the proton on C2 but this was not pursued.
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Figure 4.9 (a) Sequential '*C NMR spectrum decay of [1-1*C]glyoxylate (b) the first *C spectra
of hyperpolarized [1-'3C] glyoxylate (c) representative Ti decay of hyperpolarized [1-'3C]
glyoxylate after dissolution in PBS under 9.4T

4.4 Conclusions

The glyoxylate cycle converts a C2-carbon unit to C4-precursors to replenish the TCA cycle or
to produce precursors of amino acid or carbohydrates for biosynthesis. It is known to exist in
fungi and plants. In a recent studies, evidence for a glyoxylate cycle was reported in human and
rat liver even though the absence of related enzymes make it unclear which metabolic pathways
are involved. However, recently found CLYBL has been shown to have malate synthase activity.
In addition, it is proposed that glyoxylate cycle in mammals may only be active under specific

conditions such as in black bear brown fat during hibernation, starvation, or high fat diet. In this
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study, to better understand the presence of glyoxylate cycle in mammals or, if present, to

understand its physiological and pathological metabolic role, [1-*C]glyoxylate was used to
evaluate its potential as activity based hyperpolarized 1*C MR probe in the cells. Activity-based
metabolite probe for detecting enzyme activity using dissolution DNP enables evaluating
enzyme activity based on its functional properties rather than its abundance. Proper '3C labeled

metabolite probe is needed to use for activity-based metabolic detection of glyoxylate.
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Chapter 5

General conclusions
Metabolic reprogramming occurs in cancer to accommodate the increased energy demand for

sustained growth and proliferation. Although much of what we know about reprogramming of
cancer cells has been derived from genetic and metabolomic analyses of tissue biopsies, the
ultimate goal would be to perform in vivo real-time metabolic imaging of tumors to access tumor
growth and response to treatment. In addition, in vivo imaging of changes in pH, redox state,
reactive oxygen species, and biometal levels also can be a potential biomarker of metabolic
changes. The development of efficient dissolution DNP of stable isotope-labeled substrates with
commercially available hardware has opened up a new chapter for real-time noninvasive
detection of several biochemical pathways by NMR in vitro and in vivo. 3C and "N DNP
coupled with NMR spectroscopy provides an opportunity to non-invasively monitor metabolic
flux or specific biological reactions from signals arising from the conversion of a 3C or °N
probe into a new product. The resolution of individual molecular species by high-resolution
NMR spectroscopic readout allows the simultaneous detection of multiple sequential and parallel
biochemical reactions. However, the decay of hyperpolarized signal due to T; relaxation and rf
pulsing is a major limitation, which can partially be ameliorated by designing hyperpolarized
probes with long T; values. Thus, there is a need for biocompatible and biorthogonal
hyperpolarized probes that are rapidly incorporated into the biological pathway of interest within
the lifetime of the hyperpolarized magnetization. In this dissertation, '*C and "N DNP probes

have been designed for imaging certain aspects of cancer metabolism.
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The introductory chapter of this dissertation gives an overview of DNP applications and

limitations. In particular, the basic principles of NMR, the use of 13C tracers in vivo, the DNP
mechanisms, and biological applications of d-DNP are described.

In the first project, '*N-labeled tripodal ligands were developed as hyperpolarized "N NMR
sensors of zinc ions to monitor alterations in Zn** levels, a unique biomarker of prostate
malignancy. Specially, a cell permeable !°N-labeled, deuterated tripodal ligand,
tris(pyridylmethyl)amine-ds (1°N-TPA-ds) was designed and synthesized as a hyperpolarized '°N
MR sensor for Zn?* with the aim of detecting free Zn?" in both intracellular and extracellular
spaces. ’N-TPA-ds was synthesized starting from ""NH4Cl and 1-(chloromethyl-d>) pyridine
using standard organic reactions and was hyperpolarized by microwave driven dynamic nuclear
polarization (DNP). The >N longitudinal relaxation time (T:) of >’N-TPA-ds was found to be 89s
at 3T. Chelation experiments with hyperpolarized "N-TPA-ds and Zn?" ions revealed that the
15N NMR signal of >N-TPA-ds shifted 20 ppm upfield upon complexation. The >N spectra also
indicated that Zn** exchange between free ligand and TPA-ds-Zn** complex is slow on the
experimental NMR timescale. The Zn?* detection limit of hyperpolarized '’N-TPA-ds was found
to be around 5 pM Zn?*. Ligand protonation and Ca** binding did not interfere with the Zn**
sensing. >N chemical shift images of phantoms containing HP "N-TPA-dsin the absence and
presence of Zn?" were collected to demonstrate the feasibility of in vivo imaging of Zn-
distribution. These data show that 'N-TPA-ds is a promising hyperpolarized Zn>" sensor.
However, albumin binding of the hyperpolarized ligand resulted in rapid loss of !N polarization
within seconds. To address this problem, it was attempted to eliminate the binding by

competitive inhibition with iophenoxic acid (IPA) as a displacer. Competitive displacement
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experiments with IPA and HP-'’N-TPA-ds in the presence of albumin revealed that IPA nearly

completely restored the hyperpolarized "N TPA signal in the presence of HSA. The
development of hyperpolarized Zn>" probes will enable the measurement of total cellular free
Zn*>* which could be useful in early diagnosis of prostate malignancies.

The focus of the second project was the development of hyperpolarized [1-°C] a-
ketoisocaproate (KIC) as a HP-'>C imaging agent to measure altered branched-chain amino acid
oxidation. HP [1-13C] KIC was proposed as a metabolic probe for detecting and comparing
branched-chain aminotransferase (BCAT) and alpha-keto acid dehydrogenase (BCKDH) activity
in normal healthy brain versus F98 glioma. Injected hyperpolarized [1-1*C]KIC was found to be
metabolized to its transamination product [1-!3C]leucine by BCATs or catabolized to
13COy/bicarbonate (H'3CO3") by BCKDH. *C MR imaging results of hyperpolarized *C-leucine
by BCAT was smaller in glioma as compared to the contralateral normal-appearing brain, NAB.
It is possibly due to the predominant net conversion of leucine to KIC and associated depletion
of leucine pool. On the other hand, more bicarbonate, a decarboxylation product of [1-13C] KIC,
was observed in glioma than normal brain, presumably due to higher activity of BCKDH in
glioma, suggesting that BCKA catabolism by BCKDH in tumor was stimulated. This in vivo
imaging study using hyperpolarized [1-!*Cla-ketoisocaproate in a rat glioma model (F98)
suggested upregulated oxidation of BCAAs in glioma. To elucidate BCAA oxidation at steady
state, ex vivo 1°C NMR isotopomer analysis following steady-state infusion of [U-!3C]leucine to
glioma-bearing rats verified the increased oxidation of leucine in glioma tissue. Both the
hyperpolarized ’C-KIC imaging study and the !'3C-leucine infusion study demonstrated

increased catabolism of BCKA in tumor compared to the contralateral NAB. To the best of my
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knowledge, this is the first report of hyperpolarized [1-1*C] KIC in vivo imaging in rat glioma

model. This finding provides strong evidence of diagnostic potential of altered BCAA
metabolism in glioma.

In the third project, a *C metabolic probe was designed and tested to establish whether the
glyoxylate cycle is active in mammalian cells. Even though glyoxylate cycle is thought to be
absent in mammalian metabolism due lack of existence of the necessary enzymes, a few papers
have found the glyoxylate cycle enzymes present in mammals tissues. In addition, it has been
suggested that human metabolic diseases associated a high glucose demand, such as glycolytic
cancer, may activate the glyoxylic cycle to compensate for these needs. [1-13C] glyoxylate
hydrate was synthesized and evaluated as a potential probe for malate synthase activity by the
appearance of [1-'*C]malate. Although no evidence for glyoxyate cycle activity was evident in
mouse embryonic fibroblasts, the study provided new insights into the possible reasons why
intermediates such as glyoxyate may not enter into active metabolic pathways.

In summary, non-endogenous and endogenous N and !*C hyperpolarized NMR probes have
been developed for detecting Zn?>*, imaging of glioma metabolism, and attempting to detect
glyoxylate shunt pathways in tissues. These studies demonstrate that hyperpolarized °’N and '*C
labeled NMR probes can be used for noninvasive monitoring of metabolic processes and
physiochemical detection. The information provided by the chemical shifts enables the
identification and real time quantification of downstream metabolites, thereby facilitating the

determination of flux via specific enzyme catalyzed steps.
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