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ABSTRACT

Nuclear magnetic resonance (NMR) spectroscopy is one of the most important
analytical tools for organic and biological chemistry. It provides not only detailed
information on the structure of small molecules and macromolecules, but also on
molecular interactions. Because of the inherent low sensitivity of NMR, a long signal
averaging time or a high spin concentration is often required. A variety of methods have
been explored to improve the sensitivity of NMR. Especially, large signal gains can be
obtained by hyperpolarization of the nuclear spins. NMR signals of hyperpolarized
samples are enhanced by several orders of magnitude. Dissolution Dynamic Nuclear
Polarization (D-DNP) is a versatile technique capable of polarizing many different
nuclei in the solid state, and subsequently providing a hyperpolarized liquid sample
following a dissolution step. The resulting signal enhancement has made it possible to
obtain detailed information in research fields as varied as metabolic imaging or enzyme
catalysis. This dissertation aims to extend the applicability of D-DNP into new areas of
chemistry, which involve the characterization of interactions and reactions involving
large molecules.

In a first project, fluorine hyperpolarization is exploited to investigate protein-ligand
interactions. The enhancement of *°F signal allows for the detection of submicromolar
concentrations of fluorinated ligands in the strong-, intermediate-, and weak-binding
regimes. Several NMR parameters are utilized to observe ligand binding to the

macromolecule, and to determine dissociation constants.



In a second project, competitive binding of ligands to the same binding pocket on a
protein is investigated. Here, polarization flows from a first ligand hyperpolarized on
protons to the protein, and then to the second ligand. The buildup in function of time of
the signals due to this relayed nuclear Overhauser effect contains structural information
on the binding epitope.

In a third project, the aim is to directly detect a larger molecule, a polymer, which
has been synthesized starting from hyperpolarized monomers. Using DNP, single scan
observation of *C, a common nucleus with large chemical shift dispersion, is possible.
Time resolved **C NMR spectroscopy in combination with kinetic models permits the
description of polymerization reaction of the living anionic polymerization of styrene. In
summary, several approaches have been investigated for utilizing a large
hyperpolarization initially produced on small molecules, for the benefit of characterizing
properties of macromolecules. These developments extend the capabilities of D-DNP
and demonstrate the potential for leading to new applications in fields as diverse as drug

discovery and polymer science.
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NOMENCLATURE

1D One Dimensional

2D Two Dimensional

3D Three Dimensional

BAEE N,-benzoyl- -arginine ethyl ester

BAME-d; N,-benzoyl- -arginine methyl-ds ester

BBO Broadband Observe

BDPA a,y-bisdiphenylene-B-phenylallyl

CDCl; Deuterated cholroform

CIDNP Chemically Induced Dynamic Nuclear Polarization

CPMG Carr-Purcell-Meibom-Gill

D-DNP Dissolution Dynamic Nuclear Polarization

DMSO Dimethyl Sulfoxide

DNP Dynamic Nuclear Polarization

ESR Electron Spin Resonance

EPR Electron Paramagnetic Resonance

ESSI Electron Spin-Spin Interaction

EZ Electron Zeeman

FAXS Fluorine chemical shift Anisotropy and eXchange for
Screening

FID Free Induction Decay
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FMBC
Gd(DTPA)
HMQC
HPLC
HSQC
HYPER-BIOP-NOE
INEPT
INPHARMA
IUPAC
MALDI
MAS

MOF

MRI

MRS

MW

NMR

NOE
NOESY

NZ

O-DNP

0X63

3-fluoro-4-methylbenzenecarboximidamide hydrochloride
Gadolinium (I11) diethyltriaminepentaacetic acid
Heteronuclear Multiple-Quantum Correlation
High-Performance Liquid Chromatography
Heteronuclear Single Quantum Correlation
Hyperpolarized Binding Pocket NOE

Insensitive Nuclei Enhanced by Polarization Transfer
Interligand Polarization Transfer for Pharmacophore Mapping
International Union of Pure and Applied Chemistry
Matrix Assisted Laser Desorption lonization

Magic angle spinning

Metal-Organic Frameworks

Magnetic Resonance Imaging

Magnetic Resonance Spectroscopy

Microwave

Nuclear Magnetic Resonance

Nuclear Overhauser Effect

Nuclear Overhauser Effect Spectroscopy

Nuclear Zeeman

Overhauser Dynamic Nuclear Polarization

tris (8-carboxyl-2,2,6,6-tetra[2-(1-hydroxymethyl)]-benzo(1,2-

d:4,5-d’)bis(1,3)dithiole-4-yl) methyl sodium salt
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PBS

PEEK

PKA

pPpm

PHIP

RF

RMSD

SABRE

SE

S.L.

SIOP

SPINOE

SS-DNP

STD

TCEP

TEMPO

TEMPOL

THF

TFA

TFBC

TFMCPP

Phosphate Buffered Saline

Poly Ether Ether Ketone

Protein Kinase A

Parts per million

Parahydrogen Induced Polarization

Radio Frequency

Root Mean Square Deviation

Signal Amplification By Reversible Exchange

Solid Effect

Selective Inversion

Spin Exchange Optical Pumping

Spin Polarization—Induced Nuclear Overhauser Effect
Solid State Dynamic Nuclear Polarization

Saturation Transfer Difference
tris(2-carboxyethyl)phosphine
(2,2,6,6-Tetramethylpiperidin-1-yl)oxyl
4-Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl
Tetrahydrofuran

Sodium trifluoroacetate
4-(Trifluoromethyl)benzene-1-carboximidamide hydrochloride
4-(trifluoromethyl)-1,5,6,7-tetranydro-2H-cyclopenta[b]pyridin-2-

One
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TMSCI Trimethylchlorosilane

TOTAPOL 1-(TEMPO-4-0xy)-3-(TEMPO-4-amino)propan-2-ol
TROSY Transverse Relaxation-Optimized Spectroscopy
UV-VIS Ultraviolet-Visible
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FIGURE

-1

LIST OF FIGURES

Common radical structures for the DNP experiments. a) OX63; tris[8-
carboxyl-2,2,6,6-tetra[2-(1-hydroxyethyl)]-benzo(1,2-d:4,5 d) bis (1,3)
dithiole-4-yllmethyl sodium salt. (b) BDPA; a,y-bisdiphenylene-p-
phenylallyl. (c) TEMPOL,; 4-Hydroxy-2,2,6,6-tetramethylpiperidine-1-
oxyl. (d) TOTAPOL,; 1-(TEMPO-4-oxy)-3-(TEMPO-4-amino)propan-

Energy level diagram for the Overhauser effect; S and | represent the
electron spin and the nuclear spin, respectively. Ws and W, are EPR
and NMR transitions. W, and W, are zero and double quantum
EFANSTEIONS. 1..veieieii et sre e e e nreenne

Energy level diagram for the solid effect. (a) two-spin system in
thermal equilibrium condition. EPR and NMR transitions displayed
with Ws and W,. Transition frequencies for positive and negative
enhancements are displayed in (b), and (c), respectively. Spin
populations are represented with blue-colored circles. ..........ccccceeueneee.

Microwave frequency dependence of nuclear spin polarization levels
of Urea-*C for the OX63 radical which fulfills the solid effect
condition. For the measurement, 20 pL of 1.5 M Urea-*C and 15 mM
0OX63 radical were mixed in glassing solvent (60% ethylene and 40 %

Temperature dependence of the polarization levels of electron and 1H,
which is defined in equation (I-1). Three different magnetic fields,
23.5 T (highest magnetic field to date), 9.4 T (magnetic field for
experiments in this dissertation), and 3.35 T (magnetic field in DNP
polarizer) are used for the calculations..............ccocvvviiiiiiinnis

(a) Schematic diagram of the dissolution DNP setup. A small volume
of the sample (1 ~ 20 pL) is polarized at a cryogenic temperature
(typically, 1.1 ~ 1.5 K) by irradiating a microwave frequency in the 3.4
T DNP magnet. At a subsequent time, the frozen sample is dissolved
in the pre-heated solvent, and transferred to a 1 mL injection loop
(loading position; red ports in the injection system are connected
together). When the polarized sample is detected in optical detector,
the two-way valve is switched to injection position (red and blue ports
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FIGURE

-1

are connected together). Subsequently, high pressure of nitrogen gas
pushes the sample into the 5 mm NMR tube that is preinstalled in 9.4
T NMR spectrometer. (b) Solid state buildup (2,000 s buildup rate
constant) and liquid state signal decay (6 s spin relaxation time) of
DNP polarization level are represented...........ccccoveveveevveresieeseere e

Microwave frequency dependence of nuclear spin polarization levels
of Urea-13C for the OX63 radical. For the measurement, 20 pL of 1.5
M Urea-13C and 15 mM OX63 radical were mixed in glassing solvent
(60% ethylene and 40 % WALEI). ......ccvveereeieiie e

Hyperpolarized N spectrum of the *C-labeled urea. The absolute
polarization level of *C is determined from the normalized integration
difference of the doublet peak. 20 pL of 1.5 M Urea-"*C and 15 mM
0OX63 radical were mixed in glassing solvent (60% ethylene and 40 %

High resolution NMR spectrum of hyperpolarized common organic
solvents ((1) acetonitrile, (2) ethyl acetate, (3) isopropyl alcohol, (4)
1,4-dioxane, (5) THF, (6) DMSO, (7) dimethyl sulfone, (8) diethyl
ether, (9) N,N-dimethlyformamide, (10) phenylacetylene). All of the
signals are clearly resolved with narrow line widths (2 ~ 3 Hz)..............

The final concentrations of TFBC in the DNP ligand titration were
determined by NMR (c), and HPLC (f) with a standard calibration.
Seven, and five standard TFBC samples were used for the NMR (a, b)
and HPLC (c, d) standard calibrations, respectively. ............ccccocuevvanene.

The protein-ligand interaction is monitored with two different pulse
sequences. The polarized sample was transferred from the polarizer to
the home-built sample injector for a transfer time (t;). The sample was
injected from the injection loop to a 5 mm NMR tube, which was
preinstalled in a 400 MHz NMR spectrometer. NMR experiment was
triggered after an injection time (t;) of 445 ms and 800 ms stabilization
time (t;). a) n/2 pulse excitation scheme with CPMG filter for the
detection of binding b) Single scan CPMG pulse scheme. One
averaged data point is measured for each time interval between n
pulses in a CPMG experiment, and the delay between adjacent m
PUISES WS 420 LS. 1..viieiiieeiiieesieee e
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FIGURE

-3

-4

-5

11-6

-7

Structures of three fluorinated ligands binding to the serine protease
bovine trypsin: (1) 4-(trifluoromethyl)benzenecarboximidamide
hydrochloride (TFBC), (2) 4-(trifluoromethyl)-1,5,6,7-tetrahydro-2H-
cyclopenta[b]pyridin-2-one  (TFMCPP), and (3) 3-fluoro-4-
methylbenzenecarboximidamide hydrochloride (FMBC). .....................

Hyperpolarized *F NMR spectra of TFBC (—62.8 ppm), TFMCPP
(—66.0 ppm), FMBC (—=115.4 ppm), and TFA (=75.2 ppm) acquired on
a 400 MHz spectrometer equipped with a room temperature broad-
band probe head tuned to fluorine. Shown are spectra of (a, b) 10 uM
TFBC, 10 uM TFMCPP, 10 uM TFA, and 30 uM FMBC in the (a)
absence and (b) presence of 50 uM trypsin and (c, d) 1 uM TFBC, 5
uM TFMCPP, 1 uM TFA, and 3 uM FMBC in the (c) absence and (d)
presence of 50 uM trypsin. Spectra (a) and (b) were acquired using a
single m/2 excitation pulse followed by a 100 ms CPMG filter. Spectra
(c) and (d) were acquired after a single n/2 excitation pulse. .................

Spectra of TFMCPP (-66.0 ppm), and TFA (-75.2 ppm)
hyperpolarized on **F. 20 uM TFMCPP, and 10 uM TFA, a) in the
absence of protein, and b) in the presence of 133 uM protein. Spectra
were recorded at 400 MHz, using CPMG filter experiments with 500
MS EIAY. ...c.eeeee e e

Magnitudes of the time-domain signals of 174 uM DNP polarized
TFMCPP in the presence ([1) and absence (O) of 88.0 uM trypsin.
One averaged data point is shown for each time interval between n
pulses in a CPMG experiment, and the delay between adjacent ©
pulses was 420 ps. Background signals from the NMR probe were
removed by subtracting the signal acquired using the same pulse
sequence without a sample in the magnet. Data were independently
normalized to unit INteNSIty at t = 0.....ccovveiiiiiiiieeeeee e

Conventional (non-hyperpolarized) CPMG experiment of 174 uM
TFMCPP a) in the absence of 88.0 uM trypsin and b) in the presence
of trypsin. Relaxation rates obtained from fit to a single exponential
are 0.54 s-1 and 2.0 s-1, respectively. .........ccccooveviiiii i,
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FIGURE

11-8

11-9

11-10

11-11

11-12

Magnitude of time-domain signals of 174 uM DNP polarized TFA
without (red) and with 88.0 uM trypsin (blue) obtained from a CPMG
experiment. Experimental parameters were identical to those in Figure
I1-6. Relaxation rates obtained from fit to a single exponential are 0.50
s™ and 0.53 s for the samples in the absence and presence of trypsin,
respectively. The relaxation rates measured by conventional CPMG
experiments are both 0.50 s™* for samples in the absence and presence
(0 1Y/ 0] | OSSR

Titration of trypsin with the DNP-polarized ligands (a) TFBC and (b)
FMBC. Each data point represents AAvi, calculated according to
Equation I1-2 using TFA as the reference. The fits to Equation II-3 are
indicated by the solid lines. Kp values of 148 (66—230) and 24 (12—36)
uM were obtained for TFBC and FMBC, respectively (the 95%
confidence ranges obtained from the individual fits are indicated in
parentheses). The resulting AAv1/2 max values were 299 (191-407) and
167 (130—230) Hz, respectively. The titrations used (a) 26 and (b) 9
U0 (' 01 o TP PR PP PR

Determination of the dissociation constant of TFBC with trypsin by
conventional NMR. Ligand titration carried out with a fixed trypsin
concentration (78 uM). Determined Kp and AAvy;, max were 133 uM
and 280 Hz, reSPECHIVEIY. .......ooiiiiiiieieee s

Hyperpolarized *°F spectrum of 50 pM FMBC in the presence of 32
uM trypsin. The fraction of bound ligand, p,, Was directly determined
from the ratio of the integrals obtained by peak fitting for the free (dot-
dashed trace) and bound (dashed trace) forms, yielding a Kp value of
34.3 LML ot nee e

Expected change in line width, calculated for three different Kp values
(Kp =30 uM (a~c), Kp = 150 uM (d~f), KD = 1000 uM (g~i)). Three
different on-rates (kon) in the range of the diffusion limit (kon =10°
(red), 10° (green), 10" (blue) M™s™), AAvi/; max (30 Hz (—O—), 100
Hz(—[—), 300 Hz(—¢—)), and Ad (100 Hz (a,d,g), 1000 Hz (b,e,h),
and 2000 Hz (C,T,1)) WEIe USEA. .......cooivrieiiiinieiie e
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FIGURE

11-13

-1

-2

-3

-4

Expected change in chemical shift, calculated for the same parameters
as in Figure 11-12, namely three different Kp values (Kp = 30 uM
(a~c), Kp = 150 uM (d~f), Kp = 1000 uM (g~1)). Three different on-
rates (kon) in the range of the diffusion limit (ko, =10° (red), 10°
(green), 107 (blue) M*s™.), AAviso max (30 Hz (—O—), 100 Hz(—O
—), 300 Hz(—0—)), and Ad (100 Hz (a,d,g), 1000 Hz (b,e,h), and
2000 Hz (C,F,1)) WEIE USEA. ....ccveeeiieieieee e

Scheme illustrating the transfer of magnetization from protons of
ligand 1 (Hy1) to ligand 2 (H) via protein (Hp) by means of
competitive DINAING. .......coviieiec

The INPHARMA buildup curve was measured by small flip angle
pulses. The polarized sample was transferred from the polarizer to the
home-built sample injector for a transfer time (t;). The sample was
injected from the injection loop to a 5 mm NMR tube, which was
preinstalled in a 400 MHz NMR spectrometer. NMR experiment was
triggered after an injection time (t;) of 445 ms. During the 400 ms
stabilization time (ts), presaturation was applied at the frequency of
residual 'H resonance of ds-DMSO. The water resonance was
selectively excited by EBURP2 shaped n/2 pulses for 20 ms durations,
and then dephased by randomized pulsed field gradients Gx, Gy or Gz
(25..35 G/cm, 1 ms). After applying a 20.7° (a) pulse, 4096 data points
were collected for 320 ms. Time interval between acquisitions was 0.4

a) Structure of ligand 1 (5-benzyl-1,3-thiazol-2-amine). b) Structure of
ligand 2 (3-methyl-1H-indazole). c¢) 1H NMR spectrum (not
hyperpolarized) of a mixture of ligand 1 and 2. Chemical shift
assignments are iNAICALE. .........coovriiiiee s

1D HYPER-BIPO-NOE spectra, in full scale a), and expanded to show
transferred signals b). Stacked spectra are, from top to bottom:
Hyperpolarized ligand 1, with ligand 2 and protein (HYPER-BIPO-
NOE); Hyperpolarized ligand 1, with ligand 2, but without protein
(Control 1); Hyperpolarized dg-DMSO / D0, with only ligand 2 and
protein (Control 2); Thermal spectrum of the HYPER-BIPO-NOE
sample (Thermal). (*) designates the resonance from residual DMSO,
which was suppressed using presaturation prior to the acquisition of
TNE SPECITA. ...t
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FIGURE

I1-5

V-1

V-2

V-3

V-4

Buildup of HYPER-BIPO-NOE signal as a function of time. a) Series
of spectra recorded from a single sample of hyperpolarized ligand 1
mixed with ligand 2 and protein. Spectra were recorded with 20.7° flip
angle a, at intervals of 0.4 s. b) Integrals of ligand 1 taken from spectra
in a). c) integrals of ligand 2 taken from spectra in a). The intensity of
the methyl resonance is divided by 3. d) Integrals of peaks of ligand 2
divided by the sum of the integrals of ligand 1 and fitted with a linear
function. (*) is a solvent resonance that was suppressed prior to the
experiment using PreSaturation. ...........ccccoererererienineeeese s

Proposed mechanism of living anionic polymerization of styrene using
sodium naphthalenide as an iNitiator. ............cccoccevveeieeic i

a) Series of *C NMR spectra recorded from a single sample of
hyperpolarized styrene mixed with sodium naphthalenide. b)
Hyperpolarized *C NMR spectrum for the reaction between styrene
and sodium naphthalenide. c) Non-hyperpolarized *C NMR spectrum
of synthesized polystyrene. d) Non-hyperpolarized **C NMR spectrum
of styrene monomer. (*) designates the resonances from 1,4-dioxane,
and THF. The resonance from 1,4-dioxane in the polystyrene spectrum
was suppressed using a selective 90° pulse and randomized pulsed
field gradients. ........cocuiiiiiiii e

a) Scheme for the living anionic polymerization of styrene. Two living
ends are represented in a dimer molecule. b) Expanded views of ‘H
decoupled *3C spectrum of the reaction of hyperpolarized styrene. c)
As in (b), except without *H decoupling. d) Hyperpolarized correlation
experiment with a selective inversion on resonance #5 at the beginning
of the reaction. Positive and negative signals are represented in blue
and red, respectively. Scaling factors were indicated in each section in
b), and c). (*) designates the resonances from 1,4-dioxane, and THF....

a) Expanded views of peaks in '*C spectra of the reaction of
hyperpolarized styrene, with 1H decoupling. b) As in (a), but without
'H decoupling. Scaling factors used for plotting are indicated in each
section. (*) designates the resonance from the #2 carbon of
hyperpolarized styrene monomer; all other resonances are from
0101 1Y/ 11 SRR
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FIGURE

V-5

V-6

V-7

V-8

V-9

V-1

a) Hyperpolarized correlation experiment with a selective inversion on
resonance #1 (137.7 ppm), and #2 (137.0 ppm). Positive and negative
signals are represented with red and blue, respectively. Only the target
signal on peak #1, and #2 in the reactant and its corresponding signals
(peak #1 (146.4 ppm) and #2 (63.9 ppm)) in the product represented
with negative signal intensities (blue), while non-inverted spins on the
reactant and product still represented with positive signal intensities
(red). b) Hyperpolarized correlation experiment with a selective
inversion on resonance #3 (128.5 ppm), and #4 (127.8 ppm).................

a) Synthesis of 1,4-diphenylbutane. Pd/C (10 mg, 10 wt %) was added
to a solution of 1,4-diphenyl-1,3-butadiene (100 mg) in THF. The
round bottom flask containing the reaction mixture was evacuated
from air and filled with H,. Upon completion of the reaction as judged
by thin layer chromatography (TLC) monitoring, Pd/C catalyst was
filtered off on celite and carefully washed with THF. The combined
filtrate was evaporated to give a 1,4-diphenylbutane in quantitative
yield, b) hyperpolarized **C NMR spectrum for the reaction between
styrene and sodium naphthalenide, c) thermal **C NMR spectrum for
synthesized 1,4-diphenylbutane. ............cccooeiieiiiciicic e

Expanded views of the downfield region of *3C spectra of the reaction
of hyperpolarized styrene (with *H decoupling). The three panels show
data from reactions 1—3. ........ccooveiiiiniiieie s

Fits of the relative signal intensities of (a,c,e) styrene and (b,d,f) living
ends of the intermediate for reaction 1 ~ 3 with Equation (IV-9) and
EQUAtION (IV-13). ..ot

MALDI-TOF Mass spectrum of the synthesized polystyrene from the
DNP-NMR experiments (a ~ c) and their corresponding molecular
distributions (d ~ f). Red lines represent fit lines with Poisson
diStribution TUNCLION. ......cvveiiciec e

The ring-opening polymerization was monitored by small flip angle
pulses. The polarized monomer was transferred from the polarizer to
the home-built sample injector for a transfer time (t;). The sample was
injected from the injection loop to a 5 mm NMR tube, which was
preinstalled in a 400 MHz NMR spectrometer. NMR experiment was
triggered after an injection time (tj) of 400 ms and a stabilization time
(ts) of 400 ms. (a) The resonance of carbonyl carbon in the monomer
was selectively inverted by IBURP2 shaped = pulse for 20 ms duration

Xix

Page

78

80

81

84

85



FIGURE

V-2

V-3

VI-3

Vi-4

, and a randomized pulsed field gradient Gy, was added before the
small flip angle pulse. (b) For the reaction with saturations, two
EBURP2 shaped pulses of flip angle n/2 for 20 ms duration at the
resonance frequencies of the intermediate (175 ppm) and the product
(169.5 ppm) and randomized pulsed field gradients Gy,,, were added
at the beginning of the experiment to remove signals from the reaction
intermediate and product collected during the sample mixing time. For
the each scan, additional EBURP2 shaped pulse is applied before the
small flip angle pulse to block the product formation through the
intermediate at the resonance frequency of 175 ppm........cccccevvevveieenen.

Non-hyperpolarized *C NMR spectrum of monomer L-lactide (a), and
synthesized product polylactide (0)........cccooeiiiiniiini

Stacked plot of *C NMR spectra during the progress of the
polymerization reaction. Only a spectral region for the ester carbon is
displayed. The spectra were acquired by a series of small flip angle
pulses with a 400 ms time reSOlULION. ..........cccccevveieiiece e

(a) Hyperpolarized correlation experiment with a selective inversion
on a resonance from ester carbon in L-lactide at the beginning of the
reaction. Hyperpolarized signals from the glassing solvent, a mixture
of toluene and THF, were also displayed. (b) Expanded view of the
correlation experiment. Positive and negative signals are represented
in blue and red, respectively. (*) designates the resonance from
TOIUBNE. ..ottt

Reaction mechanism for trypsin catalyzed hydrolysis of BAME-ds. .....

Hyperpolarized T; measurements of BAME-d; and BAEE ((a)
carbonyl carbon, (b) methyl carbon). Fits of the two traces to single
exponentials indicated spin-lattice relaxation times of (a) 11 s and 9 s,
(b) 18 s and 3 s for BAME-d3 and BAEE, respectively. ..........c.cc.covnee.

Stacked plots of the successively acquired spectra during the progress
of the reaction. (a) carbonyl carbon in BAME-d3(S) and BA (P>). (b)
deuterated methyl carbon in BAME-d3 (S) and CD3OH (P1). ..cccovvneeeee.

Fit of the relative signal intensities of (a) carbonyl carbon and (b)
deuterated methyl carbon in reactant with Equation (VI-6)....................

XX

Page

94

95

96

97

104

105

106



LIST OF TABLES

TABLE Page

[1-1 Summary of Kp determination. fstandard deviation of values obtained
from > 2 experiments are indicated, otherwise individual values are
given. 95% confidence intervals obtained from each individual fit are
larger than the spread of values; for typical ranges, see Figure 11-9. ......... 47

IV-1 Determination of the propagation rate constant, kp.? Calculated from
Equation (IVV-9) and reported as average value from six different carbon
atoms of styrene. Individual values are reported in supporting Table
IV-2." Degree of polymerization; determined from the MALDI mass
spectrum of reaction product.© Determined from comparison of the D.P.
obtained from MALDI data with the known monomer concentration....... 86

IV-2 Determination of the pseudo first order reaction rate constant k', using
integrals from each peak of styrene monomer in the three reactions......... 88

IV-3 Apparent relaxation rates of the anionic living ends of polystyrene (rp),
of polystyrene, and of styrene monomer (ryv).* Both carbons #5 are
equivalent in styrene monomer.” These values are overall relaxation
rates for the standard polystyrene, not the rates for the specific living
chain ends. Since signals of atoms #3 & #4 in polystyrene were
overlapped, an average value is shown. Only one rate is shown for #5,
since both protons in polystyrene are magnetically equivalent.................. 88

XXi



CHAPTER I

INTRODUCTION
NMR Spectroscopy

Nuclear magnetic resonance (NMR) spectroscopy in the liquid state is an important
analytical technique that provides not only structural information with atomic resolution
but can also be used to study molecular interactions of small organic molecules and
macromolecules.® The characteristics of molecules are reflected in the chemical shifts,
which are dependent on the electronic structure around each nucleus (shielding effects),
and which are the most prominent NMR observable parameters.® Different functional
groups in small molecules can readily be identified with one dimensional (1D) NMR
spectroscopy of 'H, *C, °N, or other NMR observable nuclei. As the nuclear spins
interact with each other either through bonds by scalar coupling (J-coupling)*® or

69 structural

through space by dipolar coupling (Nuclear Overhauser Effect: NOE),
information about a molecule can be obtained. In addition, numerous NMR parameters
including longitudinal relaxation rate, transverse relaxation rate, chemical shift change,
and linewidth, are useful as probes to study molecular dynamics and interactions.
Due to these benefits, NMR is widely applied in fields, such as chemistry, and

biochemistry.



Sensitivity of NMR

Despite the versatility of NMR spectroscopy, the use of this technique is often
restricted by an intrinsically low sensitivity, which appears to be its most severe
drawback. The sensitivity limitation is prompted by a small Zeeman energy splitting of
nuclear spin states, which for a spin % nucleus such as *H, **C, N are spin up (o:
parallel to the external magnetic field) and spin down (B: anti-parallel). The small energy
difference gives rise to only a slight population difference of the two energy levels.
Unfortunately, the achievable NMR signal is proportional to this initial population
difference, rather than the total number of spins. This property of the NMR signal is

expressed with the concept of the spin polarization level, which is defined as

n —n -
P=—-2 ﬂztanh(y h B"j (-1)
2-k-T

where n_,n,is nuclear populations of the two states. The variables y,7, B, represent the

gyromagnetic ratio, reduced Planck constant, and magnetic field. The variables k, T
represent Boltzmann constant, and temperature, respectively. As pointed out in Equation
( -1), the polarization level increases when the external magnetic field is increased, or
when the temperature is decreased. Since the advent of the first commercial NMR
spectrometer (Varian 30 MHz NMR) in 1952,'® the approaches for enhancing the
polarization level have mainly relied on building stronger superconducting magnets.*®
Nevertheless, the polarization level of 'H, the most sensitive of the commonly used
spins, at room temperature is just 8 x10™ even in a 23.5 T magnet (1000 MHz 'H

frequency). Alternatively, a high polarization level of *H spins can be achieved when the



NMR measurement is conducted at low temperature. For example, spectra of H
enhanced by a factor of 80 can be observed by solid state NMR measurement at ~ 7 K.%
However, acquiring NMR spectra at the low temperature is still very technically
challenging.

A variety of other experimental approaches have been developed to enhance the
sensitivity of NMR spectroscopy. Ernst and Anderson suggested the pulsed Fourier
transform (FT) NMR experiment.? A 10 times higher sensitivity in the FT technique
compared with the previously available spectral sweep method was observed by
reducing a spectral acquisition time.?* Morris and Freeman proposed the enhancement of
signals from insensitive nuclei such as *°N, or Si by polarization transfer from protons,
which carry a higher polarization. This technique is called insensitive nuclei enhanced
by polarization transfer (INEPT).?? Subsequently, Bodenhausen and Ruben created the
heteronuclear single quantum coherence (HSQC) spectroscopy, where the INEPT
technique was applied to improve the sensitivity of >N nuclei.? For structural studies of
large proteins, transverse relaxation-optimized spectroscopy (TROSY) was proposed by
Wiithrich and coworkers.? This technique addresses a limitation of carrying out NMR
spectroscopy of large molecules, where transverse relaxation rates are fast. With the
TROSY scheme, linewidthes of *H and N spins in proteins were reduced by 60% and
40% when compared with a conventional 2D correlation experiment by making use of a
cancellation of two main relaxation mechanisms (dipole-dipole interactions and
chemical shift anisotropy). Resulting signal enhancements were quoted as 2 to ~ 5

times.?



Several-fold improvements in signal strength have been achieved by improvements
in NMR probe technology in the past several decades.’® Styles et al. first proposed
cryogenically cooled probe technology in which electrical noise is reduced by cooling
the NMR coils and preamplifier with helium gas.?® Using a cryogenically cooled probe,
the sensitivity is enhanced by up to about four times when compared with the sensitivity
of a conventional NMR probe at the same magnetic field strength.?®

These efforts to improve sensitivity have made NMR spectroscopy an increasingly
attractive and powerful analytical technique. Nevertheless, none of these approaches
directly address the low initial polarization of nuclear spins at room temperature. As a
consequence, further research to increase nuclear spin polarization in NMR experiments
is important. Significant current effort is focused in the development and application of
hyperpolarization techniques.??" Hyperpolarization denotes a nuclear spin polarization
far beyond that achievable under equilibrium conditions even in a strong magnet.
Hyperpolarization techniques therefore represent some of the most powerful methods for

signal enhancement in NMR spectroscopy.
Common Hyperpolarization Techniques

Hyperpolarized nuclear spin states have been produced in several different ways. In
this section, four common hyperpolarization methods are discussed: parahydrogen
induced polarization (PHIP), optical pumping, chemically induced dynamic nuclear

polarization (CIDNP), and dynamic nuclear polarization (DNP).



Parahydrogen Induced Polarization

Parahydrogen induced polarization (PHIP) was first demonstrated by Bowers and
Weitekamp in 1986. A reaction of acrylonitrile with parahydrogen was performed using
Wilkinson’s catalyst, resulting in increased spin polarization of the reaction product.?®%
Hydrogen molecules exist in two isomeric spin states, a triplet state (total nuclear spin
I=1; orthohydrogen) and a singlet state (total nuclear spin 1=0; parahydrogen). The ratio
between the former and the latter is ~ 3:1 at a thermal equilibrium and a room
temperature.® Since the total nuclear spin of parahydrogen is zero, it cannot provide any
NMR signals. However, the introduction of the parahydrogen into an unsaturated target
molecule breaks the symmetry, resulting in enhanced population differences of the
nuclear spin states. The parahydrogen-induced polarization technique has been utilized
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to investigate organometallic chemistry as well as for magnetic resonance

imaging.

Separately from the previous approaches, where a molecule of hydrogen is directly
incorporated into a target molecule, recent research indicates that a high level of nuclear
polarization can also be achieved when a target molecule and parahydrogen make
reversible coordination bonds with a metal center (SABRE; Signal Amplification By
Reversible Exchange).®® In the SABRE method,® the parahydrogen is first bound
reversibly to the metal center, without a direct contact with the target molecule. At a

subsequent time, the hyperpolarization derived from the parahydrogen with the metal

center is transferred to the target molecule. Since the SABRE method does not require a



hydrogenation reaction, its use is not limited to specific substrates containing

unsaturated functional groups.
Optical Pumping

In optical pumping, circularly polarized laser light is used to excite electron of alkali
metals (typically rubidium, or cesium) from a lower energy state to a higher energy state.
Nobel gas (***Xe, or *He) and Quenching gas (normally N,) transfer electrons of alkali
metal between two sublevels of the excited state (collisional mixing), and deexcites the
electrons from the higher energy states to the ground energy states (quenching) by
collision. These collisional mixing and quenching processes make population differences
between two sublevels of the ground state, resulting in enhanced electron spin
polarization of the metal. Subsequently, the electron spin polarization of the alkali metal
can then be transferred to nuclear spins of the noble gases through collisions. This
process is known as spin exchange optical pumping (SIOP).*® The optical pumping
technique has been utilized for magnetic resonance imaging (MRI) of lungs and other
organs, as well as for characterization of porous materials.**™* In addition to the spin
exchange optical pumping process, the polarization level of nuclear spins in the solution
state can be selectively increased through the spin polarization-induced NOE (SPINOE)
effect that arises due to interaction with a polarized noble gas.** The SPINOE in
combination with optical pumping has been applied to the study of protein surfaces,*’*®

and lipid membranes.*



Chemically Induced Dynamic Nuclear Polarization

Chemically induced dynamic nuclear polarization (CIDNP) was discovered by
Ward and Lawler in 1967. Enhanced absorptive and emissive NMR signals were
detected from chemical reactions with organolithium compounds.®® The radical pair
mechanism, which is a cyclic photochemical process, explained the most common cause
of CIDNP.°™* CIDNP has been applied to the study of proteins. Here, flavin
mononucleotide or its derivatives are used as a photosensitizer. The photo-excited dye in
its triplet state induced by laser irradiation takes a single electron from a specific amino
acid residue (normally tryptophan, histidine, or tyrosine). The residue is oxidized after
the interaction with the dye, resulting in the formation of a transient triplet radical pair.
Two competing reaction paths that are identified with the recombination (singlet-triplet
mixing) product and the escape product (radical separation) affect the outcome of the
transient radical pair.>>° Thus, the nuclear spin states of the residue can be controlled by
the exchange rate between the two products, which gives rise to enhanced NMR

intensities. CIDNP provides site specific enhancements, which have been used for the
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surface characterization of proteins, protein folding, and interactions proteins

with oligonucleotide and carbohydrates.®*®*



Dynamic Nuclear Polarization

Overhauser initially demonstrated the theoretical framework for the DNP
mechanism in 1953 (Overhauser effect),’ and Carver and Slichter proved it
experimentally with metallic lithium in solid state and sodium ammonia solution in
liquid.®>®" In the DNP processes, electron spin polarization is transferred to the nuclear
spin polarization by saturating EPR transitions of the metal, where maximum
enhancement of nuclear spin polarization by DNP processes is determined by the ratio of

gyromagnetic ratios between electron and nuclear spin (e.g. y, /7., ~660).

Since the Overhauser effect was first presented, additional DNP mechanisms have
been identified by several researchers. Pound, Abragam, and Jeffries discovered a DNP
mechanism in the solid state that is now known as the solid effect.®®"* Borghini
proposed spin temperature models for DNP (thermal mixing).”*" Kessenikh proposed a
three-spin system with two electrons and one nucleus describing DNP polarization
mechanism (cross effect), which was validated by Hwang, Hill, and Wollan later.”*""
For these DNP processes, organic radicals, which are the source of the free electron
spins, should be involved. Figure I-1 represents common radical structures. These
radicals are stable and inert under most common conditions. DNP is a more generally
useful technique than the other hyperpolarization techniques since most of the nuclear

spins in molecules can be polarized by the DNP processes.
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Figure 1-1 : Common radical structures for the DNP experiments. (a) OX63; tris[8-carboxyl-2,2,6,6-
tetra[2-(1-hydroxyethyl)]-benzo(1,2-d:4,5-d)bis(1,3)dithiole-4-ylJmethyl sodium salt. (b) BDPA; o,y-
bisdiphenylene-p-phenylallyl. (¢) TEMPOL; 4-Hydroxy-2,2,6,6-tetramethylpiperidine-1-oxyl. (d)
TOTAPOL; 1-(TEMPO-4-0xy)-3-(TEMPO-4-amino)propan-2-ol.

DNP mechanisms
Overhauser Effect

The Overhauser effect is the only mechanism that polarizes nuclear spins directly in
the liquid state. The polarization transfer in the liquid state results from cross relaxation
processes (flip-flop (Wp) and flip-flip (W>)), following a saturation of an EPR line of the
electron (Ws).”® The cross relaxation processes is due to the dipolar and scalar
interactions between electron and nuclear spins, which are governed by rotational and
translational molecular motions in the liquid state. These processes raise the population

differences of the nuclear spins, giving rise to hyperpolarization of the nuclear spins.



Figure 1-2 represents the energy diagram of a coupled system of an electron- and a

nuclear spin. Electron and nuclear transitions are symbolized by Ws and W,.

—|4>

len>

Figure 1-2 : Energy level diagram for the Overhauser effect; S and | represent the electron spin and the
nuclear spin, respectively. Ws and W, are EPR and NMR transitions. W, and W, are zero and double
quantum transitions.

The overall polarization enhancement (&) is dependent on three parameters, &: coupling
factor, f: leakage factor, S: saturation factor, as well as the ratio of gyromagnetic ratios

between the electron and nucleus.

(I2) | 7 |
= N2/ _q_gf.g.tlel 2
¢ <|o,eq> - > V4N (2)

The elements (l,) and (I, ) represent the expectation value of the nuclear polarization

0,eq
and the value in thermal equilibrium, respectively. The coupling factor (&) reflects the
impact of the transition probability, which is described by a ratio between the cross-
relaxation rates (W, — W) and auto-relaxation rates (W, + 2W, + W;). Since the coupling
factor is almost zero at high magnetic fields (~ 10 T), the overall polarization
enhancement (&) is more efficient at low magnetic fields. The leakage factor (f)

represents an influence of the electron spin on the nuclear spin relaxations. The
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saturation factor (s) explains the degree of saturation of the electron transitions due to
the influence of the microwave irradiation. When the electron transitions are fully
saturated, the overall enhancement can be maximized. The saturation factor is governed

by the microwave power and electron relaxations.
Solid Effect

In the solid effect, forbidden transitions (the flip-flip (W) and flip-flop (W)
transitions) can directly enhance the nuclear polarization.” The hyperfine coupling leads
to a mixing of spin states of the electron-nuclear coupled system under the influence of
microwave irradiation. The mixed electronic and nuclear spin states make these
forbidden transitions be allowed. As the hyperfine term becomes time-independent in the

absence of molecular motions, the enhancement is directly obtained by saturating these

forbidden transitions, using microwave irradiation at the frequency of o, — @, (positive
polarization, Figure 1-3b), or @, +a, (negative polarization, Figure I-3c). Under the

proper assumptions—the relaxation rate of electrons (Ws) is much faster than the cross
relaxation rates (W,, Wp) and the nuclear relaxation rate (W), and the cross relaxation
rates are much faster than the nuclear relaxation rate (Ws » W,, Wy » W,)—, the
theoretical enhancement becomes the gamma ratio (ye / yn). In order to obtain the
maximum enhancement, frequencies of the forbidden transitions (@, £ @, ) should be
completely resolved because simultaneous transitions with opposite enhancement signs

may cancel each other when they are partially overlapped.
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Figure 1-3 : Energy level diagram for the solid effect. (a) two-spin system in thermal equilibrium
condition. EPR and NMR transitions displayed with Ws and W,. Transition frequencies for positive and
negative enhancements are displayed in (b), and (c), respectively. Spin populations are represented with
blue-colored circles.

Cross Effect

The cross effect was discovered in the 1960s by Kessenikh, Hwang, Hill, and
Wollan.”*"" This phenomenon was examined with polystyrene and a bis-phenly aroxyl
radical. They observed that the two optimal microwave frequencies for positive and
negative DNP enhancements moved closer together when the radical concentration was
increased. The cross effect is explained by three-spin interactions, in which two dipolar
coupled electrons (@,,,®,,) interact with one nuclear spin (@) . Since resonance
frequencies of electron spins in solid state depend on their orientations and distances in
an external magnetic field, proper radicals should be employed. In order to maximize the

efficiency of the cross effect, the two EPR frequencies (w,, ®,,) should be split by the
Larmor frequency of the nuclei (@, — ., = @, ). The energy level diagrams and possible

e

transition lines for the three spin system are shown in Figure 1-4. When the EPR

transition is saturated with a microwave irradiation at the frequency of @,,, a positive

12



enhancement is observed (Figure I-4b). In the same manner, a negative enhancement is

detected when applying the frequency of w,, (Figure I-4c). Maximum enhancement is

obtained when the two energy levels |[4> and |5> become degenerate (@, —®,, = @)

e

which is shown in Figure 1-4b and c. It should be noted that the EPR frequencies
(w,,,,) in the cross effect are different from the EPR frequency (w,) in the solid
effect. Nitroxyl-based biradicals like TOTAPOL (Figure I-1), whose EPR spectra are
inhomogeneously broadened by g-anisotropy, fulfill the conditions for the cross effect.”
Unlike the solid effect, the mechanism of the cross effect relies on the allowed
transitions resulting from electron spin-spin interactions. Thus, this condition induces

much faster polarization build-up time compared to the time for the solid effect.?®
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Figure 1-4 : Energy level diagram for the cross effect. (a) three-spin system in a thermal equilibrium
condition. Saturation of EPR transitions with microwave irradiation result in negative (b) or positive (c)
enhancement of nuclear spin transitions. Spin populations are represented with blue-colored circles.
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Thermal Mixing

In the thermal mixing, high radical concentrations, which cause homogeneously
broadened EPR linewidth (o) due to multiple dipolar coupled electrons, are involved,

with the condition, & > e, .">® As many electrons are involved in the DNP process, the

spin temperature model with thermodynamic ensembles is a good explanation when the
concept is too complex to define individual energy states. The theory describing thermal
mixing (TM) was developed using the concept of thermodynamic ensembles of spin
systems, based on the Provotov theory (spin temperature model).®* The polarization
transfer can be expressed with three interacting thermodynamic reservoirs: nuclear
Zeeman (NZ), electron Zeeman (EZ), and electron spin-spin interaction (ESSI). The
mechanism of thermal mixing is a consecutive two-step process. First, the spin
temperature of the electron Zeeman reservoir (EZ) is cooled by irradiating at the
microwave at a frequency of the allowed EPR transitions, leading to the cooling of the
electron spin-spin interaction reservoir (ESSI). Second, the spin temperature of the
nuclear Zeeman reservoir (NZ) is cooled by the three spins electrons-nuclear exchange
process, since the nuclear Zeeman reservoir is in thermal contact with the electron spin-

spin interaction reservoir (ESSI), giving rise to the hyperpolarization of the nuclear spin.
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Experimental Arrangements and Applications
Overhauser DNP

Even though the Overhauser effect was initially discovered in metals, recently the
main applications of Overhauser DNP (O-DNP) have been focused on polarizing
molecules in liquid state. As the magnetic field is increased, the Overhauser effect
becomes less efficient, resulting in two different experimental arrangements of potential
benefit: i) polarize and measure the NMR spectrum at the same magnetic field, ii)
polarize at a low magnetic field and measure the NMR spectrum at a high magnetic field
by transferring the polarized sample. The first class of experimental setup was developed
for the study of Overhauser magnetic resonance imaging by Wind and coworkers.®? The
Minnemann and Han groups used the experimental setup for a portable polarizer where
relatively low magnetic fields (0.3 T ~ 1.4 T) were used to polarize water.2*®
Hyperpolarization of water for an MRI contrast agent by the Overhauser DNP was
investigated by the Han group.® The hyperpolarized water provided a contrast of signals
from the background bulk water due to a substantial signal gain. Nuclear spin relaxation
of the hyperpolarized water was utilized to study local water mobility on the surface of
bio-macromolecules with site directed spin-labeling of water with nitroxide radicals.®®®’
Recently, the Han group also suggested J-coupling mediated *C O-DNP experiments
for investigating the permeability of small molecules across phospholipid bilayers, an
important consideration in drug delivery.®® The second class of experimental setups has

been developed by Dorn, Griesinger, and Bennati.?**! In this experimental setup,

hyperpolarization first takes place in a low magnetic field (0.23 T ~ 0.34 T), and the
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NMR spectrum is measured in a high magnetic field (4.7 T ~ 14.09 T) by way of

shuttling of the polarized samples.
Solid-State DNP

Implementations of the DNP method for solid state NMR were described among
others by Wind, Schaefer, and Griffin.”*® Solid state MAS spectroscopy in combination
with the DNP technigque (SS-DNP) has been used for signal enhancements for polymers,

929 as well as biological macromolecules.®® For the

carbonaceous materials, diamonds
latter application, a new home-built gyrotron (cyclotron resonance maser) oscillator
producing 100 W of 140 GHz irradiation was utilized.*® Overall enhancements of 50 ~
200 driven by thermal mixing were observed by employing cross polarization pulse
sequences from the 'H to *3C or N in the protein. In addition to the 1D SS-DNP
experiments, SS-DNP enhanced 2D **C-3C correlation spectroscopy provides nuclear
spin connectivity. This method can be used for unambiguous chemical shift assignments
in proteins. On the basis of Griffin’s pioneering work in gyrotron-based DNP-MAS

spectroscopy,’’ 8

the SS-DNP technique has been extensively applied to study
biological macromolecules and complexes, including amyloid fibers, peptides,
membrane proteins, and bacteriophages.”% Recently, the Griffin group determined the
intermolecular structures of amyloid fibrils by using the 2D homonuclear **C-**C and
heteronuclear °N-*C correlation experiments.'®® The Oschkinat group revealed a

structure of a receptor-ligand-membrane complex in its natural condition without any

sample purification.'*
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Solid-state DNP has also been utilized for materials characterizations. The Emsley
group used DNP to enhance the NMR signal at the surface of a porous material **%°
The characteristics of surface adsorbed substrates, the distribution of surface bonding,
and substrate-substrate interactions were studied by cross polarization spectroscopy
(from *H to *3C) or by 2D *H-*Si correlation spectroscopy. The design of biradical, bis-
cyclohexyl-TEMPO-bisketal helped to optimize signal enhancements.’® The Emsley
group also applied the SS-DNP technique to an analysis of powered microcrystalline
solids and functionalized metal-organic frameworks (MOF)."9"% |n these work, 2D **C-
3C homonuclear and 'H-'*C heteronuclear correlation experiments were conducted

without any isotope labeling.'**™*%

Dissolution DNP

In 2003, Ardenkjer-Larsen and coworkers reported the first dissolution DNP (D-
DNP) experiments in which **C-labeled urea was polarized in a glycerol-glassing agent
with a trityl radical used as a free electron source.'®® In the D-DNP method, the
polarization takes place at a cryogenic temperature (1.1 — 1.5 K). At this temperature,
and in a moderate magnetic field (3.35 T), a high level of electron spin polarization

persists, as illustrated in Figure I-5.
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Figure 1-5 : Temperature dependence of the polarization levels of electron and *H, which is defined in
equation (I-1). Three different magnetic fields, 23.5 T (highest magnetic field to date), 9.4 T (magnetic
field for experiments in this dissertation), and 3.35 T (magnetic field in DNP polarizer) are used for the
calculations.

In the D-DNP method, the analyte solution is mixed with an organic free radical and a
glassing solvent, typically a mixture of water, DMSO, glycerol, methanol, and ethylene
glycol. During the polarization time, the sample is irradiated with microwaves (~ 94
GHz; we. £ ®y). Subsequently, the polarized sample is dissolved with a pre-heated
solvent (~ 200 °C under 10 bar pressurization), and rapidly injected into the NMR
spectrometer. Finally, the NMR spectra are acquired at room temperature. Figure 1-6

represents a schematic diagram of the dissolution DNP processes.
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Figure 1-6 : (a) Schematic diagram of the dissolution DNP setup. A small volume of the sample (1 ~ 20
uL) is polarized at a cryogenic temperature (typically, 1.1 ~ 1.5 K) by irradiating a microwave frequency
in the 3.4 T DNP magnet. At a subsequent time, the frozen sample is dissolved in the pre-heated solvent,
and transferred to a 1 mL injection loop (loading position; red ports in the injection system are connected
together). When the polarized sample is detected in optical detector, the two-way valve is switched to
injection position (red and blue ports are connected together). Subsequently, high pressure of nitrogen gas
pushes the sample into the 5 mm NMR tube that is preinstalled in 9.4 T NMR spectrometer. (b) Solid state
buildup (2,000 s buildup rate constant) and liquid state signal decay (6 s spin relaxation time) of DNP

polarization level are represented.
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Figure 1-7 : Microwave frequency dependence of nuclear spin polarization levels of Urea-*C for the
0X63 radical. For the measurement, 20 pL of 1.5 M Urea-**C and 15 mM OX63 radical were mixed in
glassing solvent (60% ethylene and 40 % water).

Optimal microwave frequencies of trityl radical (OX63) for *C polarization can be
found from data shown in Figure 1-7. Under these conditions, the frequency separation
of maximum enhancement is consistent with both the thermal mixing and solid effect
mechanisms. However, it is difficult to differentiate between the two DNP mechanisms
in practical situations.*°

The overall signal enhancement available through the dissolution DNP method is

defined by

' . Boe .TNMR (-3)
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where & represent the actual DNP enhancement in solid state.”® The enhancement can

be higher than 10,000 due to the large temperature factor (TNﬂ; ~250), compared to a

DNP
conventional single scan NMR experiment. Experimentally, the polarization level of **C
is accurately determined by acquiring a *°N spectrum of **C-labeled urea.'® The
normalized integration difference of the j-coupled doublet N peak indicates the
absolute polarization level of the *C nuclei (Figure I-8). In the data shown in the Figure

1-8, 33% of the *3C polarization is achieved.

O

M
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Figure 1-8 : Hyperpolarized N spectrum of the *C-labeled urea. The absolute polarization level of **C is
determined from the normalized integration difference of the doublet peak. 20 uL of 1.5 M Urea-"*C and
15 mM OX63 radical were mixed in glassing solvent (60% ethylene and 40 % water).

Because of the temperature factor, dissolution DNP shows a higher total enhancement

than other DNP methods. Accordingly, the signal gain from the D-DNP processes
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extends the scope of the applications in high resolution NMR spectroscopy and magnetic
resonance imaging (MRI).

The application of dissolution DNP was initially proposed by Golman and
coworkers with the purpose of in vivo **C metabolic imaging.****® Because of the wide
chemical shift dispersion of '*C spins and signal gain by the DNP process,
hyperpolarized **C imaging provides not only sufficient spectral resolutions, but also a
high signal-to-noise ratio. Typically, hyperpolarized pyruvate is used as a metabolic
reporter in metabolic imaging studies.'**™* 119 |n the work of Golman and

> after the *C hyperpolarized pyruvate was injected in rats containing

coworkers,™
cancer cells, concentrations of transformation products of the pyruvate (lactate and
alanine) were compared between normal tissues and the tumors. The high glycolysis rate
of cancer cells gave rise to an abnormally high lactate concentration in the cancer
tumors. In addition, an MRI based measurement of pH using hyperpolarized **C-labelled
bicarbonate has been proposed as an alternative diagnostic method for cancer and
inflammation detection. As the pH value of tumor tissue is significantly lower than the
value of normal tissue, changes in tissue pH calculated from the concentration ratio
between the hyperpolarized bicarbonate and carbon dioxide are used for detecting the
diseases.'*®

In addition to the hyperpolarized imaging study, there have been many pilot studies
dealing with the hyperpolarized biomolecules, such as amino acids, lipid membranes,

and proteins.*?>*** Several different pulse sequences were implemented for the

dissolution DNP applications. For example, the Eykyn and Denisov groups
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demonstrated a N hyperpolarization method of a long-lived metabolite choline
molecule, a precursor of cellular phospholipid metabolism.**>*% In the choline DNP
study, polarization transfer from the hyperpolarized >N to methylene protons by a
reversed INEPT pulse was employed to provide a resolution that can distinguish the
choline metabolites. As the metabolites play significant roles in biologically important
processes, hyperpolarization of the molecules may open a new way to study in vivo
metabolic measurements. Lerche and coworkers illustrated the hyperpolarized **C NMR
experiments for studies of molecular interaction of ligand-protein binding.**’ Binders for
the target protein, human serum albumin, were recognized through changing NMR
parameters (peak height, line broadening, and chemical shift change) upon binding.

Because of shortcomings of the dissolution DNP, specifically, non-renewable
hyperpolarization and limited life-time of the hyperpolarization state, the multiple scans
to acquire multi-dimensional NMR spectra are very limited in the dissolution DNP
experiments. To overcome the restrictions, several research groups have developed pulse
schemes that measure 2D spectra within few seconds.’?®*% For example, the Frydman
group initially offered a gradient-encoded single-scan two dimensional spectroscopy
(ultrafast two-dimensional NMR) of 2D **N-'H HSQC NMR spectra collected from *°*N-
enriched urea solutions. '

One of the benefits of the dissolution DNP is the capability of utilizing optimal
hyperpolarization generated at low temperature in solid state and of measuring real-time
NMR spectrum in liquid state. Allowing for several orders of magnitude in signal

enhancement, dissolution DNP makes it possible to monitor chemical and biological
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reactions in real-time while the reactions proceed. The Hilty group presented a time-
resolved DNP-enhanced **C NMR spectroscopy which examined the hydrolysis of N,-
benzoyl- -arginine ethyl ester (BAEE) by the serine protease trypsin.133 By using a small
flip angle pulse scheme, the progress of the enzyme catalyzed reaction was monitored by
observing the consumption of reactant and formation of products over the course of three
seconds. In the pulse scheme, only a small portion of the hyperpolarized signals is
utilized for each scan, while the remaining signals are used for following scans. The
signal intensity of the substrate from the time-resolved NMR spectra was fitted with a
linear function. From the linear fit, the rate of catalysis (kcar) was calculated with known
substrate and enzyme concentrations. Additionally, the reaction intermediate (acetyl-
adenylate) of the multi-step enzyme catalyzed reaction of acetyl-CoA synthetase was
clearly detected by the hyperpolarized *C NMR spectroscopy by Lerche and
coworkers.™** The Hilty group has proposed temporal correlations to examine reaction
mechanisms for fast organic reactions such as the Grignard addition and Diels-Alder
reaction.”*>**® As hyperpolarized NMR signals flow from the reactant to the product
while the reaction proceed, treatment of a selective inversion on a point of interest in the
reactant provides direct correlation information among the reactant, intermediates, and
product.

In most of the previous D-DNP applications, nuclear spins showing long
longitudinal relaxation times (carbonyl carbon, quaternary carbon, and tertiary nitrogen)
are used to avoid severe signal losses during sample injection. However, it is often

required to analyze chemical structures or reactions for a majority of chemical
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compounds with nuclear spins *H and *F, showing relatively fast relaxation times. For
this purpose, the Hilty group developed a rapid sample injection system that can be
adapted to the D-DNP system.*®* 3 The total transfer time of the polarized sample is on
the order of a second, permitting a study of the spins exhibiting longitudinal relaxation
times less than 1 s. Figure 1-9 represents a high resolution DNP-enhanced NMR
spectrum of a mixture of common organic solvents analyzed with the rapid injection
system. Due to the benefit of the sample injection, all of the signals including methyl

groups are clearly observed.
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Figure 1-9 : High resolution NMR spectrum of hyperpolarized common organic solvents ((1) acetonitrile,
(2) ethyl acetate, (3) isopropyl alcohol, (4) 1,4-dioxane, (5) THF, (6) DMSO, (7) dimethyl sulfone, (8)
diethyl ether, (9) N,N-dimethlyformamide, (10) phenylacetylene). All of the signals are clearly resolved
with narrow line widths (2 ~ 3 Hz).

This dissertation aims to extend the use of dissolution DNP into new fields of
research involving large molecules. The first approach is to characterize properties of
proteins through the observations of small molecules that interact with proteins. Studies

of the characterization of protein-ligand interactions and determination of competitive

25



ligand binding in combination with rapid sample dissolution are extensively examined
with hyperpolarized *°F and *H.*¥*3 For the study of protein-ligand interactions with
hyperpolarized *°F, identification and quantification of ligand binding over a wide range
of dissociation constant values with different binding kinetics have been explored.
Besides the simple binding experiments, protein-mediated magnetization transfers
between two competitive ligands were investigated for structural information on the
binding epitope. The second approach is to investigate properties of polymers through
the direct observation of the macromolecules. Real-time hyperpolarized *C NMR

spectroscopy was investigated for the study of the reaction mechanism and kinetics.

26



CHAPTER II
NUCLEAR MAGNETIC RESONANCE OF HYPERPOLARIZED FLUORINE FOR

CHARACTERIZATION OF PROTEIN-LIGAND INTERACTIONS™
Introduction

High-resolution Nuclear Magnetic Resonance (NMR) spectroscopy is an important
technique in drug discovery.*® * 4 |n an industrial setting, NMR spectroscopy is
mainly used to study interactions between ligands and the target protein, either through
protein observation, ligand observation or indirect detection via a reporter ligand.
Chemical shift perturbation spectroscopy of proteins in the presence of ligand can be
used to demonstrate specific binding and to map the binding site, providing a high level
of detail. In the context of screening large compound libraries**! where the primary
interest lies in high throughput determination of ligand binding, ligand based observation
is preferred. A strength of NMR spectroscopy lies in its ability to detect even weak
binding, with dissociation constants of up to 1 mM,****? which makes it the method of
choice for the screening of fragment libraries.

Apart from work with carefully composed fragment libraries during the initial phase
of a drug discovery campaign, multiple challenges remain for general applicability of
ligand-observed NMR in drug discovery. Foremost, the obtainable signal-to-noise ratio

is relatively low. In order to acquire workable *H spectra within 5-15 minutes, ligand

" This chapter is reproduced with permission from Y. Lee, H. Zeng, S. Ruedisser, A.
Gossert, and C. Hilty. "Nuclear Magnetic Resonance of Hyperpolarized Fluorine for
Characterization of Protein-Ligand Interactions.” Journal of the American Chemical
Society 2012, 134, 17448-17451. Copyright 2012 the American Chemical Society.
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concentrations of 100-200 pM are used in standard screening setups. This requirement
excludes many ligands from analysis due to their often low solubility in water. Further,
detection of binding by ligand-observed experiments is generally limited to ligands in
fast exchange, excluding the most potent, tightly binding ligands from the analysis. Most
lead compounds with drug-like properties fall into one of these categories (low
solubility, slow exchange) and can therefore only be studied by expensive protein-

143

observed NMR experiments~ or, if a suitable reporter molecule is available, by reporter

screening. !+

Hyperpolarization of nuclear spins represents a significant opportunity to identify
new leads due to a signal gain of several orders of magnitude. Dissolution dynamic
nuclear polarization (DNP)® is well suited for application to this problem, since most
small molecules can be brought to a spin-polarized state, and delivered in dilute form for
use in an NMR experiment.'®® This technique has in the past most commonly been

applied to *°C nuclei,'?> 1313

which often exhibit slow spin relaxation that reduces the
loss of polarization prior to the NMR experiment, among many applications also
allowing the detection of ligand binding.?” In this work, °F DNP is exploited.
Experimentally, NMR of hyperpolarized fluorine is enabled by rapid sample injection of
the polarized aliquot, which counteracts the relatively short relaxation time and reduces

loss of the hyperpolarized signal prior to the NMR experiment.*3" 17
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Experimental Section
Sample Preparation

For binding experiments, 3.6 pL of 10 mM TFBC (Maybridge, UK), 10 mM
synthesized TFMCPP,** 10 mM FMBC (Maybridge, UK), and 10 mM trifluoroacetic
acid (TFA) in water were mixed with 0.4 puL of 150 mM 4-hydroxy-2,2,6,6-
tetramethylpiperidine 1-oxyl (TEMPOL; Sigma Aldrich, St. Louis, MO) in a glass
forming solvent (80% dg-DMSO and 20% D0 v/v). For the experiments at near limit of
detection, ImM TFBC, 5 mM TFMCPP, 3 mM FMBC, and 1 mM TFA were mixed
with 0.4 puL of the TEMPOL solution specified above. For titration experiments, 1.8 uL
of TFBC (400, 200, 100, 50, 25 mM) / TFA (10 mM) and FMBC (160, 120, 60, 30, 15
mM) / TFA (10 mM) were mixed with 0.2 pL of the TEMPOL solution. For the DNP
1D CPMG experiments and the 1D experiment for direct observation of bound and free
ligand, 1.8 pL of 74 mM FMCPP and 9 pL of 5.2 mM FMBC solution was mixed with

0.2 uL and 1 pL of TEMPOL solution, respectively.
DNP Polarization

The prepared solutions were polarized in a HyperSense DNP polarizer (Oxford
Instruments, Tubney Woods, UK), by irradiating at 94.002 GHz microwave frequency
and 100 mW power for 40 min at a temperature of 1.4 K. The polarized sample was
dissolved by 4 mL pre-heated buffer solution (50 mM Tris, 100 mM NacCl, and 5 mM
CaCl,, pH 8.0), and transferred to a sample injector.** *3" The sample was then injected

into a 5 mm NMR tube preinstalled in the NMR spectrometer and mixed with a 25 pL
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buffer solution or trypsin solution, resulting in a total volume of 450 pL. Trypsin was
obtained from EMD, Gibbstown, NJ and used without further purification. The dilution
factor in the dissolution of the hyperpolarized sample can be estimated from the
characteristics of the dissolution system,™*’ but was here determined more precisely, by
determining the ligand concentration of a dissolved sample of high concentration. This
ligand concentration was determined by *°F NMR and HPLC after acid denaturation of
trypsin. Calibration curves established with samples of known concentration were used

(Figure 11-1).
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Figure 11-1 : The final concentrations of TFBC in the DNP ligand titration were determined by NMR (c),
and HPLC (f) with a standard calibration. Seven, and five standard TFBC samples were used for the NMR
(a, b) and HPLC (c, d) standard calibrations, respectively.
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NMR Spectroscopy

All the spectra were acquired by a 400 MHz NMR spectrometer (Bruker Biospin,
Billerica, MA), equipped with a room temperature broadband observe (BBO) probe with
extended 'H tuning range to reach '°F (Bruker Biospin, Billerica, MA), and modified
with a poly ether ether ketone (PEEK) coil insert. NMR experiments were triggered after
an injection time of 420 ms and a stabilization time of 800 ms set in the sample injection
device. Sample temperature after the injection was ~30 °C. For the detection of binding,
a single scan spectrum with 32768 complex data points was acquired after a /2 pulse
excitation, the pulse strength was yB1 = 15.6 kHz, the carrier frequency was set to -90
ppm and the spectral width was 100 ppm. The CPMG pulse sequence was applied for
100 ms after the m/2 pulse excitation, using yB1 = 15.6 kHz and a delay between n
pulses of 200 ps. The pulse strength was yB1 = 15.1 kHz. The time between = pulses
was 420 ps, during which 8192 digitized points were averaged to form one displayed
data point. Background signals were subtracted, and data was normalized as indicated in
the figure caption. All of the spectra in ligand titrations and direct observation were
measured with /2 excitation pulses as described above. For conventional NMR
measurements, five different TFBC (588 uM ~ 2806 uM), trypsin (78 uM), TFA (3 mM)
mixtures were prepared in buffer solution (50 mM Tris, 100 mM NaCl, and 5 mM
CaCly, pH 8.0). *F NMR spectra for these samples were measured at 28 °C with 52 ~
496 transients. The NMR data for all spectra was processed using the TOPSPIN 3.0
program (Bruker Biospin), and peaks were fitted using MatNMR.**" The line width in

response to ligand concentration in ligand titration was fitted to Equation (11-5) using

31



Matlab (MathWorks, Natick, MA). Chemical shift of *°F was calibrated in reference to
the 'H spectrum of 1% TMS in CDCl; according to the IUPAC recommendations

2001.148-149
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Figure 11-2 : The protein-ligand interaction is monitored with two different pulse sequences. The
polarized sample was transferred from the polarizer to the home-built sample injector for a transfer time
(). The sample was injected from the injection loop to a 5 mm NMR tube, which was preinstalled in a 400
MHz NMR spectrometer. NMR experiment was triggered after an injection time (t;) of 445 ms and 800 ms
stabilization time (t;). a) /2 pulse excitation scheme with CPMG filter for the detection of binding. b)
Single scan CPMG pulse scheme. One averaged data point is measured for each time interval between =
pulses in a CPMG experiment, and the delay between adjacent 7 pulses was 420 ps.

Simulations of Line Width and Chemical Shift Difference

The effects of exchange on the line width and chemical shifts were simulated by
Matlab. The chemical equation for the protein (P) ligand (L) binding is
P+L—===pL (11-1)

off
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in which k, =k, xK,. Since we only observe the ligand, Equation (llI-1) can be

rewritten in exchange form as

L(L, free) =—=—L(2,bound) (11-2)
with k, =k, [P] and k_, =k, . Given the fraction of bound ligand p, = 5 and K,

P] is calculated to be [P]:@. The evolution of the magnetization was computed
1-py

numerically from the Bloch equations, using the solutions given in Cavanagh et al.

(pages 392-396).1° Parameters chosen were the auto relaxation rates o= 055",
P, =p+7-AAvy,, and resonance frequencies O, =0, Q, =y-B-10°-As, whereby

the index 1 refers to the free ligand, and the index 2 to the bound ligand. The initial

magnetization was set to M;(0)=1-p, and M,(0)=p, . The simulated FID

M, (t)+M,(t) was then calculated numerically using the programs Matlab and

Mathematica (Wolfram Research, Champaign, IL). The simulated spectrum was
obtained from Fourier transform, and chemical shift and line width was directly
calculated from the spectrum.

The parameters that were used for the simulations (Figure 11-12 and Figure 11-13)
cover those determined for TFBC as well as FMBC binding to trypsin, and curves are
plotted for several on-rates falling into the typical range near the diffusion limit.*" It
appears evident that, while in general the dependence of line width and chemical shift on

the fraction of bound ligand is highly non-linear, a linear approximation as necessary for

determination of according to Equation (I11-5) from the manuscript is valid for small
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values of p, . Due to a large initial slope, the fit parameters AAvij maxand Admax Can be

larger than the true line width of the bound ligand and chemical shift difference.

However, this fact does not influence the quality of the K, determination, as long as all

measured points fall into the linear regime of the curves shown.
Results and Discussion

In In many respects, fluorine is an ideal target nucleus for the study of
protein—ligand interactions by NMR spectroscopy. The use of fluorine is motivated by
its importance in pharmaceuticals, where these atoms impart specific properties
pertaining to electronic structure, hydrophobicity, or metabolic stability.”*>*** In
addition, 20% of marketed drugs contain fluorine. For the purpose of NMR analysis, the
high gyromagnetic ratio and 100% natural abundance of *°F lead to a high signal

1% With state of the art equipment in conventional NMR spectroscopy, it is

intensity.
possible to screen libraries of compounds containing CF; and CF groups at
concentrations of 18 and 35 pM, respectively.™® The chemical shift of °F is sensitive to
the local environment of the nucleus and to the change that occurs upon binding. This
can lead to strong exchange broadening effects, aiding detection of weakly binding
compounds.**! ¥ Additionally, the large chemical shift anisotropy of *°F nuclei also
leads to strong line broadening at slow molecular tumbling, as, for example, upon
binding to a protein with a long rotational correlation time.™® Finally, there is usually no

background signal from protein or buffer components, and a pharmaceutical typically

contains only one or a small number of fluorine atoms, reducing signal overlap. The
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resulting simplicity of an F NMR spectrum allows screening of mixtures of large
numbers of compounds.

0 :
NH, J NH,
NH NH

(1) (2) (3)

Figure 11-3 : Structures of three fluorinated ligands binding to the serine protease bovine trypsin: (1) 4-
(trifluoromethyl)benzenecarboximidamide hydrochloride (TFBC), (2) 4-(trifluoromethyl)-1,5,6,7-
tetrahydro-2H-cyclopenta[b]pyridin-2-one (TFMCPP), and (3) 3-fluoro-4-methylbenzenecarboximidamide
hydrochloride (FMBC)

Three representative fluorinated ligands for the serine protease trypsin are shown in
Figure 11-3. These ligands exhibit different binding kinetics in the slow and fast
exchange regime and have binding constants covering nearly three orders of
magnitude.’® These ligands were originally discovered by different *°F-based assays
(FAXS: Fluorine chemical shift Anisotropy and eXchange for Screening) and their
binding mode has been characterized with crystal structures. Figure 1lI-4 shows
hyperpolarized '°F spectra of a mixture of the three fluorinated ligands together with
sodium trifluoroacetate (TFA; used as an internal standard). Hyperpolarization increased
the TFBC, TFMCPP, FMBC, and TFA signals by factors of 800, 450, 1500, and 3000
fold, respectively, compared to the signal of thermal polarization in the 400 MHz NMR

spectrometer.
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Figure 11-4 : Hyperpolarized F NMR spectra of TFBC (=62.8 ppm), TEMCPP (=66.0 ppm), FMBC
(-115.4 ppm), and TFA (-75.2 ppm) acquired on a 400 MHz spectrometer equipped with a room
temperature broad-band probe head tuned to fluorine. Shown are spectra of (a, b) 10 uM TFBC, 10 uM
TFMCPP, 10 uM TFA, and 30 uM FMBC in the (a) absence and (b) presence of 50 uM trypsin and (c, d)
1 uM TFBC, 5 uM TFMCPP, 1 uM TFA, and 3 uM FMBC in the (c¢) absence and (d) presence of 50 uM
trypsin. Spectra (a) and (b) were acquired using a single n/2 excitation pulse followed by a 100 ms CPMG
filter. Spectra (c) and (d) were acquired after a single /2 excitation pulse.

From a comparison of the spectra recorded in the absence (Figure Il-4a) and
presence of protein (Figure 11-4b), binding can readily be observed for the three ligands
from several NMR parameters, including reduction in peak height, increase in line
broadening and chemical shift change. To increase the effects of spin-spin relaxation of
the ligand in bound form, a Carr-Purcell-Meibom-Gill (CPMG)****** filter was applied.
In the presence of trypsin, a significant signal loss was observed for the strong binder
FMBC, a line broadening for intermediate binder TFBC, and only a small signal loss for
the weak binder TFMCPP. The difference in peak height for this molecule can be further

accentuated by increasing the CPMG time (Figure 11-5).
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Figure 11-5 : Spectra of TFMCPP (-66.0 ppm), and TFA (-75.2 ppm) hyperpolarized on **F. 20 pM
TFMCPP, and 10 UM TFA, a) in the absence of protein, and b) in the presence of 133 uM protein. Spectra
were recorded at 400 MHz, using CPMG filter experiments with 500 ms delay.

The signal intensity and chemical shift of the control molecule, TFA, is used as a
reference since there is no interaction with the protein. Traces ¢) and d) in Figure 11-4 are
experiments carried out near detection limits of the instrumentation used, with 1 uM
TFBC, 5 uM TFMCPP, and 3 uM FMBC. It would be straightforward to further reduce
the detection limit by using a cryogenically cooled NMR probe or higher NMR field
strength.

Binding of the strong binder FMBC, which exhibits binding kinetics in the slow
exchange regime can clearly be detected through total signal loss, which occurs because
of an excess of protein in the DNP experiment. In contrast, conventional ligand based
NMR experiments often use a 10- to 20- fold excess of ligand. For ligands in the slow
exchange regime, conventional experiments give rise to only a small reduction in the

overall signal, resulting in unreliable detection of binding.*®
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Furthermore, multiple ligands are often tested simultaneously in one sample for
drug screening. If more than one ligand binds to the protein competitively in
conventional NMR experiments, the weaker binder may not be detected because the
stronger binders occupy most of the binding sites of the protein. This problem is also
eliminated by using ligand concentrations smaller than protein concentration in DNP
experiments with multiple ligands.

As an alternative to 1D spectroscopy, weakly binding ligands are readily identified
by measuring the transverse relaxation rate (Rz). Single scan CPMG experiments are
applicable to DNP polarized samples; under the condition that only one *°F signal is
present. Signal decays from such experiments, of 174 puM ligand TFMCPP in the
presence and absence of 88 uM trypsin are shown in Figure 11-6. A fit of each trace to a
single exponential indicated relaxation rates of 2.2 s and 0.59 s™ for the samples with
and without protein, respectively. These rates are in agreement with values obtained
from conventional CPMG experiments (2.0 s™ and 0.54 s™; Figure 11-7). The difference
in R, values clearly indicates that TFMCPP interacts with the protein. In contrast, R,
values of the control molecule TFA, which were measured from separate samples, did
not show a significant change in the presence (0.53 s™) and absence (0.50 s) of the

same concentration of trypsin (Figure 11-8).
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Figure 11-6 : Magnitudes of the time-domain signals of 174 uM DNP polarized TFMCPP in the presence
() and absence (O) of 88.0 uM trypsin. One averaged data point is shown for each time interval
between 7 pulses in a CPMG experiment, and the delay between adjacent m pulses was 420 ps.
Background signals from the NMR probe were removed by subtracting the signal acquired using the same

pulse sequence without a sample in the magnet. Data were independently normalized to unit intensity at t
=0.

In addition to simple determination of binding, it can be of interest to quantify the
strength of the protein-ligand interaction, expressed in the form of the dissociation

constant Kp. The fraction of bound ligand, py, is given by

c, +¢, +K, —\/(CP +c +K,)? —4c.c
P, = . (11-3)
L

where cp and c, are the total protein and ligand concentrations, respectively.™" In
traditional NMR experiments for the determination of Kp, fast exchange between the
bound and free form of the ligand is often assumed. In this case, two readily observable
spectral parameters, the line-width at half maximum vy, as well as the change in
chemical shift A8, are proportional to pp.'>> A fit of one of these experimentally

determined quantities to Equation II-3. can then be used to estimate the dissociation
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constant. In the hyperpolarized experiments used here, the same approach is in principle
viable. Since this method relies on the comparison of spectra obtained from different

137

stopped-flow sample injections,™" the precision of the measurement can however be

greatly improved by comparing the chemical shift or line width of the ligand under study

to a non-binding reference, in order to remove the effect of variations between

experiments.
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Figure 11-7 : Conventional (non-hyperpolarized) CPMG experiment of 174 pM TFMCPP a) in the

absence of 88.0 uM trypsin and b) in the presence of trypsin. Relaxation rates obtained from fit to a single
exponential are 0.54 s* and 2.0 s, respectively.
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Figure 11-8 : Magnitude of time-domain signals of 174 uM DNP polarized TFA without (red) and with
88.0 uM trypsin (blue) obtained from a CPMG experiment. Experimental parameters were identical to
those in Figure 3. Relaxation rates obtained from fit to a single exponential are 0.50 s™* and 0.53 s for the
samples in the absence and presence of trypsin, respectively. The relaxation rates measured by
conventional CPMG experiments are both 0.50 s™ for samples in the absence and presence of trypsin.

Practically, we prefer the measurement of the line width, which is easier to determine
than the chemical shift of the typically broad lines. The parameter of interest derived
from the hyperpolarized experiment is then the change in line width in function of ligand
concentration,

AAvy,(Cp,C ) = [Vl(/l_zigand) (CpiC ) — Vl(/zeference) (Cp, CL)]

(Ligand) (Reference) (I |'4)
_I:V1/2 (01C|_) — Vi (chL)]

Carrying out a titration of protein or ligand concentration requires a new
hyperpolarized sample for each data point, hence the number of data points should be
chosen judiciously. Titrations using 5 points are shown in Figure 11-9. The change in line
width can then readily be fit to the proportionality relation,

AAV,,,(Co,CL) = Py - AAVy, 1y (11-5)
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Figure 11-9 : Titration of trypsin with the DNP-polarized ligands (a) TFBC and (b) FMBC. Each data
point represents AAvy, calculated according to equation 2 using TFA as the reference. The fits to equation
3 are indicated by the solid lines. Kp values of 148 (66—230) and 24 (12—36) uM were obtained for TFBC
and FMBC, respectively (the 95% confidence ranges obtained from the individual fits are indicated in
parentheses). The resulting AAvy; max values were 299 (191-407) and 167 (130—230) Hz, respectively. The
titrations used (a) 26 and (b) 9 uM trypsin.
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Figure 11-10 : Determination of the dissociation constant of TFBC with trypsin by conventional NMR.

Ligand titration carried out with a fixed trypsin concentration (78 uM). Determined KD and AAvyj; max
were 133 pM and 280 Hz, respectively.
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The fit determines two independent parameters, the dissociation constant Kp, and
the apparent maximum change in line width AAvy2 max. FOr comparison, titrations using
conventional NMR (Figure 11-10) and a Kp determination by isothermal titration
calorimetry (ITC) are determined. The results obtained from the various experimental
measurements are summarized in Table 1l-1.

Equation (11-5) is true only in the case of fast exchange; other-wise significant
nonlinearities can be introduced due to exchange broadening. The consideration of the
exchange contribution is not specific to the hyperpolarized experiment. However, in the
hyperpolarized experiment, due to the enhanced sensitivity, a larger range of values for
pp becomes accessible, and the exchange effects can become more important. The spin
system evolution under the influence of chemical exchange was examined based on the
Bloch equations (Figure 11-12 and Figure 11-13).%*** From the simulations, it becomes
evident that under the experimental conditions examined the line broadening depends
linearly on py, for small values of p, (p» < 0.2), even if there is a significant exchange
broadening. In this case, the parameter AAvi; max Obtained from Equation (11-5) loses its

significance. However, the accuracy of the Kp values obtained is not affected.
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Figure 11-11 : Hyperpolarized F spectrum of 50 uM FMBC in the presence of 32 pM trypsin. The
fraction of bound ligand, pp, was directly determined from the ratio of the integrals obtained by peak
fitting for the free (dot-dashed trace) and bound (dashed trace) forms, yielding a Kp value of 34.3 uM.

For the strongly binding ligand FMBC, the signals for the free and the bound form
can be detected separately, since the ligand is in slow exchange. In this case, Kp can also
be calculated from a single one-dimensional spectrum (Figure I1-11 and Equation [1-3).
The obtained Kp values (Table 11-1) are of the same order as the value from ligand
titration, and from previous research, where a value of < 20 uM was determined.™’
Since the determination of the dissociation constant in this way relies on the observation
of broad signals, which concomitantly lowers the signal-to-noise ratio, the use of
hyperpolarization is particularly beneficial for high affinity ligands with nanomolar to

low micromolar Kp.
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Figure 11-12 : Expected change in line width, calculated for three different Kp values (Kp = 30 uM (a~c),
Kp = 150 uM (d~f), Kp = 1000 uM (g~i)). Three different on-rates (ko,) in the range of the diffusion limit
(kon =107 (red), 10° (green), 107 (blug) Ms™), AAV1/5 max (30 Hz (—O—), 100 Hz(——), 300 Hz(—0—
)), and A8 (100 Hz (a,d,g), 1000 Hz (b,e,h), and 2000 Hz (c,f,i)) were used.
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Figure 11-13 : Expected change in chemical shift, calculated for the same parameters as in Figure 11-12,
namely three different Kp values (Kp = 30 uM (a~c), Kp = 150 uM (d~f), Kp = 1000 uM (g~i)). Three
different on-rates (kon) in the range of the diffusion limit (k,,=10° (red), 10® (green), 10 (blue) M?s™),
AAV1 max (30 Hz (—O—), 100 Hz(—[O—), 300 Hz(—0—)), and Ad (100 Hz (a,d,g), 1000 Hz (b,e,h),
and 2000 Hz (c,f,i)) were used.
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Table 11-1 : Summary of Ky determination. fstandard deviation of values obtained from >2 experiments
are indicated, otherwise individual values are given. 95% confidence intervals obtained from each
individual fit are larger than the spread of values; for typical ranges, see Figure 11-9.

Ligand Method Kb T AAVl/Z,maX #
(uM) (Hz) exp.
DNP-NMR 142 + 6 284 + 13 5
titration
TFBC Thermal-NMR 122,133 301, 280 2
titration
ITC
titration 86 N/A 1
DNP-NMR 15, 24 167, 217 2
titration
FMBC
Thermal-NMR 35+ 18 N/A 10
titration
Conclusions

In summary, experiments based on hyperpolarized fluorine were shown that permit
the identification and quantification of ligand binding over a wide range of Kp values
and with different binding kinetics. Hyperpolarization allows accessing a wide range of
protein to ligand ratios spanning up to 6 orders of magnitude without the need for very
long measurement times. Not only the concentration of the ligand can be varied over a
larger range (typically 1-200 uM) than in conventional NMR, but also the concentration
of the protein (0.1-100 uM). The ability to record spectra at low ligand concentration
with relatively high signal-to-noise ratio is an important advantage. (i) It enables direct
detection of binding, especially for stronger binders in the slow exchange regime; (ii) It

allows the study of ligands with low solubility in aqueous buffer; (iii) It represents an
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advantage for Kp determination experiments, since a ratio of ligand : protein < 1: 1 can
be reached even when using typically low protein concentration. Using equal or smaller
ligand concentrations than protein permits the robust detection of binding, including of
strong binders with slow off-rates, which are easily missed in conventional ligand
observation experiments. Furthermore, the single scan CPMG experiments would offer a
way for robust, automated T, determination. An obvious limitation of the above
experiments is that they require fluorine containing compounds. Using a well-
characterized fluorinated ligand as a reporter molecule could however expand the
applicability to other types of ligands.**** On this basis, hyperpolarized *°F NMR may
be a viable alternative for inclusion in current workflows for validating protein-ligand

interaction.
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CHAPTER IlI
HYPERPOLARIZED BINDING POCKET NOE FOR DETERMINATION OF

COMPETITIVE LIGAND BINDING"
Introduction

Changes in spectra measured by nuclear magnetic resonance (NMR) have long been
used to identify the binding of ligands to biological macromolecules for drug discovery
or other applications.** **° NMR parameters such as chemical shift, spin relaxation or
line width, and diffusion coefficients are sensitive indicators of binding."®* Additionally,
transfer of magnetization between protein and ligand can be used to determine binding
sites and binding modes. In the saturation transfer difference (STD) experiment, radio-
frequency irradiation is applied to a resonance on the protein, and spreads by spin
diffusion through the protein. The saturation transfers to a ligand that binds to the
protein, where a change in its NMR signal can be detected. In the case of competitively
binding ligands, more specific information on the binding pocket can be obtained by
observing protein mediated magnetization transfer between the two ligands. This
experiment, termed “interligand NOEs for pharmacophore mapping” (INPHARMA) has
recently been introduced by several of the authors of this work, and is especially useful
163-167 It

when proteins are large or cannot be expressed with isotope labels (Figure 111-1).

relies on measuring a NOESY experiment in the presence of the target protein as well as

" This chapter is reproduced with permission from Y. Lee, H. Zeng, A. Mazur, M.
Wegstroth, T. Carlomagno, M. Reese, D. Lee, S. Becker, C. Griesinger and C. Hilty.
"Hyperpolarized Binding Pocket Nuclear Overhauser Effect for Determination of
Competitive Ligand Binding.” Angewandte Chemie International Edition 2012, 51,
5179-5182. Copyright 2012 Wiley.
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the two ligands. In the NOESY experiment, non-Boltzmann polarization is produced for
the spins of each ligand, and it can also be traced back to the individual spins in the other
ligand by frequency labeling in the t1 domain.’® Due to the use of an NOE transfer
relayed through the protein, the leading term for the interligand NOE is quadratic in the
transfer efficiency. Given that direct NOEs rarely exceed 10% of the diagonal peak

intensity, the product of two transfers yields low sensitivity of the experiment.®®

L@ — — *Q,‘
A Y8

Figure 111-1 : Scheme illustrating the transfer of magnetization from protons of ligand 1 (H_,) to ligand 2
(Hy») via protein (Hp) by means of competitive binding.

Recent developments in hyperpolarization techniques enable the generation of non-
Boltzmann polarization of small molecules that is enhanced by several orders of
magnitude compared to the simple population inversion achievable in a conventional
NOESY experiment. Here, we present an experiment, where we use dynamic nuclear

polarization (DNP)®> *® to polarize the *H spins™®® '®°

of one of two ligands that
competitively bind to a protein, and detect the transfer of a fraction of this large
polarization via the protons in the binding pocket to the second ligand. The transfer
between hyperpolarized ligand and binding pocket, termed here “hyperpolarized binding
pocket NOE” (HYPER-BIPO-NOE) is related to the Spin Polarization-Induced NOE

(SPINOE)*® that has been described for hyperpolarized xenon. However in SPINOE
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experiments the polarization of the protein is enhanced and Xe normally does not bind as
selectively as the ligands that we use in these experiments do.*® In the HYPER-BIPO-
NOE, the magnetization transferred to the second ligand can be observed directly by
recording a 1D spectrum. Alternatively, the buildup of signal as a function of time can
be measured from a single hyperpolarized sample using small flip angle excitations,
which gives additional information on the epitope of binding of the receiving ligand
similarly to STD. However, in contrast to STD where the protein protons and therefore
also the protons of the binding pocket are saturated, here the protons are enhanced

beyond Boltzmann magnetization.
Experimental Section
Sample Preparation

Stock solutions were prepared as follows: Ligand 1, 2.9 mg of 5-benzyl-1,3-thiazol-
2-aminein 32 pL dg-DMSO and 8 pL D,O (380 mM); ligand 2, 2.7 mg of 3-methyl-1H-
indazolein 37 pL dg-DMSO and 9 pL D,0O (370 mM); protein: 350 uM protein kinase A
(PKA)' in D,O PBS (phosphate buffered saline) buffer, additional 150 mM NaCl, 2

mM TCEP (tris(2-carboxyethyl)phosphine), and 2 mM sodium azide.
DNP Polarization

For DNP polarization, 0.9 pL of ligand 1 solution with 0.1 pL of 150 mM 4-
Hydroxy-2,2,6,6-tetramethylpiperidine 1-oxyl (TEMPOL) free radical solution were
mixed to yield a 1 pL aliquot of 342 mM benzyl-1,3-thiazol-2-amine and 15mM

TEMPOL. The sample was polarized in a HyperSense system (Oxford Instruments,
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Tubney Woods, UK) by irradiating 100 mW microwave power at 94.005 GHz frequency
for 30 min, at a temperature of 1.4K. The polarized sample was dissolved by 4 mL pre-
heated D0, and transferred to a sample injector. The sample was then injected into a 5
mm NMR tube, which was preinstalled in a 400 MHz NMR spectrometer (Bruker
Biospin, Billerica, MA). For control experiments, 24.6 uL of D,O buffer or PKA
solution with 0.4 puL of ligand 2 stock solution was preloaded in the NMR tube before
mixing with the hyperpolarized ligand 1. For the HYPER-BIPO-NOE experiments, 24.6
uL of PKA solution with 0.4 pL ligand 2 stock solution was preloaded. Estimated final
concentrations after dissolution were 448 uM, 329 uM, and 19 uM for ligand 1, ligand 2
and protein, respectively. After injection and sample mixing, a waiting time of 2 s in
single scan experiments, and 400 ms in small flip angle excitation experiments allowed

for sample stabilization (ts) and NOE transfer.
NMR Spectroscopy

All of the spectra were measured at a temperature of 25 °C using the pulse sequence
(trigger — presaturation — Gy — 15 — [water suppression]s — n/2 — acquire) for the single
scan experiment, and (trigger — presaturation — G, — [water suppression]s — [Gy — water
suppression — ox — acquire]ig) for the small flip angle excitation experiment, in which
[water suppression] is [shaped n/2 — Gy — shaped n/2 — Gy — shaped /2 — G;] (see Figure
I11-2). The carrier frequency was set to the resonance frequency of water. The
presaturation was applied for 400 ms at the resonance frequency of residual DMSO at
2.68 ppm. The water resonance was selectively excited by EBURP2 shaped n/2 pulses of

20 ms duration, and dephased by randomized pulsed field gradients Gy, Gy or G, (25..35
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G/cm, 1 ms). This solvent suppression scheme was sufficiently selective, since the
resonance frequency difference between water and the nearest protons of interest was
250 Hz. After a hard n/2 pulse or 20.7° (o) pulse, 4096 data points were collected over

320 ms. The NMR data was processed using the TOPSPIN 3.0 program (Bruker

Biospin).
inj. .
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Figure 111-2 : The INPHARMA buildup curve was measured by small flip angle pulses. The polarized
sample was transferred from the polarizer to the home-built sample injector for a transfer time (t). The
sample was injected from the injection loop to a 5 mm NMR tube, which was preinstalled in a 400 MHz
NMR spectrometer. NMR experiment was triggered after an injection time (t;) of 445 ms. During the 400
ms stabilization time (t;), presaturation was applied at the frequency of residual *H resonance of dg-
DMSO. The water resonance was selectively excited by EBURP2 shaped n/2 pulses for 20 ms durations,
and then dephased by randomized pulsed field gradients Gy, G, or G, (25..35 G/cm, 1 ms). After applying
a 20.7° (o) pulse, 4096 data points were collected for 320 ms. Time interval between acquisitions was 0.4
S.

Results and Discussion

In the present experiments, the HYPER-BIPO-NOE effect is observed for the
ligands 5-benzyl-1,3-thiazol-2-amine (ligand 1; Figure 111-3a) and 3-methyl-1H-indazole
(ligand 2; Figure 111-3b), which bind competitively to protein kinase A (PKA). The non-

hyperpolarized spectrum for a mixture of these ligands is shown in Figure I11-3c.
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Figure 111-3 : a) Structure of ligand 1 (5-benzyl-1,3-thiazol-2-amine). b) Structure of ligand 2 (3-methyl-
1H-indazole). ¢) *H NMR spectrum (not hyperpolarized) of a mixture of ligand 1 and 2. Chemical shift
assignments are indicated.

In the subsequent experiment, an aliquot of ligand 1 was hyperpolarized by DNP in
the solid state, and dissolved in a stream of heated solvent. Preserving its polarization, it
was rapidly injected into the NMR spectrometer, where it was mixed with the other
sample components, including ligand 2 and protein. Due to an enhancement > 620 when
compared to thermal polarization in the 400 MHz NMR spectrometer, the resulting
spectra predominantly show the signals from ligand 1 (Figure 1l1-4a). It can further be
seen that, despite crowding in the spectral region for aromatic protons at ~ 7.5 ppm, the
DNP-NMR spectra are of sufficient quality to distinguish the various resonances, which
is a prerequisite for observing the interligand NOE (Figure 111-4b). The transfer of signal

to the second ligand can be observed in the top trace of Figure Il1-4b, which shows an
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expanded representation of the spectra from Figure Ill-4a. The peaks for H4, H;, and
CHs; groups of ligand 2 are indirectly enhanced compared to their thermal polarization
signal (bottom trace). This enhancement is sufficiently large to observe the interligand
NOE transfer in a single scan, one-dimensional spectrum. The signal intensities of ligand
2 were also enhanced in hyperpolarized control experiments in the absence of protein
(Control 1, second trace in Figure 1l1-4b) and in the absence of polarized ligand 1
(Control 2, third trace in Figure 111-4b) compared to the spectrum of thermally polarized
ligand 2. By comparing the signal intensity of ligand 2 in the HYPER-BIPO-NOE
experiment to the hyperpolarized control experiments, it can further be estimated that
specific enhancement of the HYPER-BIPO-NOE over non-specific enhancement is a
factor of 4.7, 3.4, and 5.7 for the H4, Hy, and CH3 groups, respectively. The kinetics of
the HYPER-BIPO-NOE transfer and potential information about the binding modes of
the two ligands can be obtained from measuring the build-up of signal on ligand 2 as a
function of time. This measurement can be accomplished from a single hyperpolarized
sample, by converting a fraction of polarization into observable coherence with small

flip angle excitations at given time intervals (Figure I11-5a).
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Figure 111-4 : 1D HYPER-BIPO-NOE spectra, in full scale a), and expanded to show transferred signals
b). Stacked spectra are, from top to bottom: Hyperpolarized ligand 1, with ligand 2 and protein (HYPER-
BIPO-NOE); Hyperpolarized ligand 1, with ligand 2, but without protein (Control 1); Hyperpolarized ds-
DMSO / D,0O, with only ligand 2 and protein (Control 2); Thermal spectrum of the HYPER-BIPO-NOE
sample (Thermal). (*) designates the resonance from residual DMSO, which was suppressed using
presaturation prior to the acquisition of the spectra.

Integrated signal intensities of the resolvable protons of the hyperpolarized ligand 1, as
well as of the non-polarized ligand 2 are shown in Figure I11-5b and c, respectively. The

buildup of signal intensities of the resonances from ligand 2 due to the HYPER-BIPO-
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NOE effect can be seen in Figure I11-5c. The course of signal intensity in function of
time t can be modeled by evolution matrix (relaxation and kinetic terms).*®* 1"* Under
the assumption of fast kinetics, the evolution matrix M = R + K can be approximated
with a 3 x 3 matrix that correspond to the signal intensities observed from L;, P and
L™ In the HYPER-BIPO-NOE experiment, the signal from ligand L; is
hyperpolarized, whereas the polarization of the protein P and ligand L, are from
Boltzmann magnetization. Additionally, comparing Figure I11-5b and c, it can be seen
that the transferred magnetization for the entire buildup time is smaller than the initial
magnetization. In this case, the back-transfer of magnetization can be ignored, and
equations become considerably simplified. Under the assumption that r, >r,r, and

I, ~ 1, the solutions are approximated by'"*

_Gl.azk't: pb].'pZ'Gl.O-Z.t (“I'l)
o POe + POpLs T P2Pp12

Equation (111-1) illustrates that the transferred signal is proportional to the product
of both cross relaxation rates. Since the cross relaxation rates depend on the distances of
the proton in a ligand to the protons in the protein, a more efficient transfer indicates a
closer contact. For Equation (I11-1), it should be noted that, since r; and r, are averages

of bound and free relaxation rates, the condition r, ~ r, would be fulfilled if the fraction

of bound state is similar for ligand 1 and ligand 2.
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Figure 111-5 : Buildup of HYPER-BIPO-NOE signal as a function of time. a) Series of spectra recorded
from a single sample of hyperpolarized ligand 1 mixed with ligand 2 and protein. Spectra were recorded
with 20.7° flip angle o, at intervals of 0.4 s. b) Integrals of ligand 1 taken from spectra in a). c¢) integrals
of ligand 2 taken from spectra in a). The intensity of the methyl resonance is divided by 3. d) Integrals of
peaks of ligand 2 divided by the sum of the integrals of ligand 1 and fitted with a linear function. (*) is a
solvent resonance that was suppressed prior to the experiment using presaturation.

This is approximately true for the ligands used here, but would not always be expected

to be the case. In the experimental data, in Figure 111-5d, the integrals of resonances from
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ligand 2 were divided by the sum of integrals of ligand 1. This treatment is reasonable
under the assumption that magnetization transferred from ligand 1 to the protein is
equally distributed through spin diffusion. Individual differences in polarization and
cross-relaxation rates of protons in ligand 1 are then assumed to be averaged. The
relative intensities that are obtained can be compared to Equation (111-1), and primarily
contain information on the mode of binding of ligand 2. The data from Figure 111-5d
indicates that the methyl group of ligand 2 has the most efficient magnetization
exchange with ligand 1, followed by protons H, and then H;. This methyl group should
therefore also have a close contact to the protein, which is mediating the magnetization
exchange, and should be buried deep in the binding pocket while proton H; should be
more distant from or less surrounded by protons of the protein. This finding for the
methyl group and also for the protons H; and Hy is in agreement with the previously
determined structures of protein kinase A with the ligand 3-pyridin-4-yl-1H-indazole
(ligand A).*®® The ligand A features a piperidyl instead of the methyl of ligand 2. In the

crystal structure and according to INPHARMA data in the research,'®

this piperidyl
group is buried in the protein comprising an equivalent binding epitope as suggested
here for ligand 2. Additionally, full relaxation matrix calculations were performed with
10° pairwise combinations of the structures of the PKA in complex with the ligands
using our home written program.’® The peak integrals determined from the calculation
and DNP experiment were well agreed together. The coincidence of this result shows

that the analytical solution is in an excellent agreement with the presented numerical

result.
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Conclusions

Using a new experiment termed HYPER-BIPO-NMR, protein mediated interligand
NOEs between two competitively binding ligands were observed. DNP
hyperpolarization of one of the ligands provided a sensitivity contrast sufficiently large
to avoid the need of using spin-state selective or two-dimensional NMR experiments for
observing the transferred magnetization. In screening experiments for ligand binding, the
observation of the transferred magnetization can be used to rapidly identify that both
ligands bind to the same protein. Additionally, the buildup of transferred signal intensity
from ligand 1 to ligand 2 as a function of time can be obtained from a single
hyperpolarized experiment. The magnitude of the buildup rate is a function of the
contact between individual spins on the receiving ligand and the protein, and as such
provides limited structural information on the binding epitope. The information obtained
from the HYPER-BIPO-NOE experiment may be contrasted to that available from the
related STD and INPHARMA experiments. The characterization of the binding mode of
ligand 2 in the present experiments is similar to what may be obtained with STD, which
could also be applied with hyperpolarization. However, unlike STD, the HYPER-BIPO-
NOE based experiment uses ligand 1 for a selective enhancement of the binding pocket.
Therefore, we expect this experiment to exhibit selectivity towards a pair of ligands
binding in the same pocket. On the other hand, since the present experiment does not
distinguish between different spins on ligand 1, the correlation between spins on the two
ligands that are in equivalent positions when binding to the protein, as in INPHARMA,

is not observed. Such information could potentially be recovered by applying selective
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128,135 or 2D gradient encoding techniques. Even though the present report

inversion
focuses on the observation of competitive binding of two ligands to a protein, the
HYPER-BIPO-NMR experiment is not limited to this application. Rather, it presents a
more general way to selectively enhance the magnetization of the binding pocket in a
protein. In other experiments, the enhanced signal could for example also be used to
selectively assign and observe those resonances, and with **C or N labeled proteins
could also be used with heteronuclear NMR experiments. Especially for larger proteins,

where full assignments cannot easily be obtained, the selective enhancement may greatly

facilitate the study of an active site.
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CHAPTER IV
DETECTION OF LIVING ANIONIC SPECIES IN POLYMERIZATION REACTION

USING HYPERPOLARIZED NMR"
Introduction

NMR has long played a pivotal role in studying reaction mechanisms in the field of
polymer chemistry, since the technique reveals molecular structures and interactions
with atomic resolution.!”**™ In the overwhelming majority of uses, NMR is applied as a
steady-state method for analyzing products after completion of a reaction. It is then often
necessary to use sophisticated synthetic strategies such as the selective incorporation of
stable isotopes, to infer information about the reaction mechanism.}”>*"® A more direct
and potentially more powerful approach to characterizing a reaction is the monitoring of
species that arise as the reaction occurs. Using dissolution dynamic nuclear
polarization,'®® a hyperpolarization technique that can enhance NMR signal by several
orders of magnitude, it is possible to study chemical reactions in real time.**®

Dissolution DNP is a two-step process, where a frozen aliquot of the analyte is
hyperpolarized, and then injected into an NMR spectrometer for analysis. DNP provides
sufficient sensitivity to enable *3C NMR spectroscopy at natural isotope abundance even
at millimolar to sub-millimolar analyte concentration. The use of **C with its large

chemical shift range further facilitates resolution of the resonances of interest. Most

" This chapter is reproduced with permission from Y. Lee, G.S. Heo, H. Zeng, K.L.
Wooley, and C. Hilty. "Detection of Living Anionic Species in Polymerization Reaction
using Hyperpolarized NMR." Journal of the American Chemical Society 2013, In Press.
Copyright 2013 the American Chemical Society.
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typically, dissolution DNP has been applied to small molecules containing nuclei with
spin-lattice relaxation times of at least several seconds to avoid prohibitive relaxation
losses during sample injection. Under certain conditions, it is possible to obtain
hyperpolarized spectra of macromolecules, for example proteins that are biosynthetically
labeled with ?H to counteract spin relaxation.’”” However, if attempting to hyperpolarize
a previously synthesized polymer of large molecular weight without specific isotope
enrichment, it can be expected that most of the observable signal would decay before
initiation of the NMR measurement. Hyperpolarized signals from polymers can
nevertheless be observed, if a polymerization reaction is carried out in-situ in the NMR
instrument starting from hyperpolarized monomers.*”® Since polarization is continuously
incorporated at the site of monomer addition, the active site of the growing polymer
chain can be selectively enhanced. Here, we use this unique feature of a hyperpolarized
polymerization reaction to enable the detection of intermediate species as they arise
during the synthesis of polystyrene by anionic polymerization of hyperpolarized styrene

monomer.

®
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Figure 1V-1 : Proposed mechanism of living anionic polymerization of styrene using sodium
naphthalenide as an initiator.
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Polystyrene can be synthesized by several different routes, including radical,
anionic, cationic, and metallocene, or Ziegler-Natta catalyzed polymerizations.'”
Among these methods, the anionic mechanism is preferred if a polymer with a ultra-
narrow molecular weight distribution is desired.’®*®" Since there are no termination
steps and side reactions in an ideal situation, the synthetic technique is also applicable
for synthesizing block copolymers.'® Scheme 1 represents a mechanism for the living
anionic polymerization of styrene, which was first demonstrated in 1956 by Szwarc and
co-workers.'®**# Styrene was polymerized in dioxane, with sodium naphthalenide as an
initiator.’® The generation of a bifunctional initiator takes place via single electron
transfer from the sodium naphthalenide to a styrene monomer, followed by a
dimerization between two of the resulting styryl radical anions. Initiation and
propagation of styrene monomers then proceeds bidirectionally to generate telechelic

polymer species, and growth continues until the monomer supply is exhausted.
Experimental Section
Sample Preparation

400 pL of styrene was mixed 15 mM free radical a,g-bisdiphenylene-b-phenylallyl
(BDPA; Sigma Aldrich, St. Louis, MO) for DNP experiments, since styrene is self-
glassing, and hence directly DNP polarizable. The reaction initiator was prepared by
dissolving 2 g of pre-dried naphthalene and 500 mg of sodium film in 10 mL of
tetrahydrofuran (THF). Subsequently, the initiator solution was sonicated for 5 minutes

at a temperature of 298 K.
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DNP Polarization

40 pL of styrene / BDPA mixture was hyperpolarized in a HyperSense instrument
(Oxford Instruments, Tubney Woods, UK) for 3 h at a temperature of 1.4 K. During the
polarization time, the sample was irradiated with microwaves (60 mW, 93.965 GHz)

corresponding to @, —@, . Subsequently, the polarized sample was dissolved and

injected into the NMR spectrometer. In preparation of dissolution, a 5 mm NMR tube
was installed in the NMR instrument, and connected to the injection system. For
experiments involving the polymerization reaction, 25 pL of initiator solution, sodium
naphthalenide in THF, was preloaded in the NMR tube. The transfer lines in the DNP
polarizer and injection system were purged with nitrogen gas to minimize sample
contamination with room air. The sample was then dissolved in 4 mL pre-heated 1,4-
dioxane, and transferred to a sample injector.®" Injection into the NMR instrument used
nitrogen gas pressures of 262 psi (forward pressure) and 150 psi (back pressure).
Samples were mixed with initiator solution directly in the NMR tube, yielding a total

sample volume of 500 pL.
NMR Spectroscopy and NMR Data Analysis

A series of *C spectra was acquired on a Bruker 400 MHz NMR spectrometer
equipped with a broadband probe containing three pulsed field gradients (Bruker
Biospin, Billerica, MA) at a temperature of 31 °C. NMR experiments were triggered
after an injection time of 430 ms and a stabilization time of 400 ms. For the experiments

without selective inversion, the pulse sequence (trigger — [Gyxy,. — ax — acquire]xs) was
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used. A total of 32 transients were acquired for 12.8 s, and the time between each
transient was 0.4 s. For the each scan, a randomized pulsed field gradient Gy, (35..50
G/cm, 1 ms) was applied to ensure that no unwanted coherences remained from the
previous scan. The small flip angle a of the excitation pulse was 16.7°, and the pulse
strength yB1 was 29.1 kHz. In each scan, 16384 data points were acquired for an
acquisition time of 340 ms. For the experiments with selective inversion, an IBURP2
shaped pulse of flip angle = and 20 ms duration at the resonance frequency of # C1 ~ #
C5 in styrene and a randomized pulsed field gradient Gy, were added before the small
flip angle pulse (trigger — shaped m — Gyy, — [Gxyz — ox — acquire]«sy). During
acquisition, WALTZ-16 *H decoupling was applied with a field strength yB; = 2.3 kHz.
The living polymerization reaction was lasted for 10 min under the nitrogen gas pressure
until that all monomers were consumed. At a subsequent time, the living end groups
were protonated by adding 1 mL of methanol into the NMR tube. Chemical shifts of *C
were calibrated against 'H spectrum of 1 % of tetramethylsilane (TMS) in CDCls
according to the IUPAC recommendations.**

The raw NMR data were zero filling to 65,536 complex data points, and an
exponential window function with a 2 Hz line broadening was applied before Fourier
transform using the TOPSPIN 3.0 program (Bruker Biospin, Billerica, MA). Peak
intensities of the reactant and intermediate were also determined by the TOPSPIN 3.0.

Equation 1V-16 in the text was used to fit the peak intensities of the reactant to provide

two fit parameters (S,,(0) and k') by MATLAB (The Math Works, Natick, MA). The

peak intensities of the intermediate were fitted with Equation (IV-13) numerically by
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MATLAB. The fit parameter r, was optimized by minimizing the root mean square

difference between the experimental peak intensities and simulated peak intensities.
MALDI-TOF Mass Spectroscopy

For mass spectrometry, the synthesized polystyrene from the DNP experiments,
silver trifluoroacetate (AgTFA), and dithranol were dissolved in THF at concentrations
of 1, 10 and 10 mg/mL, respectively. About 0.5 L of this mixture was deposited on a
stainless steel sample holder. After air drying, the sample was analyzed by matrix
assisted laser desorption ionization (MALDI) on a Voyager DE-STR mass spectrometer
(Applied Biosystems, Foster City, CA) under optimized conditions in positive linear
mode. The positive ions were generated by 100 pulsed nitrogen laser shots at 337 nm
and accelerated through 25 kV. The AgTFA and dithranol served as cationization

reagent and matrix, respectively. The mass spectrometry data is shown in
Quantitative Modeling of NMR Signal

The reaction mechanism for the polymerization of styrene consists of initiation
(single electron transfer from the sodium naphthalenide to a styrene monomer),
dimerization between two styryl radical anions to form a di-anion (complex), and
propagation of polymerization from the di-anion until the monomer supply is exhausted.
Under present experimental conditions, we assume that the steps of initiation and
dimerization are instantaneous, such that it suffices to kinetically model the propagation

186

step.”™ We further assume that there are no premature chain terminations, i.e. the

concentration of living anionic polymer ends C__does not change during the course of
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the reaction, and is equal to the initially added initiator concentration I, . The

propagation step is a second order reaction, therefore the rate of change of monomer

concentration C,, is

dgt_M =—k,-C, -Cy =K, 1,-C,, =—k"C,, (IV-1)

The propagation rate constant k,is assumed to be independent of the length of
polymer chains, and
k'=1,-k, (IV-2)
is the pseudo first order reaction rate constant.
The solution for Equation (IV-1) is
C, (t)=C,-e*" (1IV-3)
where C, is the initial concentration of the styrene.

In the following, we consider the NMR signal arising from the active anionic chain
ends, which is proportional to the spin polarization of the same site at the time of
measurement. The chemical shift of anionic end sites is different from chemical shifts of
corresponding atoms in the interior of a polymer molecule. Therefore, the change in spin
polarization of the end sites is due to addition of hyperpolarization from freshly added
monomers, due to the loss of previously present polarization when an end group
transitions to the interior of the polymer due to addition of a monomer, and due to spin-
lattice relaxation of the end group. It is noted that the contributions from the first two
processes do not cancel because of the spin relaxation that reduces the polarization of the

end group before the addition of a new monomer.
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A convenient way of calculating the time evolution of spin polarization is to
separately consider the concentrations of atoms in the spin-up (here designated as @)
and spin-down (©) states. For example for the monomer, C,, =CZ +C_ . The
longitudinal magnetization, which translates to the observable NMR signal is

S, «CE-C (1V-4)

The time evolution of the spin-up and spin-down concentrations is given by

dcy r

ol (o - Cf) -k C) (IV-5)
and
©
o ey -cp)-kc (IV-6)

Where 1, represents the spin-lattice relaxation rate of the monomer. Combining

Equations (IV-5) and (1V-6) yields
d 1
5 G —C) =1 (G -C,)~k*(Cy ~C) (IV-7)
Together with Equation (IV-4),
d 1
ESM (t) =-r, -Sy () —k"S, (1), (1Vv-8)

giving the solution

Su (1) =Sy, e (IV-9)

The equations for the anionic site P~ can be written in a similar way except that
there are two kinetics terms, for the addition of signal from monomers and for the loss of

signal to interior sites:
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ac® r
—P =P .(CJ -C?)+k,-Cy - (CZ +CJ )k, (Cy +Cy)-CY  (IV-10)

dt 2
dc® r_
— =B (G ~Cy )tk Gy (CF +C))—ky (CF +C)-C) (VD)

The concentration difference between the two spin states (Equation (IV-10) -

(IV-11)) is

d

E(Cf ~CJ)=-r1,-(C2 -CJ)+k,-(Cyy —C.)-(CT +C?) (Iv-12)
—ke-(Cy +Cy)-(CY —C.)

Using Equations (IV-2), (IV-3) and (IV-9), the equation for the longitudinal

magnetization of the polymer end sites P~ becomes

%sp () ==, S, ®)+kp Sy (1) 1y—Ks-Cyy (1)-S, (1)
4G, e (IV-13)

=1, -5, (O +k"S,, (0)- e =8

'S, (0

0
Based on this discussion, the experimentally determined monomer signal can be

used for fitting Equation (IV-9). In order to account for the signal lost due to each small-

flip angle pulse, the model curve for signal intensities is scales with e**%) where

A=—In(cos(xx))/ At («; a flip angle, At; the time interval between NMR acquisitions,
t,; a time delay between the start of the chemical reaction and the start of the NMR
acquisition).'®” Further, r, was obtained from a dataset without reaction (Table 1V-3).

The fit, which was performed using MATLAB (The MathWorks, Natick, MA) then

yielded the pseudo-first order rate constant k' and the initial monomer signal Sw, -
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For the signal intensities from product, which is described by the differential
Equation (1V-13), numerical solutions can readily be found if all of the parameters are

known. At this point in the data analysis, the parameters k' and Sw, have already been

determined from the fit of the monomer. The initial monomer concentration C, was

determined from *H NMR spectra (see above).
From the monomer concentration, it would in principle be possible to calculate the
sample dilution factor that is due to the dissolution process, and therefore estimate the

initiator concentration 1,. However, we expected that a portion of the initiator would be

deactivated before the NMR measurement. As an alternative, this concentration was
determined from the polymer chain length distribution in the final reaction product.
Under the conditions stated above, and under the assumption that all monomers were

used up during the reaction time, the chain lengths follow a Poisson distribution®¢°

l(n—l) . e—ﬂ

p(n) BT

(IV-14)

where n is the chain length, and A represents the average degree of polymerization.

Awas determined by fitting the distribution a- p(i) to intensities corresponding to each

chain length obtained from MALDI mass spectra. The initiator concentration, |, was

then determined using******

_ 4'(Co_ Io)

ly

2 (IV-15)

The only remaining unknown in Equation (IV-13) is then the relaxation rate of the

anionic chain ends, r,. Since this is a differential equation, it is further necessary to
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select initial conditions for the solution. Here, we assumed that S, (0)=0. The

relaxation rate r, was then determined by fitting to the experimental peak intensities,

which had previously been scaled as described above to account for the small-flip angle
excitation. Fitting was carried out in MATLAB, by minimizing the root mean square
difference between the experimental peak intensities and the numerical solution to
Equation (1V-13).

The assumption that initial polymer chain end signal is zero appears reasonable in
light of the fact that the initial dimer is formed by association of two radical anions,
which would be subject to rapid spin relaxation. However, if the lifetime of the radical
ionic monomers is sufficiently short, it would be possible that a certain amount of initial

polarization remains, which would reduce the goodness of the fit obtained.
Results and Discussion

For the DNP experiment, an aliquot of styrene monomers was hyperpolarized in the
solid state at 1.4 K, then rapidly dissolved in dioxane heated at 200 °C under pressure
and mixed with a solution of sodium naphthalenide in thtrahydrofuran, with in the NMR
spectrometer.’*” The progress of the polymerization reaction was monitored for a
duration of 13 s through a series of small flip angle excitations (Figure 1V-2a). Due to a
signal enhancement of more than 4000-fold compared to a conventional single scan
NMR spectrum, predominantly the resonances of styrene were observed. In addition,
however, the spectra contain several smaller signals, which were not detected in

reference *C NMR spectra of the final reaction product polystyrene (Figure IV-2c) or
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the reactant styrene (Figure 1V-2d). These peaks, highlighted in green in Figure 1V-2a,
therefore apparently belong to reaction intermediates that are present only during the
reaction progress. Here, based on characteristic chemical shifts, we may directly
postulate that these resonances stem from the di-anionic polystyryl intermediate. The
identity of each individual peak would in general, however, be difficult to determine
simply based on observation in a 1D **C spectrum.

In order to determine the identity of such intermediates, peak splittings in an
undecoupled **C spectrum can be useful, since these can be directly obtained from a
sequence of one-dimensional spectra acquired from a hyperpolarized sample. In Figure
IV-3b and ¢ as well as Figure 1VV-4, individual peaks from a proton decoupled and a
proton coupled (i.e. undecoupled) *3C spectrum are illustrated. Despite the on-going
reaction, the resolution in the spectra obtained is sufficient to resolve the expected peak
splittings. For example, groups of doublet signals are observed in the range between 90
and 140 ppm. These signals arise from the *3C nuclei in the phenyl ring (#3-5), which
are each bonded to a single proton. A group of singlet signals is observed near 150 ppm,
which, due to the absence of a directly bonded proton, can be assigned to the quaternary

aromatic carbon #1.
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Figure 1V-2 : a) Series of **C NMR spectra recorded from a single sample of hyperpolarized styrene
mixed with sodium naphthalenide. b) Hyperpolarized *C NMR spectrum for the reaction between styrene
and sodium naphthalenide. c) Non-hyperpolarized *C NMR spectrum of synthesized polystyrene. d) Non-
hyperpolarized *C NMR spectrum of styrene monomer. (*) designates the resonances from 1,4-dioxane,
and THF. The resonance from 1,4-dioxane in the polystyrene spectrum was suppressed using a selective

90° pulse and randomized pulsed field gradients.
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Figure 1V-3 : a) Scheme for the living anionic polymerization of styrene. Two living ends are represented
in a dimer molecule. b) Expanded views of *H decoupled *3C spectrum of the reaction of hyperpolarized
styrene. ¢) As in (b), except without *H decoupling. d) Hyperpolarized correlation experiment with a
selective inversion on resonance #5 at the beginning of the reaction. Positive and negative signals are
represented in blue and red, respectively. Scaling factors were indicated in each section in b), and c). (*)

designates the resonances from 1,4-dioxane, and THF.
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Figure 1V-4 : a) Expanded views of peaks in **C spectra of the reaction of hyperpolarized styrene, with *H
decoupling. b) As in (a), but without *H decoupling. Scaling factors used for plotting are indicated in each
section. (*) designates the resonance from the #2 carbon of hyperpolarized styrene monomer; all other
resonances are from polymer.

Although important information can be extracted from chemical shifts and coupling
constants, this approach usually requires a certain amount of prior knowledge about the
molecules under study. An inherent limitation of one-dimensional spectroscopy is the
absence of direct correlations between different atoms, which in conventional NMR
would be most readily solved by acquiring multi-dimensional spectra. Here, using

hyperpolarized NMR of the dynamic system, we exploit a different type of correlation
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that acts over time. The Zeeman population difference giving rise to the signals in a
entire time series of spectra is generated by DNP at the beginning of the experiment.
Therefore, a correlation between two chemical species that are transformed into each
other can be established by selective manipulation of the spin state of one of those
species, which then transfers to the other.’*™ In Figure IV-3, a selective inversion was
applied to the resonance of the ortho carbon (#5) in styrene. In the subsequent reaction,
negative (red) signals were observed for the peaks at 112 ppm and 104 ppm, which can
therefore be unambiguously assigned to #5' in the polystyryl anion. All of the other, non-
inverted spins on the reactant and intermediate yielded positive signals (blue). The two
peaks observed for #5' are due to the partial double bond character between #2 and #1,
which hinders free rotation of the phenyl ring.*** The resulting partial sp? hybridization
character of the alpha carbon (#2) also manifests itself in the scalar coupling constant of
Jen = 152 Hz.'% Close inspection of Figure 1V-3d reveals that the peaks #5’ also show
positive signals for a short time at the beginning of the reaction. Inevitably, the
polymerization reaction started during sample injection, before the selective inversion
pulse could be applied. The initial positive intensity in the product signal was generated
from non-inverted monomers. In this reaction, the initiation step is much faster than the
propagation Step.186 The signal change from positive to negative therefore confirms that
the observed product signals during the course of the reaction were due to fresh
additions of inverted monomers to the living intermediate, and not simply due to the

initial dimer.
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Figure 1V-5 : a) Hyperpolarized correlation experiment with a selective inversion on resonance #1 (137.7
ppm), and #2 (137.0 ppm). Positive and negative signals are represented with red and blue, respectively.
Only the target signal on peak #1, and #2 in the reactant and its corresponding signals (peak #1 (146.4
ppm) and #2 (63.9 ppm)) in the product represented with negative signal intensities (blue), while non-
inverted spins on the reactant and product still represented with positive signal intensities (red). b)
Hyperpolarized correlation experiment with a selective inversion on resonance #3 (128.5 ppm), and #4
(127.8 ppm).

In order to provide direct verification for the origin of the other peaks in the
intermediate, the hyperpolarized **C correlation NMR experiments were repeated by
changing the selective inversion to different spins of styrene (Figure IV-6). Inverted

peaks were detected at 146.9 ppm, 64.5 ppm, 130.7 ppm and 94.0 ppm for carbons #1’ —
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#4'. Selective inversion of #6 did not yield an observable inverted signal, likely due to
increased spin relaxation in the polystyrene backbone. Based on a set of such inversion
experiments, it is possible to quite generally and unambiguously assign the observed
peaks from the reaction intermediate. Here, the determined chemical shifts of the active
site in the growing polystyryl chain are in good agreement with the values of a mono-
anionic polystyryl molecule determined by conventional NMR under equilibrium

conditions. %

A difference of 5.2 ppm was observed at the alpha carbon (peak #2'),
which is likely due to the effect of the counter cation (& (Na) > & (Li)).**

Apart from the resonances discussed above, the spectra in Figure 1\VV-2 and Figure
IV-3 contain peaks from minor species. These peaks are not the focus of the present
study, but could be analyzed to gain more information about the reaction conditions and
possible side reactions. A sharp singlet signal at 143 ppm is noted. This chemical shift,
along with 128.7, 36.1 and 31.6 ppm was also determined for synthesized 1,4-
diphenylbutane (Figure 1V-6), and in the reaction could belong to styrene oligomer that
has been quenched by residual water. Additional peaks are also observed near 150 ppm

(Figure 1V-7). Based on chemical shift, these peaks may appear to be related to #1,

however, they do not show inversion in the experiment of Figure 1V-6.
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Figure 1V-6 : a) Synthesis of 1,4-diphenylbutane. Pd/C (10 mg, 10 wt %) was added to a solution of 1,4-
diphenyl-1,3-butadiene (100 mg) in THF. The round bottom flask containing the reaction mixture was
evacuated from air and filled with H,. Upon completion of the reaction as judged by thin layer
chromatography (TLC) monitoring, Pd/C catalyst was filtered off on celite and carefully washed with
THF. The combined filtrate was evaporated to give a 1,4-diphenylbutane in quantitative yield, b)
hyperpolarized **C NMR spectrum for the reaction between styrene and sodium naphthalenide, c) thermal
3C NMR spectrum for synthesized 1,4-diphenylbutane.
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Figure IV-7 : Expanded views of the downfield region of **C spectra of the reaction of hyperpolarized
styrene (with *H decoupling). The three panels show data from reactions 1-3.
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In addition to the information pertaining to reaction mechanism, any real-time
measurement also contains kinetic information. A benefit of the DNP-NMR technique is
the capability to determine reaction mechanism and kinetics simultaneously from a
single hyperpolarized sample. In order to extract kinetic information, it is, however,
necessary to consider the process of spin-relaxation along with the reaction, since both
give rise to changes in signal intensity. The DNP experiments start with large initial
polarization, which decays towards the thermal equilibrium. The latter is negligible,
therefore the only source of observable signals stems from the hyperpolarized styrene
monomers. The living anionic polymerization discussed here is a second-order reaction,
and its propagation rate is v=k, -C_ -C,, =k, -1,-C,, where C__and C,, represent the
concentration of the propagating polystyryl anion and styrene monomer, respectively.

We assumed that k is independent of the length of polymer chains. Since there is no
termination step, C_ is constant, and equal to the concentration of the initiator 1, . A
pseudo first order reaction rate constant k' is defined as k'=K, - I,. Taking the Kinetics
and spin relaxation r,, into account, the time evolution of signal intensities of styrene

monomer S,, follows Equation (1V-9).

As the living polystyrene possesses negative charges at the chain ends, the anionic
terminal carbon chemical environments are different from those of interior backbone
structure, resulting in distinguishable chemical shifts. The signal intensities of the

anionic chainend S__ can be calculated using a model where fresh polarization is added

through addition of monomers, and polarization is lost both due to spin relaxation and
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due to transitioning of a given moiety to the interior of the polymer. A differential

equation for S__ is as follows in Equation (1V-13), where C, is an n initial concentration

of styrene, and r, is the spin relaxation rate of the anionic chain end, which is assumed

to be independent of the length of polymer chains. In order to find a solution to this

equation, it is further necessary to specify a boundary condition; here, S, (0) =0 is used

based on the assumption that the signal of the dimer is negligible due to fast relaxation
of its precursors, two radical anions.

The unknown reaction and relaxation rates can be obtained from fitting these models
to time-resolved DNP-NMR data sets, such as shown in Figure IV-2a. In order to obtain
these data, a series of fixed small flip angle pulses was applied to acquire NMR spectra
at equal time intervals. To account for the depletion of polarization by small-flip angle
pulses, Equation (IV-9), as well as the numerical solution of Equation (IV-13) was
multiplied with factor of e“*“") prior to calculating the root mean square difference. In
the exponential, 4 =—In(cos(«))/ At depends on the small flip angle « and the time
interval between NMR acquisitions At.

The pseudo-first order reaction rate constants k' were obtained from fit of Equation
(IV-9) to the thus normalized signal intensities of styrene monomer (Figure 1VV-8). This
procedure requires knowledge of the relaxation rates of styrene monomer r,, , which
were determined from a DNP experiment in the absence of a reaction (without addition
of sodium naphthalenide). The propagation rate constant (K, ) was finally calculated with

190-191

knowledge of the initiator concentration, which was determined from the chain
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length distribution obtained by matrix assisted laser desorption/ionization (MALDI)

mass spectrometry of the reaction product (Figure 1\V/-9).*38-18
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Figure 1V-8 : Fits of the relative signal intensities of (a,c,e) styrene and (b,d,f) living ends of the
intermediate for reaction 1 ~ 3 with Equation (1VV-9) and Equation (IV-13).
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Figure 1V-9 : MALDI-TOF Mass spectrum of the synthesized polystyrene from the DNP-NMR
experiments (a ~ ¢) and their corresponding molecular distributions (d ~ f). Red lines represent fit lines
with Poisson distribution function.
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The average propagation rate constant based on three independent data sets was 5.6
+ 0.6 M's™ (Table I\VV-1). This value is in excellent agreement with the literature (3.4 ~

6.5 M*s™; measured under similar conditions, but without the additional 5% (v/v) of

THF present in the DNP experiments).'****

Table 1V-1 : Determination of the propagation rate constant, ke. * Calculated from Equation (1V-9) and
reported as average value from six different carbon atoms of styrene. Individual values are reported in
supporting Table 1V-2. ® Degree of polymerization; determined from the MALDI mass spectrum of
reaction product. © Determined from comparison of the D.P. obtained from MALDI data with the known
monomer concentration.

k? D.P.° 1,° k.

6] (mM) (M5
Reaction 1 0.46 6.3 92 5.0
Reaction 2 0.32 13.6 54 59
Reaction 3 0.41 10.8 65 6.3

Although the reaction kinetics can unambiguously be determined from the monomer
signals, we tested the proposed model for kinetics and spin relaxation in the styrene
polymerization reaction by also fitting the signal intensities of the living end
intermediate (Figure 1V-8). This fit was calculated by adjusting a single unknown
parameter, the relaxation rate r, of the intermediate to minimize the root mean square
difference between experimental data and the numerical solution of Equation (IV-13).
The numerical solution was calculated in each iteration for r, using a variable step

Runge-Kutta method with given parameters (k',r,,,C,). In addition, specification of

initial conditions was required, which were taken as S, (0) =0 under the assumption
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that signals from the initial dimer carries no signal due to rapid relaxation in its
precursors, the styryl radicals.
Figure 1V-8 shows signal intensities of the living intermediate with their

corresponding numerical fit lines, and the obtained r, values from the three independent

data sets are summarized in Table 1V-3. Despite the use of only one fit parameter, the
curves agree remarkably well with the experimental data. Small differences, in particular
at the beginning of the reaction, may be attributed to a certain amount of remaining
signal on the initial styrene dimers, which, however, cannot be modeled reliably based

on the available data. Additionally, the relaxation rates of all of the non-overlapping

carbon atoms in the anionic chain ends r, thus determined agree to within 12 % with

reference rates obtained from a standard of polystyrene (Polymer Laboratories, Church
Stretton, UK; average molecular weight M,, = 1360 g/mol), the measurement of which is,

however, not selective for chain ends. Since the r, value from the fit is obtained based

on analysis of the kinetic parameters, the coincidence of the relaxation rates suggests
overall validity of this method for analysis of the DNP data. Further, any errors

136, 169

introduced due to sample injection, mixing and turbulence appear to be minimal

under the present conditions.
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Table 1V-2 : Determination of the pseudo first order reaction rate constant k', using integrals from each

peak of styrene monomer in the three reactions.

#1 #2

(s (s
Reaction 1 0.43 0.44
Reaction 2 0.29 0.29
Reaction 3 0.37 0.38

43
(sh
0.42
0.30

0.39

4
)
0.51
0.34

0.47

5
)
0.45
0.30

0.39

6
s™h
0.45
0.30

0.39

Table 1V-3 : Apparent relaxation rates of the anionic living ends of polystyrene (rp), of polystyrene, and
of styrene monomer (ry) ®Both carbons #5 are equivalent in styrene monomer. ® These values are overall
relaxation rates for the standard polystyrene, not the rates for the specific living chain ends. Since signals
of atoms #3 & #4 in polystyrene were overlapped, an average value is shown. Only one rate is shown for
#5, since both protons in polystyrene are magnetically equivalent.

Par.

name
Monomer (DNP polarized)? v
Monomer(non-hyperpolarized)?
Polymer (non-hyperpolarized)®
Reaction 1 rp
Reaction 2 rp
Reaction 3 rp

#l
()

#  #3
(s

(s

#4  #5; #5, #6

0.027 0.077 0.10 0.14

0.033 0.076 0.094 0.13

1.0

1.1

0.85

0.96

4.2

3.7 4.0
3.1 3.9
3.3 3.9

3.3

) 6 6 6D

0.098 0.19
0.093 0.16
3.8 5.0

7.1 42 45 N/A

57 34 38 N/A

6.3 34 38 N/A

Conclusions

We showed an application of solid-to liquid state DNP-NMR method to examine the

living anionic polymerization of styrene. Experiments based on hyperpolarized **C

NMR spectroscopy allow study of the reaction mechanism and kinetics, simultaneously,

while the reaction progresses. Continuous propagation of hyperpolarized monomers via
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the reaction intermediate generates a selective hyperpolarization of the active living site,
providing a sufficient sensitivity to capture the living species without signal averaging or
stable isotope labeling. In addition to monitoring the polymerization reaction in real-
time, the correlation experiment with a selective inversion on the spin of interest offers
unambiguous identification of the chemical shifts from the reaction intermediate. The
living anionic polymerization reaction studied here is sensitive to water and air.
Nevertheless, the DNP-NMR technique in combination with a closed rapid sample
injection system could provide a sufficiently inert environment for the successful study
of the reaction. Systematic modifications, which allow for loading the active initiator and
dried solvents while excluding air contact, may further improve the experimental results.
On this premise, the method presented here represents an attractive means for
fundamental studies of polymerization reactions, where alternative techniques would
involve cumbersome isotope labeling and synthesis strategies. Having demonstrated the
overall DNP-NMR approach for the study of reactants and highly reactive
polymerization intermediates during the living anionic polymerizations of styrene, this

technique shows promise for applicability to lesser studied polymerization systems.
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CHAPTER V
DISSOLUTION DNP STUDY OF LIVING RING-OPENING POLYMERIZATION OF

L-LACTIDE
Introduction

Since Szwarc’s first demonstration of living polymerization in 1956, a variety of
studies on living polymerization reactions have been conducted.’® The unique
characteristics of the synthetic methodology, basically no terminations and side reactions,
a fast initiation step, and constant chain growth rate, enable researchers to synthesize
polymers with a predictable molar mass and low polydispersity index (PDI). Several
different types of polymers such as polystyrene, polypropylene, and polylactide have
been created through the living polymerization technique.8* 197-1%

Polylactide (PLA) is an aliphatic polyester, which can be degraded to low molecular
weight oligomers by microorganisms. Because of this biodegradable property, the
polymer can be a valuable substitute for petroleum-based products such as polyethylene
and polystyrene.’**?% Traditionally, aliphatic polyesters have been synthesized through

a ring-opening polymerization (ROP) with metals.?®

However, this synthetic
methodology is not an ideal approach for electronic or medical applications since the
resulting polymers may contain residual metal ions. Therefore, a new synthetic method
using organic catalysts has been investigated by several research groups. Catalytic

properties of numerous organic catalysts including cyclic carbenes, thiourea amines, and

bicyclic guanidine-based catalysts were examined for a solution-phase ROP of cyclic
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esters.?2%%%° Among them, triazabicyclodecene (TBD) exhibited higher catalytic activity
with a narrow polydispersity index in the resulting polymer when compared to the other
organic catalysts.?*

After the discovery of this new class of catalysts, it is very important to understand
the reaction mechanisms since this will allow researchers not only to further improve
catalysts, but also find the best reaction conditions. From several mechanistic studies,
two different reaction mechanisms (a nucleophilic catalytic mechanism and a hydrogen
bonding mechanism) of the ROP of cyclic esters were proposed, however, none of them
were experimentally proved by directly capturing reaction intermediates that arise as the

reaction occurs. In computational and kinetic studies,?® 2°¢2%

the hydrogen bonding
mechanism is preferred to the nucleophilic catalytic mechanism because of the lower
energy barriers of reaction intermediates in the hydrogen bonding mechanism.
Additionally, recent researches revealed that amidine bases can be used as nucleophiles
for the ring-opening polymerization of L-lactide.?®®

One of the potential advantages of the hyperpolarization method described in
previous chapters is the ability to observe *C signals in a single scan without isotope

109 A large chemical shift dispersion of **C spins enables clear observations of

labeling.
the reactant and product without severe signal overlap. Here, we demonstrate a general
applicability of dissolution DNP to the field of polymer science. As the exemplary case
for this application, lesser studied polymerization reaction, ring-opening polymerization

of L-lactide catalyzed by TBD and benzyl alcohol, is presented.
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Experimental Section
Sample Preparation

1.5 M of L-lactide and 15 mM of organic free radical a,y-bisdiphenylene-p-
phenylallyl (BDPA; Sigma Aldrich, St. Louis, MO) were mixed in a glass-forming
solvent (80 % THF and 20% water (v/v)) for DNP experiments. The reaction initiator

(benzyl alcohol) and catalyst (TBD) were premixed in CH,Cl,.
DNP Polarization

40 pL of L-lactide / BDPA mixture solution was hyperpolarized in a HyperSense
instrument (Oxford Instruments, Tubney Woods, UK) for 2 h. During the polarization

time, A 60 mW power of microwaves with a frequency of 93.965 GHz (w, —®, ) was

irradiated to the sample at a temperature of 1.4 K. (60 mW, 93.965 GHz). Afterwards,
the sample was dissolved in 4 mL pre-heated toluene, and loaded into a 1 mL injection
loop. The initial 475 pL of the sample solution in the injection loop, which represents the
part of the stream of solvent containing the highest analyte concentration, was injected
into a 5 mm NMR tube that was preinstalled in the NMR spectrometer. The injection
took place by applying nitrogen gas pressures (260 psi and 150 psi for forward and
backward pressures, respectively). The polarized L-lactide was mixed with a solution of
initiator and catalyst directly in the NMR tube, yielding a total sample volume of 500

pL.
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NMR Spectroscopy

A series of *C spectra was acquired on a Bruker 400 MHz NMR spectrometer
equipped with a broadband probe containing three pulsed field gradients (Bruker
Biospin, Billerica, MA) at a temperature of 31 °C. NMR experiments were triggered
after an injection time of 400 ms and a stabilization time of 400 ms. For the experiments
without a selective inversion, the pulse sequence (trigger — [ax — acquire — Gyy z]x32) Was
used. A total of 16 transients were acquired for 6.6 s, and the time between each
transient was 0.4 s. For the each scan, a randomized pulsed field gradient Gy, (35..50
G/cm, 1 ms) was applied to ensure that no unwanted coherences remained from the
previous scan. The small flip angle a of the excitation pulse was 16.7°, and the pulse
strength yB1 was 29.1 kHz. In each scan, 16384 data points were acquired for an
acquisition time of 340 ms. For the experiments with a selective inversion (Figure V-1),
an IBURP2 shaped pulse of flip angle = and 20 ms duration at the resonance frequency
of the ester carbon in L-lactide and a randomized pulsed field gradient G, were added

before the small flip angle pulse (trigger — shaped m — Gy, — [ax— acquire — Gyy,z]x32).
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Figure V-1 : The ring-opening polymerization was monitored using small flip angle excitation. The
polarized monomer was transferred from the polarizer to the home-built sample injector for a transfer time
(t). The sample was injected from the injection loop to a 5 mm NMR tube, which was preinstalled in a 400
MHz NMR spectrometer. The NMR experiment was triggered after an injection time (t;) of 400 ms and a
stabilization time (t;) of 400 ms. The resonance of carbonyl carbon in the monomer was selectively
inverted by IBURP2 shaped = pulse applied for a duration of 20 ms, and a randomized pulsed field
gradient G, , was added before the small flip angle pulse.

Results and Discussion

As a starting point, **C spectra of L-lactide and synthesized polylactide were
measured uisng non-hyperpolarized NMR spectroscopy (Figure V-2). Since the
chemical shifts of *3C nuclei are quite sensitive to local environments and molecular
structures, the lactide monomer and polylactide from the reference spectra were clearly

identified.
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Figure V-2 : Non-hyperpolarized **C NMR spectrum of monomer L-lactide (a), and synthesized product
polylactide (b).

For the DNP experiment, an aliquot of L-lactide was hyperpolarized in the solid
state, dissolved in toluene, and rapidly mixed with the initiator and catalyst, benzyl
alcohol and TBD, respectively. The progress of the polymerization reaction, a depletion
of the reactant L-lactide and a formation of the product polylactide, was monitored by
time-resolved *3C NMR spectra through a series of small flip angle excitation (Figure

V-3). Benefitting from the wide chemical shifts dispersion of *3C spins, the reactant L-
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lactide and the product polylactide were subsequently detected while the reaction

proceeded. These resonances appear at 167.6 ppm and 169.5 ppm, respectively.

" i "
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Figure V-3 : Stacked plot of *C NMR spectra during the progress of the polymerization reaction. Only
the spectral region for the ester carbon is displayed. The spectra were acquired by a series of small flip
angle pulses. Time resolution was 400 ms.

In addition to the signals corresponding to the reactant and the product, extra signals
near 175 ppm were subsequently detected, which were not observed in reference spectra
(Figure V-2) measured in equilibrium condition. To elucidate the origins of the
additional signals, the temporal chemical shift correlation experiment was used.’®*® As
illustrated in the pulse sequence (Figure V-1), a shaped © pulse was applied to the ester
carbon (167.6 ppm) of L-lactide at the beginning of the reaction. The implementation of

the selective inversion on a specific spin system of L-lactide provides spin connectivity
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between the reactant, intermediate, and product. The resulting spectra are shown in

Figure V-4.
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Figure V-4 : (a) Hyperpolarized correlation experiment with a selective inversion on a resonance from
ester carbon in L-lactide at the beginning of the reaction. Hyperpolarized signals from the glassing solvent,
a mixture of toluene and THF, were also displayed. (b) Expanded view of the correlation experiment.
Positive and negative signals are represented in blue and red, respectively. (*) designates the resonance

from Toluene.
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Since the ester carbon initially translates as a negative signal due to influence of the
inversion pulse, the targeted spin in monomer at 167.6 ppm and its corresponding spin in
polymer at 169.5 ppm showed negative signal intensities (red color), while non-inverted
spins of the reactant and product yielded positive signal intensities (blue color) (Figure
V-4). As the chemical shift of the inverted signal at 169.5 ppm matched the value in the
reference product spectrum, the correlation experiment offers an unambiguous
identification of the reaction product while the reaction processes.

Additionally, the extra signals near 175.2 ppm also showed a negative temporal spin
correlation with L-lactide monomer. Based on the spin connectivity, the extra signal may
belong to the potential reaction intermediate that is proposed in the previous studies.?*®
208 However, the correlation experiment alone cannot provide direct evidence that the
negative signal at 175.2 ppm belongs to the reaction intermediates, even though the
chemical shift agree well with a feature of the amide functional group which is proposed
in the nucleophilic mechanism.?® % The extra signal may alternatively correspond to
side products or a chain end of the polylactide which is a complex between ring-opened
lactide and benzyl alcohol. Additional studies, for example using selective saturation,
could potentially be used to support the correlation information between these species.
Moreover, kinetic studies and °N isotope labeling on the TBD catalyst can further

develop the present result.
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Conclusions

After the first DNP study with styrene in the previous chapter, this study showed a
general applicability of dissolution DNP-NMR technique in polymer chemistry. Here we
demonstrated the real-time DNP-NMR measurements for the study of the reaction
mechanism of living ring-opening polymerization of L-lactide catalyzed by TBD and
benzyl alcohol. In particular, the presented dissolution DNP-enhanced NMR
spectroscopy is not only limited to this polymerization. The dissolution DNP technique
can be potentially used as a powerful method to reveal unknown mechanisms and kinetic

information in a wide variety of chemical processes.
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CHAPTER VI
EXTENSION OF OBSERVABLE REACTION TIME THROUGH DEUTERIUM

ISOTOPE LABELING
Introduction

NMR of hyperpolarized nuclear spins affords a signal enhancement of several
orders of magnitude when compared to conventional NMR. Hyperpolarization

techniques, in particular Dynamic Nuclear Polarization (DNP)®: 1%

are thus pointing the
way towards the application of NMR spectroscopy for the measurement of non-
equilibrium processes. This technique appears especially well suited for the study of
enzyme reactions because of the ability to distinguish different reaction pathways in
addition to the kinetics of the reaction. Despite the strong points of DNP, the study of
reactions is more favorable for carbon spins with long relaxation time, such as carbonyl
and quaternary carbons due to the longer preservation of the hyperpolarized state. As

described previously,**

the signal intensity of a carbon atom bonded to protons, the
methyl carbon of N,-benzoyl- -arginine ethyl ester (BAEE) in this case, showed a fast
signal decay due to strong intramolecular dipole-dipole interactions, reducing the
observable reaction time. However, the life-time of the hyperpolarization can be
substantially extended by reducing the spin-lattice relaxation with deuteration of
molecules. Deuteration of molecules is very common method in protein NMR

spectroscopy, since the isotope labeling can dramatically reduce spin relaxations of the

macromolecules, resulting in better sensitivity. Here, we demonstrate the effect of
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deuteration for real-time study of reaction kinetics. As a model reaction, the hydrolysis

of No-benzoyl-_-arginine methyl-ds ester (BAME-ds) by trypsin, was chosen.
Experimental Section
Synthesis of N,-benzoyl- -arginine methyl-ds ester

0.4 mmol of N,-benzoyl- -arginine (“BA”; Alfa Aesar, Ward Hill, MA) and two
equivalents of trimethylchlorosilane (TMSCI) were mixed in 3 mL of methanol-d,
(Cambridge Isotope Laboratories, Andover, MA), and the mixture was gently stirred for
24 h at a room temperature. Subsequently, residual methanol-d, and TMSCI were
evaporated in a concentrator (Savant Instruments, Holbrook, NY).?® The reaction
product was characterized by *H and *C NMR, as well as by reverse-phase high

performance liquid chromatography (HPLC; Shimadzu, Columbia, MD).
DNP Polarization

For DNP polarization, 20 pL of 0.5 M BAME-d; or BAEE, 1 mM Gadolinium (111)
diethyltriaminepentaacetic acid (Gd(DTPA); Sigma Aldrich, St. Louis, MO), and 15 mM
Tris (8-carboxyl-2,2,6,6-tetra[2-(1-hydroxymethyl)]-benzo(1,2-d:4,5-d*)bis(1,3)dithiole-
4-yl) methyl sodium salt (“OX63”; Oxford Instruments, Tubney Woods, UK) were
mixed in a glass-forming solvent (60% ethylene glycol (Mallinckrodt Baker,
Phillipsburg, NJ) and 40% water (vol/vol)). Hyperpolarization took place in a
HyperSense system (Oxford Instruments, Tubney Woods, UK), by irradiating a 60 mW
power of 93.974 GHz (. - mn) Microwave frequency at a temperature of 1.4 K. After

polarizing for 3 h, the sample was dissolved in 4 mL pre-heated buffer solution (100mM
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potassium phosphate, pH 7.0), and automatically loaded into a 1 mL injection loop. The
initial 325 uL of the sample solution in the injection loop, which represents the part of
the stream of solvent containing the highest analyte concentration, was injected into a 5
mm NMR tube for 430 ms (injection time) that was preinstalled in the NMR
spectrometer.** *3" The injection took place by applying nitrogen gas pressures (262 psi
and 150 psi for forward and backward pressures, respectively). For the experiments of
the enzyme catalyzed reaction, 25 puL of 1.5 mM trypsin (EMD, Gibbstown, NJ) solution
(50 mM potassium phosphate, pH 3.0) was preloaded in the NMR tube before mixing
with the polarized BAME-d; solution. Finally, the NMR measurement was triggered
after a 335 ms stabilization time. The total required time delivering the sample from the
polarizer to the NMR tube was 1.8 s. Final concentrations of the reaction product, BA,
and trypsin after the reaction were determined by reverse-phase HPLC at wavelengths of

253 nm and 280 nm, respectively.
NMR Spectroscopy and Data Processing

A series of *C spectra was acquired on a Bruker 400 MHz NMR spectrometer
equipped with a broadband probe containing three pulsed field gradients (Bruker
Biospin, Billerica, MA) at a temperature of 27 °C. The spectra were acquired using
the pulse sequence like, (trigger — [shaped 90 — Gyy.]3 — [G; — ax — acquire FID]s6). To
suppress the strong signal of the glass-forming agent (ethylene glycol, 62.7 ppm), three
EBURP2?!? shaped 90° pulse with 10 ms duration and pulsed field gradients (Gyx: = 35
Glem, Gy, = 35 G/cm, G,3 = 35 G/cm; 1 ms) were applied. Total 32 transients were

acquired for 6 s, and the time delay between each transient was 0.4 s. For each scan, a

102



randomized pulsed field gradient G,4 (35..50 G/cm, 1 ms) was applied to remove
unwanted coherences remained from the previous scan. The small flip angle a of the
excitation pulse was 18.2°, and the pulse strength was 25 kHz. For each scan, 16,384
data points were acquired for an acquisition time of 340 ms. *H and ?H decoupling were
applied for the acquisition time with WALTZ-16 where the field strength are 2.3 kHz
and 0.83 kHz, respectively. The raw data were zero filling to 65,536 complex data
points, and an exponential window function with a 3 Hz line broadening was applied
before Fourier transform using the TOPSPIN 2.1 program (Bruker Biospin, Billerica,
MA). Peak integration and curve fitting were performed by MATLAB (The MathWorks,
Natick, MA). Analytical solutions of the differential equations described in the text were

found by Mathematica (Wolfram Research, Champaign, IL).
Reaction Mechanism and Kinetics

As a typical serine protease, the enzyme trypsin (E) hydrolyzes proteins or peptide
chains at a carboxyl side of an arginine, or lysine amino acids.?****? In this model study,
No-benzoyl- -arginine methyl-d; ester (BAME-d3; S) was synthesized for the trypsin
catalyzed reaction. This reaction is in three steps: (1) formation of an enzyme-substrate
complex (ES); (2) acylation of the active site, serine-195, (EP,) and release of CD3;OH
(P1); (3) hydrolysis of the acylenzyme intermediate and production of benzoyl- -arginine

(PZ)-212
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Figure VI-1 : Reaction mechanism for trypsin catalyzed hydrolysis of BAME-d;

Two spins showing slow spin-lattice relaxation (ester carbonyl carbon and
deuterated methyl carbon), due to lack of nearby protons or deuteration, were chosen to
monitor the time course of signal intensities of the reactant S and products Py, P,. The
effect of deuteration on the spin-lattice relaxation time was examined by hyperpolarized
T, measurements of two substrates, BAME-d; and BAEE (Figure VI-2). Except
deuteration on methyl group in BAME-d3, chemical structures and physical properties of
these substrates are similar. The relaxation time of the carbonyl carbons in both
substrates were comparatively similar. However, the deuterated methyl carbon in
BAME-d; showed six times longer lifetime than the corresponding carbon in BAEE. The
isotope labeling enables the extension of life-time of the hyperpolarized state, providing

better sensitivity for spins of interest.
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Figure VI-2 : Hyperpolarized T, measurements of BAME-d; and BAEE ((a) carbonyl carbon, (b) methyl
carbon). Fits of the two traces to single exponentials indicated spin-lattice relaxation times of (a) 11 s and
95, (b) 18 sand 3 s for BAME-d; and BAEE, respectively.

13C hyperpolarized BAME-d; (S) was reacted with trypsin, then the consumption of
reactant and formation of products were subsequently monitored by a series of small flip
angle pulses one-dimensional NMR spectra. During the experimental time, the reaction
carries over the polarization from the reactant S to the products P, P,. As a result, the
peak intensities of the reactant decrease, while the peak intensities of product increase,

as shown in Figure VI-3. Besides the effect of the reaction kinetics, all of the signals
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decay because of their individual spin relaxations and the application of successive

small-flip angle pulses in the NMR experiment.

Figure VI-3 : Stacked plots of the successively acquired spectra during the progress of the reaction. (a)
carbonyl carbon in BAME-d(S) and BA (P,). (b) deuterated methyl carbon in BAME-d; (S) and CD;OH

(Py).

In order to determine reaction kinetics, the effects of spin relaxation and reaction on
the signal intensity of each species needs to be considered. The reaction kinetics can be

described by three-step Michaelis-Menten equation,?*?

v, _ Voa[ST (VI-1)
Ky +[S]
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K, = Keae K4 (VI-2)
kl
Vinax = kcat[E]tot (VI'3)
K = Koks (VI-4)
K, +K,

Under the reaction conditions used, the initial concentration of the substrate [S], is

much larger than Ky.. With the steady state approximation, the reaction rate can therefore

be assumed to be a constant, v=v,_, =k ‘[E].. The time dependent concentration of

reactant is [S]=[S],—vt . The DNP experiments start with non-renewable initial

hyperpolarization of S. By ignoring the thermal polarization, the initial hyperpolarization
prior to the NMR experiment provides the only source for the observable signal in this
system. The signal intensity | is proportional to the polarization level p and the
concentration of each species. In the expressions for the signal intensity, the Kinetics
would alter the concentration of each species in this system, and the relaxation would

decrease their polarization levels. For simplicity, the dependence of the signal on the

relaxation of S can be removed by scaling the signal intensity with a factor of . Using
the thus defined relative signal intensity, the relaxation rates of all species are reduced by
the relaxation rate of S, rs. Specifically, if all species exhibit the same relaxation rate, the
effect of spin relaxation is completely removed from the equations. These relative signal
intensities are then proportional to the concentrations. The differential equation for the

relative signal intensity of the substrate would be
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dlg _ vl (VI-5)
dt  [s],

Additionally, during the experiments, in each scan a hard pulse with fixed small flip

angle a was used to convert sin(e) of the total longitudinal magnetization to the
observable transverse magnetization, while cos(«) of the longitudinal magnetization is

preserved for following scans. This fixed flip angle scheme introduces an envelope

—In(cos(«))

function of e*', with A= , and At the time delay between scans to the

observed signal intensities.”*® **® To compensate the effect of the small flip angle

excitation, the experimental signal intensities | then have to be scaled up by e**. Solving

the differential equation, the final relative signal intensity of the S is

_ (+A)t _ vi
_|S.eS _|0.(1_

IS rel
’ [S,

) (VI-6)

Fit of Experimental Signal Intensities

Equation (VI-6) was used to fit the signal intensities of the substrates, BAME-d3 and
BAEE. The relative signal intensity of S, Is re, is always a linear function with a slope of
v/[S],. In Equation (VI-6), the relaxation rate of the substrate was determined from

independent experiments in similar conditions for input parameters of the fits. The

influence of small flip angle pulses A was calculated from the NMR experimental

parameters. Given these known parameters, the two unknown parameters, lo and v /[S],

can be obtained from the fits.
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Figure VI-4 : Signal intensities of (a) carbonyl carbon and (b) methyl carbon in BAME-d; and BAEE
during the progress of the reaction. Fit of the relative signal intensities of (c) carbonyl carbon and (d)
methyl carbon in BAME-d; and BAEE with Equation (V1-6).

With the value of v /[S], from the fits and known concentration of the reactant and

enzyme determined after reaction, the reaction rate constant k.;; of BAME-d; can
quantitatively be found to be 12.4 s* and 13.1 s™* from the carbonyl and deuterated
methyl carbons, respectively. The k.,: of BAEE determined from the carbonyl carbon
(13.1 s) is in excellent agreement with the literature (12.1 s™).*® The short life-time of
hyperpolarized state of the methyl carbon degrades quality of the linear fit, resulting in
inaccurate quantitative analysis of reaction kinetics.

Since BAME-d; contains chromophores, these values can also be validated by UV-

visible spectrophotometry where it shows 12.5 s™. Benefitting from the extension of
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observable reaction time through deuteration on the spin of interest, the reaction rate

from deuterated methyl carbon in BAME-d; could be quantitatively addressed.
Conclusions

DNP-enhanced NMR spectroscopy in combination with the proposed kinetic model
makes possible to investigate non-equilibrium processes of the kinetics of multi-step
enzyme catalyzed reaction in real-time. The enormous NMR signal intensity gained
from the DNP process permits the acquiring of time-resolved *C NMR spectra near
physiological conditions with natural abundance. Additionally, the effect of deuteration
on real-time kinetics was addressed by comparing longitudinal relaxation rates between
the two substrates. The synthetic strategy, trans-esterification, provides the deuteration
of the substrate on the point of interest, resulting in substantial reduction of spin
relaxation rate. The isotope labeling helps the extension of life-time of the
hyperpolarized state of corresponding carbon to improve sensitivity. The long-lived
hyperpolarization state would be further helpful to study slow chemical reactions as well

as to improve quality of data for quantitative analysis.

110



CHAPTER VII

GENERAL CONCLUSIONS

Hyperpolarization techniques, in particular dissolution dynamic nuclear polarization
(D-DNP) make a contribution to overcoming sensitivity limitation of NMR spectroscopy
through signal enhancements in NMR measurement, leading to study new fields of
researches in real time. The high level of nuclear polarization can be achieved through
polarization transfers from free electron spins to nuclear spins by saturating the electron
spin transitions with microwave irradiation at a cryogenic temperature. Despite the
strong advantages of D-DNP, this method has often been limited to the study of
molecules containing nuclear spins involving long longitudinal relaxation times because
the hyperpolarization may be lost during a sample transfer time before the NMR
measurement can be initiated. However, implementation of the rapid sample injection
system resolved the current limitation of dissolution DNP technique. Through the rapid
sample injection, it becomes possible to conduct experiments with nuclear spins
exhibiting short relaxation times (such as 'H and '°F and '*C). In this dissertation,
several dissolution DNP methods have been demonstrated to characterize various
reactions involving large molecules.

In a first project, °F DNP enhanced NMR spectroscopy is exploited for the
characterization of protein-ligand interactions. An enhancement in the *°F signal of
several thousand fold by dynamic nuclear polarization allows for the detection of the
binding events and binding affinities of fluorinated small molecules in the strong-,

intermediate-, and weak-binding regimes. The capability recording NMR spectra at a
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low ligand concentration permits the detection of ligands in slow exchanges that are not
easily responsive to drug screening by traditional NMR methods. The relative speed and
additional information gained may make the hyperpolarization-based approach an
interesting alternative for use in drug discovery.

In a second project, *H DNP enhanced NMR spectroscopy is developed for the
characterization of the binding epitope via protein mediated interligand NOEs between
two competitively binding ligands (HYPER-BIPO-NMR). The sensitivity contrast is
obtained from the hyperpolarization of one of the ligands, resulting in the prevention of
the need of using stable isotope labeling or two-dimensional NMR experiments for
observing the transferred signals. Limited structural information of the binding epitope is
determined from the magnitude of the buildup rate between individual spins on the
receiving ligand and the protein. Since the HYPER-BIPO-NMR spectroscopy utilizes
the hyperpolarized ligand as a means of selective enhancement of the binding pocket,
this method can be used to determine residues in the active site for *C or °N labeled
proteins from heteronuclear NMR experiments.

In a third project, the DNP enhanced real-time NMR spectroscopy is demonstrated
in the study of the non-equilibrium processes for the living anionic polymerization of
styrene and living ring-opening polymerization of L-lactide. The hyperpolarization of
monomers provides a sufficient signal-to-noise ratio to detect **C NMR signals in real
time while the reaction progresses. In combination with the temporal correlation
schemes, the spin of interest is unambiguously identified. In the study of the multi-step

enzymatic reaction, partial deuteration on the substrate by the simple synthetic strategy
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enables extension of observable time window that is accessible to the dissolution DNP
experiments. The kinetic model in combination with intrinsic spin relaxations explains
the time course of signal intensity of the reactant, resulting in provision of the catalytic
information.

In summary, several dissolution DNP techniques have been demonstrated for
studying chemical reactions and interactions involving large molecules. Utilizing the
large signal enhancement initially produced on small molecules through DNP, it become
possible to characterize properties of the macromolecules. These capabilities of the D-
DNP led to advances in the investigation of protein-ligand interactions and chemical
reactions, making dissolution DNP an attractive method for the study of a variety of

chemical processes.
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